The F Ring of Saturn

C. D. MURRAY & R. S. FRENCH

Located 3,500 km beyond the main ring system, the unusual,
time-varying structure of the F ring of Saturn has continued
to challenge ring dynamicists since its discovery by the Pio-
neer 11 spacecraft in 1979. Data from the two Voyager fly-
bys revealed a far from uniform, narrow ring with extensive
azimuthal structure and a multi-stranded appearance. With
the arrival of the Cassini spacecraft in 2004 came the oppor-
tunity to study the ring and its variability in detail for the
duration of the mission. The picture that has emerged is of a
dynamic ring that is subjected to the gravitational influence
of the adjacent satellites Prometheus and Pandora as well
as the collisional effects of a population of smaller objects
orbiting close to the ring’s core. Here we show how space-
craft observations and modelling have combined to provide
a more detailed understanding of the key processes involved
in shaping this most enigmatic of rings.

1.1 Pre-Cassini observations of the F ring

Saturn’s F ring was first detected in observations made by
the Imaging Photopolarimeter (IPP) experiment on the Pi-
oneer 11 spacecraft when it passed Saturn in 1979 (Gehrels
et al., 1980). Located at 2.33 Saturn radii (Rg), it was de-
scribed as a narrow feature < 800 km wide with an optical
depth 7 < 2 x 1072 and indications of “clumpiness” — al-
though, as pointed out by Cuzzi and Burns (1988), the main
rings had a similar appearance in the discovery image (see
Figure 1.1), probably due to the high noise level. The first
indication of the unusual nature of the ring was obtained
from measurements of the charged particle environment by
Simpson et al. (1980). The inbound and outbound fluxes of
the 7-17 MeV electrons showed absorption features that did
not match, indicative of the presence of orbiting material in
the region of the F ring.

New opportunities to observe the F ring came with the fly-
bys of Saturn by the Voyager 1 and 2 spacecraft in November
1980 and August 1981, respectively. Data from the Imaging
Science Subsystem (ISS) instrument on Voyager 1 provided
the first resolved images of the ring. Initial observations de-
scribed by Smith et al. (1981) showed an eccentric ring with
three strands, each ~ 20 km in width, which appeared to be
parallel at some longitudes but with two intersecting strands
at others. Figure 1.2 shows the twisted appearance of the
ring along with apparent kinks, knots and clumps at various
longitudes. Bright clumps were tracked from image to image

Figure 1.1 Discovery image of the F ring obtained by the IPP
experiment onboard the Pioneer 11 spacecraft. The image has
been enhanced to show the detection of the ring at the top right
of the frame. Image courtesy of NASA Ames Research Center,
Pioneer Imaging Photopolarimeter.

and shown to move at the expected Keplerian rate of the F
ring (Smith et al., 1981). The Voyager cameras also revealed
the presence of two satellites, 1980 S 26 (now named Pan-
dora) and 1980 S 27 (now named Prometheus), moving in
eccentric orbits just outside and inside the orbital location
of the F ring; a possible connection between the observed
structure of the ring and the presence of the two satellites
was immediately made (Smith et al., 1981). It was also noted
that the ring, and the clumps within it, became brighter at
high solar phase angles, implying the presence of a large dust
component, and that the average size of the particles was es-
timated to be several tenths of a micrometer. The Pioneer 11
charged particle data was re-examined by Cuzzi and Burns
(1988), who deduced that the absorption features provided
good evidence for a belt of moonlets occupying the region
between the orbits of Prometheus and Pandora.

The arrival of the Voyager 2 spacecraft at Saturn in Au-
gust 1981 offered an additional opportunity to study the
unusual ring. However, the braided appearance was only ev-
ident in one region of the ring, and it was concluded that
the phenomenon was either localized or time-variable (Smith
et al., 1982). Five strand components — one bright and four
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Figure 1.2 An enhanced, cropped view of a geometrically
corrected image (FDS 34930.44) taken by the Voyager 1 narrow
angle camera on 1980 November 12 showing the unusual
structure of the F ring.
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Figure 1.3 A selection of F ring core observations by Voyager.
Top: Optical depth profiles derived from Voyager PPS and RSS
occultations. Bottom: Normalized reflectance I/F for three
selected Voyager ISS images where phase angle, emission angle,
and exposure time are provided. Since RSS effectively detected
particles roughly larger than wavelength A, these observations
indicate that larger particles are confined to the narrow central
F ring region (Marouf et al. (1986)) (see Section 1.4.4). From
Albers et al. (2012).

faint — were detected in the highest resolution images with
some evidence for clumps, one of which had sharply defined
edges (Smith et al., 1982). The unfortunate failure of Voy-
ager 2’s scan platform soon after ring-plane crossing meant
that planned, unique observations of the F ring were lost.

The Photopolarimeter System (PPS) instrument on Voy-
ager observed the occultation of § Scorpii as it passed the
rings on 1981 August 25, providing a resolution of ~ 100 m
across the entire rings (Lane et al., 1982). The data for the
F ring showed the presence of a narrow (< 3 km wide), op-
tically thick (7 ~ 1) core with evidence for ~ 10 features
spread over ~ 40 km interior to the ring. Because the occul-
tation was observed at egress only, there was no opportunity
to make detections at more than one longitude and so the
azimuthal extent of the observed structures remained un-
known. Such a narrow core was consistent with the Voyager
radio science occultation, which detected an optically thick
core of width ~ 1 km (Tyler et al., 1983; Marouf et al., 1986).
Figure 1.3 shows the Voyager PPS and RSS occultations in
comparison to selected Voyager ISS profiles.

Following the Voyager flybys and before the arrival of the
Cassini spacecraft in 2004, several authors investigated the
perturbing effect of adjacent satellites on a narrow ring.
Using an efficient impulse approximation, Showalter and
Burns (1982) modeled the ring as a set of perturbed, non-
interacting test particles and were able to produce structure
reminiscent of that seen in the F ring. Kolvoord and Burns
(1992) included the perturbing effects of an inclined satel-
lite on three concentric strands in their numerical simulation
thereby producing structures even more similar to those seen
in the Voyager images. Giuliatti Winter (1994) and Murray
(1994) studied the localized effect of Prometheus on the ring.
They showed that the approach of the satellite to the ring
on each orbit created a gap in the ring as well as the drawing
out of streams of ring material, although the latter had not
been observed in the limited Voyager coverage.

Murray et al. (1997) analyzed a set of Voyager high res-
olution images of the F ring. These images covered only
9.4% and 7.5% of the ring’s total longitude during the Voy-
ager 1 and 2 observations, respectively. On the basis of the
limited data set they concluded that the ring could be mod-
eled as a set of four strands with comparable eccentricities
and near-aligned periapses. Using the best available post-
Voyager orbits Borderies et al. (1983) showed a collision be-
tween the core and Prometheus was possible, although by
assigning sufficient mass to the F ring in a secular theory
Murray and Giuliatti Winter (1996) demonstrated that this
outcome could be avoided.

Showalter (2004) tracked a total of 34 clumps in the Voy-
ager images and showed that they exhibited mean motions
that differed from that of the F ring. He concluded that they
lay within a 100 km range of semi-major axes centered on
the F ring. They seemed to change little on a timescale of
30 days, but no clump survived the nine months between
the Voyager 1 and Voyager 2 encounters.

The observations by the Pioneer 11 and Voyager space-
craft showed a ring with many unique and puzzling features.
These include the ring’s narrowness, multi-stranded appear-
ance, clumps, kinks, apparent braiding, and the fact that it
has a satellite orbiting on either side of it. The Voyager-
derived semi-major axis of 140185 + 30 km (Synnott et al.,
1983) could place the ring in the Roche zone (Dermott et al.,
1979), and therefore there should be competition between
accretion and tidal disruption at the ring’s location. Nu-
merical simulations (Showalter and Burns, 1982; Kolvoord
and Burns, 1992; Giuliatti Winter, 1994) had confirmed that
Prometheus, the larger and closer of the two satellites, would
have a dominant perturbing effect and was capable of pro-
ducing radial and azimuthal distortions. However, the lim-
ited Voyager coverage in longitude and time made it difficult
to constrain models of the processes operating in the F ring.
The arrival of the Cassini spacecraft at Saturn in July 2004
enabled a much more detailed study of the F ring system to
be undertaken.



1.2 Cassini ISS observations of the F ring

The Cassini Imaging Science Subsystem (ISS) instrument
(Porco et al., 2004) consists of a bore-sighted wide-angle
camera (WAC) and narrow-angle camera (NAC) mounted
on the body of the spacecraft. There were several types of
dedicated observations of the F ring during the Cassini mis-
sion. By far the largest category, the ansa stare or so-called
FMOVIE, consisted of taking ~ 100 successive images at one
ansa, ideally for a total duration comparable to the orbital
period of the ring. The individual images of the ring could
be reprojected and used to create a mosaic showing the en-
tire structure of the ring as it passed through the orbital or
inertial longitude (i.e. the longitude measured with respect
to a fixed direction in inertial space; see the chapter by Hed-
man in this book) of the ansa. Shifting the longitudes to a
common epoch makes it possible to compare profiles of the
ring as a function of corotating longitude.! As of mid-2015,
~ 130 observations of this type have been made. Some of
these observations used half of the time to observe one ansa
and then switched to the other side to observe the same
material for the remaining half. This has the advantage of
highlighting the maximum radial excursions in the ring be-
cause material that is at periapse at one ansa will be at
apoapse at the other and vice versa. Other variations on the
standard FMOVIE template included the use of a slow drift
in inertial longitude to capture a larger range of inertial lon-
gitudes. The typical radial resolution of an FMOVIE was
~ 8 km pixel_l. An FMOVIE does not give a “snapshot” of
the state of the ring, partly because of the duration of the
observation ( ~ 17 hours ) but also because each piece of
ring material is seen at nearly the the same longitude and
(more to the point) orbital phase.

In contrast to the FMOVIEs, the ISS also executed 10
sequences of observations where Prometheus was tracked
around its orbit and its interaction with the F ring was
monitored. These were called streamer-channel movies, as
they captured the creation of streamers of perturbed mate-
rial emerging from the ring and subsequently evolving into
channels a half-orbital period later. Ideally these covered
360° of inertial longitude (and orbital phase) but only a nar-
row range of corotating longitude. These will be discussed
further in Section 1.6 below. Similar types of observations
were made of other small satellites in the F ring region, and
these too provided valuable coverage of the ring.

An additional type of observation was the azimuthal scan
(AZSCAN), in which the cameras tracked along the ring in
the decreasing longitude (i.e. anti-Keplerian) direction. This
had the advantage of covering the entire ring in roughly half
an orbital period although it still fell short of capturing a
“snapshot” of the ring’s entire structure at a single moment
due to limitations on the rate at which images could be
acquired. This type of observation was discontinued for op-
erational reasons before the end of the nominal mission in
2008.

L The corotating longitude, Ac, is related to the inertial longi-
tude, A, by the equation Ac = A+ (tc —t)n, where t. is the chosen,
fixed time (or epoch), t is the time of the observation and n is
the chosen, fixed mean motion
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Other F ring observations were designated as high-
resolution and could involve a simple ansa stare or a longitu-
dinal drift. In two such observations prior to 2016 the radial
resolution was < 1 km pixelfl, There were also observa-
tions dedicated to other ring features (e.g. the A ring edge,
the Encke and Keeler gaps) that included coverage of the
F ring, and almost all the astrometric images of the small
satellites (the so-called SATELLORBES) also produced iso-
lated but useful coverage of the F ring. Furthermore, several
ISS sequences were designed to coincide with Cassini VIMS
and UVIS observations of stellar occultations of the F ring.
This enabled ISS profiles of the ring to be compared with
the higher-resolution occultation profiles (see Figure 1.5).

The Cassini ISS data set includes ~ 30000 narrow angle
images of the F ring at a variety of resolutions and phase
angles. Details of a set of 165 dedicated sequences of F ring
observations are given by Murray et al. (2017). Figure 1.4
shows a selection of officially released images of the F ring
illustrating some of the types and variety of structures seen
within the ring.

1.3 F ring orbit models

Synnott et al. (1981) and Synnott et al. (1983) used imaging
data from the Voyager 1 and 2 encounters to calculate the
orbit of the ring as well as small satellites in its vicinity. The
F ring orbit was re-derived by Murray et al. (1997) based on
their use of the high resolution images. However, prior to the
availability of the Cassini data set, the orbit derived from
occultation data by Bosh et al. (2002) (specifically fit 3 listed
in table IIT) was the one most commonly used for planning
purposes and was remarkably accurate, especially given the
number of data points in the solution. It also demonstrated
that, in common with a number of other eccentric rings, the
F ring exhibited uniform apsidal precession. Albers et al.
(2012) combined Voyager occultation data with 93 occulta-
tion detections of the F ring core from the Cassini Ultraviolet
Imaging Spectrograph (UVIS) to produce the first orbit de-
termination for the Cassini era. The main correction was to
the eccentricity. Cooper et al. (2013) derived an F ring orbit
from the ten ISS streamer-channel movies obtained between
2006 and 2009, each of which tracked Prometheus (and the
adjacent F ring) for approximately one orbital period. The
orbit derived from fitting all 9805 data points was consis-
tent with that derived by Albers et al. (2012), apart from
a difference in the longitude of periapse. The orbits derived
by Bosh et al. (2002) (fit 3, Table III), Albers et al. (2012)
(fit 2, Table 3) and Cooper et al. (2013) (fit 11, Table 3) are
given in Table 1.1.

Cooper et al. (2013) were also able to derive individual
orbits for each of the ten F ring segments that they tracked
in the streamer-channel movies. They concluded that there
was significant local variation in the orbital elements. For
example, they found that the semi-major axis ranged from
140211.2 to 140232.0 km with typical 1o formal errors of
0.2 km for each measurement. This implied that while it
was possible to derive an averaged orbit that was consis-
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Table 1.1. Orbit determinations of the F ring

Bosh et al. (2002)

Albers et al. (2012) Cooper et al. (2013)

Semi-major Axis (km)

140223.7 £ 2.0

140221.3 £1.8 140223.92 £+ 0.09

Eccentricity (x 103) 2.54 + 0.05 2.35+0.02 2.3636 + 0.0004
Long. of Periapse (°) 241+£1.6 24.2+0.8 8.8+0.3
Apsidal Precession Rate (° day™!)  2.7001 & 0.0004 2.70025 £ 0.00029 2.7052 £ 0.0002
Inclination (° x 103) 6.5£0.7 6.43 £0.15 5.68 £ 0.05
Long. of Ascending Node (°) 16.1+ 3.6 150+ 14 5.3+ 0.6
Nodal Regression Rate (° dayfl) —2.6876 —2.68778 —2.6859

Notes: The epoch for all orbit determinations is J2000. The nodal regression rates for all of the orbit models were

calculated from the fitted semi-major axes.

tent with that derived from the occultation data by Albers
et al. (2012), there was still significant local variation to the
extent the F ring has no unique semi-major axis. This has
implications for any studies of resonant confinement of the
ring’s core.

The existence of localized structure in the F ring can
be seen in the images obtained by the Cassini ISS. Fig-
ure 1.6 shows one such mosaic generated from 169 repro-
jected images of an FMOVIE obtained on 2007 March 17.
Each individual image was pointing-corrected using back-
ground stars and then reprojected into a radius-corotating
longitude frame centered on the radius calculated from the
Cooper et al. (2013) ring orbit model for that longitude.

The mosaic highlights a number of features of the F ring
region that have been consistently observed by Cassini dur-
ing its orbital tour. The ring has a bright, non-uniform core
that exhibits typical radial distortions of tens of kilometers.
Measurements of the r.m.s. distortion apparent in this mo-
saic give a value of 23 km, which is comparable to that
calculated by Murray et al. (2017) for all the 165 sequences
they examined. Estimates of the full width at half maxi-
mum (FWHM) of the ring’s core in this mosaic give a value
of 40 km, a factor of 4 times larger than that detected in
UVIS occultations (Albers et al., 2012). At the time the mo-
saic was obtained Prometheus had a corotating longitude of
262° and is just detectable as a short radial streak (due to
the high degree of azimuthal compression in this mosaic)
at this longitude with Ar ~ —450 km. A regular sequence
of dark lines starting at this longitude and trailing it by
~ 60° can be clearly seen in Figure 1.6. This is how the
streamer-channel phenomenon seen in Figure 1.4c appears
in the reprojected mosaic. In Section 1.6 we show that the
radial distortions are consistent with the perturbing effect
of Prometheus.

On either side of the core are broader, more diffuse fea-
tures that seem to emanate from the core to radial distances
of ~ 400 km and are at a variety of angles to it. These “jets”
of material (Murray et al., 2008) are thought to be the result
of collisions between the core material and objects orbiting
nearby (see Section 1.7 below for a more detailed discussion
of these objects). There is also a tendency for the region
where a jet meets the core to be brighter than surrounding
regions; again this is indicative of a collisional process. In
Figure 1.6 the narrow, near radial feature extending down-

wards at a corotating longitude of 30° suggests a recent col-
lision because there has been insufficient time for Keplerian
shear to take effect; in contrast, the older jets are more hor-
izontal because the shear has had a marked effect on the
particles with a range of semi-major axes contained in the
jets. Given sufficient time, a particularly bright jet could
shear sufficiently to form a kinematic spiral structure near
the core. Such a spiral structure was identified by Charnoz
et al. (2005) and an observed object, S/2004 S 6, was sug-
gested as the putative collider. Therefore the multi-stranded
F ring that had been observed since the Voyager epoch ac-
tually consists of a single core with one or more wrapped
spiral structures (resulting from sheared collisional jets) on
either side (Charnoz et al., 2005; Murray et al., 2008).

Figure 1.7 shows a single image from the same FMOVIE
sequence used to generate the mosaic shown in Figure 1.6,
together with a reprojection of the F ring part of that im-
age. Note the approximately parallel appearance of the inner
strand, even though we know from inspection of Figure 1.6
that the strand is angled to the core direction. This is con-
sistent with the theory that the strands are simply sheared
jets. The lower image highlights the non-uniform nature of
the F ring’s core and shows approximately six clumps that
are brighter than surrounding material. These are not the
same as the clumps tracked by Showalter (2004) and French
et al. (2014), which were brighter, more extended features
that probably correspond to collisional features in the ring.
Note that the clumps are barely detectable in Figure 1.7a
but are more obvious in the reprojected image of the core
(Figure 1.7b).

Lam (2014) carried out an analysis of clumps detected in
the core mosaics of ten FMOVIE sequences from 2006 De-
cember to 2008 January. She was able to track a total of
166 clumps from one sequence to another, thereby giving
an estimate of the semi-major axis of each clump with re-
spect to that of the F ring core. Her results are shown in
Figure 1.8. The mean value is (Aa) = —2.85+5.45 km, sug-
gesting that there is no bias towards one side of the core
or the other; the r.m.s. value was 6.13 km. In addition, 46
clumps were observed to have existed in at least three con-
secutive image sequences and gave a minimum clump life-
time of ~ 32 days. Of those clumps, 11 were observed to have
existed for ~ 250 days. We will discuss the formation and
evolution of these clumps in Section 1.6. It is important to
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note the distinction between the localised clumps discussed
here and the “extended clumps” discussed in Section 1.5
below.

All of the derived orbits shown in Table 1.1 show that
the ring has an inclination of ~ 0.006° with respect to Sat-
urn’s equator. Though small, this is sufficient to explain the
brightness asymmetry between the east and west ansae seen
in the HST images taken during the 1995 ring plane crossing
(Nicholson et al., 1996). The vertical structure of the ring
was modeled by Scharringhausen and Nicholson (2013), who
confirmed the earlier results and calculated that the F ring
has a vertical FWHM of 13 + 7 km. However, there were
smaller asymmetries that could not be explained by their
model and were attributed to “intrinsic longitudinal varia-
tion” in the F ring. Figure 1.9 shows two cropped Cassini
images of the F ring taken a day apart. Although the F ring
appears relatively flat the images show clear evidence of lo-
calized, extended vertical structure. In Figure 1.9b there is
evidence for an object just beyond the F ring. It is likely
that these extended features have been produced by colli-
sions within the ring. (Collisional processes within the ring
are discussed in Section 1.7 below.) Note that the longi-
tudinal extent of the observed object is comparable to the
feature shown in Figure 1.4e.

Figure 1.6 An enhanced mosaic of the F ring generated from
169 reprojected ISS NAC images obtained on 2007 March 17.
Ar = robs — Teale 18 the radial displacement calculated with
respect to the Cooper et al. (2013) orbit model of the F ring.
The epoch of the corotating longitude is 2007 January 1 12:00
UTC using an assumed mean motion of the ring of 581.96 °
day~!. An earlier version of this mosaic is shown in Figure le of
Murray et al. (2008).
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Figure 1.4 A selection of Cassini press release images of the F
ring. (a) PIA08908. A NAC image (N1549830522) taken on 2007
February 10 showing the edge of the A ring (left) and ~ 5° of
longitude of the F ring with bright features and azimuthal
structure. (b) PIA09782. A NAC image (N1571964006) taken on
2007 October 25 showing multiple strands and azimuthal
structure at the F ring ansa; the image covers ~ 18° of
longitude. (c) PIA12684. A NAC image (N1654079744) taken on
2010 June 1 showing ~ 17° of longitude of the F ring with
multiple strands; the perturbing action of Prometheus (lower
left) creates regular channels in the ring material interior to the
bright core. (d) PIA10509. A NAC image (N1601489502) taken
on 2008 September 30 showing the local effect of a recent
passage by Prometheus; the image covers ~ 4° of longitude at
the F ring. (e¢) PIA08290. A high resolution NAC image
(N1537898708) taken on 2006 September 25 showing irregular
radial and azimuthal features in the F ring core; the image
covers ~ 0.22° of longitude (equivalent to ~ 530 km) of the F
ring and the central feature extends ~ 35 km in radius.
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Figure 1.5 Simultaneous observation by Cassini ISS and UVIS
during the stellar occultation of § Centauri on Rev098. In the
upper plot (UVIS data) the sampling data are in black and the
grey line denotes the data at the same resolution as the scanned
image. The lower plot is derived using data from ISS image
N1608772833. (Figure from Albers (private communication))
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Figure 1.8 The distribution of localised clumps in semi-major
axis with respect to that of the F ring core using the Cooper
et al. (2013) orbit model. The data are taken from Lam (2014).

Figure 1.7 (a) Cassini NAC image N1552803087 obtained on
2007 March 17 showing a multi-stranded F ring orbiting beyond
the A ring edge (right); the image covers 5.6° in longitude and
was one of a sequence used to produce the mosaic shown in
Figure 1.6. The radial resolution is ~ 11 km pixel~'. The
Keplerian motion is from top to bottom. (b) A reprojection of
the F ring portion of the image shown in (a); the reprojected
image extends 750 km on either side of the core location
predicted by the model of Cooper et al. (2013). The range of
corotating longitude in the system used for Figure 1.6 is from
271.58° to 277.24°.

Figure 1.9 (a) A cropped Cassini NAC image N1507015271
obtained on 2005 October 3 06:52 showing a bright feature
(upper center) in the F ring with vertical structure extending
over ~ 0.2° in longitude. (b) A cropped Cassini NAC image
N1507099722 taken on 2005 October 4 06:20 showing the same
feature which has now moved to the ring ansa (left).
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1.4 Photometry

1.4.1 Introduction

The interaction of electromagnetic radiation with ring parti-
cles can provide a wealth of information about particle size,
shape, composition, and quantity; a thorough introduction
to the physics of these interactions can be found in Cuzzi
et al. (2009). Measurements fall into two main categories:
scattering (usually of visible light from the Sun) and occul-
tations (usually of stars or man-made radio sources). These
measurements can be conducted at different longitudes, pro-
viding information on azimuthal variability, or across time,
providing information about how the ring changes. In all
cases, data must be compared to theoretical models to ex-
tract particle attributes. Unfortunately, models of scattering
are often complex and computationally demanding, requir-
ing a variety of techniques that attempt to make the problem
more tractable.

1.4.2 Visible light scattering

The phase angle «, the angle between the direction to the
Sun and the direction to the observer, along with particle
size, shape, and composition, affects how much light from
each particle is scattered in the direction of the observer.
Particles that are small relative to the wavelength of light
primarily scatter at high phase angles (diffraction), while
particles that are large primarily scatter at lower phase an-
gles (reflection). Measurements taken at a variety of phase
angles can be combined to make a phase curve. This curve
can then be compared with models to determine particle
properties.

The amount of light scattered is also highly dependent
on illumination and viewing geometry. The incidence angle
i is the angle between the normal to the ring plane and
the incident light source (usually the Sun) and the emission
angle e is the angle between the normal to the ring plane and
the observer. In the case of a ring of low optical depth, where
shadowing and multi-particle obscuration can be ignored,
any dependence on incidence angle disappears and emission
angle can be compensated for by multiplying measurements
by p = |cose|. Although e may vary over an image, often
the field of view is sufficiently narrow that a single mean
emission angle is used for simplicity.

Images from Cassini and Voyager are calibrated in I/F,
the ratio of the observed intensity to that produced by a
perfect Lambert surface illuminated and viewed in the same
geometry. In many cases the F ring is radially unresolved.
Analysis is thus performed using the equivalent width W,
a resolution-independent measurement of integrated bright-
ness, for each radial slice. As some scattering can be present
in the camera optics, it is necessary to assume that the re-
gions far from the ring contain no material and subtract a
linear- or quadratic-fit background model B(a), yielding:

W = /(I/F(a)fB(a))da7 (1.1)

The process is illustrated in Figure 1.10. Although the use
of equivalent width is necessary to analyze and compare un-

resolved images, it has the major disadvantage that it elim-
inates all fine radial structure, which is a major source of
information about the dynamics of the F ring. I/F is taken
to be a syntactic unit, so that when analyzing a radial slice
we use the notation I/F(a) rather than the more technically
correct I(a)/F.

To normalize for viewing geometry when comparing mea-
surements of a ring of low optical depth, we compute the
normal equivalent width:

WL :,LLW (1.2)

However, French et al. (2012) have shown that the F ring
is sufficiently optically dense that shadowing and obscura-
tion are important in some circumstances (see Figure 3.22
in the chapter by Cuzzi et al. for an example of the variable
density of the F ring core). These can be taken into account
by multiplying W instead by one of two adjustment fac-
tors (Chandrasekhar, 1960; Hansen and Travis, 1974; Dones
et al., 1993),

_ (1 + po)
R pot) = et mo) Y
or
ZT(T7P‘7//LO) = T(‘u _‘LLO) (14)

pito(exp(—7/p) — exp(—7/p0))’

depending on whether the ring was seen in reflected (Zg)
or transmitted (Z7) light, yielding the “r-adjusted normal
equivalent width”, Wr. Here pug = |cosi| and 7 is the opti-
cal depth of the ring. As the optical depth varies with lo-
cation and time and occulation measurements that coincide
with brightness measurements are rarely available, a global
“equivalent optical depth” must be computed by minimiz-
ing the scatter among multiple measurements. An analysis
of both Voyager and Cassini images by French et al. (2014)
found that 7equiv = 0.035, consistent with the mean optical
depth 7 = 0.03 found from analysis of UVIS occultations
(Becker, 2016).

In many cases, multiple images of the F ring are taken
close in time but at different corotating longitudes. These
can be combined into mosaics, and the equivalent widths at
different longitudes can be combined to form a longitudinal
profile (Figure 1.11). A profile can be averaged to compute
the mean ring brightness at a given time or analyzed for the
presence of large-scale structure.
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Figure 1.10 Measuring a radial profile from Cassini image
N1545556618. A portion of the A ring (and the Keeler gap) is
shown on the left and the F ring is on the right. The white box
was used to define the dimensions for the radial profile; pixels
were averaged in the vertical (longitude) direction to produce
the measurements shown. The vertical gray rectangles show the
regions used for modeling background contamination and the
dashed line shows the background model. The shaded area
under the curve shows the region that was integrated to
compute the equivalent width. From French et al. (2012).
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Figure 1.11 The mosaic from Cassini observation
ISS_059RF_FMOVIE002_VIMS and its associated equivalent
width profile. The radial limits of the mosaic are 139800
(bottom) to 140500 km (top). Note that the radial structure in
the image has been discarded in the equivalent width profile,
allowing low-resolution observations to be compared on the
same footing. From French et al. (2014).
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Figure 1.12 F ring phase curve derived from Cassini and
Voyager images. Data points give the equivalent width for an
entire radial slice of the F ring including the core and skirt
region. The top line is the cubic polynomial fit to the Cassini
data. This simplified phase curve shape does not attempt to
precisely model particle size distribution, but instead is used to
roughly compare the brightness of the ring among missions. As
the data from Voyager 1 and Voyager 2 have a greater amount
of scatter, the curve shape from the Cassini data is also used for
the Voyager 1 (middle) and Voyager 2 (bottom) data, assuming
the fundamental particle properties governing the phase curve
have not changed between missions. From French et al. (2012).

French et al. (2012) performed an analysis of 25 such
mosaics as well as 37 measurements taken by Voyager 1
and Voyager 2 (Showalter et al., 1992). To ease comparison
of overall brightness, they used a simple cubic polynomial
phase curve fit to the more numerous and higher-quality
Cassini data, and then assumed that the underlying parti-
cle size distribution had not changed between the Cassini
measurements and those from the Voyager missions by forc-
ing the Voyager phase curves to have the same shape (but
not same average brightness) as the Cassini phase curve.
The three phase curves are shown in Figure 1.12. After sub-
tracting a particularly bright anomalous collision event that
occurred in late 2006 (see Figure 1.6), they found that the
mean ring brightness was 1.3 + 0.1 times as high during
Cassini compared to Voyager 1, and 2.4 + 0.1 times as high
during Cassini compared to Voyager 2.

It is interesting to note that the Cassini data in Fig-
ure 1.12 has much less scatter than the Voyager measure-
ments. This scatter is likely the combination of several fac-
tors: the ring was actually more variable during Voyager (see
Section 1.5), the quality of the Voyager images had a lower
signal-to-noise ratio, and the Voyager measurements only
sampled a small portion of the ring for each data point (em-
phasizing local variability) while the Cassini measurements
each averaged over a nearly complete ring.

As seen in Figure 1.11 and discussed further in Section 1.5,
the F ring shows dramatic azimuthal variation due to the
presence of extended bright clumps, while the above analy-
sis used the mean properties of the ring with only a single
large and unusual clump removed. As such, it is also inter-
esting to look at the “baseline” ring in the absence of these
clumps. Using the equivalent width’s 15th percentile as a
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cutoff and assuming a cubic polynomial fit (French et al.,
2014), the F ring phase curve from 50 Cassini profiles is
log1o(P()) = aa® + ba® + ca + d with a = 6.099 x 1077,
b= —-8813x107° ¢ = 5517 x 1072, and d = —0.3296
with « in degrees. Although the details differ slightly, a sim-
ilar change in brightness among Voyager 1, Voyager 2, and
Cassini was found using this technique, showing that the
brightness variation is due mainly to changes in the dimmer
skirt rather than the brighter core.

1.4.3 Occultations

Occultations of the F ring, which measure optical depth,
are available from a number of sources and at a variety of
wavelengths. Optical depth measurements are usually pre-
sented as normal optical depth, T, computed by multiplying
the observed value by p. Unlike visible light images, which
often provide a view of most or all of the ring, occultations
provide information only about a thin radial slice. As occul-
tation observations are usually spread over both time and
longitude, each observation must be considered a snapshot
of one part of the ring at one instant in time.

There is a simple relationship between optical depth and
particle size:

Smax
T(\) = / Qext (s, \)s°n(s)ds, (1.5)
Smin
where Qext is the extinction efficiency of the particles and
n(s) is the differential number density of particles of radius
s. For particles much larger than the photon wavelength
A, Qext — 2 (Cuzzi, 1985) because the particle diffracts
an amount of light equal to the amount it absorbs or re-
flects. For particles much smaller than A, Qext s* assum-
ing Rayleigh scattering; these particles do not contribute
significantly to the optical depth of the F ring.

Similar to equivalent width, it is convenient to consider
the area under the curve of occultation profiles giving equiv-
alent depth D (Elliot et al., 1984; French et al., 1991):

D= /T(a)da (1.6)

The equivalent depth of the F ring has been measured
with occultations at various wavelengths over the past three
decades. The Voyager 2 PPS instrument observed the pas-
sage of the bright ultraviolet star § Scorpio at 0.264 pm on
1981 Aug 26, yielding an equivalent depth for the core of
0.361 £ 0.044 km and for the envelope of 3.97 £+ 0.13 km,
giving a total equivalent depth for the ring of 4.33+0.13 km
(Showalter et al., 1992). This data was reanalyzed by French
et al. (2012) to give a total equivalent depth of 4.57 +0.12
km. The PPS occultation data has a low signal-to-noise ra-
tio. Recalibrating this data using information later derived
from the Cassini VIMS instrument gives an adjusted equiv-
alent depth of 7.25 km (French et al., 2012).

The Voyager 1 RSS experiment used the Earth-based
Deep Space Network to observe the spacecraft’s X-band (3.6
cm) and S-band (13 c¢m) radio transmission passing through
the rings (Tyler et al., 1983; Marouf et al., 1986) (see Fig-
ure 1.3). Observations at both wavelengths only revealed
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detections of the F ring core, giving equivalent depths of
0.283+0.035 km and 0.153+0.066 km, respectively (Showal-
ter et al., 1992).

Cassini VIMS observed the occultation of a variety of
stars by the F ring at 2.92 um between 2005 and 2009. An
aggregation of 30 of these measurements yields an equiva-
lent depth of 9.99 £ 2.65 km (French et al., 2012). Likewise,
Cassini UVIS observed various occultations at 110 — 190 nm
between 2005 and 2008. Analysis of 93 observations yields
equivalent depths for the F ring ranging from 3.9 to 50.8
km, with a median of 9.7 km (Albers et al., 2012).

Finally, Poulet et al. (2000a) and Bosh et al. (2002) used
HST observations to derive equivalent depths at a variety of
wavelengths. A summary of all equivalent depth findings is
given in Table 1.2.

1.4.4 Particle size distribution

The F ring consists of both a narrow core that is the domi-
nant feature in occultations but is not optically resolved and
a dusty skirt that contributes the majority of the scattered
light. A variety of techniques have been used to place limits
on particle size and distribution. The particle size distribu-
tion of rings is often characterized by a simple power law:

n(s) = n(so) (=) ",

” (1.7)
where sg is a reference particle size. A large ¢ implies that
a relatively larger number of small particles dominates the
scattering.

The first analysis of the particle size distribution of the F
ring was conducted by Tyler et al. (1983) and Marouf et al.
(1986), who examined occultation data from the Voyager
RSS experiment. They found that, with careful processing,
the F ring core could be detected at 13 cm, implying a pop-
ulation of particles at least that large. Analysis of joint RSS
observations determined that roughly 40% of the opacity of
the core is due to particles with radii exceeding ~ 4 cm.

Showalter et al. (1992) performed the only analysis of the
F ring phase curve to date that attempted to derive the
particle size distribution. They assumed the F ring had two
fundamental particle populations: “small” particles, with di-
mensions comparable to the wavelength of light that can
be described by a variant of Mie theory (in this case the
randomly-oriented, nonspherical models from Pollack and
Cuzzi (1980)), and “large” particles, which are strongly in-
fluenced by macroscopic surface properties and are modeled
using the high-albedo icy moon Europa as an analog. The
small-particle population was assumed to obey a power law
with slope ¢. In addition, they modeled a free parameter f,
the fraction that “small” particles contribute to the over-
all optical depth. As only poorly-resolved Voyager images
were available, the analysis did not attempt to distinguish
between the core and skirt regions, although it is reasonable
to assume that the core contains the majority of the large
particles. Their best fit model (Figure 1.13) corresponds to
q=46+05 and f = 1.001’8:82. These results apply to
particle sizes in the approximate range 0.03 — 1pm. Such a
large dust fraction is consistent with f > 0.80 determined
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Figure 1.13 Normal equivalent width measurements from
Voyager 1 and 2 observations and best-fit phase curves. q is the
power law exponent of the small particles, where the number of
particles of size a is n(s) « s~%, and f is the fraction that the
small particles contribute to the overall optical depth. Unlike
the simplified phase curves in Figure 1.12, the phase curves here
attempt to capture the actual characteristics (size distribution
and shape) of the ring particles. From Showalter et al. (1992).

by Poulet et al. (2000a) from HST observations of the 1995
Saturn ring plane crossing.

Such a steep slope is surprising; in comparison, the size
distribution of collisional ejecta is ¢ = 3.4 (Grun et al.,
1984). The steep slope of the skirt (assumed to consist pri-
marily of “small” particles) is far steeper than for the dust
at Jupiter (¢ = 2.5+0.5 (Showalter et al., 1987)) or Uranus
(g = 2.5+ 0.5 (Ockert et al., 1987)). As drag forces (such
as Poynting-Robertson and plasma drag) tend to flatten a
size distribution (Burns et al., 1984), this implies that drag
forces may not play a major role in the F ring. However, a
more plausible explanation may be that the brightness of the
F ring changed dramatically between Voyager 1 and 2. As
can be seen in Figure 1.12, the measurements from Voyager
1 appear to be much brighter than those from Voyager 2. At
the same time, the data from Voyager 1 are heavily weighted
towards the high phase angles while those from Voyager 2
are more weighted towards the low phase angles. Showalter
et al. (1992) combined data from both spacecraft before fit-
ting the phase curve and, as the best-fit model is extremely
sensitive to the phase curve shape, the result may have been
affected by the merging of these sets of data. French et al.
(2012) also note the increase in brightness of the F ring with
increasing phase angle, suggestive of a higher percentage of
small, forward-scattering particles that have persisted in the
region for over 30 years. Thus, although it is clear that the
ring skirt is dominated by dust, the steep power law slope
found by Showalter et al. (1992) may not be accurate.

Showalter et al. (1992) also analyzed the Voyager occulta-
tion observations of the F ring core (Table 1.2). If we assume
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Table 1.2. Summary of equivalent depths of the F ring in order of increasing wavelength. ' Albers et al. (2012). ? Showalter
et al. (1992). French et al. (2012). 4 Poulet et al. (2000a). °Bosh et al. (2002). " PPS value has been adjusted based on
VIMS data to simulate having a higher signal-to-noise ratio. tMean and standard deviation of 30 VIMS measurements.
Disagreement among analyses of Voyager 2 PPS data is due to differing assumed widths of the F ring core: Albers et al.
(2012) assumed the core is 50 km wide (approzimately the width of the entire ring assumed by Showalter et al. (1992)) while
Showalter et al. (1992) assumed the core is 1 km wide.

Core Envelope Total

Date Object Instrument Wavelength (km) (km) (km)
2005 — 2008 Various Cassini UVIST 110 — 190 nm 4.7 (2.4 — 6.9) 9.7 (3.9 — 50.8)
1981 Aug 26 § Sco Voyager 2 PPS2 264 nm 0.361+£0.044 3.97+0.13  4.33+0.13
1981 Aug 26 8 Sco Voyager 2 PPS? 264 nm 457 £0.12
1981 Aug 26 § Sco Voyager 2 PPS3t 264 nm 7.25
1981 Aug 26 8 Sco Voyager 2 PPS! 264 nm 4.1
1981 Aug 26 8 Sco Derived from PPS? 500 nm 5.0 +£0.3
1995 Nov 21 GSC5249-01240 HST FOS® 270 — 740 nm 7.41+£0.15 km
1995 Aug 10 Reflected light HST WFPC2* 890 nm 8+3
1989 Jul 03 28 Sgr McDonald (ingress)® 2.1 pm 2.8+0.1
1989 Jul 03 28 Sgr McDonald (egress)® 2.1 pm 3.6+0.1
1995 Nov 21 GSC5249-01240 IRTF® 2.3 pm 5.76 £ 0.06
2005 — 2009 Various Cassini VIMS3# 2.92 pm 9.99 +2.65
1989 Jul 03 28 Sgr IRTF (egress)’ 3.1 pm 3.79£0.08
1989 Jul 03 28 Sgr Palomar (ingress)® 3.9 pm 3.0£0.1
1980 Nov 13 Voyager 1 RSS X-band DSS-632 3.6 cm 0.283 + 0.035 0.283 £ 0.035
1980 Nov 13 Voyager 1 RSS S-band DSS-632 13 cm 0.153 4+ 0.066 0.153 £ 0.066

that a power-law size distribution applies in the core as well,
the X-band/S-band equivalent depth ratio provides a direct
measure of the power law slope, ¢ = 3.5 + 0.4 (valid over
the size range 0.01 cm to 10 m), consistent with that of
collisional ejecta. Assuming the core is what is seen in the
narrowest peak of the PPS occultation, the PPS core/X-
band optical depth ratio gives a lower size cutoff of » ~ 0.1
cm.
Bosh et al. (2002) observed the occultation of GSC5249-
01240 by Saturn’s rings with the Faint Object Spectrograph
on the HST. They found that the F ring’s equivalent depth
was constant between 0.27 and 0.74 pm, indicating the pres-
ence of ring particles larger than ~ 10 ym. They further de-
termined that the particle size distribution has a slope g ~ 3
with 10 pm < amax < 2 m.

In contrast, occultation measurements of the F ring by
the Cassini VIMS instrument in the range 0.85 — 5.0 pm
do show a noticeable reduction in the optical depth in the
vicinity of 2.87 um (Hedman et al., 2011; Vahidinia et al.,
2011). The dip in optical depth is likely caused by the Chris-
tiansen Effect (Christiansen, 1884, 1885), a reduction in the
extinction of small particles when their real refractive index
is close to that of the surrounding medium while their com-
plex refractive index is much less than unity. A Christiansen
wavelength of 2.87 pum corresponds to crystalline water ice.
In addition, the strength of this dip is highly sensitive to the
particle size distribution.

Hedman et al. (2011) found that a broken power law
was required to reproduce the observed transmission spec-
tral features. This model consists of one power law n(s) o
s~ %small for particles below a size sppeax and another power

law n(s) o< s~ & above that size. Due to differences in as-
sumed Strear and the unknown regolith characteristics of the
ring particles, it is not possible to produce a unique set of
power law slopes using only transmission spectra. However,
assuming Spreak ~ 10 pm, gsman ~ 2 and gpig ~ 3.5 is neces-
sary to reproduce the basic spectral features (Figure 1.14).
The lack of a spike in optical depth at A ~ 3.1 pum suggests
that the ring, in general, is depleted of sub-micron-sized par-
ticles. In addition, the dip in extinction spectra tends to be
stronger in regions with lower optical depth; larger particles
appear to be more concentrated in denser parts of the ring.

As always, the variability of the F ring makes analysis dif-
ficult, and a spread of spectral features is observed across the
occultations. However, certain features stand out as unique;
one such is shown in Figure 1.15. While the majority of the
ring commonly shows a different optical depth at A ~ 2.9
and A ~ 3.2 pum, the sharp peak is approximately the same
at the two wavelengths. This implies that the region mea-
sured at the peak contains a much smaller fraction of micron-
sized particles than the rest of the F ring, and may repre-
sent the detection of a small clump of debris. Hedman et al.
(2011) detected 14 such spectral features with diverse mor-
phologies. Such clumps may be the progenitors of more solid
clumps embedded in the core, as detected by UVIS occulta-
tions (Esposito et al., 2008; Meinke et al., 2012) and Cassini
imaging (Murray et al., 2008; Beurle et al., 2010) (see Sec-
tion 1.7).
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Figure 1.14 Model extinction spectra for various particle size
distributions using a broken power law with Spreax ~ 10 pm
(grey) compared with the observed spectra derived from the
Rev 46 a Orionis occultation (black). (Top) ¢ = 4.0 above the
break and as indicated below the break. (Bottom) ¢ = 2.0 below
the break and as indicated above the break. From Hedman et al.
(2011).

Vahidinia et al. (2011) analyzed high-phase-angle VIMS
transmission spectra with a model based on Mie scattering
combined with Effective Medium Theory and constrained
the range of particle sizes in the F ring skirt to 10 — 30
pm. However, this model, based on porous spherical ice par-
ticles, failed to precisely match the 2.87 pum Christiansen
feature. A more advanced model using a Discrete Dipole
Approximation showed that the 10 — 30 pum particles can be
successfully modeled as aggregates composed of individual
monomers ranging in radius from 1 — 3 pm.

Finally, Becker (2016) analyzed 13 UVIS Extreme Ultra-
violet occultations of the Sun by the F ring. Depending on
the exact portion of the occultation being observed, these
measurements can combine the reduction in photon count
due to the occultation with the increase in photon count due
to diffraction by small ring particles. Such signal enhance-
ments are difficult to detect, however, because the projected
diameter of the Sun on the F ring is much larger than the
width of the ring’s core. As a result, not all occultations
contained signal enhancements of the unocculted sunlight
outside of the F ring, which would indicate diffraction by
relatively small particles. Those that did likely indicated
a larger quality of small particles present at the occulta-
tion site. In some cases, the occultations could be compared
with Cassini ISS images taken at the same longitude at ap-
proximately the same time. Those occultations that showed
signal enhancements due to diffraction correlated well with
images that showed collisional features, while occultations
not containing signal enhancements correlated with images
that showed a more quiescent ring. Modeling showed that in
the area near collisional features, ring particles had a min-
imum radius of < 10 pm and ¢ ~ 2.8 — 3.5, while in the
quiescent areas ring particles had minimum radii > 100 pm.
In all cases the mean optical depth was 7 ~ 0.03. This con-
trasts with Vahidinia et al. (2011), who found that the ~ 10
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Figure 1.15 (Top) Optical depth profiles from the Rev 013
egress a Sco occultation at 2.92 pm and 3.19 pm. (Middle) The
inferred optical depth in dust. (Bottom) The inferred optical
depth in excess large particles. From Hedman et al. (2011).

pm particles were visible regardless of longitude. Further
analysis will be required to reconcile these two results.

In summary, although results differ to some extent, the F
ring clearly consists of particles tens of microns in diameter
and larger, with smaller particles present further from the
core and possibly also in areas of collisional activity.

1.4.5 Radial Width

The width of the F ring is a difficult measurement to define,
as the ring does not have sharp edges; rather, the ring ma-
terial simply gets more diffuse the further you get from the
core. French et al. (2012) defined the photometric width as
being the radial extent that encompasses 90% of the total
equivalent width. Using Cassini ISS images from 2004 —2009
they found a mean width of 580 470 km. This result is con-
sistent with the width of ~ 500 km that Becker (2016) found
was necessary to properly model UVIS occultation behavior.
A similar analysis of 59 Voyager 1 ISS images (French et al.,
2012) yielded a mean width of 200+40 km, showing that the
ring during the Cassini era was nearly three times as wide
as during Voyager. It is tempting to blame the lower signal-
to-noise ratio of the Voyager images for this difference, but
a reprocessing of the Cassini images by French et al. (2012)



to downgrade them to the quality of the Voyager images
resulted in a change in width of at most 10%.

French et al. (2012) also found that in the Cassini im-
ages there was a slight dependence of width on phase angle,
with greater widths generally detected at higher phase an-
gles; although data were limited, a similar trend was visible
in the Voyager 1 images. This reinforces the above conclu-
sion that smaller particles are found further from the core;
they become more visible at higher phase angles. French
et al. (2012) also applied their definition of radial width to
30 VIMS occultations, finding a mean width of 370 4+ 60
km. This width is smaller than the radial width found using
visible-light images, suggesting that the core is sufficiently
dense that not all particles can be seen in reflected sunlight,
consistent with the earlier observation that shadowing and
obscuration are necessary to fully model the F ring’s photo-
metric properties.

The F Ring of Saturn

15



16 Murray € French

1.5 Extended Clumps

In addition to the small (<« 1° longitude), embedded
clumps, the F ring shows variation on large (3—40°) scales as
well (Figure 1.16). These extended clumps (ECs) have been
seen by Voyager 1 and 2 (Showalter, 2004), Cassini (French
et al., 2014), and the Hubble Space Telescope during the
1995 ring plane crossing (McGhee et al., 2001; Bosh and
Rivkin, 1996). The number, orbital position, lifetime, an-
gular width, and brightness of the ECs has remained fairly
constant over this time period. On average, there are 2 — 3
major and 20 — 40 minor ECs present at any given time.
They have semi-major axes that are normally distributed
~ 40 km on either side of the F ring core (Figure 1.17). An-
gular widths are concentrated around 5—10° in longitudinal
extent, with a long tail at larger sizes (Figure 1.18).

The exact lifetime of ECs is difficult to determine due to
the nature of the available observations. The tightest con-
straints show that some ECs could not have lasted for more
than ~ 25 days while others last for at least ~ 3 months.
However, no ECs survived the 9-month gap between Voy-
ager missions or were observed for more than ~ 6 months
during the 1995 Earth-ring plane crossing (McGhee et al.,
2001; Bosh and Rivkin, 1996). The origin of these ECs re-
mains a mystery, as the lack of continuous observation has
prevented detailed observations of their initial formation.
However, French et al. (2014) were able to constrain the
creation timescale of one EC through a series of FMOVIEs
(Figure 1.19). In this case, the EC appears to grow from
an otherwise dormant region of the ring with no obvious
cause. Attempts to link the creation of ECs to the location
of Prometheus have failed.

The eventual disappearance of ECs is similarly shrouded
in mystery. While one would expect the ECs (which have
non-zero radial extent) to spread through Keplerian shear
and eventually become sufficiently stretched that they fade
into the background ring material, observations instead
show that ECs disappear much more rapidly than can be
explained solely from Keplerian shear (Figure 1.20).

The number of extremely bright ECs is quite different be-
tween the Voyager and Cassini observations. While such ECs
were common during the Voyager era, with several being vis-
ible at any one time, only two such bright ECs were seen dur-
ing the entire six years of Cassini observations analyzed by
French et al. (2014). With the benefit of the high-resolution
images available from Cassini, French et al. (2014) found
that the two bright ECs corresponded to obvious impact
events, where the impacting body was visible both before
and after the collisions (Murray et al., 2008). If the bright
ECs seen during Voyager had a similar cause, this would
suggest that the number of impact events has dramatically
decreased during the intervening 30 years. Such a decrease
could be explained by a reduction in the population of im-
pactors or a decrease in their relative velocity with the F
ring core.
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Figure 1.16 Longitudinal profiles from Voyager and Cassini.
All profiles have been normalized to the 15th percentile value,
which represents the non-clump brightness of the ring. The
Cassini 2006 and Cassini 2009 curves represent data from those
years; during each of these time periods an anomalous bright
extended clump formed and dissipated. With the exception of
those two years, the Voyager data clearly contained more and
brighter extended clumps than the Cassini data did. From
French et al. (2014).
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Figure 1.17 Distribution of semi-major axes for Voyager and
Cassini ECs. The ECs are generally centered on the F ring core
but can be found within 40 km on either side. C54/2009 and
C19/2006 are anomalous bright clumps likely the result of
major collisions with the F ring core (see Figures 1.16 and 1.6).
Note that this figure, which covers extended clumps, differs from
Figure 1.8, which covers very small localized clumps. However,
in both cases the features are found close to the core. From
French et al. (2014).
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Figure 1.18 Distribution of angular widths for ECs from
Voyager and Cassini observations. The cut-off at the low end is
artificial because any ECs with angular widths less than 3° are
ignored. There is no significant difference between the two time
periods. From French et al. (2014).
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Figure 1.19 The formation of an extended clump over
approximately one month. The left plots show longitudinal
profiles of equivalent width for three different dates; the solid
lines show a 20° excerpt of the complete profile and the dashed
lines show Gaussian fits to the extended clump. The right
images show excerpts from contrast-stretched mosaics covering
the same longitudes; the white boxes indicate the longitudinal
extent of the ECs as determined by the Gaussian fit. The EC
appears to arise from an otherwise dormant region of the ring.
From French et al. (2014).
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Figure 1.20 The disappearance of an extended clump over
approximately one month. The left plots show longitudinal
profiles of equivalent width for three different dates; the solid
lines show a 25° excerpt of the complete profile and the dashed
lines show Gaussian fits to the extended clump. The right
images show excerpts from contrast-stretched mosaics covering
the same longitudes; the white boxes indicate the longitudinal
extent of the ECs as determined by the Gaussian fit. The EC
appears to disappear into the background ring material without
being sufficiently stretched by Keplerian shear. The EC moves
in co-rotating longitude over time because it has a semi-major
axis slightly different from that of the F ring core. From French
et al. (2014).
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Figure 1.21 The relative orbits of Prometheus (Pr), Pandora
(Pa) and the F ring (F) on 2004 July 1, the start of the Cassini
orbital tour, and on 2010 January 17, when Prometheus had its
closest approach to the F ring. From Murray et al. (2017).

1.6 The effect of Prometheus

With two satellites orbiting on either side of the F ring, it is
natural to assume that they would be the main perturbers
of the ring. Although Pandora does have a measurable ef-
fect on the ring, Prometheus is 16% more massive and has a
separation in semi-major axis from the ring that is approx-
imately half that of Pandora (Cooper et al., 2015). How-
ever, the size of the perturbation is time-variable because
the orbits of the ring and both satellites are eccentric and
subject to different apsidal precession rates due to Saturn’s
oblateness. The effect of this on the orbital configurations is
illustrated in Figure 1.21, where we show the relative orbits
of all three objects in the system in July 2004, at the start of
Cassini’s orbital tour, and in January 2010, when the orbits
of Prometheus and the F ring had their minimum separa-
tion. The plots were derived using the orbits of Prometheus
and Pandora from Jacobson et al. (2008) and the orbit of
the F ring from Cooper et al. (2013) (see Table 1.1 above).
The calculated separation of Prometheus and the F ring
was 460 km in 2004 but had reduced to 206 km by 2010.
The changing separation is dominated by the differences in
precession rates and has a period of ~ 19 years. Therefore
we would expect the nature of the phenomena Prometheus
induces in the F ring to vary on that timescale.

The Voyager did not capture images of
Prometheus’ interaction with the F ring. Indeed, the best
evidence for the type of structures that could be created was
first seen in numerical simulations (see, e.g. (Showalter and

cameras

Burns, 1982; Kolvoord and Burns, 1992; Giuliatti Winter,
1994; Murray, 1994)). These results showed that the varying
distance between Prometheus and the ring over one orbital
period caused the appearance of the perturbed ring to vary
on the same timescale. If we let n and a be the mean motion
and semi-major axis respectively of a ring particle and let
ns = n + An and as = a + Aa be the mean motion and
semi-major axis of an adjacent satellite (e.g. Prometheus)
then the number of orbits between conjunctions of the two
is [n/An|. In that number of orbits the ring particle will
have traveled a distance 27 a with respect to the satellite.
From Kepler’s Third Law, An = —(3/2)(Aa/a)n. Hence we
would expect to see structure in the ring with a wavelength

2w a

== = 3n|Aal. 1.8
Ty = drlal (1.8)
In terms of degrees of longitude on the ring the wavelength

A
A = 36002 = pape /2 (1.9)
2ra a

Therefore, using the semi-major axis data from Jacob-
son et al. (2008) and Cooper et al. (2013), we would expect
Prometheus to produce features at intervals of 3.25° at the
F ring’s core with shorter wavelengths closer to the satellite.
This is consistent with what is seen in Figure 1.4c,d, Fig-
ure 1.6 (between corotating longitudes of 200° and 260°) and
Figure 1.11 (between corotating longitudes 300° and 360°).
Note that the wavelength is independent of the mass of the
satellite. Figure 1.22 shows a reprojected 45° segment of the
F ring derived from Cassini NAC images obtained in April
2005. The regular pattern caused by Prometheus is obvious
across the whole region just encountered by the satellite.

Murray et al. (2005) examined the nature of the pertur-
bations created by Prometheus and their effect on the ring.
They carried out numerical simulations of Prometheus’ in-
teraction with the F ring and showed how the time variations
of the ring’s appearance in Cassini images matched those
seen in the simulations. Once conjunction has taken place
and the resulting, near-instantaneous perturbation has oc-
curred, the ring particles proceed on their perturbed paths
experiencing no further perturbations — collisional processes
and self-gravity were not included. As the cycle repeats it-
self with the next conjunction so too does the pattern im-
printed on the ring by the satellite. Murray et al. (2005)
named the resulting, time-varying pattern the “streamer-
channel” phenomenon after the two extremes of structures
that result: (i) when Prometheus is near its periapse and
therefore furthest from the ring there is a concentration of
ring material (a “streamer”) connecting the satellite to the
ring but (i) when Prometheus is at its apoapse and clos-
est to the ring “channels” in the ring material are apparent.
The cycle of alternating between streamers and channels is
repeated downstream of Prometheus. However, although we
can consider that the initial structures are imprinted almost
radially over a range of semi-major axes, Keplerian shear is
also present. This accounts for the changing slope of features
with longitude seen in both the simulations and the Cassini
images.
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Figure 1.22 A mosaic of enhanced, reprojected images of the
F ring region derived from an FMOVIE sequence taken on 2005
April 13. Prometheus is just below the field of view close to a
corotating longitude of 121°. The sequence of dark bands, (the
“channel” phase of the “streamer-channel” phenomenon)
apparently emanating from Prometheus but trailing it, are
caused by perturbations from the satellite. At the F ring core
(Ar = 0) the separation in longitude is close to the predicted
wavelength of A = 3.25°.
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Figure 1.23 The measured changes in semi-major axis (left;

cf. Figure 4 of Beurle et al. (2010)) and eccentricity (right) as a
function of the relative longitude of encounter for test particles
in the F ring having conjunctions with Prometheus. The
different curves show the results for different offsets in periapse
between Prometheus and the F ring core. The offset of 240.55°
corresponds to the periapse difference at the epoch of 2007
January 1 12:00. The data is taken from the results described by
Williams (2009).

The dynamics of the streamer-channel phenomenon were
studied in some detail by Williams (2009). Murray et al.
(2017) used data from Williams (2009) to show how the
expected changes in orbital elements can explain the sub-
sequent structure seen in the ring. Figure 1.23 shows plots
of the measured changes in semi-major axis and eccentricity
derived from numerical integrations for different relative ori-
entations of the orbits of Prometheus and the F ring. Note
that the changes in these elements are highly correlated and
that the maximum (positive and negative) changes do not
occur at zero relative longitude but rather just to either side
of it. We can use the data in these plots to help visualize
the streamer-channel process.

The motion of objects on Keplerian elliptical orbits of
semi-major axis a and eccentricity e can be visualized as
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epicyclic motion around a centered ellipse, the center of
which is moving at a constant rate equal to the mean mo-
tion around the central body. The centered ellipse has axes
of length 2ae and 4ae, i.e. in the ratio 2 : 1 (see, e.g., the
section on epicyclic motion in Murray and Dermott (1999)).
Figure 1.24 shows the results of modeling the creation and
evolution of 51 particle orbits perturbed by an encounter
with Prometheus at its apoapse when its orbit is anti-aligned
with that of the F ring (i.e. with a periapse difference of
180°). At time ¢ = 0 each particle is assigned its perturbed
ellipse based on the values shown in Figure 1.23; particles
with negative encounter longitude will be at their periapse
and those with positive encounter longitude will be at their
apoapse. The system is then evolved in its predetermined
manner. The effects of Keplerian shear are taken into ac-
count by shifting the center of each epicycle to the left or
right by the appropriate amount according to whether it
has Aa > 0 or Aa < 0, respectively. Note that the single
particle at the origin does not receive any perturbation, in
accordance with theory and the numerical results shown in
Figure 1.23.
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The evolution of the particles shown in Figure 1.24 ex-
plains several features seen in both the simulations and the
images of the rings. Note that at integer multiples of orbital
periods (i.e. ¢ = 0,4, 12) the particles all return to their ap-
proximate initial orbital phases (i.e. periapse or apoapse)
at which times the ring would give the appearance of be-
ing unperturbed, albeit with an ever-widening gap at the
location where the original Prometheus perturbation took
place. This would correspond to the “channel” phase of the
“streamer-channel” cycle. In contrast, at half-integer values
of the orbital period (e.g. t = 3.5,11.5) the approximate or-
bital phases of the particles differ from their initial values by
180° and the ring appears to be at its most distorted with
ring particles taking up position along a diagonal line (of
ever decreasing slope) across the gap. Of course, in reality
the only perturbation was the initial one caused by the im-
pulsive encounter with Prometheus. The ring’s appearance
at the half-integer values of the orbital period would be con-
sistent with it being at the streamer phase of the “streamer-
channel” cycle. The shearing of the particle orbits and their
distortion is always most evident at the half-integer values of
the orbital periods. In fact, the resulting streamer at this or-
bital phase is always aligned in the direction of Prometheus’
orbital location off to the lower right.

At time ¢t = 3.5 orbital periods the particles which were at
periapse are now at apoapse and vice versa, and the ellipses
have also shifted due to Keplerian shear. It can be seen that
the particles on orbits with the largest Aa have evolved the
most rapidly, to the extent that there is an accumulation
of ellipses at +0.3°. In images this would correspond to a
brightening of the rings at the edge of the channels and this
is indeed what is observed. Beyond this time the movement
of particles around their shifted epicycles means that as the
particles move towards the line of zero relative radius, the
surface density of particles will increase leading to the pro-
duction of clumps. This continues to occur until the largest
epicycles have passed through the smallest. This has mostly
occurred by the last two frames, t = 11.5, 12 orbital periods.
Therefore the observed distortions in the ring can now be
explained simply on the basis of perturbed particles moving
along their pre-determined epicycles.

Another feature of the F ring that can be explained by this
model is the widening of the gaps and the appearance of a
residual ring at the orbital phase where channels are evident.
If we ignore the particles initially between encounter longi-
tudes of 4+0.05°, then in each cycle the gap is most visible
when the particles return to the initial orbital phase, i.e. at
periapse to the left and at apoapse to the right (¢t = 4,12 or-
bital periods in Figure 1.24). This occurs when Prometheus
is at the apoapse of its orbit, even though it is no longer
in the vicinity of this 1° section of ring. However, at such
times the small number of particles with initial encounter
longitudes in the range 40.05° are still located in what has
become the gap. This is neatly illustrated in Figure 1.25,
which is a Cassini NAC image of the F ring with one bright
inner strand. Inspection of the most recent channel (left of
center) shows a line of material across the inner strand as
well as a narrowing at the orbit of the core. We also note
a wedge of material in the same channel, inwards of the in-
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Figure 1.24 The time evolution of 51 test particles assigned a
perturbed semi-major axis, Aa, and a perturbed eccentricity,
Ae, based on the data shown in Figure 1.23. The time in orbital
periods is shown at the top right of each frame. Each particle
moves clockwise around a centered ellipse of length 4Aa Ae and
height 2Aa Ae. The perturbation is applied at time ¢ = 0 and
the relative positions are shown at non-equal intervals up to a
maximum time of 12 orbital periods later. See main text for
additional information. Adapted from Murray et al. (2017). An
animation of the entire sequence is available as an online movie.



Figure 1.25 PIA10593. A cropped version of Cassini NAC
image (N1610599806) of the F ring taken on 2009 January 14.
The image covers ~ 4° of longitude at the F ring core (upper
bright component). The image illustrates the “channel” phase of
the cycle along with the appearance of a residual ring in the
bright component orbiting interior to the core. Note also the
wedge of material in the channel at the lower right.

ner strand. This additional channel feature was predicted to
exist on the basis of numerical simulations carried out by
Chavez (2009) and only occurs when Prometheus and the F
ring are near a maximum perturbation configuration. On the
basis of the results of numerical integrations, Beurle et al.
(2010) noted that the channels get wider with time. This
agrees with the observations (see, e.g., Figure 2a of Beurle
et al. (2010)). The widening can be understood in the con-
text of the epicyclic diagram shown in Figure 1.24, where a
similar widening with increasing time is seen. The pertur-
bations in semi-major axis induced by the Prometheus en-
counter and the subsequent effects of Keplerian shear mean
that once the “vertical” phase (evident after 3.5 orbital pe-
riods) has occurred the width of any individual gap is con-
stantly widening.
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Figure 1.26 PIA07716. Four enhanced Cassini NAC images of
objects near the F ring core. The upper two images are of
S/2004 S 6 taken on 2005 June 21 and June 25 on opposite sides
of the F ring core. At the time of initial release (September
2005) the object in the lower left image (taken on 2005 August
3) was thought to be S/2004 S 3 but now it and the object in
the lower right image (taken on 2005 April 13) are thought to be
examples of “mini-jets” caused by small moonlets undergoing
low velocity (~ 1 ms—1) collisions with the core.

1.7 Evidence for moonlets

Analyzing data from the Pioneer 11 charged particle exper-
iments, Cuzzi and Burns (1988) attributed two of the five
detected depletions of 7 MeV electrons to clumps of low op-
tical depth (7 ~ 1074-1072) material in the region between
the orbits of Prometheus and Pandora. They envisaged that
this was evidence for ejecta clouds from a belt of 0.1-10 km
colliding moonlets; they also suggested that the F ring itself
had been produced from a collision between the larger mem-
bers of this group. A series of observations obtained during
the May, August, and November 1995 ring-plane crossings
(Bosh and Rivkin, 1996; Nicholson et al., 1996; Roddier
et al., 2000; McGhee et al., 2001) led to the discovery of
several bright objects and arc-like features in the vicinity of
the F ring, some of which were consistent with the features
deduced by Cuzzi and Burns (1988). Showalter (1998) ar-
gued that many of the objects were likely to be transitory
clumps associated with impact events. Indeed, an analysis of
additional observations by Poulet et al. (2000b) attributed
several of the ring-plane crossing detections to a population
of ~ 100 m — 1 km-sized objects within the F ring. Barbara
and Esposito (2002) modeled the possible accretion and dis-
ruption mechanism in the F ring as a Markov process. They
suggested that localized bright features in the F ring were
the result of disruptive collisions of ~km-sized “rubble pile”
moonlets within the ring. In his pre-Cassini analysis of the
clumps in the Voyager images, Showalter (2004) concluded
that even though many of the objects observed during the
1995 ring-plane crossing had been given preliminary des-
ignations as satellites, they were more likely to have been
transient clumps in the F ring itself.
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Images obtained from Cassini ISS in the first year of the
Saturn orbit tour showed the presence of three objects or-
biting close to the F ring core, which also received prelim-
inary designations as S/2004 S 3, S/2004 S 4 and S/2004
S 6 (Porco et al., 2005). These had estimated diameters of
~ 5 km, and while S/2004 S 3 was observed to orbit beyond
the outermost F ring strand, both S/2004 S 4 and S/2004
S 6 were detected interior to the orbit of the core. No char-
acteristic wavelengths (see Eq. (1.8)) associated with any of
these objects have ever been observed, and although it is
believed that S/2004 S 3 and S/2004 S 4 are the same body
(N. Cooper, private communication) no further detections
were obtained, thereby confirming initial suspicions that
they were temporary. Given that the discovery of S/2004
S 6 was at a phase angle of 151°, it might be natural to as-
sume that it was composed primarily of dust. However, an
object on an orbit consistent with that of S/2004 S 6 was
believed to play a role in the production of a series of bright
jets that were seen to form in late 2006 and early 2007 (see
below and Murray et al. (2008)). The orbit for this object
given in the Supplementary Information for Murray et al.
(2008) had a semi-major axis of 140135 km (i.e. ~ 90 km
less than that of the F ring core) and was such that it crossed
that of the F ring once per orbit, albeit in projection only.
That is, a differing inclination may have caused it to pass
above or below the F ring core. The current status of S/2004
S 6 is unknown but, to date, this is still the best candidate
for an identifiable object that collides with the F ring core.
Cassini NAC images of several of these objects are shown in
Figure 1.26.

Esposito et al. (2008) reported the results of stellar occul-
tations of the F ring region observed by the Cassini UVIS
instrument. A total of 13 events with near- or total extinc-
tion were detected with widths in the range 27 m to 9 km;
all but one of these events occurred within 15 km of the F
ring core. Shallow profiles led them to attribute the cause of
12 of these events to loose agglomerations of dust, but one
particular event, nicknamed “Mittens”, had a wide profile
with sharp edges suggestive of an opaque moonlet (see Fig-
ure 1.27); it had a width of 600 m and was located 4.29 km
outside the core. Esposito et al. (2008) estimated a pop-
ulation of 3 x 10* such objects in the F ring region based
on one detection in 44 independent occultation cuts. Meinke
et al. (2012) further identified and classified similar features.
They found the size distribution of clumps to be comparably
shallow, as seen in Figure 1.28.

The lack of 360° coverage of the F ring region at high
(sub-km) resolution makes it difficult to use ISS observa-
tions to determine the existence and nature of any moonlet
belt orbiting close to the F ring core. Clearly, with the ad-
vent of Cassini, it is possible to rule out the presence of
previously undiscovered, solid ~ 10 km-sized satellites or-
biting close to the core because the extensive coverage at
medium resolution (~ 10 km pixel ") means that such ob-
jects would have been detected by now. However, this does
not rule out a similar population orbiting within the core it-
self (width ~ 40 km; see Section 1.2 above), provided there
is both a lack of nearby ring material in which to leave a
gravitational signature and yet sufficient material to pro-
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Figure 1.27 Cassini UVIS detected two events that are
suggestive of opaque moonlets, nicknamed “Mittens” and
“Silvester”. From Meinke et al. (2012).

vide a natural cover. Nevertheless, several different types of
ISS observations provide strong evidence for moonlet popu-
lations.

Murray et al. (2008) pointed out the existence of “fan”
structures at various locations in the core. These consist of a
superimposed sequence of dark channels in any background
dust, each appearing to emanate from a unique, bright point
close to the core. The radiating pattern has the appearance
of a fan (see Figure 1.29 for an example). Murray et al.
(2008) showed how the presence of a fan is indicative of the
perturbing effect of an embedded moonlet with a relative ec-
centricity (see, for example, Namouni (1999)) with respect
to the core. The structure itself varies in a periodic manner
on a timescale of an orbital period such that the fan appears
and then disappears as part of its cycle (see Figs. 3a and
3b in Murray et al. (2008) for an observed example of this
within the core). The effects of embedded satellites on rings
in general and the mechanism of fan formation in particular
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Figure 1.28 Inferred size distribution of detected clumps
(upper two sets of black points). Shown for comparison are
various surrogate size distributions (grey). From Meinke et al.
(2012).

have been studied in detail by Williams (2009). Noting the
tendency for fan structures to appear at the edges of core
channels produced by a recent Prometheus passage, Beurle
et al. (2010) suggested that it was the perturbing action of
Prometheus that triggered the formation of objects in the
core; the post-encounter perturbed ring particles move on
orbits such that the maximum surface density at one part
of the cycle coincided with minimum relative velocity. Any
objects that formed in this favorable environment would re-
tain their perturbed orbital elements and start to perturb
surrounding ring material, giving rise to the fan structures.
Therefore, observations of these structures provide evidence
for the existence and perhaps even local formation of em-
bedded moonlets in the F ring core.

The existence of the jet structures emanating from the F
ring core (see Section 1.2 above and Murray et al. (2008)) is
another indication of the presence of a largely unseen popu-
lation of moonlets in the region. In the image mosaics (sim-
ilar to that in Figure 1.6) from late 2006 and early 2007
studied by Murray et al. (2008), the most prominent se-
quence of jets was clearly associated with the crossing of the
core by an object identified as S/2004 S 6; other jets could
be seen forming and shearing in the same mosaics indicat-
ing that additional moonlets were colliding with the core.
With a relative velocity of ~ 30 ms™!, collisions of $/2004
S 6 with the core are sufficient to spread material over sev-
eral hundred kilometres, consistent with the extent of the
observed jets (Charnoz, 2009). Numerical modeling of the
collisional process by Charnoz (2009) consisted of two sce-
narios: a cluster of particles impacting a solid object in the
core, and a solid object impacting a cluster of particles in the
core. Although Charnoz (2009) favored the former, Attree
et al. (2017) pointed out that neither model agrees with ob-
servations. In fact, with the use of numerical simulations of
collisional processes, Attree et al. (2017) demonstrated that
a scenario in which both the embedded object and the col-
liding object are composed of clusters of material gives the
best agreement with Cassini observations. This would imply
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Figure 1.29 A 12° longitudinal section of the reprojected
Cassini NAC image (N1571964006) shown in Figure 1.4b taken
on 2007 October 25 showing the existence of two fan structures
in the bright core ~ 7° apart, each indicative of the presence of
an embedded moonlet. The larger, in the background channels,
were produced by a recent passage of Prometheus. The offset
between the two sets of channels is probably a consequence of
different eccentricities and peripases between the core and the
inner strand. The reprojection is between inertial longitudes of
83° and 95° (compared to 82.31° and 100.54° in the original
image) while the radial distance is between 140000 km and
140400 km.

that the impacting moonlets are not solid but perhaps loose
agglomerations (such as the structures detected by Esposito
et al. (2008) and Meinke et al. (2012)), indicative of a partic-
ular formation or evolutionary process. Inspection of the two
images of S/2004 S 6 in the upper part of Figure 1.26 show
an extended, elongated structure which is at least consistent
with this hypothesis although further research is necessary
to elucidate the nature of this object.

An analysis of Cassini NAC images by Attree et al. (2012)
and Attree et al. (2014) showed the presence near the core
of mostly linear features they named “mini-jets”. They in-
terpreted these as being the product of collisions between
unseen moonlets and the F ring. In their initial survey they
noted ~ 570 mini-jets with ~ 10 being visible near the core
at any given time. In many ways these are similar to the jets
discussed above and in Section 1.2, although they are shorter
and less bright than the jets. The impact velocities are esti-
mated to be at least an order of magnitude smaller, implying
that the source impactors are moving on orbits that are more
similar to that of the core. In a sequence of images centered
on Prometheus, Attree et al. (2012) were able to follow the
evolution of a single mini-jet for ~ 9 hours as it came into
and moved across the field of view of the NAC due to its da
with respect to Prometheus. Figure 1.30 shows reprojected
images of the mini-jet feature at three separate times over
~ 6 hours, together with a plot of an evolving set of model
particles moving on their epicyclic orbits as the structure
undergoes Keplerian shear. The particles in the simulation
would have started at a single point when they received their
individual perturbations following a collisional event. This
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would have produced a range of semi-major axes and eccen-
tricities, thereby defining the pre-determined epicyclic el-
lipses (each with axes in the ratio of 2:1) to be followed (see
Murray and Dermott (1999) and the Chapter 2 by Hedman
for a discussion of the guiding center approximation and
epicyclic motion). A combination of the particles’ motion
around their epicycles and the fact that each path is un-
dergoing a different rate of Keplerian shear will account for
the lengthening of the mini-jet and its collapse towards the
core. In principle it is possible for a mini-jet to survive its
first collapse and to re-emerge to complete another cycle al-
though this is difficult to see without extended observations
of a specific mini-jet. A more complete survey of ~ 800 mini-
jets was undertaken by Attree et al. (2014) in an attempt
to place constraints on the moonlet population that pro-
duced them. They deduced that the population consisted of
a few hundred objects with a radius < 1 km and orbits with
semi-major axes within £100 km of the core but with the
majority of objects lying within £20 km. The chaotic nature
of this region and the frequent collisions suggest that such
objects will not remain in this region permanently and so
this strongly suggests that they must be regenerated.

Many of the observed characteristics of the mini-jets can
be attributed to the fact that when a suite of objects on
circular orbits receive impulses at a single place and time,
the change in semi-major axis, Aa, is related to the change
in eccentricity, Ae, by

Aa =~ ale, (1.10)

where a is the semi-major axis of the orbit. This relation
explains, for example, the similarity in the shape of the Aa
and Ae plots shown in Figure 1.23, because the result is the
same whether the perturbation arises from a collision or a
gravitational “kick”. Attree et al. (2017) carried out a de-
tailed analysis of the role of collisions in the F ring, including
numerical simulations of the collisional process. One surpris-
ing result was that, in the case of the major jets, Aa > a Ae,
consistently. Given that the change in longitude of periapse,
A, is related to Ae by the relative eccentricity, one pos-
sibility is that any offsets in periapse are being reduced by
a secular locking mechanism and so a lower Aw will mean
a lower Ae than expected. However, this topic needs more
research both in terms of observations and theory.

Attree et al. (2017) also concluded that, at any given time,
there are similar numbers of jets and mini-jets visible in the
ring. However, the lifetime of jets is an order of magnitude
larger than that of mini-jets, and so on this basis they con-
cluded there must be ten times as many smaller objects pro-
ducing mini-jets as there are larger objects producing jets.
Furthermore, the simulations suggested that the observed
characteristics of the jets could only be explained if the im-
pacting objects were already partially disrupted.

1.8 Dynamical environment

As has been shown above, there is now clear evidence of
the role played by Prometheus in creating clumps in the

Figure 1.30 Left: Three reprojected images of the same linear
feature (a mini-jet) evolving and collapsing to towards the F
ring core. The images are (a) N1612002457, (b) N1612013501
and (c) N1612022286, all taken on 2009 January 30. The time
interval between images is ~ 3 hours. Right: The equivalent
epicyclic paths (the outlined ellipses) followed by particles
(black dots) forming the material in the mini-jet. Each frame is
to the same scale and covers a region of 400 x 200 km. Figure
adapted from Attree et al. (2012).

F ring and how these clumps may evolve dynamically to
undergo collisions with the core, thereby producing further
material that, under the influence of Prometheus, can again
form clumps as part of an on-going cycle. However, although
Prometheus — and to a lesser extent Pandora — play a role
in determining the structure of the F ring, their possible
influence in confining the F ring is less clear. In the case
of the e ring of Uranus it is generally accepted that the
satellites Cordelia and Ophelia provide an example of con-
finement of the narrow ring by the shepherding mechanism,
with Cordelia (the inner satellite) having a 24:25 outer ec-
centric resonance with the inner edge and Ophelia (the outer
satellite) having a 14:13 inner eccentric resonance with the
outer edge (Porco and Goldreich, 1987). However, it is by
no means clear that a similar mechanism operates at the F
ring.

Figure 1.31 shows the location in semi-major axis of all
first-order resonances with known satellites in a 25 km-wide
region close to the F ring core, together with the various de-
terminations of the semi-major axis of the F ring core. Note
that the separation of the first-order Prometheus resonances
is ~ 8 km at this location while those of the first-order Pan-
dora resonances is ~ 13 km. For the purpose of comparison,
the approximate width of a first-order Prometheus Lindblad
resonance in this region is ~ 7 km using Eq. (10.24) from
Murray and Dermott (1999); the same calculation for Pan-
dora gives a width of ~ 6 km. Labels with the letters A, B,
and C in Figure 1.31 denote the semi-major axis determina-
tions of Albers et al. (2012), Bosh et al. (2002) and Cooper



et al. (2013), respectively. In the latter case the numbers
denote the orbit fits: C1 to C10 were for individual core
segments and therefore represent localized orbit determina-
tions, while C11 denotes an orbit fit using the data points
from all segments. Fit C12 only makes use of measurements
that are at least 2° ahead of Prometheus in order to mini-
mize any possible bias from recently perturbed ring material.
Note that the orbit fit given in Table 1.1 is Fit C11.
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Figure 1.31 The location of all first-order mean motion
resonances located between 140210 and 140235 km compared to
the calculated semi-major axes of the F ring’s core. The
semi-major axes and mean motion of Prometheus and Pandora
were taken to be 139377.9 km and 141712.5 km, respectively.
The three Prometheus resonances (110:111, 111:112 and
112:113) are denoted by three sets of vertical, solid, double lines
and the p + 1 : p values are indicated. The single Pandora
resonance, 63:62, is denoted by the vertical, dashed double line.
Note that the corotation and Lindblad resonance that make up
each line pair are typically ~ 0.1-0.2 km apart. The labels B
and A denote the F ring orbit calculated by Bosh et al. (2002)
and Albers et al. (2012), respectively. The labels C1 to C12
denote fits 1 to 12 respectively in table 3 of Cooper et al.
(2013). C11 is the fit used in Table 1.1 above.

The spread in the individual core segment fits labeled C1
to C10 in Figure 1.31 shows how localized change in semi-
major axis can be affected by Prometheus. Note also that
the spread in semi-major axis is consistent with that ex-
pected based on Figure 1.23 as well as the clump distribu-
tion shown in Figure 1.8 and the extended club distribution
shown in Figure 1.17. Therefore, on this basis the F ring as
observed by the Cassini ISS has no unique semi-major axis
even though the C11 and C12 orbit fits are consistent with
the data derived from occultation studies (A and B). Nev-
ertheless, the ring continues to precess uniformly as though
it had a unique semi-major axis; thus the pre-Cassini fit by
Bosh et al. (2002) was only superseded recently, though we
do not know why uniform precession occurs in the first place.
The likely reasons involve self-gravity and/or collisions, but
the lack of any reliable determination of the mass of the F
ring makes it difficult to constrain precession models.

The fact that the resonance widths are ~ 6-7 km com-
pared with a separation of ~ 8 km for the Prometheus reso-
nances means that particle orbits in the immediate vicinity
of the core are likely to be undergoing chaotic evolution.
Furthermore, Prometheus and Pandora perturb each other
chaotically primarily by means of four overlapping 121:118
mutual resonances, (Goldreich and Rappaport, 2003a,b)
though the situation is made even more complicated by the
Janus-Epimetheus swap and the existence of the Mimas 3:2
resonance close to the orbit of Pandora (Cooper and Mur-
ray, 2004). Therefore it is not surprising that various authors
have undertaken numerical studies to investigate the stabil-
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Figure 1.32 The results of numerical integrations of 12000 test
particles for 2 x 10* Prometheus orbits in the vicinity of the F
ring carried out by Cuzzi et al. (2014a). The dotted line denotes
the average semi-major axis of the Albers et al. (2012) fit and
Cooper et al. (2013), fit 12. Triangles denote the location of
Prometheus’ outer Lindblad resonances and squares denote the
location of Pandora’s inner Lindblad resonances. From Cuzzi

et al. (2014a).

ity of ring particle orbits in this region (see, e.g. Winter et al.
(2007), Winter et al. (2010)).

Cuzzi et al. (2014a) have looked at the long-term stabil-
ity of particle orbits in the vicinity of the F ring by means
of numerical integrations and have devised a novel mecha-
nism to explain the results. By carrying out extensive in-
tegrations of test particles they found, unsurprisingly, that
the orbits in this region are chaotic. However, by measuring
the root mean square (rms) deviation in the particles’ semi-
major axes, they showed that there were discrete minima at
locations near but just interior to the first-order Lindblad
resonances with Prometheus (see Figure 1.32). Cuzzi et al.
(2014a) refer to these as “narrow zones of higher stability”.
For example, whereas typical rms values were ~ 30 km, at
the resonant locations the values were < 1 km. Exceptions
occurred where there was a Pandora resonance; in these
cases the rms value was larger. Both Cooper et al. (2013) and
Cuzzi et al. (2014a) noted that the approximate empirical
relation

np —Ng =~ QWF (111)

appears to hold in this region, where n is the mean motion,
w is the longitude of perichrone and the subscripts P and F
refer to the Prometheus and the F ring respectively. Cooper
et al. (2013) noted that, in practical terms, this means that
if a particle is at its perichrone/apochrone when it encoun-
ters Prometheus then it will be at its apochrone/perichrone
when it next encounters Prometheus. Therefore there will
be a tendency for any change in semi-major axis acquired at
one encounter to be canceled by an equal and approximately
opposite change at the next encounter. The repeated con-
figurations afforded by resonance mean that this behavior
occurs in the F ring region. In fact, Cuzzi et al. (2014a) ob-

served exactly this behavior in their numerical integrations
and used a toy model together with a more detailed anal-
ysis to examine the mechanism. They referred to these as
“antiresonances” because of their presumed ability to coun-
teract the possible diffusive effect of resonance. In the F
ring region these occur at intervals of ~ 7 — 8 km and Cuzzi
et al. (2014a) claimed that the F ring core is located at one
of the relatively stable zones caused by these antiresonances,
although they acknowledge that their mechanismm cannot
counteract the effects of the large £20 km changes in semi-
major axis that can be induced by Prometheus when it is at
its apoapse.

However, in a follow-up paper (see Cuzzi et al. (2014b)
and Chapter 3 of this volume) the authors use an analy-
sis of Cassini Radio Science Subsystem (RSS) occultation
data (Marouf et al. (2010)) to claim that there is evidence
that the detected ring material is clustered at specific loca-
tions consistent with what would be expected from a coro-
tation resonance. Furthermore they identified a specific res-
onance, the Prometheus 109:110 outer corotation eccentric
resonance (see Figure 1.31), as the best candidate to fit the
data and pointed out that its location, uniquely in this en-
tire region, is almost coincident with that of one of their
antiresonance locations. However, it is worth pointing out
that the Prometheus outer Lindblad resonances are located
close by, only ~ 100 m exterior to the corotation resonances.
In integrations of test particles using successively lower val-
ues of Ja, Jy, and Jg, Cuzzi et al. (2014a) noted (Figure 9 of
their paper) that the location of the “narrow zones of higher
stability” shifted to the outside of the resonant location as
the values decreased. This could be consistent with relative
changes in the location of the two types of resonance. In any
case the fact remains that the F ring as observed by Cassini
ISS, VIMS and UVIS does not have a well-defined semi-
major axis although this may not be the case for the RSS F
ring. The near-superposition of the Lindblad and corotation
resonances suggests that it may be possible to explain the
numerical results using a limiting form of the CoraLin model
(see El Moutamid et al. (2014)), which approximates the dy-
namics of a system involving both types of resonances and
two orbiting masses; in the case of interest here, the mass of
one of the mutual perturbers goes to zero.

There is also the possibility that the F ring seen in ISS,
VIMS, and UVIS data is not where the mass resides. Mur-
ray et al. (2008) reported the existence of a narrow, non-
continuous component of the F ring with a radial width
~ 1 km. The F ring detected in the Cassini RSS occulta-
tion experiment as reported by Marouf et al. (2010) was
~ 100 m wide. The relationship between the rings observed
by the optical remote sensing instruments (ISS, UVIS, and
VIMS) and that detected by the RSS is not clear, and this is
an active area of research. The whole question of the ring’s
confinement (or lack thereof) needs to be resolved, as does
the mechanism that maintains uniform precession. There is
also the problem of how the F ring fits into models for the
origin of the main rings and satellites (see, e.g., Crida and
Charnoz (2012)).



1.9 Conclusions

Despite the undoubted new insights achieved as a result of
the Cassini observations, in many ways the F ring remains
as enigmatic today as when it was first glimpsed by the Pi-
oneer 11 spacecraft in 1979. It is perhaps the most dynamic
and variable of all the rings, with changes being observed on
timescales ranging from hours to decades. The Cassini ob-
servations have clarified the role of Prometheus in producing
the regular streamer-channel structures and, thereby, the as-
sociated clumps. The latter, in turn, give rise to a source of
new objects to collide with the core and produce the ob-
served jets. However, the differences between the Voyager
and Cassini observations are difficult to account for, and
there are too few constraints on the population of collid-
ing objects. There are more fundamental problems as well.
Despite all the localized disruption and the clearly chaotic
dynamical nature of the entire region, the ring continues
to maintain a reasonably coherent structure and precesses
uniformly. This may be due to a combination of collisions
and self-gravity, but this is difficult to prove when the total
mass of the system is essentially unknown. Although recent
progress has been made in understanding the location and
relative stability of the ring, its origin and future are still
unclear.
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