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Dusty Rings

M. M. HEDMAN, F. POSTBERG, D. P. HAMILTON, S. RENNER, AND
H. -W. HSU

All of the giant planets in the outer Solar System possess rings
composed primarily of particles less than 100 microns across.
Such small particles are conventionally referred to as “dust
grains” regardless of their composition, and so these rings are
considered “dusty rings” (as opposed to the more famous main
rings of Saturn and Uranus, whose particles are more than a mil-
limeter across). Dusty rings are often very tenuous and so can be
much more difficult to observe than Saturn’s broad, bright, and
dense main rings. Nevertheless, dusty rings are extremely inter-
esting because they have very rich dynamics and are extremely
sensitive probes of their environment.

The high surface-area-to-volume ratio of dust-sized grains
makes them much more responsive to non-gravitational forces
like solar radiation pressure, plasma drag, and torques from
the planet’s electromagnetic field. Furthermore, sub-millimeter
particles can be lost from the ring system on relatively short
timescales due to erosion via charged-particle and micromete-
oroid bombardment or through ejection by the non-gravitational
forces listed above. This means that small particles need to
be constantly supplied to these rings from larger bodies, and
indeed all of the known dusty rings are associated with larger
objects that are the likely sources of dusty debris. The most
dramatic example of this is Saturn’s E ring, which is clearly
supplied by material erupting from beneath the surface of the
geologically active moon Enceladus. However, this is a special
case, and most dusty rings are instead associated with denser
rings (which are composed primarily of millimeter-to-meter-
sized particles) or small moons. These objects can serve as
dust sources because they are constantly being bombarded by
micrometeoroids, and these impacts release fine debris that can
escape the weak gravitational fields of these small bodies and
go into orbit around the planet. Note that the amount of dust
released by this process depends on the size, mass, and regolith
properties of the source object, and calculations of the dust pro-
duction rate based on simple estimates of impact ejecta velocity
distributions suggest that source moons that are several kilo-
meters across are the most efficient at producing dusty rings
(Burns et al., 1999). While this is consistent with the typical
size of moons found within many dusty rings, it is important to
remember that the amount of material in a given dusty ring also
depends upon how quickly material is transported away from
the moon or eroded by various processes.

Regardless of how it is generated, the dust in these rings
can transport material between objects and can even deliver
samples of solid bodies to a spacecraft. In addition, the rela-
tively short lifetimes of individual dust grains, coupled with the

relatively low mass of the rings and their sensitivity to many
different forces means that the structure of these dusty systems
can change much more rapidly than dense rings. Indeed, sev-
eral dusty rings have changed substantially over timescales of
years to decades, enabling us to observe dynamical phenomena
in real time.

In this chapter, we will examine the processes that form
and sculpt dusty rings. First, we will provide a brief survey of
the known dusty rings, which will demonstrate the rich diver-
sity of dusty systems that surround the giant planets. Next,
we will consider the material content of the various dusty
rings and discuss the remote-sensing and in situ data that have
constrained both the sizes and the compositions of the ring par-
ticles. Finally, we will examine the various processes that can
sculpt dusty material into the wide variety of features that have
been observed.

121 SURVEY OF THE KNOWN DUSTY
RINGS

Chapters 3—6 describe the ring systems of each of the giant
planets in detail, including their dusty components. We will
therefore just provide very brief surveys of the known dusty
rings in order to place all these systems in the appropriate con-
text. Figure 12.1 provides an overview of the four giant planet
ring systems.

Jupiter, despite being the largest and most massive planet,
has the most tenuous ring system (see Chapter 6 and references
therein). Indeed, all of Jupiter’s rings probably consist of debris
knocked off the surfaces of Jupiter’s small inner satellites. This
ring system is divided into four components, the Main ring, the
Halo ring, and two Gossamer rings. The Main and Halo rings
consist of fine debris extending inwards from the orbits of the
moons Adrastea and Metis. In the Main ring, this material is
confined to a relatively flat sheet, while in the Halo it becomes
much more vertically extended thanks to resonant interactions
with Jupiter’s magnetic field. The two Gossamer rings are an
order of magnitude fainter than the Main ring and appear to
consist of material launched from the surfaces of the moons
Amalthea and Thebe.

Neptune’s ring system also appears to consist of almost
entirely dusty rings (see Chapter 5 and references therein).
However, the optical depths of these rings are significantly
higher than Jupiter’s rings, and they display a broader range of
morphologies. This ring system is dominated by two narrow
rings, called the Adams and the Le Verrier rings. While on
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Figure 12.1 Overview of the giant-planets’ ring systems, with the
various faint rings marked. Note that the graphic showing Saturn’s
rings marks several moons associated with faint eponymous rings.
These graphics do not include Saturn’s enormous Phoebe ring.

average the Le Verrier ring is brighter than the Adams ring, the
Adams ring contains a series of longitudinally confined arcs that
are so opaque that they can be detected in stellar occultations. In
addition, there are more diffuse components of Neptune’s rings
known as the Galle, Lassell, and Arago rings.

Uranus’ ring system includes a suite of narrow dense rings as
well as a number of different types of dusty rings (see Chapter 4
and references therein). Exterior to the dense ring system are
the © and v rings (Showalter and Lissauer, 2006; de Pater et al.,
2006b). The p ring appears to consist of material launched off
the surface of Uranus’ small moon Mab, while the v ring may be
confined between the orbits of the moons Portia and Rosalind.
Interior to the dense rings is the ¢ ring, a rather broad sheet of
dust whose overall shape and location appears to have changed
substantially over the last three decades (de Pater et al., 2006a).
Finally, there is a complex array of dust-rich structures scattered
among the denser rings, most of which were only clearly seen
in a single very high-phase image from the Voyager 2 space-
craft (see Figure 12.2). The most prominent dusty feature in this
region is the very narrow X ring, but there are many additional
narrow ringlets and broader structures as well.

Saturn, of course, has the most extensive ring system, and
has the most diverse collection of known dusty rings (see Chap-
ter 3 and references therein). Far from the planet, there is the
enormous Phoebe ring, which consists of dust knocked off the
surfaces of the planet’s distant irregular satellites (Verbiscer
et al., 2009; Hamilton et al., 2015). The next largest ring is
the E ring, which spans of orbits of most of Saturn’s larger icy
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Figure 12.2 Brightness profile of the complex array of dusty features
surrounding Uranus’ main ring systems, derived from Voyager image
FDS 26852.19 obtained at a phase angle of 174°. The letters and
numbers mark the locations of the named rings.

satellites. Cassini observations have revealed that this ring con-
sists primarily of micron-sized particles launched from Ence-
ladus’ south pole by that moon’s ongoing geological activity
(Dougherty et al., 2006; Hansen et al., 2006; Porco et al., 2006;
Spahn et al., 2006a; Waite et al., 2006; Kempf ez al., 2008,
2010; Ingersoll and Ewald, 2011). Near the inner edge of the
E ring are several additional faint rings that likely consist of
debris knocked off of smaller moons. The brightest of these is
the G ring, which is associated with the small moon Aegaeon
(Hedman et al., 2007b, 2010a). Fainter rings are found near the
orbits of the small moons Janus, Anthe, Methone, and Pallene.
Furthermore, longitudinally confined arcs of material surround
Aegaeon, Anthe, and Methone (Hedman et al., 2009a).
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Figure 12.3 Brightness profile of Saturn’s rings derived from images
obtained by the Cassini spacecraft on day 275 of 2015 at high phase
angles (~137°) and low ring opening angles (~0.6°), both of which
enhance the visibility of dusty material (these images were of the unlit
side of the rings, so the nearly opaque B ring appears particularly
dark). The panels at right show the locations of dust sheets flanking
the rings and several gaps containing dusty ringlets.

Additional dusty rings are found in the vicinity of Saturn’s
dense main rings (see Figure 12.3). The brightest and most
complex of these is the narrow F ring (see Chapter 13), which
lies just exterior to the main rings. The region between the F
ring and the Main rings is known as the Roche Division, which
contains a population of fine particles that are probably derived
from those two rings (Burns et al., 1984; Porco et al., 2005).
Similarly, interior to the main rings is the D ring, a dust pop-
ulation that contains abundant substructure on a wide range
of scales, including three ringlets designated D68, D72, and
D73 (Showalter, 1996; Hedman et al., 2007a). Narrow dusty
ringlets also occupy several of the larger gaps within the main
rings. These include very faint dusty rings in the Maxwell and
Huygens Gaps, a much brighter feature in the Laplace Gap
(informally designated the “Charming” ringlet), and multiple
ringlets within the Encke Gap in the A ring. The Encke Gap
ringlets are noteworthy because they show dramatic brightness

Typical optical depth

Ring width/ ring radius

Mean ring radius/planet radius

Figure 12.4 The basic properties of dusty rings. These plots show the
typical optical depth and fractional width of the various dusty rings as
functions of distance from the planet. Again, the Phoebe ring data
point is not shown because its optical depth and size are well off the
scales of these plots.

variations with longitude in the form of discrete clumps whose
distribution slowly changes over time (Ferrari and Brahic, 1997;
Hedman et al., 2013). Finally, while dust appears to be rare
within most of Saturn’s main rings, streaks of dust known as
spokes are observed over the outer part of Saturn’s B ring.
The visibility and distribution of the spokes indicate that they
are influenced by both Saturn’s seasons and the ring’s electro-
magnetic environment (McGhee et al., 2005; Mitchell et al.,
2013).

Each of the above rings has distinctive properties and occu-
pies a unique environment, but for the purposes of this chapter it
is useful to compare a few basic properties of these rings: their
location, optical depth, and fractional radial width. Figure 12.4
plots the parameters for the known dusty rings, which not only
illustrates just how diverse these ring systems are, but also clar-
ifies which rings are most likely to be comparable to each other.
More specifically, we may identify some basic types of dusty
rings.

Broad, distant dusty rings like Saturn’s E ring and Phoebe
ring, Uranus’ u ring, and Jupiter’s Gossamer rings: These rings
are found at the greatest distances from their host planets, where
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orbital periods are long and the planet’s tidal forces are weak.
These rings tend to have very low optical depths, and they
all probably consist primarily of fine debris released from the
surfaces of various moons, which is then dispersed by such
non-gravitational forces like solar radiation pressure and plasma
drag.

Narrow, distant dusty rings like Uranus’ v ring, Neptune’s
Adams ring and Saturn’s G ring, as well as the faint rings
associated with Saturn’s moons Janus, Anthe, Methone, and
Pallene. These rings also tend to be quite tenuous (with the
notable exception of the arcs in Neptune’s Adams ring), and
like their broader neighbors, they probably consist of mate-
rial knocked off the surfaces of satellites that is then dispersed
by non-gravitational processes. However, several of these rings
also contain narrow arcs which likely represent material that is
longitudinally confined by co-rotation resonances.

Broad, close-in dusty rings like Jupiter’s Main ring and
Halo ring, Saturn’s D ring, Roche Division and spokes, Nep-
tune’s Galle and Lassel rings, and Uranus’ ¢ ring, as well as the
other dusty structures found among Uranus’ dense ring system.
Compared with the more distant broad rings, these rings tend
to have significantly higher optical depths indicative of much
higher particle densities. These rings also tend to be less homo-
geneous, exhibiting brightness variations on a range of scales.
At least some of these structures appear to be generated by peri-
odic perturbations from the relevant planet’s electromagnetic
field.

Narrow, close-in dusty rings like Neptune’s Le Verrier ring,
Uranus’ A ring, and Saturn’s F ring, as well as the various nar-
row ringlets within the gaps in Saturn’s main rings and the D68
ringlet in the D ring. Some of these rings are sculpted by exter-
nal perturbations. However, this group also includes the most
opaque dusty rings and the most tightly confined dust systems,
and so they provide the best opportunities to explore interac-
tions among dust particles. Indeed, the remarkably coherent
orbital motions of some of these ringlets, as well as the long-
lived “clumps” seen in others, may probe these inter-particle
interactions.

122 THE MATERIAL IN DUSTY RINGS

“Dust” is a very generic term that can be applied to particle pop-
ulations with a broad range of sizes and compositions (although
it typically refers to particles less than 100 microns in radius).
Both these parameters influence how efficiently different pro-
cesses can produce, transport and destroy these particles, and
so measurements of particle properties are essential for prop-
erly understanding these dusty systems. Of course, any dusty
ring is composed of many particles and contains objects with
a range of different properties, so in practice we are interested
in the distribution of particles sizes and materials within these
rings.

There are two very different methods for determining the
sizes and compositions of the particles in dusty rings. One
involves remote-sensing measurements of the rings’ spectral
and photometric properties, while the other uses in situ detec-
tors of the plasma and particles that collide with the space-
craft (see also Chapter 14). These two techniques are very
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complementary. In situ measurements, for example, can obtain
very detailed information about the composition of the impact-
ing ring particles, and can detect much lower particle densities
than remote-sensing instruments, but these instruments can only
obtain data about systems a spacecraft can safely fly through.
Remote-sensing instruments provide much less detailed infor-
mation about the material content of the dust grains, but can
provide constraints on the particle size distributions in rings and
ring regions that are inaccessible to spacecraft.

12.2.1 Particle Size Distributions of Dusty Rings

Hypervelocity collisions are expected to produce debris with a
power-law size distribution, where the local number density of
particles with size (radius) between s and s + ds has the form:

N3(s)ds = Nosds, (12.1)

and the power-law index ¢ has a value of around —3.5
(Dohnanyi, 1969; Colwell, 1996). However, non-gravitational
processes that disperse or destroy grains can also be
size-dependent and so can cause the observed particle-size dis-
tribution to deviate from this particular form. Some of these
processes preserve the power-law form of the size distribution
and only change the slope ¢, while others can produce changes
in the slope at particular particle sizes. For the sake of sim-
plicity, many studies of the particle-size distributions in dusty
rings assume that the size distribution follows a power law and
attempt to constrain the index g. While this can be a reason-
able approximation for the portion of the size distribution that
is probed by a particular experiment, it is important to keep in
mind that the full distribution is likely to be more complex.

12.2.1.1 Remote Sensing Observations

For most of the known dusty rings, the only available con-
straints on the particle-size distribution come from measure-
ments of the ring’s brightness as a function of wavelength and
lighting geometry. In general, translating brightness measure-
ments into particle properties is a challenging inverse problem
because the observed signal in any given situation includes
contributions from many different particles. Fortunately, dusty
rings are usually so tenuous that one particle is very unlikely
to shadow another, and light is unlikely to be multiply scat-
tered between particles before reaching the observer. Hence the
observed brightness of a given ring at a given wavelength and
viewing geometry should just be the total amount of light scat-
tered by all the individual particles in the relevant part of the
ring. More formally, if the incident flux of sunlight on the ring
is  F, then the intensity of the light / scattered in a given direc-
tion (specified by the scattering angle 6 and the azimuthal angle
¢) can be expressed in terms of an integral over all particle
sizes s:

I/F:/Nz(s)asm(s,A)P(9,¢,s,k)ds, (12.2)

where Nj(s) is the surface number density of particles with a
size s, 0g¢q 1S the size-dependent scattering cross section of the
particles, and P is the phase function (also called the scattering
function). Conventionally, P is normalized so that its integral

Tiscareno, M. S., & Murray, C. D. (Eds.). (2018). Planetary ring systems : Properties, structure, and evolution. Cambridge University Press.
Created from Glenn-ebooks on 2026-02-22 14:34:37.



Copyright © 2018. Cambridge University Press. All rights reserved.

312 M. M. Hedman et al.

over all solid angles is unity, so 0y, is @ measure of how much
total light is scattered by the particles. In general, both o,
and P will depend not only on the particles’ size, but also on
their composition and internal structure. Even tiny dust particles
can be extremely complex aggregates of smaller grains with a
variety of different material properties, all of which has implica-
tions for their light-scattering properties. However, many of the
basic characteristics of the dusty rings’ spectra and photometry
can be understood by considering the much simpler case of per-
fect dielectric spheres, where both oy, and P can be computed
using Mie theory or approximated with Fraunhofer diffraction
(van de Hulst, 1957; Jackson, 1998).

For example, the known dusty rings exhibit a wide range of
spectral slopes when viewed at the low phase angles available
to Earth-based observers. As indicated in Figure 12.5, Jupiter’s
Main ring, Saturn’s G ring, and Uranus’ v ring have a red spec-
tral slope across the visible and near infrared. However, Saturn’s
E ring and Uranus’ u ring possess strong blue spectral slopes
at these phase angles. These color differences probably do not
reflect variations in the composition of the particles. Instead
they can be most easily explained as the result of the E and
w rings having steeper particle size distributions than the other
dusty rings.

One of the earliest and most basic findings of light-scattering
theory is that a particle of a given size s cannot efficiently
scatter light at wavelengths A >> s. More quantitatively, one
can define a scattering coefficient Qy.,, which is related to the
scattering cross section by the following expression:

Osca

Osca = (12.3)

ws?’
For perfect dielectric spheres, Qg., depends only on the parti-
cles’ complex index of refraction and the non-dimensional size
parameter x = 2mws/A = ks. Figure 12.6 illustrates how Qg
varies with x for a few different values of the index of refraction.
While the detailed shapes of these curves differ, they all follow
similar trends in that Qg., goes to zero when x << 1, and is
around 1 or 2 when x >> 1, depending on whether the imag-
inary part of the refractive index is large or small. Note that if
the imaginary part of the refractive index is non-zero, then the
particle can absorb light as well as scatter it, and so the total
Cross section oy, is larger than the scattering cross section, and
so one can also define an extinction coefficient as:

Qext =

Jet, (12.4)
TS
Figure 12.6 also illustrates a few representative curves for Q,;,
which are very similar to the Qg., curves, except that they all
asymptote to 2 for large values of x (this distinction between
Qeyxr and Oy, Will be considered in more detail below).
Leaving aside the distinctions between Q.,; and Qgcq, the
relatively sharp cutoff in these coefficients means that particles
with radii s < A /27 have essentially zero cross section, and so
we can approximate the integral over all particle sizes in Equa-
tion (12.2) with an integral over values of s greater than A/2xw
and replace oy, with 752 times a factor of order unity. Fur-
thermore, at low phase angles P is not a very strong function
of particle size, so the brightness of the ring is approximately
proportional to the total geometric cross section of all particles
with radii larger than 1/27x. In this context, the neutral to red
colors of Jupiter’s Main ring, Saturn’s G ring, and Uranus’ v
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Figure 12.5 Spectra of various dusty rings obtained by Earth-based
telescopes, given either in terms of the ring’s reflectance when viewed
face-on (Normal //F) or the total radially integrated brightness that
would be observed in that geometry (Normal Equivalent Width or
NEW). The data on Jupiter’s Main ring are from Throop et al. (2004),
the data on Saturn’s E and G rings are from de Pater et al. (2004), and
the data on Uranus’ p and v rings are from de Pater ef al. (2006b).

ring indicate that these rings contain a substantial population of
particles more than 1 micron across, which can efficiently scat-
ter light at wavelengths around 2 microns. By contrast, the blue
colors of Saturn’s E ring and Uranus’ p ring imply that these
rings are composed of particles that are too small to scatter light
efficiently at near-infrared wavelengths.

Remote-sensing and in situ data from the Galileo and Cassini
spacecraft have not only confirmed that Jupiter’s Main rings and
Saturn’s G ring contain much larger particles than Saturn’s E
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Figure 12.6 Plots of the scattering and extinction coefficients of
dielectric spheres with various indices of refraction n, computed using
Mie theory. (Note that n here is not the same as the mean motion used
elsewhere in this chapter.)

ring, but have also provided much more detailed information
about the distribution of particle sizes in the different rings. For
remote-sensing, spacecraft-based observations allow the rings
to be viewed at high phase angles that are inaccessible to Earth-
based observers. One major advantage of observing dusty rings
at high phase angles is that the rings appear much brighter in
these viewing geometries. Figure 12.7 shows the brightness
of Jupiter’s Main ring and several of Saturn’s dusty rings as
functions of the scattering angle 6 (i.e. the angle between the
incident and scattered light rays). For all of these rings the
brightness increases by several orders of magnitude as the scat-
tering angle goes from 180° to 0°. This dramatic increase in
brightness means that it is much easier to measure the rings’
brightness and spectra at small scattering angles or high phase
angles.

In addition to the increase in signal, small scattering angles
also make it easier to translate trends with wavelength and phase
angle into information about particle sizes. This is because
the observed signal comes primarily from diffraction around
individual grains. Diffracted light is naturally included in Mie
theory calculations, but the gross properties of this component
of the scattered light can be more easily obtained and under-
stood using simpler models based on Fraunhofer diffraction.
Classical Fraunhofer diffraction theory specifies the amount of
light scattered by a perfectly conducting disk, and for a popu-
lation of such disks with size distribution N> (s), the predicted
reflectance is (Jackson, 1998):

5 J2 (ks sin6)

ds, 12.5
sin 0 ( )

I/F = / Ny(s)ms
where k = 21 /A, 0 is the scattering angle, and J; (z) is a Bessel
function of z.

For obstructions that are not perfect conductors, Mie theory
calculations show that the diffracted light at sufficiently high
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Figure 12.7 Phase curves of dusty rings. Data for Jupiter’s Main ring
come from Brooks ez al. (2004) and Throop et al. (2004), the data for
Saturn’s F ring come from French et al. (2012), while the data of the
D and G rings come from Hedman and Stark (2015).

phase angles has basically the same dependence on 6, but that
the magnitude of the signal varies depending on the optical
properties of the material. In fact, we can exploit the optical
theorem to argue that this numerical factor must equal ng, /4,
where Q. is the extinction coefficient described above (Fymat
and Mease, 1981). Hence we can approximate the signal scat-
tered by a collection of particles at high phase angles as:

2
I/F:/Nz(s)n_islez(x sin@) Q2. (x, A)ds, (12.6)
4sin“ 0

where x = ks = 2ms/A is the standard size parameter. Note
that J; (x sin6)2 peaks at xsinf =~ 2, so a particle of a size
s scatters light most efficiently when s ~ A/msinf. If 6 is
sufficiently small, then the peak where x sinf =~ 2 will occur
where x >~ 2/sinf >> 1 and Qy;(x) =~ 2. Furthermore, if we
assume that over the limited range of particle sizes inside the
peak of the Bessel function, the size distribution can be approx-
imated as a simple power law N, (s) o s7, then we can evaluate
this integral to obtain
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rqt3

IJF ~C———,
/ (sin§)4+3

(12.7)

where C is a constant factor that depends on the normalization
of N, and weakly on the value of ¢. Thus the trends in the ring’s
brightness with wavelength A and scattering angle 6 are directly
related to the shape of the particle-size distribution where s =~
A/ sind.

Returning to Figure 12.7, we can note that at the smallest
scattering angles, none of the measured phase curves follows
a perfectly straight line that would be indicative of a pure
power-law size distribution. Instead, the phase curves appear to
become significantly less steep when the scattering angle falls
below a few degrees (this is most noticeable for the data from
the G ring and D68). This implies that the particle size distri-
bution becomes significantly less steep, or is cut off around a
few tens of microns (Brooks et al., 2004; Throop et al., 2004;
Hedman and Stark, 2015).

Further evidence for features in the particle-size distribution
can be found by considering the spectra of the dusty rings.
According to Equation (12.7), we expect that at sufficiently high
phase angles the spectra of dusty rings will be red (brightness
increases with increasing wavelength) if the particle-size dis-
tribution is shallower than a ¢ = —3 power law, and will be
blue (brightness decreases with increasing wavelength) if the
size distribution is steeper than a ¢ = —3 power law. Indeed,
the E ring is considerably brighter at short visible wavelengths
when it is observed at very high phase angles (Hedman er al.,
2009a, 2012), indicating that it has a rather steep size distri-
bution, which is consistent with the low-phase spectral data
discussed above.

Other dusty rings, like Jupiter’s Main ring and Saturn’s F
and D rings, do not exhibit consistently blue spectral slopes in
the visible and near infrared. This is again consistent with the
low-phase spectral data that indicate the particles in this range
have a broader range of sizes. However, these high-phase data
provide further information about the shape of the particle-size
distribution. In particular, all these rings show a clear brightness
maximum around 2 microns at scattering angles around 2° (see
Figure 12.8). These maxima probably do not reflect any aspect
of the particles’ composition because their locations all shift
to shorter wavelengths as the scattering angle decreases. This
is most easily explained as the result of a feature in the size
distribution at sizes s ~ A /w6, which is of order 20 microns.
More specifically, since the rings appear red at shorter wave-
lengths and blue at longer wavelengths, these maxima indicate
that somewhere around 20 microns the particle-size distribution
goes from being less steep than a ¢ = —3 power law to being
more steep than such a power law. This is consistent with the
phase data mentioned above, which indicate that the size dis-
tribution becomes much steeper above 10 microns. Indeed, a
variety of light scattering models have found that the spectra of
all three rings require a knee or cutoff in the size distribution
of these rings at around 10-20 microns (Brooks er al., 2004;
Hedman et al., 2007a; Vahidinia et al., 2011; Hedman et al.,
2011b).

Finally, recent analyses studying the spectra of the dusty
spokes over Saturn’s B ring have been able to place new con-
straints on the particle-size distributions of these unusual dusty
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Figure 12.8 Spectra of dusty rings obtained at high phase angles. The
data from Jupiter’s Main rings are from Brooks er al. (2004). The data
on Saturn’s F ring come from Vahidinia ef al. (2011), and the D ring
measurements come from Hedman et al. (in preparation). Note the
maxima in all the spectra between 1 and 3 microns, which is indicative
of a knee in the size distribution, as well as the narrow dips around 3
microns in Saturn’s rings, which are due to the fundamental water-ice
absorption band. The dip around 4 microns in the upper D ring
spectrum corresponds to an instrumental artifact and is not a real
feature in the ring spectrum.

populations (D’Aversa et al., 2010). Since spokes are illumi-
nated by both the Sun and the neighboring dense rings, such
analyses are more complex, but again there is a relatively
direct mapping between wavelength and particle size. The near-
infrared spectrum of the spokes was relatively flat, indicating
that the size distribution of particles in these features was
broader than previously thought, extending to 10-20 microns
with a peak at about 3 microns.
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12.2.1.2 In Situ Observations

In situ instrumentation provides another, complementary source
of information about the particle sizes of a select number of
dusty rings. In fact, Jupiter’s tenuous ring system and Saturn’s
G ring were first detected by in situ measurements of the plasma
environment by the Pioneer 10 and 11 spacecraft (Fillius et al.,
1975; van Allen, 1982) before they were imaged. In both cases,
the evidence for these rings’ existence came from localized
depletions in the number of energetic charged particles striking
the spacecraft which arise because these particles were being
absorbed by the grains in the dusty rings. More recently, Rous-
sos et al. (2008) found depletions in the Cassini measurements
of the charged particle density that they interpreted as evi-
dence for an arc of debris near the orbit of Saturn’s small moon
Methone that was later seen by the cameras (Hedman er al.,
2009a).

Besides providing an alternative way to detect tenuous rings,
such charged-particle absorptions can provide unique informa-
tion about the particle-size distributions of these dusty systems.
Charged particles are not scattered off the surface of dust grains,
but are instead absorbed in their interiors. The magnitude of the
absorption therefore depends on the total mass of material in the
ring, and so is more sensitive to the larger particles in these ring
systems than optical remote-sensing observations. For exam-
ple, early analyses of the G-ring charged particle absorptions
detected by Pioneer 11 indicated that this ring contains particles
more than 350 microns across, and that particles bigger than 10
cm were responsible for less than 1% of that ring’s opacity (van
Allen, 1983, 1987). More recently, Cassini measurements of
energetic electrons in the vicinity of the G ring revealed that the
arc near the G ring’s inner edge contained orders of magnitude
more mass than could be present in the visible dust, implying a
substantial population of particles more than 10 microns across
(Hedman et al., 2007b).

In select cases, instruments can directly detect and character-
ize individual dust grains that collide with the spacecraft. Since
a spacecraft typically moves at speeds in excess of 2 km s~!
with respect to the dust particles, capture of intact particles is
problematic. Instead, in situ detectors are generally devised to
measure parameters associated with the high-velocity impact of
dust particles onto the instrument. Early dedicated dust impact
detectors onboard the Pioneer 10 and 11 spacecraft registered a
handful of 10-micron grains in the vicinity of Jupiter (Humes
et al., 1974; Kinard et al., 1974). These have been interpreted
as arising from outer Jovian satellites (Zook and Su, 1982)
or from the Galilean satellites (Zeechandelaar and Hamilton,
2007). More sophisticated instrumentation can obtain infor-
mation about the size and composition of the dust grains by
measuring various properties of the plasma cloud generated by
the impact.

Voltage pulses caused by plasma generated from hyperveloc-
ity dust impacts onto the spacecraft can be detected by various
plasma and radio wave instruments. Indeed, dust impacts were
registered by the Voyager plasma instruments during its fly-
bys of the Saturn, Uranus, and Neptune systems (Meyer-Vernet
et al., 1986; Gurnett et al., 1987, 1991; Gurnett and Kurth,
1995; Porco et al., 1995), and the Cassini Radio and Plasma
Wave Science (RPWS) instrument has been registering dust
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impacts whenever the spacecraft has passed through the dusty
rings (Wang et al., 2006; Kurth et al., 2006; Ye et al., 2014,
2016). Since the mass of an impacting grain determines the total
charge of the plasma cloud (Eichhorn, 1976, 1978; Kempf et al.,
2006), these measurements can constrain the size distribution
of the particles impacting the spacecraft. However, the interpre-
tation of these data is complicated somewhat by the complex
antenna—spacecraft coupling mechanisms, as well as uncertain-
ties about the impact plasma production yield (Collette et al.,
2014, 2015).

By contrast, instruments like the Dust Detector onboard the
Galileo Mission to Jupiter (Griin er al., 1995, 1996; Kriiger
et al., 2001, 2006, 2009) and the Cosmic Dust Analyzer (CDA)
(Srama et al., 2006, 2011; Kempf et al., 2006; Spahn et al.,
2006a; Postberg et al., 2006; Hillier et al., 2007b) onboard
the Cassini mission to Saturn contain devices known as impact
ionization detectors that are explicitly designed to measure the
charge of plasma clouds generated by dust impacts into a partic-
ular target area. These dedicated dust detectors can observe only
dust that strikes the instrument itself from a particular direction,
but they have the advantage that the plasma is released in a more
controlled environment, enabling more robust measurements of
parameters like the impact speed and mass (and for Cassini’s
CDA, composition as well).

Since the spacecraft has to pass through a dusty ring in order
to collect these sorts of measurements, thus far only a few
rings have been studied in this way. At Jupiter, the dust detec-
tor on Galileo was able to sample the various Gossamer rings
and obtain estimates of the particle-size distributions between
0.3 and 3 microns (Kriiger ef al., 2009). In this size regime,
the particle-size distribution in the Gossamer rings appears to
be rather shallow, with a power-law index ¢ between —1 and
—2. These data are consistent with the remote-sensing mea-
surements of Jupiter’s Gossamer rings, which probe slightly
larger particle sizes (Showalter et al., 2008). These measure-
ments are also compatible with the high-phase spectra of the
Main ring described above, which indicate a rather shallow par-
ticle size distribution for particle sizes less than 10 microns
(Brooks et al., 2004).

Galileo was able to sample the Jovian rings only near the end
of its mission and, for safety reasons, the Cassini spacecraft also
avoided passing through many of Saturn’s visible dusty rings.
However, the spacecraft has passed through the E ring many
times, enabling both CDA and RPWS to observe many of this
ring’s particles. As shown in Figure 12.9, both these instruments
find that the particle-size distribution of this ring is steep, with
a power-law index typically falling around —4 (Kurth er al.,
2006; Wang et al., 2006; Kempf et al., 2008; Ye et al., 2014,
2016). These findings are consistent with above-mentioned
remote-sensing observations that indicate this ring has a com-
paratively small fraction of particles larger than 1 micron in
radius.

12.2.1.3 Implications of the Observations

The observations described above do not yet give us a complete
picture of the size distribution for any of the known dusty rings.
However, these measurements do provide enough information
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Figure 12.9 Comparison of E ring particle density and size
distribution from two in sifu measurements during the E7 Enceladus
close flyby in 2009. The top two and bottom two panels are from
Cassini RPWS and CDA measurements, respectively. The size
distribution slopes derived from these two measurements are
consistent at roughly —4. The RPWS density is scaled down from
measurements with a 10 micron threshold and is also comparable with
CDA results (adapted from Ye et al., 2014).

to identify a few basic and important features of these dusty
systems.

Most of the known dusty rings have spectral and photometric
properties that imply they include many particles with radii as
large as 10 microns. In situ measurements confirm that several
of these rings contain detectable populations of “large” (big-
ger than 100 microns wide) particles. This basic observation
is consistent with the idea that most of these rings consist of
debris that has been knocked off of larger source bodies by
micrometeoroid impacts, because such collisions are expected
to generate particles with a broad range of sizes. However, the
recent Galileo and Cassini measurements also suggest that the
size distributions of many different dusty rings have a sharp
knee or cutoff around 10 microns (Brooks et al., 2004; Hed-
man et al., 2011b; Vahidinia et al., 2011; Hedman and Stark,
2015). It is still far from clear why 10 microns would be a criti-
cal size for such a variety of dusty rings around both Jupiter and
Saturn. These rings are formed of different materials (silicates
at Jupiter, ice at Saturn), occupy a range of different environ-
ments, and have very different optical depths, thus there is no
obvious commonality that would favor a particular size scale in
all of these different contexts.

The remote-sensing and in situ measurements also clearly
show that the E ring has an unusual size distribution for a
dusty ring, with a steep spectral index and a very low fraction
of particles larger than a couple of microns across. We now
know that these phenomena reflect the ring’s atypical origin.

Instead of being composed of particles knocked from the sur-
faces of small moons by impacts, the E ring consists of particles
launched from beneath the surface of Enceladus by that moon’s
geological activity. Enceladus’ south polar terrain contains a
series of fissures which generate an enormous plume of vapor
and tiny particles (Dougherty et al., 2006; Hansen et al., 2006;
Porco et al., 2006; Spahn et al., 2006b; Waite et al., 2006).
Only a small fraction of these particles (about 5% by mass) are
launched fast enough to escape Enceladus’ gravity, while the
rest fall back onto the moon’s surface (Porco et al., 2006; Kempf
etal., 2008, 2010; Ingersoll and Ewald, 2011). Furthermore, the
plume appears to be stratified, with larger grains concentrated
towards its base (Hedman et al., 2009c; Postberg et al., 2011).
These trends are consistent with models where the particles are
accelerated within the fissures by the flowing gases, a process
that is less efficient at accelerating larger grains (Schmidt ez al.,
2008). Thus the E ring’s size distribution can be regarded as a
natural consequence of Enceladus’ plume dynamics.

However, we should not forget that Uranus’ x ring has a very
E-ring-like spectrum, even though its most likely source is the
relatively small moon Mab. At the moment, it is unclear why
the particles launched from this moon or its vicinity would be
much smaller than those coming from Saturn’s small moons or
the source bodies that supply Uranus’ other dusty rings. The
n ring and E ring do both orbit far from their host planets,
so perhaps it is reasonable to expect that an E-ring-like bal-
ance of precessional forces (cf. Hordnyi et al., 1992) can also
work to spread micron-sized p ring dust into an observable
ring.

12.2.2 The Composition of Dusty Rings

Since the particles in dusty rings come from larger source bod-
ies, the particles in these rings can be regarded as samples of
larger objects. Measurements of the dust-grains’ compositions
can therefore provide information about the origins of the dusty
ring material and the makeup of their sources. This is especially
interesting for the E ring because those particles come from
beneath Enceladus’ surface and so can provide information
about the internal structure of that moon.

12.2.2.1 Remote-Sensing Observations

Thus far, remote sensing observations have only been able to
provide limited information about the composition of dusty
rings. At low phase angles, these rings are so faint that it is
often difficult to discern diagnostic absorption bands, while at
high-phase angles the light is primarily scattered by diffrac-
tion, which is relatively insensitive to the particles’ composition
outside of exceptionally strong absorption bands. For example,
spectra of Saturn’s D and F rings, as well as of Enceladus’
plume, all show a dip at 3 microns that corresponds to the funda-
mental absorption of crystalline water ice (see Figure 12.8; also
Hedman et al., 2007a, 2009¢, 2011b; Vahidinia et al., 2011).
This implies that all of these rings are composed primarily
of water ice. The available spectra of Jupiter’s Main rings do
not show this absorption (Brooks ez al., 2004), demonstrating
that these rings are not icy but are instead probably made of
more refractory materials like silicates. Hence the spectral data
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primarily reveal the dominant constituent of these dusty ring
systems.

12.2.2.2 In Situ Observations

The Cassini CDA instrument can provide much more detailed

information about the composition of the particles that enter

the detector because it can characterize the ions created by a

dust impact by the means of time-of-flight mass spectrome-

try. Because of the above-mentioned concerns for the safety of
the spacecraft and the instrument, most of the particles sam-
pled by this instrument come from the E ring. Fortunately,
the compositions of E ring grains are especially interesting
because they provide unique information about the composi-
tion of plume material and therefore can yield insights into

Enceladus’ interior.

CDA measurements obtained during Cassini’s first E-ring
crossing in October 2004 quickly confirmed that the particles
in the outer E-ring are mostly composed of water ice (Hillier
et al., 2007a) and, after more than 10 years of measurement, it
is now clear that about 99% of particles detected by CDA in the
E ring are dominated by water ice. However, CDA also found
that there are significant differences in the compositions of the
individual E ring grains, and the mass spectra from CDA can be
categorized into at least three distinct families (Postberg et al.,
2008, 2009).!

e Type I particles About 65% of all particles above the detec-
tion threshold in the E ring core (close to Enceladus’ orbit)
belong to this group, increasing to even higher fractions with
decreasing particle size. These grains appear to be composed
of nearly pure water ice because their mass spectra are domi-
nated by mass lines caused by water cations (H,0)"(H30)™,
(n = 0—15; see Figure 12.10). Na* and K™ and their respec-
tive water cluster ions (H,0)"(Na, K)™ are often present
and form the only non-water mass lines. Even so, these
lines imply only very low concentrations of alkali salts with
Na/H,O ratios in the order of 10~ (Postberg et al., 2009).

e Type II particles Type II spectra represent the second most
abundant E ring family (~25%) and in most cases show the
same characteristic as Type I with an additional distinct fea-
ture between mass 27 and 31 which represents more than one
species (Postberg ef al., 2008). In many cases additional non-
water signatures appear and the peaks generally are broader
than in the case of Type I or III particles. The additional
mass lines are most likely due to various organic compounds.
The fraction of organics and the exact composition of the
organic species can vary dramatically among the different
grains. Furthermore, while organic signatures are the most
prominent non-water species, sometimes contributions from
silicates and salts may be present. Most Type II spectra are
salt-poor, but 10% of all Type II spectra appear to contain
higher salt abundances, similar to Type III spectra. Type II

1" A small fraction (about 1%) of particle spectra detected in the E ring
show little evidence for water ice. These are often referred to as Type IV par-
ticles and have a widely variable mineral composition. Even though these
particles were detected when the spacecraft was in the E ring, these prob-
ably are not part of that ring because they were only detected when the
pointing of CDA was insensitive to prograde grains with moderate eccen-
tricity and inclination. Furthermore, the great variation in mass spectra
indicates a multitude of different sources. Indeed, some of these particles
may be interstellar grains (Altobelli et al., 2016).
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Figure 12.10 Representative mass spectra of the different types of E
ring particles. Note the two Type II spectra correspond to low and high
abundances of organic species, and that the grain with large amounts
of organics also contains a peak that can be attributed to sodium.
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particles occur more often at higher total ion yields, implying

they are larger on average than Type I particles.

e Type III particles This family of ~ 10% of E ring spec-
tra exhibits a totally different pattern of mass lines than the
other two (see Figure 12.10). In contrast to Type I and II par-
ticles, the water cluster peaks (H>O)"(H30)" are absent or
barely recognizable. The characterizing mass lines are of the
form (NaOH)*(Na)™ (n = 0 — 4) indicating a Na/H,O mole
ratio well above 10~3. Frequent mass lines of NaCl-Na™ and
Na,CO3—Na™ reveal NaCl and NaHCO3 and/or Na,CO3 as
the main sodium-bearing compounds. Ground experiments
with analog material indicate an average concentration of
0.5-2% sodium and potassium salts by mass, with K com-
pounds being less abundant by far (Postberg et al., 2009).
Impacts of Type III particles have an average ion yield which
is several times higher than of Type I particles, implying a
considerably larger average size (Postberg ef al., 2011).
These distinct compositional families probably have very

different origins and/or generation mechanisms. The inferred

composition of Type III particles matches the composition
expected for liquid water on Enceladus (Zolotov, 2007), which
has washed out salts from primordial rock from Enceladus’

(probably porous) core (Postberg et al., 2009, 2011; Hsu et al.,

2015). Therefore, Type III particles likely represent frozen

droplets of subsurface salty water. This would imply that the

evaporating water surface lies not far below the icy surface of

Enceladus and these grains are dragged out by water vapor that

follows the pressure gradient through cracks up to the surface

and then are expelled into space (Schmidt et al., 2008; Postberg

et al., 2009).

By contrast, the salt poor (or salt free) Type I grains cannot
be generated this way. Most of these grains are probably pro-
duced from vapor that flows upward inside the ice vents and
condenses into ice grains as the gas cools (Schmidt ez al., 2008;
Yeoh et al., 2015). Whether the vapor stems from evaporat-
ing salt water or sublimated ice makes no noticeable difference
in their composition, and both mechanisms are likely to con-
tribute. However, most Type I spectra show traces of sodium
that are in good agreement with the traces of salts that one
expects to find in the gas phase of evaporating salt water (Post-
berg et al., 2009). A small fraction of these grains may even be
derived from micrometeoroid bombardment of the icy satellites
embedded in the E ring.

The origin of the organic-enriched Type II grains is the least
constrained of the three types. However, their great abundance
and frequent detection during Cassini crossings of the Encela-
dian plume again suggest that Enceladus is their main source
(Postberg et al., 2008, 2011; Khawaja et al., 2015). Most of
them are salt poor, indicating vapor condensates where, besides
water, initially volatile organic compounds have condensed on
the grain as the vapor cooled on its way upwards through the ice
channels. A small fraction of Type II grains show a drastically
enhanced salt content (as Type III grains do). These could be
frozen salt water droplets that may have incorporated organic
compounds from the Enceladian ocean. Alternatively, organics
that initially were in the gas phase could have condensed onto
the salty ice grain in the vents. Recently, Postberg et al. (2017)
found that a small fraction of Type II grains have an espe-
cially high abundance of organic molecules with high molecular
masses that could have formed from an organic nucleation core.

Another dust population observed by the CDA instrument
that can provide information about the E ring’s composition are
the so-called “stream particles”; high-speed, nanometer-sized
dust particles that are not gravitationally bound to the Satur-
nian system and were seen well before Cassini reached Saturn
(Kempf et al., 2005b; Hsu et al., 2012). The sizes and speeds of
stream particles are beyond CDA’s calibration range, but their
properties could be derived using a method that accounts for the
solar wind magnetic field and speed, which can strongly influ-
ence the dynamics of these small grains (Hamilton and Burns,
1993; Zook et al., 1996). Such analyses reveal that streams of
nanometer-sized particles come from both the Jupiter and Sat-
urn system and most likely represent tiny grains of dust that
were thrown out of orbit by the planets’ electromagnetic fields
when they acquired a strong enough positive electric charge
(Griin et al., 1992; Hamilton and Burns, 1993; Horanyi et al.,
1993; Horanyi and Juhasz, 2000; Kempf et al., 2005b; Hsu
et al., 2011, 2012). It is thought that the majority of Saturn’s
stream particles were part of the E ring before they were ejected
into the streams. More specifically, these particles are proposed
to be inclusions released from much larger E ring ice grains by
the magnetospheric plasma erosion (Hsu ez al., 2011, 2015).

These stream particles provide unique information about the
E ring’s composition because, unlike the water-ice-rich parti-
cles found in the E ring itself, many Saturnian stream particles
appear to have silicon as a major constituent (Kempf ez al.,
2005a; Hsu et al., 2011, 2015). Silicon-rich nanoparticles could
be more likely to be ejected as stream particles than water ice
nanograins because they are charged more positively and have
higher resistance to plasma sputtering erosion (Jones et al.,
2008; Hill et al., 2012; Hsu et al., 2011). Assuming these refrac-
tory nanoparticles do come from the E ring (which is consistent
with the current observational evidence), then they provide
information about rocky material carried aloft by Enceladus’
geological activity. In this context, the most remarkable aspect
of the stream particles is they are almost metal free, indicating
their composition to be silica (SiO;) but not typical rock-
forming silicates (e.g. olivine or pyroxene). These grains can
be interpreted as nanometer-sized silica colloids formed during
the cooling of hydrothermal waters in the subsurface ocean of
Enceladus (Hsu et al., 2015). Combined with long-term labora-
tory experiments, the composition and narrow size distribution
of these grains have been used to argue for ongoing hydrother-
mal activities within Enceladus and to place constraints on the
temperature, alkalinity, and salinity of Enceladus’ subsurface
waters (Hsu er al., 2015; Sekine et al., 2015).

The insights gained about Enceladus and its geological activ-
ity from detailed studies of the E ring grains clearly demonstrate
how much information can be gleaned from the composition of
tiny ice grains. Hopefully, future spacecraft missions with dust
detectors will be able to study other dusty rings and thereby
probe the characteristics of their source bodies.

123 SCULPTING DUSTY RINGS

Dusty rings exhibit a broad array of structures that reflect
the rich variety of forces acting upon the orbits of their
small constituent particles. These perturbations include not only

Tiscareno, M. S., & Murray, C. D. (Eds.). (2018). Planetary ring systems : Properties, structure, and evolution. Cambridge University Press.
Created from Glenn-ebooks on 2026-02-22 14:34:37.



Copyright © 2018. Cambridge University Press. All rights reserved.

gravitational forces from Saturn’s various moons, but also a
host of non-gravitational forces, including solar radiation pres-
sure, plasma drag, and other electromagnetic processes. While
the interactions among these various phenomena can be quite
complex, in certain cases the role of individual forces can be
isolated thanks to the distinctive fingerprints they leave on the
ring’s structure (see also Chapters 2 and 8—11).

In this section, we will examine some of the processes that
shape dusty rings. First, we will consider phenomena that apply
nearly constant perturbation forces on ring particles, like plasma
drag and solar radiation forces, and discuss how these forces
can disperse material from source bodies to form diffuse dis-
tant rings like Jupiter’s Gossamer rings, Saturn’s G and E rings,
and Uranus’ p ring. Next, we will describe some structures in
broad sheets of dusty material that appear to have been gen-
erated by recent ring-disturbing events. Then we will consider
the more complicated perturbations on ring material associated
with mean motion resonances, which can give rise to longitu-
dinally confined ring arcs in Neptune’s Adams ring and several
of Saturn’s rings, as well as several other structures observed
in Saturn’s D ring, spokes, and the Roche Division. Finally, we
will briefly discuss the densest and clumpiest of the dusty rings,
where inter-particle interactions may be important.

12.3.1 Transportation of Dusty Material

A good place to begin exploring the dynamics of dusty rings is
with the broad, distant rings that have clear associations with
specific moons. Figure 12.11 shows the brightness for sev-
eral of these dusty rings, and in all cases the peak brightness
occurs close to the orbit of a moon that probably represents
a major source for the material. However, the ring material
is never confined to the relevant moon’s orbit. Jupiter’s Gos-
samer rings and Uranus’ u ring all contain material interior to
their moon’s orbit, while Saturn’s G ring extends exterior to its
moon’s orbit. Saturn’s E ring is a special case, with substan-
tial amounts of material both interior and exterior to Enceladus’
orbit. However, Jupiter’s Thebe ring also exhibits a very faint
“extension” of material exterior to its moon orbit in addition
to the more prominent inward wing of material (Burns et al.,
1999). The substantial radial extents of these rings suggest that
some combination of processes is affecting the ring-particles’
orbital eccentricities and/or semi-major axes.

12.3.1.1 Radial Migration Due to Drag Forces

The most direct way for ring material to spread over a range
of radii is through secular evolution of the ring-particle’s semi-
major axes. Indeed, semi-major axis migration is the only way
to produce strong asymmetries in the amount of material located
interior and exterior to the moon’s orbit, because such asym-
metries require that the average orbital positions of the ring
particles are different from that of their source moon.
According to standard orbital perturbation theory (see Chap-
ter 2), changes in semi-major axis correspond to changes in
orbital energy, so in order for a particles’ semi-major axis to
change over time, the perturbing force must do work on the
orbiting particle. Hence, a force that pushes the ring particles
forward along their orbits will cause those particles to gain
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Figure 12.11 Radial brightness profiles of dusty rings associated with
particular moons. Each panel shows the ring’s brightness as a function
of distance from the moon’s semi-major axis. The profiles of Jupiter’s
Gossamer rings come from Showalter ef al. (2008) and clearly show
material extending interior to the orbits of the moons Amalthea and
Thebe. Uranus’ p ring shows a similar spread inwards from the orbit
of Mab (Showalter and Lissauer, 2006). By contrast, the profile of
Saturn’s G ring shows that material from this ring preferentially drifts
outwards from the orbit of Aegaeon (Hedman et al., 2009a). The E
ring shows a similar outward displacement of its peak brightness,
although material extends on both sides of its moon (Hedman et al.,
2012).

orbital energy and their orbital trajectories to spiral outwards
away from the planet. Similarly, a force that opposes the par-
ticles’ orbital motion will cause the particles to lose orbital
energy and spiral inwards towards the planet.
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In principle, a number of different processes could give rise
to forces that would cause the particles’ semi-major axes to
drift (see, e.g., Section 12.3.1.4). However, in practice, only
two processes are expected to produce azimuthal forces that
would cause the semi-major axes of a substantial fraction of
the observable ring particles to move in one direction: plasma
drag and Poynting—Robertson drag. Plasma drag is momentum
exchange with ions in the planet’s magnetosphere (Griin et al.,
1984). Unlike the ring particles, which orbit the planet at nearly
the Keplerian rate, magnetospheric ions are tied to the planet’s
magnetic field and so orbit at close to the planet’s spin rate. For
all of the dusty rings shown in Figure 12.11, the planetary rota-
tion rate 2 p is faster than the local orbital rate n and so the ions
tend to hit the dust grains from behind, accelerating the parti-
cles and causing them to spiral outwards away from the planet.
By contrast, Poynting—Robertson drag arises because a mov-
ing object will scatter light asymmetrically along its direction
of motion. This produces a back-reaction on the particle which
always acts against the particle’s forward motion, and so will
cause the particle to spiral inwards towards the planet (Burns
etal., 1979).

Since Poynting—Robertson and plasma drag act in oppo-
site directions for the rings considered here, the tendency of
the material to spread preferentially interior or exterior to the
moon’s orbit should depend on the relative strength of these
two forces. More specifically, for particles on low-eccentricity
orbits, the average time rate of change of the particles’ semi-
major axis a is proportional to the average azimuthal compo-
nent of the perturbing force (F,) (positive being in the direction
of orbital motion):

<d—a> =2an@, (12.8)
dt Fg

where a and n are the particle’s semi-major axis and mean
motion, and Fg = GMpm/a® is the central component of
the planet’s gravitational force. While the relationship between
the orbital evolution rate and the perturbing force becomes
somewhat more complex if the particles have non-zero orbital
eccentricities, it remains the case that the orbit-averaged da/dt
is proportional to the perturbing force.

For Poynting—Robertson drag, the average azimuthal compo-
nent of the force acting on a particle of size (radius) s is given
by the expression (Burns et al., 1979)

) (3 S ) na
(Fpr) = —ms” | 5 —=QpPr ) —> (12.9)
2¢ c

where S is the total solar energy flux, c is the speed of light, and
QO pr is an efficiency factor related to the extinction and scatter-
ing coefficients described above (Qpr = Qexr + Qsca{c0sb),
where the last term is the average of the cos@, weighted by
phase function, see Equation 4 in Burns et al., 1979, and is typ-
ically of order unity. For plasma drag, the expression for the
force depends somewhat on the temperature and density of the
plasma. However, for tenuous, cold plasmas and particles on
nearly circular orbits, the azimuthal force on each particle due
to momentum exchange between the plasma and a particle of
size (radius) s is simply (Griin et al., 1984)

(Fp) = +7s2piw?, (12.10)

where p; is the local plasma mass density and w = a (82, — n)
is the plasma velocity relative to the dust grains. For denser and
hotter plasmas, collective effects allow the particle to interact
with a larger volume of plasma, and so the relevant force can
be enhanced. Note that the positive sign on this force assumes
that the dust is located outside the synchronous radius where
Qp =n.

Both plasma drag and Poynting—Robertson drag forces are
proportional to the cross sectional area of the particles. Since
F¢ is proportional to the particles’ total mass, this means that
both these forces are inversely proportional to the particle size.
Hence small particles will migrate faster than large ones, which
is sensible, but the ratio of the two perturbing forces is rela-
tively insensitive to particle size, so all particles tend to move in
one direction or the other depending on the relative strengths of
these drag forces. Indeed, we can define a ratio of these forces

(Fp) 2 1 7 ap\2c? )
Ry = - Ena(Q,/n—1)2p;.
F=Fpr) 3 0rr (IAU) 5, e p/n =1 i

(12.11)

Note that we have used the equality S = So(1AU/Ra p)z, where
So = 1.36 kW m™2 is the solar flux at Earth’s orbit and ap is
the planet’s distance from the Sun. If R is less than 1, then
Poynting—Robertson drag overwhelms plasma drag and the par-
ticles should spiral in, and if R is greater than 1, then plasma
drag is stronger and the particles spiral outwards.

There is one dusty ring that is certainly in the Poynting—
Robertson drag-dominated limit: Saturn’s Phoebe ring. This
enormous ring lies well outside the planet’s co-rotating plasma-
sphere, and so plasma drag is probably not relevant for this ring,
and indeed the inward drift of material observed in this system
is consistent with a ring dominated by Poynting—Robertson drag
(Verbiscer et al., 2009; Tamayo et al., 2011; Hamilton et al.,
2015; Tamayo et al., 2016).

Turning to the various rings illustrated in Figure 12.11, the
inward displacement of material in Jupiter’s Gossamer rings
and Uranus’ p ring suggest that R < 1 for these rings, and so
Poynting—Robertson drag dominates the semi-major axis evo-
lution of these rings. Indeed, Burns er al. (1999) interpreted
the structure of Jupiter’s Gossamer rings in exactly these terms.
However, the material in Saturn’s G ring would appear to be
spiraling outwards, indicating that plasma drag overwhelms
Poynting—Robertson drag. Furthermore, while much of the E
ring’s radial extent appears to be associated with variations in
the particles’ orbital eccentricities rather than semi-major axis
evolution (see below), detailed analysis shows that the semi-
major axes of the E ring particles also tend to be displaced
exterior to Enceladus’ orbit (Hedman er al., 2012). Thus it
appears that R > 1 for Saturn’s dusty rings.

In order to evaluate whether it is reasonable for the Gossamer
and w rings to have Ry < 1 and Saturn’s G and E rings to have
RrF > 1, let us define the critical plasma ion mass density:

Serit 3 0pr (1AU\’ Sp 1
! 2 ¢ 2 na(Qp/n — 1%’

(12.12)
ap
which is the plasma mass density required for plasma drag to
exactly balance Poynting—Robertson drag (i.e. to make Rp =
1). If the co-rotating plasma’s mass density exceeds this value,
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then the particles should spiral outwards, and if the plasma
ion density is below this value, then Poynting—Robertson drag
will dominate and particles will spiral in towards the planet.
Assuming Q pg is of order unity, the critical plasma densities
for Saturn’s G and E rings are 12 and 2 amu cm >, respectively.
The measured ion densities in these regions vary quite a bit, but
are typically in the range of 10-100 ions cm >, with the dom-
inant species being O and OF (Elrod et al., 2012; Persoon
et al., 2013). Thus for Saturn’s dusty G and E rings, the plasma
density is sufficiently high for plasma drag to cause particles to
spiral outwards. By contrast (again assuming Q pg is of order
unity) the critical plasma densities are 460 and 54 amu cm™>
for Jupiter’s two Gossamer rings and 51 amu cm ™ for Uranus’
p ring. These are all higher than the critical values for Saturn’s
rings, indicating that it will be more difficult for plasma drag
to overpower Poynting—Robertson drag in these cases. Unfortu-
nately, there are no direct measurements of the plasma densities
in the vicinity of Uranus’ u ring, but the Voyager measurements
at larger radii generally indicated plasma number densities of
around 1 ion cm™3 (McNutt et al., 1987; Selesnick and McNutt,
1987). Measurements of the Jovian magnetospheric plasma
interior to the Galilean satellites are also limited, but some
plasma measurements from the end of the Galileo mission sug-
gest that interior to 5 Jovian radii (that is, 333500 km), the
plasma number density drops to around 1 ion cm™> (Menietti
et al., 2005), so it does seem likely that the plasma density in
the vicinity of the Gossamer rings is low enough for Poynting—
Robertson drag to dominate the semi-major axis evolution of
the ring particles.

12.3.1.2 The Vertical Thicknesses of Distant Dusty Rings

The semi-major axis evolution of fine particles not only influ-
ences the radial structure of the dusty outer rings, but can also
affect the vertical structure of the ring material. For example,
when Jupiter’s Gossamer rings, Saturn’s E ring, or Saturn’s
Phoebe ring are viewed from edge on, all are found to have finite
vertical thicknesses (see Figure 12.12). Furthermore, despite the
large differences in the overall size of these rings, their verti-
cal morphologies are quite similar in that they seem to have
a roughly uniform brightness within a certain distance of the
ring-plane. In fact, the brightest parts of each ring are not found
along the ring-plane but in two bands located equal distances
above and below this plane (Burns ef al., 1999; Kurth et al.,
2006; Showalter et al., 2008; Kempf et al., 2008; Verbiscer
et al., 2009; Hedman et al., 2012). This distinctive morphology
indicates that most of the particles in each of these rings have
similar inclinations but randomly distributed ascending nodes.
Particles on inclined orbits move up and down as they orbit
the planet, and since each particle’s vertical velocity is zero
near the extremes of their vertical motion, they will spend more
time at those vertical locations, naturally enhancing the ring’s
brightness above and below the midplane.

For Jupiter’s Gossamer rings and Saturn’s Phoebe ring, the
common inclination of the ring particles matches the inclina-
tion of the moon that is the most likely dominant source of
the ring material. Jupiter’s moons Amalthea and Thebe have
inclinations that carry them +1200 km and +4200 km above
and below Jupiter’s equatorial plane, which corresponds to the
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Figure 12.12 Edge-on views of several dusty rings. The top panel is
an image of Saturn’s E ring obtained by the Cassini spacecraft
(modified from Planetary Photojournal Image PIA7803), the middle
panel is of Jupiter’s Gossamer ring as observed by the Galileo
spacecraft (Showalter et al., 2008), and the bottom panel is Saturn’s
Phoebe ring as viewed by the WISE satellite (Hamilton et al., 2015).
Note that all rings have a finite vertical thickness.

vertical thicknesses of the two Gossamer rings shown in Fig-
ure 12.12. Similarly, Phoebe has an inclination that carries it
+1600000 km from the planet’s orbital plane (the relevant
plane for this distant ring), which matches the vertical thick-
ness of that enormous ring. While this reinforces the idea that
these rings consist primarily of debris knocked from each of
these moons, it also means that the material in these rings is not
just following the inclined orbit of its parent moon. Instead, it
appears that the particles in these rings all have about the same
orbital inclinations as their source moon, but the ascending
nodes of these orbits are evenly distributed around the planet.

The locations of the ring-particles’ ascending nodes most
likely have become dispersed around the planet thanks to dif-
ferential nodal regression. Any object that is in orbit around a
giant planet will have its ascending node slowly drift around the
planet. For dust grains, non-gravitational forces can potentially
influence this rate (see below), but even for large objects like
moons, asymmetries in the planet’s gravitational field due to
its finite oblateness cause nodes to regress at a rate that depends
upon the objects’ semi-major axis (see Chapter 2). Hence, as the
dust grains migrate inwards under the influence of drag forces,
one expects that their nodal regression rates will have a range
of values, allowing the node locations to become scattered all
around the planet (Burns et al., 1999).

The vertical structure of the E ring has a slightly different
explanation. In this case, the inclination of its source moon is
small compared with the ring’s vertical thickness. However, the
particles in this ring are all launched from Enceladus’ south
pole with a net southwards velocity. Furthermore, only particles
traveling fast enough to escape the moon’s gravity and avoid re-
collision with Enceladus can populate the E ring, so the material
that forms the E ring must start off with a non-zero inclina-
tion. Indeed, numerical simulations show that these interactions
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with Enceladus, perhaps moderated by additional electromag-
netic perturbations to the particles’ orbits, can reproduce this
ring’s finite vertical extent (Juhdsz et al., 2007; Kempf et al.,
2010).

12.3.1.3 Aligning Orbits with Solar Radiation

Having examined how perturbation forces can change the semi-
major axes and orientations of particles’ orbits, we can now
turn our attention to processes that alter orbital eccentricities
and inclinations. The most efficient way to excite eccentric-
ities and inclinations is to break the azimuthal symmetry of
the planetary environment, and for many dusty rings the Sun
is the most important source of such asymmetric forces. Most
directly, solar radiation pressure pushes any object that can scat-
ter or absorb photons away from the Sun. However, as we will
discuss in the next subsection, solar radiation also influences
the charge state of dust grains, so the electromagnetic forces
experienced by material in dusty rings can change as they pass
through the planet’s shadow.

Probably the most straightforward examples of how solar
radiation can affect the orbits of fine dust grains can be found
not in the broad outer rings, but in a few of the narrow ringlets
that lie within Saturn’s main rings, specifically the dusty ringlets
in the Encke Gap near the outer edge of Saturn’s A ring and the
so-called “Charming ringlet” in the Cassini Division’s Laplace
Gap (see Figure 12.13). These ringlets are non-circular and are

25 degrees from
sub-solar longitude

212 degrees from
sub-solar longitude

Figure 12.13 Example of a dusty ringlet whose shape is influenced
by solar radiation pressure. The above images were obtained by
Cassini in 2008 and have been separately cropped, rotated and
stretched to facilitate comparisons. In both images, radius in the rings
increases towards the upper left. The arrows point to the dusty
“Charming ringlet” in the Laplace Gap. Note that this ringlet is found
further from the planet (closer to the outer edge of the gap) at
longitudes closer to the Sun (adapted from Hedman ez al., 2010b).

typically found further from the planet’s spin axis when they
are observed on the sunward side of the planet than they are
when observed near the planet’s shadow (Hedman ez al., 2010b,
2013). This “heliotropic” behavior is most likely due to the
orbital eccentricities induced by solar radiation pressure.

Solar radiation pressure is a perturbing force that acts in a
nearly fixed orientation in inertial space, and so causes par-
ticles to slow down and speed up as they move around the
planet towards and away from the Sun (see Chapter 2). These
alternating accelerations will cause particles to follow orbits
with eccentricities that either grow or shrink over time, depend-
ing on where their orbital pericenters are located relative to
the Sun. In fact, since other phenomena like asymmetries
in the planet’s gravitational field will tend to cause a par-
ticle’s orbital pericenter location to drift around the planet,
the orbit’s eccentricity will oscillate over time. However, for
any combination of an inertially fixed force and a perturba-
tion that causes eccentric orbits to steadily precess around the
planet at a fixed rate @, there is one solution to the equa-
tions of motion that corresponds to an orbit with a constant
eccentricity and a fixed pericenter location. For solar radi-
ation pressure, the orientation of this fixed orbit is always
along the Sun—planet line. If orbits tend to precess in the pro-
grade direction relative to the Sun (i.e. @y > ng, where ng
is the rate of the Sun’s apparent motion around the planet),
then this fixed orbit will have its apocenter aligned with
the Sun, but if @y < ng, this orbit will have its pericen-
ter aligned with the Sun (Hamilton, 1996). Furthermore, so
long as solar radiation pressure is a sufficiently weak per-
turbation and the orbital precession rate is sufficiently fast,
the eccentricity of this fixed orbit is given by the following
formula:

9 S
~ /e osB—n azQPR

er =g GMy c i (12.13)
where S is the solar radiation flux, c¢ is the speed of light,
Mp is the planet’s mass, B is the elevation angle of the Sun
above the ring-plane, Qpg is the Poynting—Robertson effi-
ciency factor, and p and r, are the particle’s mean density and
radius. Note that this forced eccentricity is inversely propor-
tional to the particle’s size, which simply reflects the fact that
smaller particles are more easily perturbed by non-gravitational
processes.

The observed variations in the location of the “heliotropic”
dusty ringlets are perfectly consistent with these sorts of orbital
perturbations. The fact that the ringlets are found further from
the planet near sub-solar longitudes indicates that the mate-
rial in these ringlets have their orbital apocenters aligned with
the Sun, which is consistent with Saturn’s oblateness domi-
nating the particles’ apsidal precession rates. Furthermore, the
observed variations in the ringlets’ radial positions indicate
that the typical orbital eccentricities induced by the Sun are
about 0.000 035 for the Encke Gap ringlets and 0.000 14 for the
Charming ringlet (Hedman et al., 2010b, 2013). Such values
of e are consistent with ice-rich particles with radii of several
tens of microns.
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12.3.1.4 Dispersing Material with Sunlight and Other
Forces

When coupled with other forces, solar radiation pressure can
not only distort the shapes of narrow ringlets, but can also
disperse material over a wide range of radii. Indeed, just such
an interplay of perturbing forces is thought to be responsible for
aspects of the radial structure of Jupiter’s Thebe ring, Saturn’s
Phoebe ring, and, especially, the E Ring.

While most of the material in both Jupiter’s Thebe ring and
Saturn’s Phoebe ring extend radially inward from their source
satellites (see Figure 12.11), they each also have faint outward
extensions. As discussed above, the inward flow of mate-
rial arises from Poynting—Robertson drag forces, which cause
grains to slowly spiral in toward their planets. The exterior
components, however, require other explanations. Two main
possibilities exist: (i) a mechanism to increase particle eccen-
tricities so that orbital apocenters can extend beyond the source
satellite, and (ii) additional and more distant source bodies.

Radiation pressure on small Phoebe ring dust grains drive up
orbital eccentricities so that they can extend well beyond the
orbit of Phoebe (Hamilton er al., 2015; Tamayo et al., 2016).
In addition, a population of distant satellites an order of mag-
nitude smaller than Phoebe itself are also likely contributors
to the giant ring (Hamilton ef al., 2015; Tamayo et al., 2016).
Crucially, several of these satellites share Phoebe’s orbital incli-
nation, allowing their debris, large and small, to spread over the
same vertical thickness as Phoebe material. Other distant satel-
lites, while more numerous, all have much more highly tilted
orbits, so that their debris forms a vertically extended thick
diffuse background that is likely not detectable with current
instruments (Hamilton et al., 2015). Which of these two expla-
nations is most important in the Phoebe ring remains an open
question.

For the Thebe ring extension, there are no known moons
between Thebe’s and Io’s orbits, and radiation pressure is too
weak to force eccentricities as large as would be needed to pro-
duce the observed extension. Instead, electromagnetic forces
arising from the motions of ring particles through Jupiter’s
intense magnetic field are likely responsible for driving radial
motions. The electric charges on dust grains vary periodically
when their orbits bring them into Jupiter’s shadow (Hordnyi
and Burns, 1991). Detailed calculations show that the changing
charges on small grains, and the resulting periodic modula-
tions in the non-gravitational forces can indeed enable particles
launched from Thebe to reach ~40000 km beyond Thebe’s
orbit, in agreement with observations (Hamilton and Kriiger,
2008). Similar processes also drive even tinier grains to ~20°
inclination, accounting for this population of grains observed
by Galileo’s dust detector during its final few orbits around
Jupiter (Kriiger er al., 2009; Hamilton and Kriiger, 2008).
Interestingly, the Amalthea Gossamer ring does not show a sim-
ilar outward extension, possibly because Amalthea is located
just exterior to synchronous orbit where velocities relative to
Jupiter’s spinning magnetic field are low and electromagnetic
forces correspondingly weak (Hamilton and Kriiger, 2008).

Unlike the other diffuse rings shown in Figure 12.11, the E
ring extends a substantial distance both interior and exterior to

Dusty Rings 323

the orbit of its source moon Enceladus. Indeed, in situ measure-
ments reveal that E ring particles can be found over a very broad
region all the way out to the orbit of Titan (see Figure 12.14).
In part, the radial extent of this ring can be attributed to plasma
drag, which is quite effective for the small E ring grains (Mor-
fill and Gruen, 1979; Morfill et al., 1993; Dikarev, 1999; Srama
et al., 2011). However, many aspects of the E ring’s structure
can be most easily explained if the particles in this ring have
substantial orbital eccentricities, enabling them to wander over
a substantial radial range as they orbit the planet.

It has long been suspected that the micron-sized E ring par-
ticles are particularly susceptible to having their eccentricities
excited by an interaction between electromagnetic and solar
radiation forces (Hordnyi et al., 1992; Hamilton, 1993; Hamil-
ton and Burns, 1994). The basic idea is that when the small
particles in this ring become charged due to their interactions
with the surrounding plasma and the ionizing radiation from the
Sun, they experience a Lorentz force from Saturn’s magnetic
field that tends to counteract the apsidal precession induced by
the planet’s gravitational field. In fact, for micron-sized parti-
cles these two forces can nearly cancel each other out, greatly
reducing the apsidal precession rate |zg|. This, together with
the small grain size, enables solar radiation pressure to excite
exceptionally large eccentricities in the particle’s orbits (i.e. the
forced eccentricity e s of Equation (12.13) can become large).

This basic picture has been expanded upon with increas-
ingly detailed analytical and numerical calculations, including
not only solar radiation pressure and plasma interactions, but
also processes like sputtering, which gradually reduces the size
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Figure 12.14 The apparent dust density (in particles per cubic meter)
measured by the CDA instrument between 2004 and 2014 along the
Cassini trajectory in a Saturn-centered coordinate system in an
edge-on view to the ring-plane. The trajectory of Cassini is easily
recognizable. Blank areas along the track represent periods where the
CDA was not able to record meaningful data. (These are primarily
caused by long periods of inadequate pointing of Cassini where the
dust RAM direction was not in the field-of-view of the CDA.)
Adapted from Srama et al. (2011).
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of the E ring grains (Jurac et al., 2001; Juhdsz and Horanyi,
2004; Juhész et al., 2007; Horanyi et al., 2008). At the same
time, Cassini measurements are now able to confirm impor-
tant aspects of these theoretical models. For example, CDA
measurements show that E ring grains located within 42 000
km of Saturn are charged to a few volts negative potential,
while grains located further out are charged positively (Kempf
et al., 2006). This charge state is consistent with the varia-
tions in the local plasma environment (Arridge et al., 2011),
and the negative charge of the central E ring is sufficient to
significantly influence the apsidal precession rate of micron-
sized ice grains. Meanwhile, both remote-sensing and in situ
measurements reveal that early in the Cassini mission, during
Saturn’s northern winter, the E ring was warped into a shal-
low cone with the densest part of the ring falling north of
Saturn’s equator plane at large radii and south of that plane
closer to the planet (Nicholson et al., 1996; de Pater et al.,
2004; Kempf et al., 2008; Hedman et al., 2012; Ye et al., 2016).
This aspect of the E ring’s structure was actually predicted
theoretically by the above models (Hamilton, 1993), where it
arises because solar-radiation pressure has a northwards com-
ponent during this time. Since the particles on eccentric orbits
spend more time further from Saturn, this vertical compo-
nent of solar radiation naturally drives the apocenter of the
ring particles’ orbit northwards, which also pulls the pericen-
ter southwards. Indeed, the observed average warp in the ring is
quite consistent with theoretical predictions based on this model
(Hamilton, 1993; Hedman et al., 2012). Furthermore, since this
aspect of the E ring’s structure should change with Saturn’s
season as the Sun moves from south to north, future analy-
sis of Cassini data should provide more stringent tests of these
models.

At the same time, there are other aspects of the E ring’s struc-
ture that were not predicted by the theoretical calculations and
are still mysterious. For example, observations from early in the
Cassini mission reveal that the E ring’s brightness and density
vary systematically with longitude relative to the Sun (Hedman
et al. 2012; Kempf et al., in preparation). Some of these vari-
ations can be attributed to orbital alignments associated with
solar radiation pressure and charge variations associated with
passage through Saturn’s shadow. However, even after account-
ing for these variations, it appears that the ring is systematically
brighter at longitudes closer to the Sun. While the orienta-
tion of this asymmetry strongly suggests that solar radiation
forces are involved, other asymmetries in the Saturn system
like the noon-to-midnight electric field (Andriopoulou et al.,
2012, 2014; Wilson et al., 2013) could also be relevant. At the
moment, no theoretical model has been able to produce this sort
of asymmetry, and additional observational data, as well as new
theoretical calculations, will likely be needed to clarify what is
happening.

12.3.2 Disturbing Dusty Rings with Impulsive Events

While many features of dusty rings can be attributed to steady
perturbing forces, there are some structures that seem to be due
to specific events in the ring’s recent history. In particular, both
Jupiter’s Main ring and Saturn’s D ring contain periodic bright-
ness variations (see Figure 12.15). In Jupiter’s ring, the intensity

Jupiter’s Main ring from Galileo
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Figure 12.15 Structures in dusty rings created by impulsive events.
The upper panel shows a nearly edge-on view of Jupiter’s Main ring
from the Galileo spacecraft that shows bright and dark patches that
likely represent a corrugation in the rings illustrated with the wire
mesh model (Showalter ez al., 2011). The lower panel shows images
of Saturn’s D ring obtained by the Cassini spacecraft which show
periodic brightness variations in the region marked with the brackets
(Hedman and Showalter, 2016). The wavelengths of both these
patterns steadily decrease over time.

of this brightness variation varies with longitude in a manner
consistent with a vertical corrugation (Showalter ez al., 2011).
In Saturn’s D ring, some of the periodic structures also appear to
be corrugations, while others seem to represent real variations
in the rings’ local surface density (Hedman et al., 2007a, 201 1a,
2015; Hedman and Showalter, 2016). However, what makes
all of these structures remarkable is that their wavelengths are
observed to decrease over time in a very predictable way. This
evolution in the pattern’s wavelength can be explained with a
simple model, in which some event suddenly imparts some ver-
tical and/or horizontal momentum to the ring particles, causing
them to all follow inclined and/or eccentric orbits with initially
aligned nodes and/or pericenters, creating a ring with a slight tilt
and/or offset. The ring, however, cannot remain in this simple
configuration because it consists of particles with a range of
semi-major axes, and so the locations of the nodes and pericen-
ters will drift around the planet at different rates, causing any
tilt in the ring to wind up into a corrugation, or any offset to
wind up into a spiral pattern (see Figure 12.16). Furthermore,
the wavelengths of these patterns will get smaller over time
as the spiral becomes increasingly tightly wound. The wind-
ing rate is determined by the planet’s gravitational field, and to
first order the pattern’s radial wavenumber (k = 27 /A, where
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Figure 12.16 Cartoon illustrating how an initially tilted ring can
transform into a corrugated ring due to differential nodal regression.
For the sake of clarity we have omitted the central planet in all these
images. The top image shows a tilted ring where all the ring-particle’s
orbits have comparable inclinations and ascending nodes at the same
longitude. Over time, the node positions drift around the planet at
different rates, transforming the tilted ring into a corrugated ring.

A is the pattern’s wavelength) should be given by the following
expression:

21 [GMp (Rp\*
k=1 r (—P> 8t, (12.14)

4 rd r

where r is the ring radius, Mp and Rp are the planet’s mass
and radius, J, is a standard measure of the planet’s oblateness,
and &t is the amount of time that has elapsed since the ring was
disturbed. The observed trends in the wavelengths of the pat-
terns in both Jupiter’s and Saturn’s rings follow this prediction
remarkably well, and so it is reasonable to conclude that these
structures are due to ring-disturbing events that occurred in the
recent past.

The nature of these ring-disturbing events can be further
explored by extrapolating the observed trends in the pattern’s
wavelength back in time and thereby estimating when the event
occurred. For example, analyses of the corrugation in Jupiter’s
rings revealed that this ring became tilted during the summer
of 1994, when debris from the comet Shoemaker-Levy 9 was
crashing into Jupiter (Showalter et al., 2011). Thus it is rea-
sonable to conclude that Jupiter’s ring became tilted due to
cometary debris crashing into the ring particles. These patterns
can therefore provide records of past impact events. Indeed, one
set of patterns in Saturn’s rings appears to have formed around
1983, and may represent another impact event (Hedman et al.,
2011a, 2015). In this case, we have no direct observation of the
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impact, but the fact that both the dusty D ring and the dense C
ring were affected makes it the most likely option. This would
mean that the rings can preserve records of impacts for decades
after they occur. More recently, another pattern was found in the
D ring that appears to have formed in late 2011 (Hedman and
Showalter, 2016). In this case, the origin of the disturbance is
less clear. It could be another impact, but it could also reflect a
rapid shift in the state of Saturn’s electromagnetic environment.
Future analyses of contemporary Cassini in-sifu measurements
of Saturn’s magnetosphere will hopefully help constrain these
possibilities.

12.3.3 Resonant Structures in Faint Rings

In addition to steady forces and impulsive events, dusty ring
material can also be sculpted by periodic perturbing forces
due to various moons and magnetospheric asymmetries. These
time-variable forces on the ring particles produce a wide variety
of dramatic structures in both dense and dusty rings at locations
where the orbital period of the ring particles is approximately
a whole number ratio times the orbital period of the perturb-
ing force. For dusty rings, the best-studied structures produced
by these sorts of resonances are the longitudinally confined
arcs in both Neptune’s Adams ring and several of Saturn’s nar-
rower distant rings. However, resonant phenomena also play a
role in the vertical structure of Jupiter’s Halo ring and appear
to organize material in Saturn’s D ring, Roche Division, and
spokes.

12.3.3.1 A Brief Review of Important Mean-Motion
Resonances

Resonances occur when the frequency of a periodic perturbing

force acting on the ring particles is close to a whole number

ratio times the particles’ orbital frequencies. In these situa-
tions, small perturbing forces can build up and have significant

effects on the particles’ orbital parameters (see Chapter 2).

However, there are a number of different types of resonances

that influence different orbital parameters. The resonances we

will consider in this section are as follows.

e Lindblad (eccentric) resonances (LER), which affect the
ring-particles’ orbital eccentricities. These resonances occur
at radial locations where the difference between the angu-
lar frequency of the perturbing potential w, and the ring-
material’s orbital mean motion n is an integer m times the
ring-materials’ radial epicyclic frequency k = n — @y, where
wy is the apsidal precession rate:

Kk =mmn — wp). (12.15)

When the perturbing force is the gravitational pull of a satel-
lite, the strongest such resonances occur at the locations
where w), equals the satellite’s mean motion ng, and so the
resonant condition becomes:

Kk =m(n —ng), (12.16)

where n — ng is the synodic frequency at which the satellite
comes into conjunction with the particle. This expression can
also be written in the following form:

mns = (m — 1)n + . (12.17)
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e Vertical (inclination) resonances (VIR), which affect the
ring-particles’ orbital inclinations. These occur where the
difference between the angular frequency of the perturb-
ing potential w, (which must now produce a vertical force)
and the ring-material’s orbital mean motion 7 is an integral
multiple of the ring-materials’ vertical epicyclic frequency
v = n — §, where € is the nodal regression rate:

v=mn—w,). (12.18)

If the perturbation is due to the gravity of a vertically inclined
satellite with mean motion ng and nodal regression rate Qg,
then the strongest resonances occur where

mns = (m — 2)n + Qo + Q. (12.19)

Note that this differs somewhat from the condition for the
strongest Lindblad resonances because it is the motion of
the ring-particles’ node relative to the moon’s node that
determines the period of the vertical force.

e Co-rotation (eccentric or inclination) resonances
(CER/CIR), which affect the ring-particles’ semi-major axes
and can confine material in longitude. The most powerful
examples of these resonances occur when the ring-material
has almost the same mean motion as a satellite, in which case
the perturbations from the co-orbiting moon can cause mate-
rial to librate around the moon’s Lagrange points. However,
if the moon is on an eccentric or inclined orbit, co-rotation
resonances can occur at multiple semi-major axes. For exam-
ple, if a satellite is on an eccentric orbit with a mean motion
ns and an apsidal precession rate @g, then co-rotation
eccentricity resonances can occur where

mng = (m — )n + wsg. (12.20)

Note that the conditions for all three types of resonances with
satellites occur where mng >~ (m — 1)n (technically, the corre-
sponding vertical resonances have 2mng >~ (2m — 2)n), so it is
possible for multiple resonances to influence the ring-particles’
orbital properties at once. Indeed, for m >> 1, each co-rotation
eccentricity resonance is situated very near a corresponding
Lindblad resonance with the same satellite. Comparing Equa-
tions (12.20) and (12.17) reveals that the mean motions of the
two resonant locations differ by:

Wy — Ws
(Sn:nCER —N[LER = ——————. (12.21)
m—1
Both of the above precession rates are set by the planet’s grav-
itational field, so the physical separation between these two
resonances can be written as:

2 n Rp\2
aLER —dcER = Sa— J2<7) aF(m), (12.22)

where Rp and J, are the radius and the oblateness of the cen-
tral planet, while F(m) is a positive number that depends on
m. Note that since dn is always strictly positive when the ring
material is interior to the moon, in these cases the CER is
always closer to the planet than the LER. Such interacting res-
onances probably play an important role in the formation of
longitudinally confined ring arcs. Because of these complica-
tions, we will consider those systems after first discussing some
simpler patterns that appear to be generated by the action of

individual resonances. Some of these are also due to resonances
with the planet’s various moons, but others can be attributed
to resonances with asymmetries in the planet’s electromagnetic
field.

12.3.3.2 Vertically Extended Dusty Rings Produced by
Vertical Resonances

Jupiter probably provides the clearest example of how reso-
nances with a planet’s electromagnetic field can influence the
structure of a dusty ring. Jupiter, of course, has a very power-
ful magnetic field that is tilted by roughly 10° from the planet’s
spin axis, so Jupiter’s rotation produces clear time variations
in the planet’s magnetic field and radio emissions, allowing the
planet’s rotation period to be precisely measured. Hence the rel-
evant perturbation frequency is well known and it is relatively
straightforward to determine the locations in Jupiter’s rings
where various resonances with the magnetic field might exist.
In particular, it turns out that the transition between Jupiter’s
flat Main ring and its vertically extended Halo ring occurs
close to the 3 : 2 “Lorentz” resonance with the planet’s magnetic
field (Burns et al., 1985). At these resonances, governed by an
equation like Equation (12.19) but with ng reinterpreted as the
planet’s spin rate, the periodic vertical forces from the rotat-
ing magnetic field become commensurate with the particles’
epicyclic vertical frequency, which allows those perturbations
to excite significant inclinations (Hamilton, 1994). Indeed, it
is thought that the Halo ring consists of material derived from
Jupiter’s Main rings that has slowly drifted inwards under the
influence of Poynting—Robertson drag until it passed through
these Lorentz resonances to become vertically puffed up into
the Halo ring (Burns et al., 1985).

12.3.3.3 Patterns Generated in Dusty Rings by Lindblad
Resonances

Cassini observations have revealed several structures in dusty
rings that are probably generated by Lindblad resonances. The
most straightforward example of these is a series of dark gashes
in the outer part of Saturn’s G ring, around 170000 km from
Saturn’s center (see the lower panel of Figure 12.17). These
gashes fall on top of the 8:7 Lindblad resonance with Mimas,
and they probably arise because the particles near this resonance
are having their orbital eccentricities excited and aligned by
Mimas’ gravitational perturbations. In dense rings, these orga-
nized motions give rise to sharp edges or spiral density waves
(see Chapters 3, 10, and 11) that track the moon that gener-
ated them, and these gashes seem to be the analogous structures
for faint rings. Indeed, these patterns can be reproduced using
a relatively simple model where the particles’ average orbital
eccentricity and pericenter locations follow prescribed trends in
the vicinity of the resonance (Hedman et al., 2009b).

Similar patterns of diagonal dark bands can also be found in
the Roche Division and D ring (Hedman et al., 2009b). In these
cases, there is no Lindblad resonance with any known satellite
that could produce these features. However, these features do
occupy regions where the mean motions of the ring particles are
4/3 and 1/2 of the planet’s rotation rate, respectively. Thus these
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Figure 12.17 Maps of Saturn’s G ring derived from Cassini images,
each showing the brightness of the ring at a particular inertial
longitude as a function of radius and time (a proxy for co-rotating
longitude). In the upper panel, the most obvious feature is a
longitudinally confined arc of material around 167 500 km, which is
likely confined by the 7 : 6 co-rotation eccentricity resonance with
Mimas. In the contrast-enhanced lower panel a series of dark gashes
can be seen in the ring around 170 000 km, which are probably
generated by the 8 : 7 Lindblad resonance with Mimas (from Hedman
et al., 2009b).

patterns are probably generated by Lindblad resonances with
asymmetries in the planet’s gravitational or electromagnetic
fields. Indeed, some of these patterns were observed to track
variations in the planet’s radio emissions, supporting the notion
that they are driven by non-gravitational perturbing forces.

12.3.3.4 Resonances and the Formation of Spokes

The formation of the dusty “spokes” that appear over Saturn’s
B ring near the planet’s synchronous orbit may also involve res-
onant phenomena. Some of these features have narrow radial
morphologies, while others are triangular with an apex pointing
toward the location of the synchronous orbit (i.e. where n =
2)). Some of the triangular structures have sharp radial edges,
while others appear to be older and sheared out by the Kepler
motion of the individual ring particles. Radial edges, proxim-
ity to synchronous orbit, and the pointing of triangular spokes
all strongly suggest the importance of electromagnetic forces.
Imaging studies with Voyager, Hubble, and Cassini data all
indicate that spokes are composed of micron-sized dust grains
(Doyle and Grun, 1990; McGhee et al., 2005; Mitchell et al.,
2013). As previously described in Section 12.2.1.1, Cassini
infrared imaging indicates that somewhat larger dust grains are
also present in spokes (D’ Aversa et al., 2010).

Spokes were plentiful in Saturn’s rings during the Voyager
era when Saturn was near equinox and the rings were nearly
edge-on as seen from the Earth and Sun. As Saturn progressed
toward solstice, however, the rings opened up to present a more
face-on aspect to the Earth. Long-term monitoring from the
Hubble Space Telescope revealed that spokes gradually disap-
peared during this time (McGhee et al., 2005), reappearing only
many years later after Cassini’s arrival at Saturn (Mitchell ez al.,
2013).
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Both Voyager and Cassini imaging show that spokes can form
anywhere in the B ring, but that they display a marked prefer-
ence for the morning side of the ring and for particular phases of
the planet’s periodically modulated radio emissions (Porco and
Danielson, 1982; Mitchell er al., 2013). These findings suggest
that asymmetries in Saturn’s electromagnetic field play some
role in generating or controlling these features. However, while
the Cassini data has confirmed that spoke periodicities are close
to the periodicities in the magnetosphere, the connection with
the specific time-variable periods is still unclear. Most theories
for spokes rely on meteoroid impacts into the ring to trigger
spoke formation (Goertz and Morfill, 1983), and such impacts
have been observed both indirectly (Hedman et al., 2011a) and
directly (Tiscareno et al., 2013) in the Cassini era. Some have
even suggested that spokes are formed by storms in Saturn’s
atmosphere that perturb the electromagnetic environment over
the rings (Jones ef al., 2006). It is fair to say that, 35 years after
their discovery, spokes remain a mystery.

12.3.3.5 Co-rotation Resonances, Saturn’s Tenuous Ring
Arcs, and Embedded Moons

Longitudinally confined ring arcs have been observed in the
dusty rings around both Neptune and Saturn. Around Neptune,
four arcs (named Courage, Liberté, Egalité, Fraternité) are con-
fined in a 40-degree-wide azimuthal range within the Adams
ring (Smith et al. 1989; see Figure 12.18). These incomplete
rings have maintained their basic structure since their discov-
ery in 1984 (Hubbard er al., 1986) although adaptive-optics
images obtained between 2002 and 2007 with the Keck and the
VLT telescopes showed significant changes in the brightness
of these arcs, with the leading two arcs almost disappearing in
more recent data (de Pater er al., 2005; Renner et al., 2014).
More recently, data from the Cassini spacecraft have revealed
much more tenuous arcs of material surrounding the tiny moons
Aegaeon, near the inner edge of the G ring (see upper panel of
Figure 12.17), and Anthe and Methone (Figure 2.18). Again,
these arcs of debris appear to be stable for multiple years.

Persistent ring arcs require some active confinement mecha-
nism because an unconfined arc of particles following Keplerian
orbits with average semi-major axis a and average mean motion
n will have a spread of mean motions dn given by the following
expression:

n=—-n—, (12.23)
2 a

where da is the spread in the semi-major axes. The correspond-
ing spreading timescale is:

2 d7r a2

Ts = n = 3/GMp da
where M p is the mass of the central planet. This timescale is
very short for the known arcs. For example, Neptune’s ring arcs
would be spread into complete rings over a timescale Ts ~ 3.4
yr, using a = 62932.7 km (Renner et al., 2014), GMp =
6.8351 x 10% km?3 . s~2 (Owen e7 al., 1991), and assuming that
the radial width of the arcs, W >~ 15 km (Porco et al., 1995), is
equal to the semi-major axis dispersion da. Alternatively, these

(12.24)
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Figure 12.18 Images of arcs in dusty rings. The top image from the
Cassini spacecraft shows faint arcs of material orbiting Saturn that are
associated with the small moons Anthe and Methone (Planetary
Photojournal image PIA11102). The bottom image from the Voyager
spacecraft shows the arcs in Neptune’s Adams ring (Planetary
Photojournal image PIA01493).

arcs should lengthen at a rate of about 0.3 deg. day~!. Such a
large value should have been detected by the observations, but
were not, thus showing that the arcs are actively confined.

Co-rotation resonances provide a natural mechanism for con-
fining ring material in radius and longitude because in the
restricted three-body problem a ring particle can remain trapped
within a finite range of longitudes in any reference frame
rotating at a mean motion n that satisfies Equation (12.20)
for co-rotation eccentricity resonances or a similar expression
for co-rotation inclination resonances. Indeed, such resonances
have been invoked to explain both Saturn’s and Neptune’s ring
arcs.

Even though they were found later, we will consider Saturn’s
ring arcs first because their confinement is somewhat easier
to understand. The average mean motions of these arcs match

those expected for material confined by Co-rotation Eccen-
tricity Resonances (CERs) with Mimas, with the G ring arc
occupying the 7:6 CER and the material associated with Anthe
and Methone being trapped within the 10:11 and 14:15 CERs,
respectively (Hedman et al., 2009a, 2010a). Furthermore, these
resonances clearly influence the motion of the arcs’ source
moons, and indeed Aegaeon, Methone, and Anthe all appear to
be trapped in the same resonances that confine the arcs (Spitale
et al., 2006; Cooper et al., 2008). The material trapped in each
arc can therefore be regarded as debris knocked off each moon
with insufficient speed to escape the relevant co-rotation site.
Furthermore, the optical depths of Saturn’s ring arcs are very
low (<1079), so collisions among the ring particles should be
rare and we can model the arcs as a collection of test particles
moving in the combined potential of Saturn and Mimas.

Even in these relatively simple situations, some impor-
tant complications arise because Mimas’ eccentricity is large
enough (~ 0.02) for the CER libration sites to encompass the
radial locations of the nearby Lindblad resonance. El Moutamid
etal. (2014) developed a generic, dimensionless model to inves-
tigate the interactions between the m+1:m CER and Lindblad
resonance. They studied the coupled effects of the two reso-
nances through a two degrees of freedom system, for which a
possible form of the equations of motion is’

= —gcsin(We) — Jp

X

Ye= x

. 12.25
h= —(+ Dk (1223
k= +(x+Dh+eL,
where

= \/glmle cos Wy,
k= \[3|m|e sin Wy,

Vo= (m+ 1)As —mh — wg
VU, = (m+1DAs—mi—o@

Jo = 3m%e?)2 (12.26)
x = 3m(a—ac)/2ac
D= (ozs—o)/nc

er = 3|m|A™(Mg/M)(a/as)
ec = 3m*EMes(Mg/M)(a/as).

The first two equations of the system (12.25) describe the
CER and the last two describe the Lindblad resonance. Here
We and Wy are the arguments of the CER and Lindblad reso-
nance, respectively. The terms A” and E™ are combinations of
Laplace coefficients (Shu, 1984), which can be approximated
by A™ ~ —E™ ~ 0.8m for [m| >> 1. Note that x measures
the particle’s distance from the CER, ac is the CER radius, n¢
the associated mean motion, and the three fundamental param-
eters of the model D, €1, ec are respectively the (normalized)
distance in frequency between the CER and the Lindblad reso-
nance, the eccentricity forcing by the Lindblad resonance, and
the CER strength (n+/|ec| is the CER frequency). The coupling
between the two resonances arises from the J 1, term in the first
equation and the x term in the third and fourth equations. These

2 Note that the dots in Equations (12.25) are the derivatives with respect
to nct where ¢ is the usual time and n¢ is the mean motion at the CER.
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Figure 12.19 Surfaces of section for the parameters W¢ and x (x
being measured in units of v/|€c|) in the vicinity of Aegaeon’s orbit.
The dashed-dotted horizontal line is the 7:6 LER radial location at

x = —D. The gray curve corresponds to the actual orbit for Aegaeon,
while the other surfaces of section correspond to particles having the
same parameters as Aegaeon, except for the initial semi-major axis or
x (Equations (12.26)). The integration time is 830 years, and the
initial is epoch 2004 October 08 06:01:00.5. (Adapted from EL
Moutamid et al., 2014).

interactions can lead to chaotic motions in the vicinity of these
resonances.

The large eccentricity of Mimas results in a strong cou-
pling between the two resonances, causing the regular orbits
of Anthe, Methone, and Aegaeon to be surrounded by large
chaotic seas (El Moutamid ez al., 2014).> The chaotic regions
are always surrounded by regular trajectories, so the CER stabil-
ity is not affected. The equations can be numerically integrated
to produce Poincaré surfaces of section (W¢, x). Figure 12.19
shows an example of this sort of plot for Aegaeon’s motion in
the 7: 6 resonances. The position of the satellite (in gray) with
respect to the CER radial location (y = 0) is plotted every time
the k-component of the eccentricity vector is zero. The satellite
initial conditions, the CER radius ac = 167491.6 km, and the
mass of Mimas are used to compute the parameters in Equations
(12.26). The Lindblad resonance radius at x = — D is indicated
by a dashed-dotted horizontal line. In parallel to this work, an
investigation of the long-term dynamical evolution (Callegari
and Yokohama, 2010) found chaotic motions for objects on
orbits close to Anthe’s and Methone’s that could lead to orbit
crossings with Mimas in timescales of thousands of years.

It is also interesting to note that the semi-major axis varia-
tions for Aegaeon, £4 km (Hedman ez al., 2009a, 2010a), are
small with respect to the width of the co-rotation site (~ 30 km).
The satellites Anthe and Methone, located outside the orbit of
Mimas (resonances 10:11 and 14:15, respectively), have similar
surfaces of section (EI Moutamid et al., 2014), but with larger
libration amplitudes in terms of semi-major axis, 25 and £20
km, respectively, i.e. about half of their CER widths (~50 km).
This is consistent with previous work that indicated Aegaeon’s

3 By contrast, for Neptune’s ring arcs, the Lindblad resonance is far
enough from the CER and can therefore ensure the radial confinement of
the collisional Adams ring (Goldreich et al., 1986).
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orbit is closer to the exact CER than Anthe’s or Methone’s are
(Hedman et al., 2010a). One possible explanation for this obser-
vation is that Aegaeon has undergone more significant orbital
evolution via its interactions with the other objects in its arc.
This would be consistent with the fact that Aegaeon’s mass is
much smaller relative to the total mass in its arc than Anthe’s
and Methone’s masses are, but more detailed numerical calcu-
lations that consider interactions among multiple bodies in the
resonance (cf. Sun er al., 2017) are needed to test this idea.

12.3.3.6 Neptune’s Denser Ring Arcs, Confinement by
Resonances and/or Co-orbital Moons

The dynamics of the arcs in Neptune’s Adams ring are more
complex than those of Saturn’s tenuous ring arcs (see Chap-
ter 5). This may be because Neptune’s arcs have optical depths
around 0.1 (Smith ez al., 1989; Porco et al., 1995), and so colli-
sions among the ring particles cannot be ignored. The primary
issue here is that the co-rotation sites correspond to dynami-
cally stable potential maxima, so energy dissipation by inelastic
interparticle collisions will cause particles to move away from
these sites. Material therefore cannot be confined unless the dis-
sipated energy can be replenished. A nearby and well-separated
Lindblad resonance can supply the orbital energy required to
maintain ring particle libration around the co-rotation site by
exerting repulsive torques on the ring material. The change rate
of energy (per unit mass) ¢ for particles around co-rotation
points, averaged over one libration period ¢, is given by

. 3 1 dar
f=—25 7/ a—dt, (12.27)
dnoas Tc Jr. da

where ag is the average orbital radius, o the ring surface density,
and dTI"/da the torque density, that is, the torque exerted by the
satellite per unit radius (Sicardy, 1991). Because of the presence
of the term a in front of dI"/da, the energy received is propor-
tional to the gradient of the torque density d r / da’. Physically,
this means that a given particle must undergo a larger repulsion
on the inner side of its libration path than on the outer side, in
order to compensate for the spreading effect due to dissipation.
Thus, the resulting differential torque across a co-rotation site
can serve to stabilize particles and form a stable ring arc.

The exact resonances involved in confining Neptune’s arcs
have also been debated. The requisite resonances are often
attributed to the small nearby satellite Galatea, which has a
slightly inclined orbit with I =~ 0.05 deg (Owen et al., 1991)
and lies only 980 km inside the Adams ring, placing the latter
very close to Galatea’s 42:43 resonance. After this 150-km wide
moon was discovered in Voyager images, Porco (1991) com-
bined the available spacecraft observations with the previously
developed theory of Goldreich et al. (1986), and suggested that
the arcs could be confined by a combination of the 42 :43 co-
rotation inclination resonance (CIR) and Lindblad resonance
with this moon. Additional detailed simulations (Foryta and
Sicardy, 1996; Hanninen and Porco, 1997; Salo and Hénninen,
1998) supported this confinement mechanism. However, subse-
quent Earth-based and HST observations (Dumas et al., 1999;
Sicardy et al., 1999) indicated that the ring arcs are near, but not
within, the CIR with Galatea, in agreement with one of the two
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possible solutions for the arcs’ motion found by Nicholson et al.
(1995) after a reanalysis of all previous Earth-based occultation
data. In 2002 and 2003, adaptive-optics Keck images confirmed
the mismatch between the arcs’ position and the location of
the 42:43 CIR (de Pater er al., 2005). The latest Earth-based
adaptive optics observations were taken in 2007 at 2.2 um (K
band) with the Very Large Telescope (Renner et al., 2014),
re-confirming the mismatch and improving the mean motion
values for the arcs and Galatea.

As it became clear that the material could not be trapped in
the CIR, Namouni and Porco (2002) suggested that the 42 :43
co-rotation eccentricity resonance (CER) with Galatea could
potentially confine material at the arcs’ observed semi-major
axis, provided those arcs have sufficient mass. This resonance
creates 43 potential maxima, each of length 8.37 deg, which
does not completely account for the angular lengths of the arcs.
The ring mass needed to shift the CER to the arcs’ position
(=~ 0.002 Galatea’s mass) assumes an eccentricity of 107 for
Galatea and would correspond to a small satellite of 10 km in
radius (for a density of ~ 1 g cm™3). The mass required in
this model cannot be contained in a single body since Voy-
ager data excluded undetected satellites of radius larger than
6 km (Smith er al., 1989; Porco et al., 1995). The exact origin
of the small residual orbital eccentricity of Galatea, consistent
with a forcing by Adams ring’s small mass, also still has to be
determined.

While models where the arcs are confined by resonances
with a single satellite are the most economical, an alterna-
tive explanation is that the arcs’ confinement involves a small,
undetected satellite that can trap dust around its Lagrangian
triangular points L4 or Ls to form arcs of material (Lissauer,
1985). Since the Lagrangian points are not associated with
Lindblad resonances, this model required a second satellite to
ensure radial shepherding, and so is more complex than the
above models. It turns out that a 6-km-wide icy satellite (near
the detection limit of Voyager) would create co-rotation sites
with a maximum radial width of about 0.6 km, similar to the
CIR sites generated by Galatea, and with a longitudinal extent
that encompasses the 40 degrees azimuthal range of the arc
system, but without prescribing the observed azimuthal lengths
of the four arcs (which are also a challenge for the resonance
models).

More recently, Renner ef al. (2014) have proposed a sce-
nario that generalizes this shepherding theory (Lissauer, 1985;
Sicardy and Lissauer, 1992). This model basically assumes
that the Adams ring contains a collection of a few moonlets
that maintain stable co-orbital relative positions akin to the
Lagrangian L4/Ls points. Renner and Sicardy (2004) exam-
ined the existence of stationary configurations for N co-orbital
satellites with small and arbitrary masses. The domains of
stable equilibria correspond to configurations where the co-
orbitals are either positioned near the L4 and L5 points of the
most massive satellite, or are grouped near one of these two
points. Renner et al. (2014) showed how the observed inter-
arc regions lead to a limited space of possible masses for the
hypothetical satellites that achieve equilibrium. The observed
arcs would then be composed of debris trapped between those
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Figure 12.20 Motion of four co-orbital satellites and test particles
around Neptune, showing the orbital radius vs longitude in a frame
rotating with a satellite S| (diameter = 10.5 km, assuming a density of
lg cm_3). The other satellites S, S3, and S4 are smaller (diameters
around 2.2 km). The co-orbital bodies are in a stable stationary
configuration, and the test particles show how arcs of debris can be
trapped between these moons (adapted from Renner e al. 2014).

co-orbital satellites, as shown in the simulation result of Figure
12.20, while Galatea ensures radial shepherding through the
42:43 Lindblad resonance. The system of co-orbital satellites
is 0.25 km outside the CIR, as given by the observations,
and remains stable under the effects of Galatea’s perturba-
tions, with a slow libration motion of the moonlets around
their equilibrium configuration. Thus, the Adams ring would
be in an intermediate situation between a fully collisional ring
with only small particles, and a fully accreted system where
only one satellite survives after swallowing up all the ring
material. Note that the model of Renner er al. (2014) natu-
rally explains the observed arc azimuthal lengths as the result
of the relative angular positions of the satellites in equilib-
rium.*

Finally, we should note that the observations made since
2002 have revealed that the relative brightness and longitudi-
nal extent of the arcs have changed significantly in recent years
(de Pater et al., 2005; Renner et al., 2014). While the three
brightest arcs were of comparable brightness during the Voy-
ager encounter, the Liberté arc has largely disappeared in data
obtained since 2002, leaving two bright arcs in recent data.
Furthermore, more recent observations revealed that the Egal-
ité€ arc was ~20% fainter than Fraternité in 2007 suggesting a
decrease in intensity that might be as high as ~44% between
2002 and 2007. Additional data are required to follow the global
time evolution of the system, which should provide important
clues about the confinement and dynamical evolution of these
arcs.

4 At the 2017 meeting of the Division for Planetary Sciences, Showalter
et al. presented evidence that these arcs also fall very close to a three-
body resonance with the moons Galatea and Larrisa, which would open
new dynamical possibilities to explore.
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12.3.4 The Dynamics of Denser Dusty Rings

Dusty rings are often assumed to be so tenuous that interactions
or collisions among the ring particles can be ignored. While this
assumption is likely reasonable for many dusty rings with opti-
cal depths below 107, like Saturn’s E ring, Jupiter’s Gossamer
rings, and Uranus’ p ring, there are several dusty rings with
substantially higher optical depths (see Figure 12.4). As with
the arcs in Neptune’s Adams ring, interparticle interactions can
be important in these denser dusty systems, giving rise to novel
structures and unexpected dynamical phenomena. Probably the
most extreme example of this is Saturn’s F ring, which con-
tains an exceptionally rich diversity of time-variable structures
that are discussed in detail in Chapter 13. However, two of the
most striking features of the F ring are its surprisingly coherent
orbital properties and its many localized brightness enhance-
ments known as clumps. Similar phenomena are observed in
other narrow dusty rings, and so comparisons among these
systems can help clarify the processes involved in producing
these features.

12.3.4.1 The Coherent Shapes of Narrow and Dense Dusty
Ringlets

Many narrow dusty rings are non-circular, with the ringlet’s
distance from the planet’s spin axis varying with both longi-
tude and time. For some ringlets, such as Saturn’s Charming
and D68 ringlets, these variations in the ringlet’s radial posi-
tion match those of a single particle’s eccentric orbit (Hedman
et al., 2010b, 2014). For other ringlets, like Uranus’ A ring
and Saturn’s Encke Gap ringlets, the shape is more complex.
For the Encke Gap ringlets, each part of the ringlet seems to
follow the track of an eccentric orbit, but the parameters of
that orbit (its semi-major axis, eccentricity and pericenter posi-
tion) vary with co-rotating longitude (Hedman et al., 2013). For
Uranus’ A ring, the shape of the ringlet appears to include a
six-lobed structure similar to the trajectories particles would
follow in the vicinity of a Lindblad resonance, although the
source of that resonant perturbation has not yet been identified
(Showalter, 1995).

In principle, these non-trivial shapes could simply indicate
that all the particles in these rings are following similar trajec-
tories because they are being perturbed by the same external
forces. For example, there is a component of the Charming
ringlet’s eccentric shape that can be attributed to solar radia-
tion pressure acting on each of the particles. However, detailed
studies of several of Saturn’s narrow dusty ringlets reveals
some difficulties with this basic picture. For one, these ringlets
consist of particles with a range of sizes and, according to
Equation (12.13), particles with different sizes should acquire
different orbital eccentricities. This would tend to disperse the
ring over a range of radii when it is near its orbital pericenter or
apocenter, but in reality the observed variations in the Charming
ringlet’s positions are noticeably larger than its apparent radial
width. Furthermore, the shape and alignment of the Charming
ringlet relative to the Sun is not constant, but instead varies over
time (Hedman er al., 2010b). These changes in the ringlet’s

Dusty Rings 331

shape match the expected changes of a single particle’s orbit
that would occur if its initial eccentricity and pericenter location
did not correspond to the fixed solution described in Sec-
tion 12.3.1.3 above. In this case the orbital eccentricity can be
decomposed into a forced component that maintains a fixed ori-
entation and a “free” component that drifts around the planet at
a steady rate determined by the planet’s gravitational field (see
Chapter 2). Similar “free” eccentricities have been observed in
the Encke Gap ringlets (Hedman ef al., 2013), and D68’s shape
seems to match that of a freely precessing orbit with no forced
component (Hedman et al., 2014). These coherent motions are
somewhat surprising, since any ringlet will consist of particles
with a range of semi-major axes, whose orbits should have dif-
ferent precession rates that will become gradually misaligned
over time.

The fact that these ringlets do maintain coherent eccen-
tric shapes strongly suggests that some process is forcing the
particles within a given part of the ring to have nearly the
same orbital elements. In principle, collisions among the ring
particles can help align their orbital pericenters, but usually
collisions are assumed to cause material to spread in the semi-
major axis. Thus it remains unclear exactly how these ringlets
preserve their coherent shapes. However, since the most opaque
of the dusty rings exhibit this behavior, it is reasonable to expect
that interactions among the ring particles, or their collective
effects on their environment play an important role.

12.3.4.2 Clumpy Rings

Another interesting aspect of the denser dusty rings is that they
can exhibit dramatic longitudinal brightness variations. Besides
the arcs in Neptune’s Adams ring, significant brightness vari-
ations have been reported in Uranus’s A ring, Jupiter’s Main
ring, and several of Saturn’s dusty ringlets, including the F ring.
Some of the brightness variations in Saturn’s D68 ringlet and
Uranus’ A ring are broad-scale and may have some connec-
tion with these ringlets’ non-trivial shapes (Showalter, 1995;
Hedman et al., 2014). However, Jupiter’s Main ring, Uranus’ A
ring, and the dusty ringlets in Saturn’s Encke Gap also contain
small-scale brightness enhancements that are often referred to
as “clumps” (see Figure 12.21). Some of these clumps could
represent debris released by impacts into or among the larger
objects in these ringlets, while others may consist of material
that is confined by outside forces similar to those that have
been invoked to explain the arcs in Neptune’s Adams ring. Cer-
tainly the proximity of the clumps in Jupiter’s ring to the moon
Adrastea, and of the Encke Gap ringlets to Saturn’s moon Pan,
strongly suggest that those moons play some role in sculpt-
ing those ringlets. Indeed, the central ringlet in the Encke Gap
appears to consist of material that straddles Pan’s orbit.

The available data on the clumps in Jupiter’s and Uranus’
dusty ringlets are unfortunately quite limited. However, Cassini
has provided abundant information about the clumps in the
Encke Gap ringlets. These observations allow us to observe
how the distribution of these clumps changes over time as they
slowly drift relative to each other, as well as grow, merge, and
dissipate (see Figure 12.22). These data reveal that while the
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Figure 12.21 Clumps in dusty rings. The image of Jupiter’s Main ring
from New Horizons (Showalter ef al., 2007) shows a series of bright
patches near the small moon Amalthea. The Voyager data on Uranus’
A ring (Showalter, 1995) reveals a localized brightness enhancement
less than half a degree long. The bottom image is a mosaic of Cassini
images showing a complex array of clumps on the ringlets in the
Encke Gap (Hedman et al., 2013).
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Figure 12.22 Plot showing the positions of the clumps in the Central
Encke Gap Ringlet (relative to Pan) over the course of the first six
years of the Cassini Mission (black plusses and gray diamonds
correspond to different data sets). Note how the clumps are confined to
a region just in front of Pan and that within this region the clumps
slowly drift relative to each other (adapted from Hedman ez al., 2013).

locations of individual clumps can change over time, the over-
all distribution of clumps is remarkably constant. For example,
clumps in the Central Encke Gap ringlet, which consists of
material that closely follows the orbit of Saturn’s small moon
Pan, are only found within 60 degrees of longitude directly in
front of that moon (Hedman ez al., 2013). This was also the case
in the Voyager era (Ferrari and Brahic, 1997), and so this asym-
metric clump distribution appears to be a persistent feature of
this ringlet. It probably arises from interactions between gravi-
tational perturbations from Pan, non-gravitational forces arising
from the planet’s magnetosphere, and interactions among the
ring particles themselves.

Detailed examinations of the ringlet’s orbital properties
reveal that, outside the clump-rich region, the mean radius
of the Central Encke Gap Ringlet is between 0 and 10 km
exterior to Pan’s semi-major axis. This implies that the ring
particles orbit the planet more slowly than Pan, and so drift
backwards relative to the moon. In fact, the mean radius of the
particles appears to grow as the particles move further and fur-
ther downstream of Pan. This trend could be explained if the
ringlet particles are experiencing a drag force from their col-
lisions with the planet’s magnetospheric plasma. However, as
the particles approach the clump-rich region in front of Pan, the
average radius of the ringlet falls back to that of Pan’s semi-
major axis. What may be happening here is that as the particles
begin to approach Pan, the moon’s gravitational pull will act in
the opposite direction to their orbital motion, extracting energy
from their orbits and causing them to fall closer to the planet.
Normally, this would cause the particles to start to drift for-
wards relative to Pan so that their trajectories librate around the
moon’s Lagrange points (following so-called horseshoe orbits).
However, in this case the material that tries to move forwards
relative to Pan will still feel a drag force and so drift outwards
until their semi-major axes are greater than Pan’s, causing it
to move back towards the moon. The combination of such a
drag force with Pan’s gravitational perturbations can therefore
cause material to become trapped in the region just in front of
Pan. Furthermore, material in this region could become concen-
trated because collisions among particles drifting in opposite
directions could slow their relative motions, increasing the local
particle density and the probability that further collisions will
occur. This could even lead to the creation of clumps, but
numerical simulations are needed to properly evaluate these
ideas.

124 OPEN QUESTIONS AND FUTURE
DIRECTIONS

Dusty rings are a rich collection of dynamical systems exhibit-
ing a diverse array of structures and compositions. The cur-
rently available data from Earth-based telescopes and spacecraft
instruments have provided many important insights into how
these rings operate, but there is still much left to learn and
understand. Some of the open questions regarding these dusty
systems that still need to be answered include the following.

e Why do so many different dusty rings appear to have a feature

in their size distribution around a few tens of microns?
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e What is the ultimate origin of the multiple compositional
classes of particles observed in Saturn’s E ring?

e How exactly are the asymmetries in the E ring generated and
maintained?

e How are the spokes above Saturn’s main ring formed and
what phenomena govern how they evolve?

e How are the periodicities observed in Saturn’s Roche Divi-
sion, spokes, and D ring related to each other and to
asymmetries in the planet’s magnetosphere?

e Precisely how are Neptune’s ring arcs confined?

e How do some dusty rings maintain their coherent shapes and
structures and what prompts some of these rings to develop
long-lived clumps?

e What dynamical phenomena are responsible for the complex
array of structures seen in Saturn’s D ring, Jupiter’s Main
ring, and the dusty material surrounding Uranus’ main ring
system?

e What processes could have caused the changes in the struc-
tures of multiple dusty systems (e.g. Neptune’s ring arcs,
Uranus’ ¢ ring, Saturn’s D ring) over the past few decades?
For the near future, the vast amount of data returned by the

Cassini spacecraft will certainly help many of the efforts to
answer these and other questions about the dusty rings. The
Cassini data are not only important resources for exploring the
properties of Saturn’s dusty rings, they can also help clarify phe-
nomena observed by other spacecraft in the dusty rings around
Jupiter, Uranus and Neptune. At the same time, advances in
technology are enabling telescopes on and around Earth to
find previously unseen dusty rings and document the long-term
evolution of dust-rich structures, while increasingly powerful
numerical methods are allowing the dynamics of these sys-
tems to be explored in greater and greater detail. Thus there
are good reasons to think that our understanding of dusty rings
will continue to advance as we await the next mission to the
outer solar system that can provide us with a new set of up-close
observations and a fresh set of puzzles to ponder.
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