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Abstract

The observations of planetary rings acquired by the Cassini and Voyager missions and from the Earth

have launched large advancements in our knowledge of planetary ring formation, evolution, and dynamics.

Today, the study of the ring systems around our giant planets has evolved further into using the rings

themselves as a tool to learn about their home planetary systems. In Chapter 2 we use two of the narrow

rings of Uranus to probe for unseen nearby small moons who gravitationally interact with the rings and

produce wake-like structures. These small moons both provide a possible solution for the confinement

of their neighboring narrow rings and may represent a subset of the upper end of the ring particle size

distribution. In Chapter 3 we detect the effects of a resonant induced radial mode in the Uranian η

ring. The amplitude of the radial oscillations observed in the η ring allow us to estimate the mass of the

perturbing moon Cressida. This is the first such measurement of small inner Uranian moon’s mass and

density. In Chapter 4 we track the presence and strength of periodic brightness variations in Saturn’s

dusty Roche Division and find that they are most likely caused by the seasonally varying planetary period

oscillations of Saturn’s magnetic field. This is just one of many ways in which the rings of Saturn have

been found to be interacting with their magnetospheric environment.
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4.1 On top is a labeled image (N1870374754 from Rev 268a), with arrows noting ring features

and moons. The image has been stretched to highlight faint dusty structures. Note that the

narrow Keeler Gap is not visible in this image because the stray light from the A ring causes it

to appear artificially bright. Below are two radial scans of the image, showing the azimuthally

averaged reflectance of the rings in Normal I/F (see Section 4.4.2) vs. radial distance from

Saturn’s center. The lower plot is zoomed in on the Roche Division. Dashed lines mark the

semi-major axes of each moon, while the dotted lines mark their pericenter and apocenter in
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resonances. The actual radial locations of Atlas and Prometheus at the time the image was
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4.2 This map of the Roche Division is made up of average brightness radial profiles of individual
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4.3 Above is a corrected brightness map of the Roche Division from Rev 281 similar to Figure

4.2, atop the fractional variation in the rings brightness at each radius and pattern speed.

The SKR (X) and MAG (square) rate/radius are marked in blue for the northern hemisphere

(red for the southern hemisphere at early times). The peak of 4.5% occurs at 799.2 ◦day−1

or 137, 385 km. When the resonant structures are detected, those with the largest fractional

brightness variations consistently occur in this inner region of the Roche Division near the

magnetospheric periodicities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4 The top panel is a small map of the high amplitude structure of Rev 281 from Figure 4.3, but

with a pattern phase axis rather than time to conform with Equation 4.5. The middle panel

is the model of the region made with Equation 4.5, after approximating L as the full width at

half maximum from a Lorentzian fit (red curve) to the bottom panel showing the fractional

change in brightness across the structure at each radius. . . . . . . . . . . . . . . . . . . . . 55



xiii

4.5 This plot is a summary of Roche Division maps and their m = −3 fractional amplitudes of

observations taken over the course of the Cassini mission whose durations are 7 hours or longer.

Each map is scaled to the same time scale (height), where for example Rev 196 is about one

local orbital period (∼ 14.5 hours). Subsequent observations are stacked on top of one another

sequentially in time, marked by the month and year the observation took place, and delineated

by dashed lines or a solid line to separate out the main epoch ranges. The curves in the right

portion of the figure are measures of the fractional amplitudes amplitude of brightness variation
average brightness at

each radius. These curves show the abundance of peaks occurring when appropriate northern

(blue) or southern (red) SKR (X) and MAG(square) periods may be affecting the region. See

Appendix G for larger plots of each observation. . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.6 These plots show the phase angle (top), emission angle (middle) of all Roche Division observa-

tions in Table 4.1, and Saturn’s subsolar latitude (bottom) versus the time of each observation.

The red or dark symbols correspond to observations where the longitudinal brightness varia-

tions were visible in the Roche Division. The vertical dotted lines mark Saturn’s equinox in

2009 and solstice in 2017. The horizontal dashed line marks 0◦ and 90◦ in the relevant plots.

The lack of brightness variation detections in many observations cannot easily be attributed

to their photometric angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.7 This plot shows the rotational modulation rates of the Southern (red) and Northern (blue)

hemispherical components of the SKR (Ye et al., 2018) (solid) and MAG (Provan et al., 2018)

(dashed) versus time. Light horizontal dashed lines mark the effective edge of the A ring edge

(near 805 ◦day−1) , and the pattern speeds for reference radii at 137, 000 and 137, 500 km.

A vertical dashed line marks the vernal equinox. The vertical gray bands encompass periods

spanned by the observations in Table 4.1. The darker bands around 2006 and 2016-2017

reflect the observation epochs when we have clear detections of brightness variations in the

Roche Division. The lighter band covers the observation epoch around 2012-2014 when there

wasn’t a single detection of brightness variations in the Roche Division. This suggests that

the presence of periodic brightness variations in the Roche Division is correlated with times

when there are suitably long magnetospheric periods. . . . . . . . . . . . . . . . . . . . . . . 62

4.8 The top four panels contain maps of four Roche Division observations using the MAG PPO

longitude system, see Appendix F (Provan et al., 2018). Dashed lines mark the resonant radius

of the southern (red) or northern (blue) PPO period at the time of the ring observations. In the

lower plot are the brightness profiles of the ring map at the resonant radius marked above. The

vertical axis in this plot represent the fractional variation above or below the mean brightness

at the resonant radius. The vertical dashed lines in the bottom plot mark the longitude of

the maximum SKR emission in the MAG PPO system for each observation (Ye et al., 2018).

The innermost Roche Division structure appears to be in sync with the PPO longitude. . . . 63



xiv

5.1 Ophelia’s 14:13 and 6:5 inner Lindblad resonances fall on the outer edge of the ε ring and inner

edge of the γ ring respectively. These plots show the Equivalent Width, or radially integrated

reflectance, of the rings obtained from a Uranian ring image-movie against their m−folded

azimuthal distance from Opehlia. The observation clearly captures the subtle variation in

brightness of each ring as the m = 14 and m = 6 edge waves pass by the longitudinal region

captured in the images obtained over several hours. The variations in brightness reveal the

expected orientation of the resonant induced wavy edge on each ring (Note they occur on

opposite ring edges). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 Comparing the pattern speed range covered by the D72 region with the various rotation rates

associated with Saturn. The D ring reflectance profile from image N1866440201 is in the left

panel shown vs. effective m = 2 pattern speed range of 70, 000 to 73, 000 km from Saturn’s

center. Saturn’s bulk rotation rate is also marked in the left panel with a dashed line. The

middle panel shows Saturn’s latitudinal wind speeds and the right panel shows the SKR and

MAG PPO periods for each hemisphere over the course of the Cassini mission. . . . . . . . 71

A.1 The α ingress occultation in “semimajor axis space.” We have marked the locations of the

dips used in the wavelength analysis with triangles and have tabulated the exact semimajor

axis of each dip in Table A.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

B.1 β Persi PPS occultations of the α and β rings from the PDS. Note that like in Figure 2.1,

these are the raw radial scans with varying scales in both optical depth and radius. The

signal-to-noise ratio is much lower than the RSS data, so much so that it is very difficult to

define edges in most cases. The β ring is hardly detectable at all in the egress scan. . . . . . 93

B.2 Fourier transform of β Persei PPS occultation scans of the α and β rings. The ingress data

are shown with solid lines and the egress with dashed lines. The vertical lines show the

wavelengths, and uncertainties, that should be present if the moonlet is located as in the

determination of the RSS analysis (see Table 2.3). No Fourier spectra of the PPS data have

dominant wavelengths (except possibly the peak at ∼ 0.53 in α egress, having no obvious

correlation to structures in the ring profile) seen in the RSS analysis. . . . . . . . . . . . . . 94

B.3 β Persei PPS α ingress scan in semimajor axis space. The blue sine wave, with wavelength of

0.5 km, plotted below the data matches reasonably well with the quasi-periodic pattern near

the outer edge of the ring. Given the low signal-to-noise ratio of the PPS data set, this is

the best evidence we have for a connection between these observations, a proposed perturbing

moonlet, and the RSS observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95



xv

F.1 A model of Saturn’s PPO longitude system viewed from above the north pole, meant to enable

a further understanding of Figure 4.8. The MAG PPO longitude system ΨN/S is labeled in

black, the ring inertial longitude system λring relative to the ascending node of the rings on

J2000 is labeled in blue, and the SKR phase ΦSKR is labeled in purple. The longitude of the

Sun at Saturn noon is handily used to relate the angles between the various longitude systems.

In the MAG PPO longitude system ΨN/S = 0◦ corresponds to a minimum Bθ component in

the northern hemisphere, and a maximum Bθ in the southern hemisphere. . . . . . . . . . . 104

G.1 Image movie 029x contains images from 029ax, 029bx, and 029cx. We’ve included the images’

average inertial longitude λ, emission angle e, and phase angle α in the upper right corner.

All fits to fractional amplitude peaks compiled in Table 4.2 are shown with dashed red lines. 106

G.2 Image movie 029y contains images from 029ay, 029by, and 029cy. . . . . . . . . . . . . . . . 106

G.3 Image movie 030 contains images from 030a, 030b, and 030c. . . . . . . . . . . . . . . . . . . 106

G.4 Image movie 031 contains images from 031a, 031b, and 031cx. . . . . . . . . . . . . . . . . . 107

G.5 Image movie 032 contains images from 032a, 032b, and 032c. . . . . . . . . . . . . . . . . . . 107

G.6 Image movie 033. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

G.7 Image movie 036. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

G.8 Image movie 039 contains images from 039a and 039b. . . . . . . . . . . . . . . . . . . . . . 108

G.9 Image movie 173ax. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

G.10 Image movie 173by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

G.11 Image movie 174x. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

G.12 Image movie 174y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

G.13 Image movie 185a. Image movie 185b contains overexposed images due to an exposure time

of 18 seconds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

G.14 Image movie 196. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

G.15 Image movie 201. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

G.16 Image movie 203x. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

G.17 Image movie 203y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

G.18 Image movie 237. This movie is shorter than half an orbital period, but is included because

it is the first reappearance of the 3:4 OLR structures in the Roche Division. . . . . . . . . . 111

G.19 Image movie 241. The scale on the fractional variation plot is increased in this plot alone.

The brightness variations are substantially enhanced by the favorable lighting geometry of

this observation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

G.20 Image movie 268a. Image movie 268b contains overexposed images due to an exposure time

of 18 seconds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

G.21 Image movie 272. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

G.22 Image movie 274y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

G.23 Image movie 281. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

G.24 Image movie 287. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

G.25 Image movie 289. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114



xvi

G.26 Image movie 292. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

H.1 The top plot is an average brightness radial profile of the inner edge of Saturn’s Encke Gap,

captured in an early Cassini image N1467351325. The profile clearly shows the radial structure

of Pan’s wake on the inner edge of the Gap and a spiral density wave located just interior

to 133, 200 km. The radial ranged noted below the profile define the radial windows sampled

in the Fourier transforms whose absolute value are displayed in the lower plot with matching

line types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

H.2 The top plot is an average brightness radial profile of the inner edge of Saturn’s Encke Gap

as in Figure H.1, captured in an early Cassini image N1467351325. The lower panel shows

the wavelet transform spectrum organized in wavenumber and wavelength on the left and

right vertical axis respectively. The wavelet power is represented with contours, where darker

regions correspond to the wavelengths at each radii that are more effective representations of

the input data above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118



1

Chapter 1: Introduction

In the last several decades, scientists have discovered that planetary ring systems exist around all four

of the giant planets in our solar system (Elliot et al., 1977a; Smith et al., 1979a; Hubbard et al., 1986).

Very recently, ring systems have even been discovered around small asteroidal bodies in our solar system,

orbiting between the giant planets (Braga-Ribas et al., 2014) and in the Kuiper Belt (Ortiz et al., 2017).

In fact, planetary ring systems may be a ubiquitous phenomenon in the evolution of planetary bodies,

soon to be determined with improved observations of planetary systems beyond our solar system (Barnes

& Fortney, 2004; Aizawa et al., 2017, 2018).

The study of our planets’ rings is of general interest for a number of reasons. From a more fundamental

perspective, they are the most accessible analog to other astrophysical disks, such as the protoplanetary

disks of gas and dust encircling newly formed stars and containing the signatures of newly formed plan-

etesimals (Tamayo et al., 2015; Papaloizou & Terquem, 2006). Planetary rings even contain structures

akin to spiral armed galactic disks (Toomre, 1964; Lin & Shu, 1964; Goldreich & Lynden-Bell, 1965),

albeit on a much smaller scale. Studying our planetary ring systems at close range, along with improving

physical simulations, can more clearly reveal the behavior of these many particle disk systems.

The giant planets’ rings of our solar system have been observed from close range and in some cases over

an extended period of time, allowing for a better understanding of their current structure and evolution.

The Cassini mission in particular observed Saturn’s rings, our most extensive and complex disk system,

for 13 years of time variable study (Spilker, 2019). These high resolution observations allowed for a

many faceted study of rings, including small scale wake structures created by the self-gravity of the

constituent ring particles (Julian & Toomre, 1966; Salo, 1995; Salo et al., 2004), propeller structures

created by large unseen ring particles (Tiscareno et al., 2006, 2008), complete gaps with irregular wavy

edges sculpted by the largest embedded moonlets (Cuzzi & Scargle, 1985; Showalter, 1991; Weiss et al.,

2009; Grätz et al., 2018; Seiß et al., 2010; Chancia & Hedman, 2016), resonant spiral density waves

launched by more distant and larger moons (Goldreich & Tremaine, 1978a,b, 1980; Tiscareno et al.,

2007; Tiscareno & Harris, 2018) or by commensurate oscillations of the planetary interior (Hedman &

Nicholson, 2013, 2014; French et al., 2019b; Hedman et al., 2019; Mankovich et al., 2019), and even dusty

ring interactions with solar radiation (Hedman et al., 2010a, 2013) and electromagnetic forces associated

with the planet’s magnetosphere (Burns et al., 1985; Schaffer & Burns, 1992; Hamilton, 1994; Chancia

et al., 2019). The study of planetary rings has also revealed their intimate connection to the evolution

of their home planetary systems and most notably to their relation to the formation or fragmentation of

their moons (Duncan & Lissauer, 1997; Charnoz et al., 2010, 2011; French & Showalter, 2012; Tiscareno

et al., 2013; Ćuk et al., 2016).

In addition to Saturn’s famed ring system, planetary rings have been discovered around Uranus (Elliot

et al., 1977a), Jupiter (Smith et al., 1979a), and Neptune (Hubbard et al., 1986). These discoveries,

combined with a stream of unparalleled data and images from the Voyager 1 & 2 flybys (Smith et al.,

1979a,b, 1981, 1982, 1986, 1989), gave birth to a vast advancement in the understanding and theory of

planetary rings between the late 1970s and early 1990s. Our knowledge of these systems has progressed

with continued observations of all the giant planets with the Hubble Space Telescope (Karkoschka, 2001a;

Showalter & Lissauer, 2006; Showalter et al., 2006, 2019) and Keck Observatory (de Pater et al., 2007,
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2013; de Kleer et al., 2013), the Galileo (Ockert-Bell et al., 1999) and Cassini (Porco et al., 2005; Tiscareno

et al., 2019) orbiters around Jupiter and Saturn, and the New Horizons (Showalter et al., 2007) flyby of

Jupiter. As our pictures of these planetary ring systems has improved we have sought to address many

fundamental questions about the rings themselves. Why do all of the giant planets have rings? Why do

all of the ring systems not look the same? How did the rings form? When did they form? How long

will they last? None of these questions have simple and satisfying answers across the board, but we can

cite compelling evidence that leads us toward a likely answer in some cases. This thesis does not directly

answer these fundamental questions about the rings, but rather addresses some of the things we can learn

about planetary systems using the rings themselves as a tool to probe their environment and establish

connections between the various components in the system. This includes using the rings to probe for

small unseen moons, to measure the mass of a moon for the very first time, and to quantify magnetic

field fluctuations.

Saturn and Uranus in particular harbor the most diverse sets of rings among the giant planets. The

broad dense main rings of Saturn are perhaps the most well recognized planetary phenomenon. However,

Saturn also hosts vast spans of dusty rings best viewed when looking back towards our Sun from beyond

the rings themselves (Showalter, 1996; Hedman et al., 2007, 2009a; Murray et al., 2008; Hedman et al.,

2009b, 2012). Uranus is also better known for its denser rings, but they are extremely narrow (Elliot

et al., 1978) and dark (Karkoschka, 1997) in comparison to Saturn’s familiar broad and bright rings.

Extensive dusty rings also span from inside these dense narrow rings, between them, and then beyond

amongst the small inner moons (Murray & Thompson, 1988; Showalter & Lissauer, 2006; de Pater et al.,

2006a,b). For context, I present schematics of the Saturnian and Uranian ring-moon systems in Figures

1.1 and 1.2, where the orbital radii of the ring features and moons are to scale. The size of the moons in

each figure are displayed with a logarithmic scale based on their respective hill radii. While these systems

share similarities, they are different on a fundamental level and likely have a different history and fate.

Extensive sets of rings, such as these, are ripe for the exploration of interactions among their constituent

ring particles and with other components of the planetary system. In fact, we now know that planetary

rings respond to perturbations from many external forces. These include the planet itself and its interior

(Hedman & Nicholson, 2013), the many moons orbiting the planet (Tiscareno & Harris, 2018), and even

the planet’s magnetic field and magnetospheric environment (Hedman et al., 2009a). By uncovering and

characterizing new ring structures that are interacting with these various components of the system we

can begin to unravel the many ways in which the planetary system is interconnected and in some cases

gain insights of otherwise unknown physical parameters.

In the case of the Uranian rings, most of the available data pertain to its ten dense narrow rings.

The manner in which these rings remain persistently narrow is still unsatisfactorily determined. Initially,

the most widely accepted solution was that small moons should orbit on either side of each ring to

gravitationally shepherd the ring particles into narrowly confined orbits (Goldreich & Tremaine, 1979).

However, an extensive campaign of images obtained during the Voyager 2 flyby revealed only two such

moons straddling just the outermost ring (Smith et al., 1986). In total, only five of twenty ring edges can

convincingly be explained away by appropriately located shepherding resonances with the known moons

(Porco & Goldreich, 1987; Goldreich & Porco, 1987). Until recently, definitive measurements of these five
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Figure 1.1: The inner Saturnian ring-moon system shown here contains 19 moons, 3 bright dense rings,
and 6 fainter ring regions. The lighter white colored rings correspond the opaque A, B, and C rings
easily visible from the Earth. The darker grey and transparent rings are the dusty rings best viewed
from high-phase-angles. The Roche Division, located between the F ring and the A ring, is of particular
significance to this work. The E ring and G ring spectral slopes are represented with blue and red, but
this slope is due to their relative particle sizes, the E ring being composed sub-micron sized dust grains.
The moons are represented by circles scaled logarithmically by using the moons’ hill radii.
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Figure 1.2: The inner Uranian ring-moon system shown here contains 13 moons, 10 dark dense rings,
and 3 dusty ring regions. Two Voyager 2 images are inset matched up with their location in the rings.
The high-phase-angle image shows the poorly understood bands of dust that appear brighter than the
narrow dense rings from this favorable lighting geometry. The blue and red again represent the spectral
slopes of the two outer dusty rings, the µ ring being the only ring besides the E ring that features a blue
spectral slope. The moons are represented by circles scaled logarithmically by using the moons’ hill radii.
The Portia Group consist of nine small inner moons that orbit within a radial range of less than 18, 000
km, making the most tightly packed system of moons in our solar system.
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resonances’ effects on the rings’ shape, brightness, and orientation were largely unpublished, appearing

only in a small number of presentation abstracts (French & Nicholson, 1995; Showalter, 2011).

The mystery of narrow rings has now spread to the Saturn system, where Cassini observations have

unveiled a number of similarly narrow, sharp edged, and noncircular ring features (Nicholson et al.,

2014a; Hedman et al., 2014; Nicholson et al., 2014b; French et al., 2016a). In determining the properties

of these ring features we have learned about the different ways in which ring-moon interactions can be

manifested through various classes of resonances and we are beginning to understand the complexity

of freely precessing normal modes and axisymmetric structures produced in conjunction with perturbed

rings and edges (Hedman & Nicholson, 2019). Aside from a better understanding of planetary rings, these

studies have also revealed new connections with the interior oscillations of Saturn (French et al., 2016b),

and can even provide constraints on the planets pole direction and zonal gravity harmonics (French et al.,

2017; Nicholson & Porco, 1988). In some cases we may also obtain estimates of the masses of perturbing

satellites (Weiss et al., 2009). This feat is particularly remarkable when applied to Uranian ring-moons,

whose masses and compositions are entirely unknown.

The Uranian system is structured such that its dense main rings are found within the Roche limit,

loosely defined as the radial location beyond which the ring material of a presumed critical density will

accrete and form a moon (Tiscareno et al., 2013). In fact, the innermost moon, Cordelia orbits just

interior to the ε ring providing solid evidence for the location of this transitional zone between rings and

moons. The inner ring-moon system around Uranus is particularly tight, hosting eleven known moons

inside of the planet’s corotation radius, nine orbiting within a radial range of less than 18, 000 km. This

configuration is contrary to the Saturn system, where the corotation radius is in the middle of the dense

B ring and interior to the Roche limit near the outer edge of the A ring. Thus, the dynamical evolution of

the Uranian ring-moon system should be very different. While the tightly spaced moons of Uranus tidally

migrate inwards from the corotation radius they may gravitationally interact with neighboring moons

through resonances, chaotically collide and form temporary rings, cross resonances with the existing

rings and be torqued outwards, or possibly migrate inside the Roche limit and eventually produce a

more massive Uranian ring (Showalter & Lissauer, 2006; French & Showalter, 2012; Tiscareno et al.,

2013; French et al., 2015; Hesselbrock & Minton, 2019). These scenarios differ from the Saturn system,

where all moons are located beyond the corotation radius and are both tidally migrating away from the

rings and being torqued away from the rings through their many resonances with the massive A and B

rings. To fully understand the dynamical processes at work in the Uranian system and its unique history

and formation we require a full inventory of small inner moons and better estimates of their masses

and compositions. Until better observations can be obtained from a new mission to the planet or from

improved Earth-based telescopes, we can exploit the data we currently have to characterize all of the

detectible ring structures and provide constraints on the existence and mass of all associated perturbing

moons.

Turning to the Saturnian rings, one major recent advancement in ring science prompted by data from

Cassini was the analysis of patterns within the rings that are perturbed by oscillations inside Saturn itself

(Hedman & Nicholson, 2013). This allowed for more advanced modeling of the planetary interior through

seismology, an unlikely feat for a gas giant planet (Mankovich et al., 2019). Along with the discovery
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of these patterns are the detections of slower moving density wave structures perturbed by something

moving near the rotation rate of the planet itself (Hedman et al., 2009a; Hedman & Nicholson, 2014). In

this case, multiple physical phenomena associated with Saturn’s rotation can be interacting with the rings

simultaneously. Gravity measurements obtained during Cassini’s grand finale revealed significant mass

anomalies in Saturn’s equatorial jet (Iess et al., 2019) or at other latitudes rotating around the planet

in range of Saturn’s zonal wind speeds (Garćıa-Melendo et al., 2011). Such anomalies may produce

resonances in the rings similar to a massive satellite (Sicardy et al., 2019). Other structures may be in

resonance with the bulk planetary rotation rate (Mankovich et al., 2019) or the differential rates of a

cylindrically layered planetary interior (El Moutamid et al., 2018). Additionally, a number of periodic

brightness variations in Saturn’s dusty D ring and Roche Division were found to be in sync with the

rotational modulation of Saturn’s kilometric radiation (Hedman et al., 2009a). This association became

of greater significance as the Cassini mission progressed and several periodic phenomena associated with

the magnetosphere were found to drift in sync with Saturn’s seasonal magnetospheric periods (Ye et al.,

2018). Our study of these dusty ring structures and the time variable forces exerted upon them explores

a new mechanism for the shaping of dusty rings by their magnetic field and reveals the unexpectedly

long range propagation of resonant structures in dusty rings, drawing connections to Saturn’s mysterious

spokes (Porco & Danielson, 1982; Mitchell et al., 2006, 2013).

The treasure trove of giant planet data obtained by the Voyager and Cassini spacecraft has truly

revolutionized our ability to study planetary rings. We have begun to reach beyond the basic questions of

planetary ring dynamics and consider the complex behavior of the many interrelated components of the

giant planetary systems. In Chapter 2 I explore the ring occultation observations obtained by Voyager 2

during the Uranus flyby and identify structures akin to satellite wakes in the α and β rings that may point

to the presence of two tiny moonlets, undetected in the Voyager 2 images. I investigate a comprehensive

set of ground-based occultations of the Uranian rings in Chapter 3 and detect a new structure in the η

ring that allows us to measure the mass of the small moon Cressida for the first time. In Chapter 4 I

survey images of Saturn’s dusty Roche Division taken over the course of the entire Cassini mission and

model the influence of small oscillations of Saturn’s magnetic field that vary in frequency over the course

of the mission. Finally, in Chapter 5 I summarize the significance of the work in this thesis, make note

of the preliminary and future projects related to this work, and anticipate new planetary ring data from

future missions.
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Chapter 2: Are there moonlets near the Uranian

α and β rings?

Chancia, R.O., Hedman, M.M.“Are there moonlets near the Uranian α and β rings?” The

Astronomical Journal, 152, 211, 2016

In this work I began my investigation of rings. The project reported here was not specifically anticipated

in the proposal seeking to use an extensive set of Uranian occultation data, obtained by decades of ground-

based campaigns and from spacecraft, to explore ring dynamics and place constraints on the planet’s

internal structure. However, at the time of my initial investigations, we only had access to the public

data on the Planetary Data System’s (PDS) rings node, which includes the Voyager 2 occultations and

images, but not the decades of ground-based occultation data that are needed for the primary goal of the

investigation. The Voyager 2 occultation data contains the only information we have about the Uranian

rings’ internal structure. Thus, the goal of my initial investigation was to use newly developed data

analysis tools, used to great success with the Cassini occultations, to re-examine the older Voyager 2 data.

This re-examination of data included a new set of eyes armed with tools that were not developed when the

data were initially obtained and analyzed several decades ago. The key targets were the ε, δ, and γ rings,

where we hoped to analyze the signatures of density waves launched at resonances on the rings’ edges.

While interesting features do exist there, I also found periodic variations in ring material on the edges of

the α and β rings that are more reminiscent of satellite-wakes than of the variations of a density waves

produced in long range satellite resonant interactions.

These signatures in the α and β rings can be explained by small satellites orbiting just outside the

orbits of each ring. Estimates of their masses place them below the detection limit of the Voyager 2

images. If the moons are discovered in the future they may be used as evidence that a single nearby moon

can shepherd a narrow ring through angular momentum flux reversal over the entire narrow ring. A very

recent reconstruction of the raw radio science subsystem occultation data was presented at the Division on

Dynamical Astronomy 2019 meeting (French et al., 2019a) and shows the wake structures in the wavelet

transforms of the α ring at even greater radial resolution than in the PDS data.

2.1 Abstract

The Voyager 2 Radio Science Subsystem occultations of the Uranian α and β rings exhibit quasi-

periodic optical depth variations with radial wavelengths that vary with longitude. These patterns may

be wakes from small moonlets orbiting exterior to these rings. Based on the observed structures in the

rings, we estimate that the moonlets would need to be located ∼ 100 km exterior to the rings’ semimajor

axes (106+22
−12 km for α and 77+8

−4 km for β) and be 2 − 7 km in radius. Such moonlets could help keep

the rings confined. Due to their small radii and presumed low albedo, the expected brightness of these

moonlets is on the order of the noise in Voyager 2 images.
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2.2 Introduction

The Uranian ring system was the second to be discovered in our solar system, thanks to multiple

ground-based stellar occultation observations of Uranus on 1977 March 10 (Elliot et al., 1977b). The nine

classical rings of Uranus (named 6, 5, 4, α, β, η, γ, δ, and ε) are narrow ringlets with widths between 1 and

100 km (French et al., 1986a). These rings eluded discovery for so long both because they are narrow and

because they are composed of extremely dark particles with geometric albedos around 0.05 (Karkoschka,

2001a). Many of the rings are also eccentric, with radial deviations from circular as large as several

tens to hundreds of kilometers, and inclined by as much as 0.06◦ (French et al., 1988). Various theories

have been proposed to explain the overall architecture of this ring system, which are best summarized in

Elliot & Nicholson (1984) and French et al. (1991). The proposed solutions include a system of shepherd

satellites with appropriate resonances at each ring edge, as well as embedded satellites within the rings

(Dermott et al., 1979).

While the ground-based occultation data obtained since 1977 have provided the rings’ orbital elements

and widths, they do not have sufficient resolution to reveal the rings’ fine-scale interior structure. The

only data regarding this structure come from the three occultation experiments performed during Voyager

2’s flyby of Uranus in January of 1986. Details regarding the Voyager 2 occultations are found in Holberg

et al. (1987) (Ultraviolet spectrometer—UVS), Gresh et al. (1989) (Radio Science Subsystem—RSS) and

Colwell et al. (1990) (Photopolarimeter Subsystem—PPS). These high-resolution observations enabled

the structure of these narrow rings to be examined in more detail. For example, Porco & Goldreich

(1987) used the orbital elements determined by Owen & Synnott (1987) for the small moons Cordelia

and Ophelia and the orbital elements of the ε ring (French et al., 1986a) to show that the moons’ eccentric

resonances located on the inner and outer edges of the ε ring could be keeping the ring radially confined.

They also showed that other resonances with these moons could confine the outer edges of the δ and γ

rings. Forty years after the rings’ discovery, these two shepherd satellites remain the best evidence for

moonlets confining narrow rings. However, the search for additional moons to shepherd the remaining

ring edges has not been successful (Murray & Thompson, 1990).

Here we will use the high-resolution Voyager data to analyze the interior structure of the α and β

rings, both of which exhibit quasi-periodic optical depth variations. These structures are unusual in

that their radial wavelengths vary with longitude, even after accounting for the observable changes in

the ringlet’s width. Such longitudinally variable wavelengths are a characteristic of wakes generated by

nearby moons, and so we explore that possibility in depth in this paper. Showalter et al. (1986) developed

a model of such moonlet wakes to determine the location of the small moonlet Pan in the Encke Gap of

Saturn’s A ring using occultation data. We use their model to determine the possible location of a tiny

moonlet just exterior to the β ring and of another moonlet possibly perturbing the α ring. These moons

have locations and masses that are consistent with existing limits and dynamical constraints, and they

could help confine these rings.

In Section 2 we describe the Voyager 2 RSS occultations used for this analysis. In Section 3 we

summarize the theoretical background of the narrow ring problem and moonlet wakes. Section 4 shows

the application and results of our ring occultation scan analysis and the resulting estimates of the α
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Table 2.1: Geometry of Radio Science Subsystem (RSS) occultations

Ring Occ. True Anom. Mid-time Mid-rad. Mid-long. Inner Outer
(deg) (hr:min:s) (km) (deg) Edge (km) Edge (km)

α RSSI 124.4 19:55:58.385 44,736.75 342.1 44,731.45 44,742.04
RSSE 340.2 22:39:26.294 44,686.59 198.1 44,684.48 44,688.70

β RSSI 13.9 19:54:07.459 45,640.74 342.5 45,637.22 45,644.25
RSSE 228.9 22:41:26.104 45,673.33 197.7 45,667.73 45,678.92

The appended labels of I and E stand for ingress and egress. The true anomaly of each ring at
the time of their respective ring intercept mid-times is calculated from the inertial longitudes
provided and updated precession rates provided by R. G. French and summarized in Table 2.2.
Mid-times listed are the times of ring intercept measured in seconds after UTC 1986 January
24 00:00:00, when the RSS microwaves intercepted the mid-ring radius. The corresponding
mid-radii are explicitly calculated as halfway between the two edge radii and may differ slightly
from those of other sources whose mid-radii refer to a location weighted on the equivalent depth
of the occultations scans. Mid-longitudes similarly correspond to mid-ring radii and mid-times.

and β moonlet orbits and masses. In Section 5 we show that these moonlets could plausibly have

avoided detection in the Voyager 2 images. Lastly, we present our discussion and conclusions in Section

6. Appendix A describes our method of calculating the RSS α ingress wavelength, while Appendix B

discuses an analysis of the PPS occultations.

2.3 Occultation Data

The data for this investigation consist of occultations obtained by the RSS instrument on board the

Voyager 2 spacecraft, available on NASA’s Planetary Data System Ring-Moon Systems Node website.1

RSS generated a complete ingress and egress occultation of the rings (separated longitudinally by ∼ 145◦)

by transmitting microwave radiation of wavelengths 3.6 cm (X band) and 13 cm (S band) through the

rings to ground stations on Earth (Tyler et al., 1986; Gresh et al., 1989). These radio wavelengths are

not to be confused with the ring density wavelength of the rings’ wake structure to follow. Note that the

PPS stellar occultation of β Persei (Algol) is of higher spatial resolution but lower signal-to-noise ratio

than the RSS occultations (Colwell et al., 1990; Graps et al., 1995), and the UVS performed the same

occultations as the PPS, but at a lower resolution. We find that these stellar occultations do not have

sufficient signal-to-noise to provide further evidence for or against the idea that these rings may contain

moonlet wakes. Our analysis of the PPS occultations is included in Appendix B.

Table 2.1 provides a summary of the RSS occultation data set used here, giving mid-times, inertial

longitudes and radii, and true anomalies for the α and β rings at the time of the ingress and egress

occultations, as well as our estimated positions of the ring edges, consistent with Gresh et al. (1989).

Figure 2.1 shows both the ingress and egress RSS occultations of the α and β rings (for occultation scans

of all rings with all instruments see French et al., 1991). We show the ring profiles scaled so that the

rings appear to have a common width. This provides a better view of the internal structure of the rings

and enables direct comparisons of the ring scans with different true anomalies and widths. The outer

1http://pds-rings.seti.org
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comparison of features in their radial structure. This stretching is most apparent in the RSSE-α scan,
whose actual width is only 4.22 km, compared to the RSSE-β scan, whose actual width is 11.19 km.
Ring edge radii from Table 2.1 are marked with single dashes below the data. The true anomaly of each
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The diagonal line on the right side is meant to simulate the path of an occultation scan through the rings.

Table 2.2: Ring orbital elements

Ring a (km)a ae (km)b $0 (deg/day) $̇ (deg) qe q$
α 44, 718.96± 0.13 34.01± 0.10 332.75± 0.35 2.18542± 0.00009 0.57 +0.07
β 45, 661.39± 0.11 20.15± 0.09 223.30± 0.55 2.03115± 0.00012 0.27 +0.003

a Provided by R. G. French. Listed longitude of pericenter, $0, corresponds to the epoch:
UTC 1977 March 10, 20:00:00.

b qe = aδe/δa + e and q$ = aeδ$/δa are from Table VII of French et al. (1991) and are
determined only from the Voyager 2 RSS data.

region of each ring contains a series of dips and peaks, most obviously seen in the α and β egress scans.

In both ringlets, these periodic structures do not have the same wavelength in the ingress and egress

scans. Such longitudinally variable wavelengths are atypical of many ring features, like density waves,

but are characteristic of moonlet wakes, and so we hypothesize that these structures are caused by nearby

perturbing moonlets.

2.4 Theoretical Background

Over time, the continuous dissipation of energy through inelastic particle collisions in a dense ring will

cause it to spread out radially (Goldreich & Tremaine, 1982; Stewart et al., 1984). In standard models,

an unperturbed, narrow ringlet should spread on timescales of only a small fraction of the age of the

solar system, ∼ 2500 yr for rings comparable to the α and β rings (Murray & Dermott, 1999, p. 497).

One possible mechanism for confining ring edges is through the gravitational perturbations of a nearby

satellite (Goldreich & Tremaine, 1982; Borderies et al., 1984). Such moons should produce observable
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structures in a ring in the form of wavy edges and moonlet wakes. Indeed, Showalter (1991) was able to

find Saturn’s small moon Pan in Voyager 2 images after determining its orbital elements based on optical

depth variations observed in occultation scans of the surrounding A ring (Showalter et al., 1986).

To understand this mechanism, consider a ring particle on a circular orbit at semimajor axis, a, slowly

passing by a moonlet at semimajor axis as > a. While passing by the moonlet, the ring particle gains

a net gravitational acceleration in the radial direction toward the moonlet and thus a small component

of velocity in the radial direction, vr. This radial velocity puts the ring particle on a slightly eccentric

orbit with an apoapsis located one-quarter of its orbit downstream from the moonlet–ring interaction.

As additional ring particles from the original circular ringlet pass by the moonlet, they undergo the same

interaction. The gradually shifting apoapsis location induced in the ring particle orbits forms a wavy

edge to the ring with azimuthal wavelength, λθ(a) ≈ 3π |s| (Cuzzi & Scargle, 1985), where s = as − a.

The wavy edge appears ahead of the moonlet if the ring is interior to the moon and trails the moonlet

if the ring is exterior (see Figure 2.2). A moonlet a few kilometers wide would only produce variations

in the edge position of around 20 m (calculated from Cuzzi & Scargle, 1985, Equation (3)), which would

be undetectable in the Voyager 2 data. However, the azimuthal wavelength’s dependence on s causes

it to vary significantly over the width of a ring, with ring particle streamlines farther from the moonlet

exhibiting a longer wavelength. Over a number of periods these adjacent streamlines start to go out

of phase. This crowding of the streamlines results in a pattern with alternating areas of higher surface

density and areas of lower surface density. We observe this as quasi-periodic optical depth variations in

the occultation scans of the ring downstream from the moonlet, known as a moonlet wake.

Showalter et al. (1986) developed a model precisely for the purpose of finding the location of a moonlet

given measurements of these wake wavelengths at multiple longitudes. They found the wavelength in a

linear scan to be

λa ≈ 3π
s2

as |θ|

[
1−

∣∣∣∣ sasθ
∣∣∣∣ tan(φ)

]
. (2.1)

Here θ is the angle of azimuthal separation between the moonlet and the longitude of the occultation

scan, and φ is the angle the occultation scan makes with the radial direction. This wavelength increases

as s2 and decreases inversely with azimuthal separation from the moonlet. We should note here that

the wavelength, λa, is specifically referring to the wavelength of optical depth variations in a radial

occultation scan of a circular ring. Because the Uranian rings are actually eccentric and their widths

vary systematically with their average radius, the wavelength we measure in our occultations is not

representative of the actual wavelength the moonlet would produce using this model. We therefore

convert all of our occultation scans to ‘semimajor axis space’ using the formula

da =
dr

(1− qe cos(f)− q$ sin(f))
, (2.2)

adapted from French et al. (1991), where qe and q$ are the eccentricity and pericenter gradients of the

ringlet (see Table 2.2) and f is the true anomaly (see Table 2.1). This allows us to translate the observed

optical depth profiles into semimajor axis space and thus compute the appropriate wavelength of the

wake λa. If φ is small, as it is for the RSS occultations (see Figure 2 of French et al., 1991), we can
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neglect the second term on the right-hand side of Equation 2.1 and solve for as as a function of θ:

as ≈ a+
λa |θ|

6π
±
√
λ2
aθ

2

36π2
+
aλa |θ|

3π
. (2.3)

We can therefore plot a curve as(θ) giving the possible locations of a moon that could be responsible

for producing an observed value of λa. These positions can further be expressed in terms of an absolute

longitude of the satellite in an inertial reference frame (θs), by subtracting the appropriate longitude of

the occultation data. We compare the location curves of multiple scans (after shifting their longitudes

to a common epoch) and look for a common location as cause of the optical depth variations. Based on

the location and amplitude of the optical depth variations, we can determine the mass of the putative

moonlet (see Section 4 below).

2.5 Occultation analysis

To determine the wavelength of the optical depth variations in each occultation scan, we use a combi-

nation of wavelet and localized Fourier transformations. Wavelet transforms provide maps of the strength

of periodic structures as a function of radius and wavelength and have proven useful for studying a variety

of structures in dense rings (e.g. Tiscareno et al., 2007). The extent of the optical depth variations in the

α and β rings is only a few kilometers at most, so we do not expect the wavelength to vary with radius

by more than ∼1-5%. However, the spatial aspect provided by a wavelet transform illustrates where the

periodic signal is detectable and demonstrates that it has different wavelengths in the two scans. Once

the appropriate regions are identified through wavelet analysis, more precise wavelengths are determined

via a Fourier transformation of the relevant ring regions.

We compute the wavelet transform for each profile with the standard wavelet routine in the IDL

language (Torrence & Compo, 1998) using a Morlet mother wavelet with ω0 = 6. Figures 2.3 and 2.4

show the resulting wavelet transforms for each RSS α and β profile as a function of semimajor axis and

wavenumber. Here the occultations’ radii have been translated to effective semimajor axes so that we can

obtain the appropriate λa wavelengths. The darker regions show the locations where the periodic signal is

strongest. The most obvious periodic pattern is seen in the outer half of the α ring’s egress scan between

semimajor axes of 44,719 to 44,723 km, where the wavelength is 0.59 km. The β ring wavelets show similar

periodic optical depth variations near the ring’s outer edge (semimajor axes between 45,663-45,664 km)

with different wavelengths in each scan, 0.45 km for ingress and 0.31 km for egress. In order to obtain

precise estimates of the patterns’ wavelengths, we compute over-resolved Fourier transforms of the above

regions, which are shown in Figure 2.5. Note that we actually determined the wavelengths from gaussian

peak fits of the Fourier power versus wavenumber and then converted to wavelengths. This was done

because the peaks in the power spectrum are more symmetric in wavenumber space. The wavelengths

derived from these methods are given in Table 2.3, along with their uncertainties σ =
√

2δr/N (Hedman

et al., 2007), where δr is the occultation scan’s radial resolution and N is the number of wavelengths that

extend across the radial region where the wavelength is measured.

Compared with the other occultations, the wavelet transform of the α ring ingress profile shows much
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Figure 2.3: We use wavelet transforms to determine the wavelengths of the quasi-periodic optical depth
variations of the α ingress (top) and egress (bottom) occultation scans. The strength of the periodic
signal for a given radius and wavenumber are shown in the contour map, where darker corresponds to
a stronger signal. The egress wavelet shows a strong sinusoidal periodic structure from 44719-44723 km
with a wavelength of 0.59 km. The ingress scan is composed of periodic sharp dips and peaks that do
not produce clear signals at one wavelength in these transforms.
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Figure 2.4: The β ring wavelet transforms detect different wavelengths of the optical depth variations
seen near the outer edge of the ring in each scan. From 45663-45664 km we find a wavelength of 0.45 km
for the ingress scan and 0.31 km for the egress scan. Fourier transforms of these radial regions are shown
in Figure 2.5.
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Figure 2.5: Localized Fourier transforms of regions identified in the wavelet transforms from Figure 2.3
and 2.4 for the α (top) and β (bottom) rings. The top plot contains the transforms of the α ring scans from
a = 44, 719 to 44, 723 km. The α ingress scan wavelength, shown with its larger error bar (uncertainty of
other scan wavelengths is small), was not determined from this Fourier transform; see Appendix A. We
did not consider the bump at ∼ 1 km in the α ingress Fourier spectra to be significant. If it did happen
to be the real wavelength, it also produces a solution consistent with a small moonlet of about 2 km in
radius. The β ring plot contains the transform of both scans from a = 45, 663 to 45, 664 km. We plot
transforms of the ingress scans with solid lines and the egress scans with dashed lines. Exact wavelength
values and uncertainties are summarized in Table 2.3. We believe that the smaller bump at ∼ 0.25 km
in the β ingress transform is a harmonic of the actual wavelength.
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Table 2.3: Moonlet Locations

Ring λI (km) λE (km) as (km) θs(
◦) s (km)

α 0.86± 0.09a 0.59± 0.01 44825+22
−12 182+45

−99 106+22
−12

β 0.45± 0.01 0.31± 0.01 45738+8
−4 186+18

−40 77+8
−4

a The wavelength for the α ingress scan was determined by visual
inspection of the series of dips rather than through wavelet and
Fourier analysis. Its larger error is the standard error of the
mean wavelength calculated in Appendix A.
Moonlet semimajor axis, as, inertial longitude at the epoch of
the ingress occultation scan (see Table 2.1), θs, and ring–moon
radial separation, s, relative to the rings’ semimajor axes in
Table 2.2, determined using the ingress and egress wavelengths,
λI/E , of the quasi-periodic optical depth variations near the
outer edges of the rings (λa).

more disorganized signals. This is most likely because the periodic structure in this profile seems to

consist of periodic narrow dips, rather than a sinusoidal wave. The variations in the morphology of

the α ring patterns are similar to those seen in a density wave located within the Maxwell ringlet in

Saturn’s rings. Indeed, French et al. (2016a) found that the detailed morphology of the optical depth

variations associated with this wave varied systematically with the ringlet’s true anomaly. While at

many true anomalies the optical depth variations were sinusoidal, when the true anomaly was close to

90◦ (i.e. similar to the α ingress scan), the optical depth variations in the wave become very narrow

dips and peaks, similar to those seen in the α ingress profile. The lack of a sinusoidal periodic structure

made Fourier-transform-based estimates of the pattern wavelength problematic, and so we found it more

effective to estimate the wavelength of the α ingress scan by visual inspection and determination of the

separation of the individual dips in optical depth (see Appendix A).

We insert the derived wavelengths, along with the rings’ most precise semimajor axes contained in

Table 2.2, into Equation 2.3 to generate the curves of allowed locations of moons shown in Figure 2.6.

In each panel, both curves are shown in a reference frame computed at the time of the ingress scan.

The location where the ingress (solid lines) and egress (dashed lines) curves cross gives the semimajor

axis as and the inertial longitude θs a moonlet would need to have in order to cause the optical depth

variations seen in both scans. In Table 2.3, we show the input wavelengths, λa, for the ingress and egress

scans and moonlet locations (circles in Figure 2.6) consistent with both scans for the α and β rings.

The uncertainties in the wavelengths propagate through the calculations of the moonlet locations, whose

listed uncertainties are then taken from the largest deviations in each case. We find for both rings that a

moonlet located about 100 km exterior to each ring could cause the optical depth variations seen in their

occultation scans. This puts the moonlets orbiting outside the maximum radial extent of the rings due

to their eccentricities (see Table 2.2), which are physically sensible locations.

We can estimate the mass of the moonlets based on the amplitude of the wakes using Equation (2)

from Horn et al. (1996),

τ(r, θ) =
τ0(a)

1 + 2.24jµη0θ cos(ηθ)(as/s)4
, (2.4)
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α-ring Moonlet Wake, λI=0.86, λE=0.59
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β-ring Moonlet Wake, λI=0.45, λE=0.31
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Figure 2.6: Location of the α (top) and β (bottom) moonlet determined by plotting the curves of Equation
2.3 shifted into the time frame of the RSS ingress occultation with the ingress and egress wavelengths
of Table 2.3. A moonlet located where the ingress (solid) and egress (dashed) curves cross, labeled
with a circle, would be able to produce the optical depth variations seen in both scans. The red box
outlines the maximum extent of the uncertainties in a and θ, although this exaggerates the actual range
in uncertainties for the location, shown as the very narrow green parallelogram-shaped area resulting
from calculations of all combinations of wavelength uncertainties. If we consider the bump in the Fourier
spectrum of the α ingress scan at ∼ 1 km, the location where the curves cross, as a result of this larger
wavelength, moves to a smaller semimajor axis, resulting in a moonlet slightly closer to the ring with a
smaller radius (∼ 2 km).
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Table 2.4: Moonlet masses and radii

Ring τpeakI τ0I τpeakE τ0E MsI (kg)a MsE (kg)a RsI (km)b RsE (km)b

α 0.51c 0.72 1.88 1.52 (3+4
−2)× 1014 (1.0+18

−0.6)× 1014 4± 1 3+4
−1

β 1.16 0.83 0.70 0.45 (0.5+0.3
−0.2)× 1014 (0.7+0.4

−0.2)× 1014 2.1+0.4
−0.2 2.4+0.6

−0.3

a Mass uncertainties are the extremes resulting from all combinations of input locations and their
uncertainties. Note that the asymmetry of these error bars is due to the factor of s4 in Equation
2.6.

b Radius uncertainties as above with uncertain mass inputs.
c τpeakI is less than τ0I for α because in the case of the α ingress occultation we used the optical

depth dips instead of peaks; thus, the cos(ηθ) term in Equation 2.4 goes to -1.
Moonlet masses for each ring are determined from the optical depth variations and longitudinal
separations of the ingress and egress occultation scans using Equation 2.6. Moonlet radii are
calculated from the average mass of the ingress and egress scans using an estimated density of 1.3
g/cm3.

where τ is the observed ring optical depth, τ0 is the average (unperturbed) optical depth, j is +1 for a

moonlet interior to the ring and −1 otherwise, µ is the ratio of the satellite and planet masses, and η0

and η are azimuthal wave numbers defined in Showalter et al. (1986) such that

η =
η0as
s

+ η1 + · · · =
− 2

3 + 5
3J2

(
rp
as

)2

+ . . .

s/as
+

1

6
+ . . . (2.5)

The mass of the satellite can therefore be calculated as

Ms =
Mp(τ0/τpeak − 1)

2.24jη0θ(as/s)4
, (2.6)

where τpeak is the peak (or trough) optical depth value (allowing us to reduce cos(ηθ) to 1 [or -1] for

simplicity). While this formula may not be perfectly accurate for wakes on an eccentric ringlet, it can

still provide a useful rough estimate of the moons’ masses. Masses are calculated using the τ0 and τpeak

of each occultation and their corresponding azimuthal separations, θ, which are determined from the

difference in the moonlet’s inertial longitude and the occultation geometry longitudes of Table 2.1. Table

2.4 lists the calculated moonlet masses for the two occultations and their approximate radii calculated

using an assumed typical inner Uranian moon density2 of 1.3 g/cm3. We find that for both the α and β

rings the perturbing moonlet is on the order of 1014 kg and ∼ 2 − 7 km in radius, that is, less than 2%

of the mass and ∼ 20% of the radius of Cordelia.

2.6 Image analysis

We can attempt to find the moonlets in the Voyager 2 images using the location estimates from

the previous section. The narrow- and wide-angle camera images used for this search were obtained

from the Imaging Science Subsystem on board Voyager 2. The images are geometrically corrected and

2http://ssd.jpl.nasa.gov/?sat phys par
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Table 2.5: α and β ring imaging data

Ring Image Name Mid-time Phase angle λrange λs
GEOMED.IMG (hr:min:s) (deg) (deg) (deg)

α C2675402 14:55:58 15.31 99.90 - 151.23 108.44
C2675408 15:00:46 15.29 97.85 - 150.17 112.62
C2675438 15:24:46 15.30 98.29 - 149.95 133.57
C2675456 15:39:10 15.36 102.82 - 151.65 146.13
C2676225 21:38:22 15.45 97.59 - 147.87 99.59
C2676231 21:43:10 15.43 95.05 - 146.34 103.78
C2676243 21:52:46 15.51 101.89 - 150.68 112.16
C2676249 21:57:34 15.49 99.73 - 149.85 116.34
C2676255 22:02:22 15.47 97.72 - 148.93 120.53
C2676301 22:07:10 15.44 95.22 - 147.61 124.72
C2676313 22:16:46 15.52 101.87 - 150.54 133.10
C2676319 22:21:34 15.49 99.09 - 150.01 137.29
C2676331 22:31:10 15.44 94.43 - 146.24 145.67
C2678913 19:04:46 16.58 117.28 - 149.23 142.17

β C2675108 12:36:46 15.26 100.23 - 153.61 118.05
C2675114 12:41:34 15.34 107.84 - 158.21 122.11
C2675120 12:46:22 15.26 100.60 - 155.59 126.18
C2675126 12:51:10 15.35 108.40 - 156.86 130.24
C2675132 12:55:58 15.25 98.66 - 151.08 134.30
C2675138 13:00:46 15.34 106.06 - 153.25 138.37
C2675144 13:05:34 15.26 99.65 - 150.67 142.43
C2675150 13:10:22 15.32 104.20 - 153.03 146.50
C2675156 13:15:10 15.30 102.78 - 152.54 150.56
C2675933 19:20:46 15.39 97.27 - 149.06 100.10

Images used in Figure 2.7. Image mid-times listed are in time after UTC 1986
January 21 00:00:00. The longitudinal scale is ∼ 0.08◦ pixel−1, and the radial
scale is ∼ 65 km pixel−1. The table also includes the phase angle and range
of inertial longitudes, λrange, of each image. The longitude, λs, refers to the
expected location of the moonlet in each image based on the location in Table
2.3.
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Figure 2.7: Mosaics of the β and α rings’ images (top) that contain inertial longitudes within range of
the predicted moonlet locations. We see no strong evidence of a moonlet just outside the β or α rings.
If a moonlet were present, it would be located roughly between one and two vertical scale tick marks
exterior to the rings and be roughly as bright as the 3.0 km radius fake moonlet we have inserted in the
uppermost mosaic. The bottom two mosaics are a test of this technique on known moons Ophelia and
Cordelia (each ∼ 20 km in radius). Each of these mosaics also shows the other moon drifting by due to
their different mean motions, as well as a background star drifting through the images.
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calibrated as documented on the PDS. Table 2.5 lists the images we chose for the mosaics, which contain

inertial longitudes within the range of the expected moonlet locations and neglecting images containing

significant defects. We re-project these images onto a corotating radius longitude grid (assuming moonlet

mean motions of 1219.18◦/day for β and 1256.66◦/day for α) and co-add pixels of the appropriate images

shifted such that the possible pixels of the moonlet in each image are stacked on top of one another at

0◦ longitude, although it could be up to several tens of degrees from this location (possibly more for the

α moonlet). These mosaics, shown in Figure 2.7, do not show any clear evidence of a moonlet near the

expected locations. We have verified that our codes do work for the known moons Cordelia and Ophelia

(see bottom panel of Figure 2.7).

Using the moonlet radii of Table 2.4, we can determine whether the putative moonlets are too small

and dim to be seen in the Voyager images. Assuming a geometric albedo of 0.07 (Karkoschka, 2001a),

we can compute the expected brightness of moons with various sizes. At the top of Figure 2.7 we show

the expected signals from moons of various radii. The fake 3.0 km moonlet is nearly indistinguishable

from the many other noise features throughout the mosaic. We therefore conclude that moons with radii

between 2 and 4 km are near the noise limit of the Voyager 2 images, and so it is not surprising that

the moons are not easily seen in these data. We caution the reader to appreciate the uncertainties that

arise when determining the point where two square root functions intersect, and so there is substantial

uncertainty in the longitudes of the moons, complicating the efforts to locate the moons in images.

2.7 Discussion

Our attempts to visually detect the moonlets are not exhaustive, but given the small predicted sizes

of the α and β moonlets, a convincing detection may not be possible in the Voyager 2 images. Future

earth-based observations may be more likely to detect these moons. Regardless of the current lack of

visual detection, the identification of these periodic structures in the outer regions of the α and β rings

is evidence of interactions with nearby perturbers.

With their analysis of the resonances of Cordelia and Ophelia and the shepherding of the ε ring,

Goldreich & Porco (1987) theorized that a single moon, smaller than in the standard shepherding model,

orbiting near a ring edge could keep the ring confined using a mechanism called angular momentum

flux reversal. The theory of this mechanism, outlined in Borderies et al. (1986), says that satellite

perturbations can reverse the direction of the vicious flux of angular momentum and could possibly act

over the entire width of narrow rings. Lewis et al. (2011) simulated this effect and found that collisional

damping of satellite wakes caused by a small moon could keep a narrow ring confined under the right

conditions. Further studies need to be done to determine whether the moonlet masses and locations

found in our study are able to confine the rings.
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Chapter 3: Weighing Uranus’ moon Cressida with

the η ring

Chancia, R.O., Hedman, M.M., French, R.G. “Weighing Uranus’ moon Cressida with the η ring” The

Astronomical Journal, 154, 153, 2017

For this project I developed a routine to fit normal mode radial oscillations in the Uranian rings using

over 30 years of ground-based and spacecraft occultation data. The goal of this work was to search for

new modes, previously undetected in studies of smaller data sets, and to remove the effects of the known

dominant modes and search for weaker structures in the residuals that might be connected to resonances

with moons. I quickly found the known m = 1 mode of the ε, α, β, 4, 5, and 6 rings, the m = 2 of δ, and

m = 0 and m = 1 for γ. The η ring is nearly circular and has never been fit well by anything but a low

eccentricity m = 1 mode. η, along with δ and γ also had the largest remaining radial residuals, so they

were targets to search for previously untested or undiscovered modes.

After searching these rings for normal modes with all |m| < 25 I found that an m = 3 structure for

the η ring stood out. Looking back into the literature, I found that Porco & Goldreich (1987); Goldreich

& Porco (1987) reported on the 3:2 inner Lindblad resonance (ILR) with the moon Cressida located a

few kilometers interior to the η ring where it was unlikely to effect the ring. No other mentions of this

resonance exist in the literature. After plotting the radial variations in a longitude system relative to the

longitude of Cressida we found that the low amplitude m = 3 structure’s pericenter was in fact aligned

with Cressida as the ring dynamics would suggest. I then calculated the mass and density of Cressida

using the theoretical formulations of resonant ring dynamics where the primary inputs are the ring’s

radial oscillation amplitude and radial distance from the exact resonance. This resulted in a reasonable

result for the small moon’s mass and density. Next, I determined the expected radial amplitude produced

by all possible 1st-order Lindblad resonances likely to affect the Uranian rings to better assess where this

particular resonance stood among them. Under the speculated range of possible moon masses, the Cressida

3:2 ILR should actually be the strongest resonance affecting any of the Uranian rings. This calculation

also points to the resonances on either edge of the ε ring as being the next likely target of investigation.

The other resonances should produce radial oscillations with amplitudes approaching the noise level of the

occultation data, and are much less likely to be detected.

Our measurement of Cressida’s mass is the first of any of the thirteen small inner Uranian moons. The

measured density is notably lower than previous estimates, possibly pointing to the dark ring material being

primarily water ice with just a thin veneer of unknown dark material. This measurement has significant

consequence for the dynamical stability of the tightly packed Uranian moon system. The system is expected

to be unstable on short timescales compared to the age of the solar system.
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3.1 Abstract

The η ring is one of the narrow rings of Uranus, consisting of a dense core that is 1-2 km wide and

a diffuse outer sheet spanning about 40 km. Its dense core lies just exterior to the 3:2 Inner Lindblad

Resonance of the small moon Cressida. We fit the η ring radius residuals and longitudes from a complete

set of both ground-based and Voyager stellar and radio occultations of the Uranian rings spanning 1977-

2002. We find variations in the radial position of the η ring that are likely generated by this resonance,

and take the form of a 3-lobed structure rotating at an angular rate equal to the mean motion of the

moon Cressida. The amplitude of these radial oscillations is 0.667 ± 0.113 km, which is consistent with

the expected shape due to the perturbations from Cressida. The magnitude of these variations provides

the first measurement of the mass and density of the moon Cressida (m = 2.5 ± 0.4 × 1017 kg and

ρ = 0.86 ± 0.16 g/cm3) or, indeed, any of Uranus’ small inner moons. A better grasp of inner Uranian

satellite masses will provide another clue to the composition, dynamical stability, and history of Uranus’

tightly packed system of small moons.

3.2 Introduction

In March of 1977, Elliot et al. (1977a), Millis et al. (1977), and Bhattacharyya & Kuppuswamy (1977)

discovered nine narrow rings around the planet Uranus by measuring the light blocked by each ring

before and after Uranus occulted the star SAO158687. Since then, the Uranian rings have been studied

extensively with ground based stellar occultations (Millis & Wasserman, 1978; Nicholson et al., 1978;

Elliot et al., 1981b,a; Nicholson et al., 1981; French et al., 1982; Sicardy et al., 1982; Elliot et al., 1983,

1984; French et al., 1986b,a; Elliot et al., 1987; French et al., 1988, 1996). Occultations provide very

precise radial locations of the rings at different longitudes in their orbits around Uranus. French et al.

(1988) found that the main rings of Uranus consist of six measurably eccentric rings (6, 5, 4, α, β, and

ε) and three nearly circular rings (η, γ, and δ). In the past, measurements of the η ring’s radius have

not shown the ring to be anything but circular. The η ring also features a broad low optical depth sheet

extending approximately 40 km exterior to its narrow core (Elliot et al., 1983).

During the Voyager 2 flyby of Uranus Smith et al. (1986) discovered ten new small inner moons, but

no one has ever measured their masses or densities. Nine of the moons orbit within a radial range of

20,000 km, making the group one of the most tightly packed systems of interacting satellites in our solar

system. Lissauer (1995) estimated the masses of the inner moons assuming densities equal to that of

the larger moon Miranda (Jacobson et al., 1992) and shapes estimated with photometry (Thomas et al.,

1989), but stated that at least some of Uranus’ small inner moons are significantly less massive than

these estimates. The lifetime of this system is highly sensitive to the masses of the individual satellites

(French et al., 2015). In fact, prior to the knowledge of the even less stable moon Cupid (Showalter

& Lissauer, 2003; French & Showalter, 2012), Duncan & Lissauer (1997) showed that Desdemona could

collide with either Cressida or Juliet within the next 4 − 100 million years, depending on the masses of

the satellites involved. The discovery of the dusty ν and µ rings (Showalter & Lissauer, 2006), near the

orbits of Portia/Rosalind and Mab respectively, hints at the possibility of an evolving inner ring-moon
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system dominated by accretion (Tiscareno et al., 2013). Kumar et al. (2015) also argue that anomalies

in Mab’s orbital motion may be explained by a ring-moon system that is undergoing re-accretion after a

recent catastrophic disruption.

Here we investigate a complete set of Uranian η ring occultation observations spanning their discovery

in 1977 to 2002. We find that the η ring’s radii exhibit a 3-lobed structure rotating around Uranus at the

mean motion of the moon Cressida. We argue that this structure is a result of the η ring’s close proximity

to Cressida’s 3:2 inner Lindblad resonance (ILR). One of the maxima in the ring’s radius aligns with

Cressida, as expected for the stable ring structure located exterior to the resonant radius. The measured

radial amplitude of this ring structure and its distance from the resonance allow us to estimate Cressida’s

mass, and thus obtain the first gravity-based mass measurement of any inner Uranian moon.

We have only been able to find three previous mentions of the Cressida 3:2 ILR and its association

with the η ring. Porco & Goldreich (1987) identified the most relevant resonances in the Uranian ring-

moon system and made a case for Cordelia and Ophelia shepherding the outermost ε ring through torques

generated by the Lindblad resonances located appropriately on the ring’s inner and outer edges (Goldreich

& Porco, 1987). They also note single resonances that could be perturbing the γ and δ rings. Finally, they

state: “The only isolated first-order satellite resonances which fall near any of the remaining rings are

located interior to the η ring.” Porco & Goldreich (1987) list both the Cressida 3:2 and the Cordelia 13:12

resonances, located at a = 47171.6 ± 0.3 km and a = 47173.0 ± 0.3 km respectively. These resonances

fall 3 − 5 km interior to the η ring. They calculate the widths of both resonances to be ∼ 1 km and

dismiss the possibility that either resonances is perturbing the η ring. Murray & Thompson (1988) later

marked the location of the Cressida 3:2 ILR in their figure displaying a radial scan of a high phase image

of the Uranian rings acquired by Voyager 2. Subsequently, Murray & Thompson (1990) noted that this

resonance needs to be re-examined using updated satellite parameters. At the time, with a smaller data

set, there was no detection of either an m = 3 or an m = 13 mode in the η ring, nor any other modes due

to resonances with known satellites having observed effects on any of the other previously noted rings’

edges (French et al., 1988). Thus, it was only sensible to dismiss these resonances, and it is reasonable

that they have not been of interest since. We are only able to make this discovery now because we have

a larger set of occultation data extending from 1977 through 2002.

We present the data used in this analysis in Section 2, and describe our ring particle streamline

model and our mode detection methods in Section 3. In Section 4, we report the parameters of our fit

to the η ring and calculate the mass and density of Cressida. Finally in Section 5, we discuss potential

implications for the dynamical stability of the tightly packed system of inner Uranian moons and the

possible composition of Cressida.

3.3 Observational Data

The observational data used for this analysis consist of 49 individual occultation observations of the

η ring. In the appendix, Table C.1 contains each occultation’s ring intercept time, inertial longitude,

and mid-radius determined using a simple square-well model for profile fitting, developed by Elliot et al.

(1984) and used in later orbit determinations of the Uranian rings (French et al., 1986b,a, 1988, 1991). Of
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these 49 observations, 46 are Earth-based stellar occultations, two are Voyager 2 Radio Science Subsystem

(RSS) radio occultations, and one is a Voyager 2 Photopolarimeter Subsystem (PPS) stellar occultation.

Several of the observations are ingress and egress pairs from the same occultation of Uranus and its rings.

For each Earth-based occultation, an instrument recorded the brightness of the background star as a

function of time. As the Earth moves relative to Uranus the rings can block the star’s light, leaving each

ring’s mark as a sharp decrease in the recorded brightness of the star for some amount of time related

to the width of the ring. Typically the observations were detected with an InSb photometer in the 2.2

µm band, using the K filter, where Uranus is fainter than the rings. Most observations provided limited

information about the radial structure within the rings, and here we are making use only of the estimate

of the radius of the mid-point of each ring occultation profile. Interested readers should see Elliot (1979)

for a review of stellar occultation studies of the solar system and Elliot & Nicholson (1984) for a review

of this observation method specific to the rings of Uranus.

To identify possible Uranus occultation opportunities Taylor (1973) compared positions of Uranus

to stellar positions in the Smithsonian Astrophysical Observatory (SAO) catalog. Once the rings were

discovered, it became more appropriate to utilize dimmer stars that are bright in the 2.2 µm band.

Thus, Klemola & Marsden (1977) searched for stars on photographic plates containing star fields ahead

of Uranus and created a list of ideal future occultation observations. Additional lists of this type were

compiled by Klemola et al. (1981), Mink & Klemola (1982, 1985), Nicholson et al. (1988), and Klemola

& Mink (1991).

The Voyager 2 PPS stellar occultation only detected the η ring on egress (Lane et al., 1986; Colwell

et al., 1990). In the case of the Voyager 2 RSS occultations, the RSS instrument illuminated the rings at

3.6 cm and 13 cm wavelengths in the direction of Earth once beyond the ring plane. Stations on Earth

detected the diffracted signal and relative phase change, to later be reconstructed into high-resolution

radial optical depth profiles after the removal of diffraction effects (Tyler et al., 1986; Gresh et al., 1989).

Presently, ground based occultation opportunities are rare because Uranus has passed out of the dense

Milky Way background, drastically reducing the density of appropriate background stars. The rings are

also no longer as open to our view from Earth as they were in the 1980s because the apparent aspect of

the ring plane as viewed from Earth changes over time.

3.4 Ring Particle Streamline Model and Fitting Method

The procedure used here follows that of French et al. (1986b, 1988, 1991) for the Uranian rings, more

recently employed by Hedman et al. (2010b), Nicholson et al. (2014a,b), and French et al. (2016b) for

analyses of Saturn’s non-circular narrow rings, gaps, and edges. After taking account any inclination

relative to the equatorial plane, the majority of narrow rings are well-fit by simple precessing Keplarian

ellipses whose radii are described by:

r(λ, t) =
a(1− e2)

1 + e cos f
, (3.1)

where the true anomaly f = λ − $0 − $̇(t − t0). Here, the radius of the ring will vary with longitude

λ and time t, where a and e are the ring’s semi-major axis and eccentricty, $0 is the ring’s longitude of

periapsis at the time t0, and $̇ is the ring’s apsidal precession rate. We can approximate a nearly circular
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Figure 3.1: The above shapes are an exaggerated representation of the m-lobed ring streamlines we detect
in the Uranian rings. For each case of m, we have shown 3 streamlines with slightly different semi-major
axes and a positive eccentricity gradient. Our addition of an eccentricity gradient results in a narrower
ring width at periapsis, as is the case for several of the Uranian rings.

(e ' 0) ring’s radii as r ' a(1− e cos f).

Additionally, several rings are found to contain forced radial oscillations and in a few cases there are

even rings whose structure is dominated by free normal mode oscillations. In these cases, the structures

are distinct from circles or ellipses and their radii are described by:

r(λ, t) ' a−Am cos(mθ), (3.2)

where θ = λ − Ωp(t − t0) − δm, following the formalism of Nicholson et al. (2014a,b) and French et al.

(2016a). Here, the systematic radial oscillations of the rings form a m−lobed figure rotating around their

planet at a pattern speed Ωp with a radial amplitude Am and phase δm. We show some exaggerated

models of m-lobed ring streamlines, resulting from both free normal modes and Lindblad resonances, in

Figure 3.1. While individual particles follow normal elliptical orbits, described by Equation 3.1, the ring

as a whole consists of streamlines with m azimuthally symmetric radial minima and maxima rotating

around the planet with the frequency

Ωp '
(m− 1)n+ $̇sec

m
. (3.3)

Here, the mean motion n and apsidal precession rate $̇sec are functions of the semi-major axis a of the

ring, and m can be any positive or negative integer. If we consider the case of m = 1 we find that

Ωp = $̇sec, A1 = ae, and δ1 = $0, so that r is equivalent to the approximation of Equation 3.1 above.

In the case of a free normal mode oscillation, the pattern speed will be equal to the expected pattern

speed obtained by evaluating Equation 3.3 at the semi-major axis of the ring. However, if the ring is

perturbed by a satellite through a first-order Lindblad resonance, then the ring structure will have a
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forced pattern speed matching the mean motion of the perturbing satellite ns = Ωp and will differ from

the expected pattern speed slightly based on the ring’s separation from the exact radius of the resonance

|a−ares|. The ring is perturbed by the satellite due to the near commensurate ratio of the ring particles’

orbital periods and the period of the perturbing satellite. As such, first-order Lindblad resonances are

defined by |m| : |m − 1|, where for every |m| orbits of the ring particle, there are |m − 1| orbits of the

corresponding satellite. In the majority of cases, the perturbing satellite lies at a larger semi-major axis

than the ring (as > a). The relevant resonances in this case are called inner Lindblad resonances (ILR)

and are assigned positive values of m. In the rare case of a satellite located interior to the rings it is

possible to have both ILR and outer Lindblad resonances (OLR) at locations within the rings, allowing

for negative values of m.

The condition for a first-order Lindblad resonance is that the resonant argument:

ϕ = m(λ− λs)− (λ−$) (3.4)

is constant in time. Here λ and λs refer to the longitudes of a ring particle and the satellite respectively

and $ is the longitude of periapsis of the ring particle. If we consider a conjunction of the ring particle

and the satellite (λ−λs = 0) occurring when the ring particle is also located at its longitude of periapsis

(λ −$ = 0), then the condition that ϕ is constant implies that all future conjunctions will occur when

the ring particle is near periapsis. In general, this means that the ring particle will always be in the same

phase of its orbit when it passes longitudinally close to the satellite. This allows the perturbing satellite

to force the eccentricity and periapsis locations of streamlines located near the resonance. In Figure 3.2

we show a cartoon model of the resulting streamlines surrounding a 3:2 ILR in the co-rotating frame

of the perturbing satellite. Interior (exterior) to the resonant radius, marked with the dashed line, the

streamlines are stable when oriented such that one of the three periapses (apoapses) is aligned with the

satellite.

In short, our procedure is a search for patterns in the varying mid-radii measurements of the rings.

Each ring occultation observation provides the ring’s radius at a particular longitude and time. To search

for patterns in each ring we need the observed parameters, an m value to test, and the resulting expected

pattern speeds for that m value. For each test of m, we compute the expected patten speed for the

semi-major axis of the ring using Equation 3.3 and create an array of 100, 000 pattern speeds, evenly

spaced in increments of 0.00001◦/day, surrounding the expected pattern speed. Using each pattern speed

we calculate mθ, for every ring observations’ longitude λ and time t, using an initial epoch time t0 of

UTC 1977 MAR 10 20:00:00.00. We can then compute the observed ring radii r vs. mθ mod 360◦ and

fit the data to a single sinusoid. The resulting fit parameters are a, Am, and δm, allowing us to compute

model values of r using Equation 3.2. We compute the RMS deviation of the observed radii and the

model radii for each m’s 100, 000 test pattern speeds and look for a RMS minimum to identify the best

fitting pattern speed.

We first checked our algorithms by searching for known structures in the Uranian rings. In several

rings (6, 5, 4, α, β, and ε) we can easily detect RMS deviations that drop to nearly zero (sub-km) with

the proper pattern speed and m input. These are the rings that largely follow classical Keplerian ellipses
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Figure 3.2: An exaggerated cartoon model of ring particle streamlines around a planet and near a 3:2
ILR with an exterior moon, in the co-rotating frame of the moon. We’ve marked the resonant radius with
a dashed line and included three ring particle streamlines on either side of the resonance. This shows the
stable configuration on either side of the resonance, where a periapse (apoapse) is aligned with the moon
interior (exterior) to the resonance.

(m = 1) and whose pattern speeds equal the rings’ apsidal precession rate, Ωp = $̇sec. The η, γ, and δ

rings are nearly circular and their residuals are relatively larger when fit with a low amplitude m = 1

ellipse. We are also able to identify the known m = 2 structure of the δ ring and the combination of

m = 0 and m = 1 for the γ ring (French et al., 1986b).

We decided to identify the strongest resonances in the Uranian rings to have a better idea of the

resonantly forced modes that are the most likely to be detected. To quantify the ‘strength’ of the

resonances in the system we chose to compare the expected forced radial amplitude on rings near each

of the possible resonances in the main ring system. We use Equation 10.22 from Chapter 10 of Murray

& Dermott (1999),

Am =
2αa2(ms/mp)|fd|
3(j − 1)|a− ares|

(3.5)

where Am is the forced radial amplitude of a ring particle in the vicinity of a Lindblad resonance (Porco &

Nicholson, 1987; Goldreich & Tremaine, 1982). This amplitude is a function of the ratio of the perturbing

satellite and central planet masses ms/mp, the radial separation of the ring and the resonance |a− ares|,
the ratio of the ring and satellite semi-major axes α = a/as, and the Laplace factor fd, that depends on

j, the integer coefficient of the satellites longitude in the resonant argument, which is equivalent to m

in the case of a first-order Lindblad resonance. As shown in Figure 10.10 of Murray & Dermott (1999),
2α|fd|
j−1 varies between 1.5 and 1.6, depending on j. Note that Equation 3.5 isn’t necessarily applicable

for all cases. If |a − ares| is smaller than the resonance half-width, then Am calculated using Equation

3.5 is not a good estimation of the radial amplitude produced by the resonance because in this regime
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Figure 3.3: The left mosaic shows the relative forced amplitude (darker = larger amplitude) of all first-
order resonances of inner moons out to Perdita interacting with the Uranian rings assuming the moons
each have a density of 1.3 g/cm3. The largest amplitude resonances are labeled, while the fainter patches
in the mosaic are evidence of resonances within the system that do not fall close enough to any rings
and would have much smaller amplitudes. The actual values of the significant resonances are plotted on
the right side to compare with the mosaic, but with the addition of a range of moon densities (0.5 to 1.3
g/cm3), calculated using Equation 3.5.
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neighboring streamlines will cross and collisional dissipation cannot be ignored.

In Figure 3.3 we display the forced amplitude on all 10 rings (inner and outer edges for the ε ring)

due to all possible first-order Lindblad resonances of all Uranian moons out to Perdita. For the estimated

mass of each moon, we use the radius measurements of Karkoschka (2001b) and Showalter & Lissauer

(2006) and consider a range of densities from 0.5 to 1.3 g/cm3. In the left half of Figure 3.3 all resonances

mentioned by Porco & Goldreich (1987) are apparent in addition to a previously unexplored 2:1 ILR with

Portia in the proximity of the 6 ring. In the right side of Figure 3.3 we compare the amplitudes of the

strongest resonances over a range of moon densities. The fainter patches in the left side of Figure 3.3 are

due to resonances inducing much weaker amplitudes due to their large distance from the rings. Despite

the separation in semi-major axis of the η ring from the Cressida 3:2 ILR the η ring is expected to be

the most perturbed of all the Uranian rings in this framework. The next largest expected amplitudes are

the Cordelia 24:25 OLR and the Ophelia 14:13 ILR that are thought to play a roll in shepherding the ε

ring. If this is a realistic estimation of the strength of the resonances in the system, in the future we may

be able to detect the m = −24 mode on the inner edge of the ε ring, which was previously detected by

French & Nicholson (1995) with occultation data and by Showalter (2011) with images showing the ring’s

longitudinal brightness variations. Detecting the ε ring edge modes will first require determining the ring’s

edge positions and the removal of the larger amplitude m = 1 normal mode which dominates its structure.

Our analysis of these ring residuals as well as those for the other rings, whose structure is dominated by

previously known normal modes, is ongoing and will be presented in a subsequent publication.

3.5 Results

After searching mode values from m = −25 to 25 of all the rings, the strongest new feature we’ve

found is an m = 3 structure of the η ring consistent with the expectations discussed above. In Figure 3.4

we show the shallow minimum in RMS for our η ring m = 3 fits. The top plot shows the RMS deviations

of the model radii from the observed radii at each pattern speed for m = 3, zoomed in on the minimum.

Listed are the best fitting pattern speed, the semi-major axis of the Cressida 3:2 ILR, and the expected

pattern speed for an m = 3 normal mode marked by the dashed line. Note that the best fitting pattern

speed and the expected pattern speed for the semi-major axis of the η ring are offset because this is not

a normal mode oscillation, but is instead the effect of a resonance with a satellite whose perturbations

force the pattern speed to match the satellite’s mean motion. We further refine our best fit solution and

formal errors by applying the best fit parameters (a, Am, δm, and Ωp) as a set of starting parameters

for MPFIT, a non-linear least squares fitting IDL function (Markwardt, 2009). We’ve initially assumed

an uncertainty of 1 km in each of the 49 observed radii of the η ring, but found a reduced chi-squared of

0.308 << 1. We fit again to obtain the listed errors using the standard deviation per degree of freedom

(σ/ν) as a rescaled uncertainty in our observed radii which better represents the error of these data. The

bottom plot shows the best fitting model radius curve on top of the observed radial separations from the

fit semi-major axis of the ring, ∆r = r− a. We’ve listed the final fit parameters and chi-squared analysis

in Table 3.1.

The best fitting pattern speed for this mode, 776.58208 ±0.00169 ◦/day, is strikingly close to the
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Table 3.1: η ring m = 3 best fit

Parameter Final fit and scaled errors
a (km) 47176.447± 0.086
A3 (km) 0.667± 0.113
δ3 (◦) 58.81± 6.12
Ωp (◦/day) 776.58208± 0.00169
nCressida (◦/day) 776.582789± 0.000059a

nCressida (◦/day) 776.582414± 0.000022b

nCressida (◦/day) 776.582447± 0.000022c

χ2 13.861
χ2/ν 0.308
σ/ν (km) 0.555
N 49
# of parameters 4

Listed on top are the four fit parameters and
their formal 1-σ errors resulting from our fi-
nal fit, where we have assumed an error of
0.555 km for each of the observed radii of the
η ring. We also list three published mean mo-
tions of Cressida for comparison with our pat-
tern speed. The chi-squared and reduced chi-
squared below are from the initial fit assuming
an error of 1 km for each radii. The unscaled
errors of the parameters in the initial fit are
roughly double the scaled errors from the fi-
nal fit, in which we have used the standard
deviation per degree of freedom as a univer-
sal error in the observed radii. The degrees of
freedom ν = N −# of fit parameters.

a From Showalter & Lissauer (2006)
b From Jacobson (1998)
c From Pascu et al. (1998)

published mean motion of Cressida, the fourth moon from Uranus. Most recently Showalter & Lissauer

(2006) listed Cressida’s mean motion as 776.582789 ± 0.000059◦/day. All three of the measurements of

Cressida’s mean motion listed in Table 3.1 are well within the uncertainty of our detected pattern speed,

supporting the proposed connection between this m = 3 structure of the η ring and Cressida.

To solidify that the m = 3 structure is real and is a result of perturbations from Cressida, we have

inspected the alignment of the structure with Cressida. In this case, the η ring (a = 47176.447) is located

exterior to the resonance (ares = 47171.51), and the dynamical model predicts that one of the three outer

radial extents should track the motion of Cressida. That is, as the m = 3 structure and Cressida both

rotate around Uranus at nCressida ' Ωp one of the apoapses is constantly aligned with Cressida. This

can be confirmed by noting that the m = 3 structure has a phase offset δ3 = 58.81 ± 6.12◦ (this is the

longitude of one of the 3 periapsis), which is roughly 60◦ offset from Cressida’s longitude (359.50◦) at

the epoch of the fit. We show this alignment more precisely in Figure 3.5, where we have determined

the offset of each occultation scan longitude relative to Cressida’s longitude at the observation time,
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Table 3.2: Mass and Density of Cressida

A3 (km) Radius (km) a (km) ares (km) mCressida (kg) ρCressida (g cm−3)

0.667± 0.113 41± 2 47176.447± 0.086 47171.51± 0.03 2.5± 0.4× 1017 0.86± 0.16

We list the variables needed to solve for the mass of Cressida using Equation 3.5. For the calculation of
mCressida we used GMUranus = 5793951.3±4.4 km3 s−2 from Jacobson (2014) and G = 6.67408±31×10−11

m3 kg−1 s−2 from http://physics.nist.gov/cgi-bin/cuu/Value?bg. Also note 2α|fd|
j−1

' 1.545 when j =
m = 3 for the case of the Cressida 3:2 ILR. The listed radius needed to calculate the density of Cressida
comes from Voyager 2 photometry (Karkoschka, 2001b).

|m|(λ − λCressida). The apoapse of the phase-wrapped structure lags the longitude of Cressida by only

6 ± 11◦ (Cressida’s longitude is 0◦ and the fit sinusoid’s largest radial excursion occurs at 354◦). This

suggests that the perturbations on the η ring are due to its proximity to the 3:2 ILR with Cressida.

Perhaps the most significant result of this work, shown in Table 3.2, is a determination of Cressida’s

mass using Equation 3.5. Given A3 = 0.667± 0.113 km we find mCressida = 2.5± 0.4× 1017 kg. We use

the effective radius for Cressida of 41±2 km from Karkoschka (2001b) to calculate a density of 0.86±0.16

g/cm3 for Cressida.

For our purposes, the η ring is outside the width of Cressida’s 3:2 ILR and the resulting estimation

of Am is reasonable, but we note that this is not necessarily the case for all of the other rings and

resonances. Curious readers should note, to test the applicability of Equation 3.5, we’ve calculated a

resonance half-width of ∼ 3.5 km for Cressida’s 3:2 ILR using Equation 10.23 from Murray & Dermott

(1999) along with our newly determined mass of Cressida. The other relevant variable inputs can be

found in Tables 3.1 and 3.2. This half-width is less than the 5 km separation of the resonance and ring,

confirming we are justified in using Equation 3.5. Note that the ∼ 1 km resonance half-width quoted in

the introduction was estimated by Porco & Goldreich (1987) and results from an approximation of the

resonance half-width equation as well as a different satellite mass.

3.6 Discussion

Since the Voyager 2 flyby of Uranus in 1986, several dynamicists have explored the stability of the

inner Uranian moons. The moons Bianca, Cressida, Desdemona, Juliet, Portia, Rosalind, Cupid, Belinda,

and Perdita are members of the most tightly packed system of moons in our solar system. Nicknamed the

‘Portia group’ for their largest member, these satellites are thought to be unstable on short timescales

compared to the age of the solar system. The stability of the Portia group is known to be highly sensitive

to the masses of the individual satellites (French et al., 2015), which are not well constrained. In fact,

the mass we provide for Cressida is the first direct measurement of an inner Uranian satellite’s mass.

Past simulations (Duncan & Lissauer, 1997; French & Showalter, 2012; Quillen & French, 2014; French

et al., 2015) have relied on treating a range of possible masses for the inner Uranian satellites and suggest

that Cressida will cross orbits with Desdemona in under 106 years (French & Showalter, 2012), given our

mass density. Incorporation of our mass for Cressida should further constrain the timescale of satellite

orbit crossing (collisions) and allow a future work to determine the masses of some of the other satellites

through their resonant interactions. Strictly speaking, our density measurement does not necessarily

http://physics.nist.gov/cgi-bin/cuu/Value?bg
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represent a common density of the inner moons. However, a lower average satellite density will generally

result in collisions occurring in the more distant future.

Karkoschka (2001a) and Dumas et al. (2003) detected a possible water ice absorption feature in

Hubble Space Telescope near-infrared photometry of the largest inner moon Puck. Combining this with

the previously mentioned size estimates has formed the presumption that Cressida and the other inner

Uranian moons are likely composed of mostly water ice with at least a veneer or contamination of dark

material to explain their low albedo and flat gray spectra. The range in densities of the larger Uranian

moons, determined from mass (Jacobson et al., 1992) and radius (Thomas, 1988) measurements, have

provided a presumed upper limit on the densities of the inner moons, usually with reference to the least

dense major moon Miranda (1.214±0.109 g/cm3)1. In Figure 3.6 we plot our average density of Cressida

versus radius along with other satellites in our solar system, after Hussmann et al. (2006). Cressida is

about 50% denser than the inner icy moons of Saturn with comparable radii. It may be that Cressida,

and the Uranian rings/moons in general, have either a lower porosity than these Saturnian analog or they

have higher amounts of non-icy contaminants, as inferred by Tiscareno et al. (2013). The contamination

of denser and darker material may not be as high as previously expected, but it is substantial regardless.

This analysis shows that there is still information about Uranus’ rings and moons found in historical

and ground based data. Still, the best means of obtaining the Uranian moon masses and compositions,

determining the ultimate fate of the Portia group, and understanding the intricate structure of the rings

is of course a Uranus orbiter mission.
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Figure 3.4: The upper plot shows the RMS deviations of the observed radii, r, and the model fit (Equation
3.2) for a range of pattern speeds, Ωp. Listed in the top plot are the best fitting pattern speed and the
corresponding radial location of the resonance, ares. The blue line refers to the expected pattern speed
for an m = 3 normal mode oscillation. The lower plot shows the best fitting model (red line) and
observed radii plotted vs. mθ = m[λ−Ωp(t− t0)− δm] after subtracting the semi-major axis of the ring
(∆r = r − a).
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Figure 3.5: This plot shows the η ring structure in a reference frame tied to Cressida. One of the three
outermost radial extents actually tracks Cressida, the others are located ∼ 120◦ apart. We obtained
longitudes of Cressida at various times using the ura091.bsp and ura112.bsp SPICE kernels, available at
https://naif.jpl.nasa.gov/pub/naif/generic_kernels/spk/satellites/.

https://naif.jpl.nasa.gov/pub/naif/generic_kernels/spk/satellites/
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Chapter 4: Seasonal structures in Saturn’s dusty

Roche Division correspond to periodicities of the

planet’s magnetosphere

Chancia, R.O., Hedman, M.M., Cowley, S.W.H., Provan, G., Ye, S.-Y. “Seasonal structures in Saturn’s

dusty Roche Division correspond to periodicities of the planet’s magnetosphere” Icarus, vol. 330, 2019,

pp. 230-255

This work was motivated by the initial findings of Hedman et al. (2009a) in images of the dusty D ring

and Roche Division from 2006 and 2007. They found that brightness variations in the D ring and Roche

Division were located at a resonance with Saturn’s kilometric radiation, which is rotationally modulated

by Saturn’s planetary period oscillations (PPO). When I began investigating these rings in 2016 there

were nearly ten years of mostly unreduced images of both ring regions available to explore. My goal was

to track the behavior of the brightness variations in the rings over the course of the mission. First, we

realized that over time the appearance of both the D ring and the Roche Division changed significantly. In

fact, the brightness variations in the Roche Division were absent in all observation after 2007. This made

some sense, because Saturn’s two hemispherical PPO were also found to be drifting in rotational frequency

over the course of the mission. The southern hemisphere PPO rate actually increased so much that its

resonance in the Roche Division drifted inwards into the dense A ring edge where ring particles are too

massive to be significantly influenced by electromagnetic forces. It wasn’t until the summer of 2016 that

we again detected the brightness variations in the Roche Division, after the northern hemisphere PPO

slowed and allowed for a resonance in the dusty Roche Division once again.

At this point, we knew that the connection between these dusty rings and Saturn’s enigmatic magneto-

sphere was definitive. I then developed a model based on the theory of Lorentz resonances and of resonant

perturbations in dusty rings to determine the forces necessary to cause the structures we observed. I found

that with reasonable estimates of the ring particle charge to mass ratio, that an oscillating Bθ magnetic

field component of a few nanotesla was needed to produce the ring structures, consistent with observa-

tions made by the magnetometer team of the magnetic field PPO. In fact, our observations of the Roche

Division from several years apart show that the structures are in sync with the PPO phases measured by

the magnetometer and radio and plasma waves teams.

This work shows the intimate connection between Saturn’s rings and magnetosphere. It also helps to

motivate further interdisciplinary studies of the giant planets and missions concepts, like a ring skimmer.

4.1 Abstract

We identify multiple periodic dusty structures in Saturn’s Roche Division, a faint region spanning the

∼ 3000 km between the A and F rings. The locations and extent of these features vary over Cassini’s

tour of the Saturn system, being visible in 2006 and 2016-2017, but not in 2012-2014. These changes
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can be correlated with variations in Saturn’s magnetospheric periods. In 2006 and 2016-2017, one of

the drifting magnetospheric periods would produce a 3:4 resonance within the Roche Division, but in

2012-2014 these resonances would move into the A ring as the magnetospheric periods converged. A sim-

ple model of magnetic perturbations indicates that the magnetic field oscillations responsible for these

structures have amplitudes of a few nanotesla, comparable to the magnetic field oscillation amplitudes of

planetary period oscillations measured by the magnetometer onboard Cassini. However, some previously

unnoticed features at higher radii have expected pattern speeds that are much slower than the magneto-

spheric periodicities. These structures may reflect an unexpectedly long-range propagation of resonant

perturbations within dusty rings.

4.2 Introduction

The Roche Division is a sparsely populated region of Saturn’s rings located between the outer edge

of the A ring and the F ring. Burns et al. (1983) first noted the presence of tenuous ring material

between the A and F rings in a high phase angle Voyager 2 image of the region. At the time, it was

referred to as the Pioneer Division, following Pioneer 11 ’s discovery of the F ring (Gehrels et al., 1980).

Cassini has since imaged the Roche Division many times, and Figure 4.1 provides an overview of this

region. The image shows several diffuse bands of dust populating almost the entire Roche Division. The

Roche Division is also home to two of Saturn’s innermost moons, Atlas and Prometheus, which stir up

and provide a source of dust in their vicinity. The outermost dust band, at approximately 139, 400 km

from Saturn’s center, is typically the brightest feature in the region. Hedman & Carter (2017) showed

that this ringlet is in a co-orbital 1:1 resonance with Prometheus, but strangely precesses with the F

ring. During Cassini’s Saturn orbit insertion, the Cassini imaging team found two regions in the Roche

Division with higher concentrations of dust than their surroundings (Porco et al., 2005). These apparent

dusty ringlets were designated R/2004 S1 (Porco & Cassini Imaging Science Team, 2004) orbiting near

Atlas at 137,630 km and R/2004 S2 (Porco, 2004) interior to Prometheus at 138,900 km. In Figure 4.1

we can see additional fainter dust bands between these two. Hedman et al. (2009a) used image sequences

taken in 2006 to determine that R/2004 S1 does not form a true closed ringlet, but a periodic structure

composed of alternating diagonal bright and dark streaks. The structure is consistent with a dusty-ring’s

response to a strong resonance with a pattern speed near Saturn’s rotation rate. The Roche Division is

largely made up of tiny micron-sized particles that are sensitive to perturbations from non-gravitational

forces. This led Hedman et al. (2009a) to suspect that there is likely a connection with the magnetic field

and/or radio emissions which were observed to be rotationally modulated at a rate commensurate with

the Roche Division structure’s pattern speed.

Despite the perfect axisymmetry of Saturn’s internally-generated magnetic field to within measure-

ment accuracy (Dougherty et al., 2018), modulations near the ∼ 10.5 h planetary rotation period termed

“planetary period oscillations” (PPOs) are ubiquitously observed throughout the magnetosphere. Such

modulations are observed in the magnetic field (Espinosa & Dougherty, 2000; Andrews et al., 2010b; Hunt

et al., 2014; Bradley et al., 2018), plasma properties and boundaries (Gurnett et al., 2007; Clarke et al.,

2010; Arridge et al., 2011; Ramer et al., 2017; Thomsen et al., 2017), energetic particle and associated
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energetic neutral atom fluxes (Carbary & Krimigis, 1982; Carbary et al., 2009, 2011; Carbary, 2017),

plasma waves (Gurnett et al., 2009b; Ye et al., 2010), auroral ultraviolet and infrared emissions (Nichols

et al., 2010; Badman et al., 2012; Bader et al., 2018), and auroral radio emissions (Desch & Kaiser, 1981;

Gurnett et al., 2011b; Lamy et al., 2011, 2013). Analysis of the auroral radio emissions, specifically of

Saturn kilometric radiation (SKR), provided the first evidence that two such modulation systems with

slightly different periods are present (Kurth et al., 2008; Gurnett et al., 2009a), one associated with

the northern polar ionosphere and the other with the southern, and that these periods vary slowly over

Saturn’s seasons by up to ∼ ±1% about a period of ∼ 10.7 h (Galopeau & Lecacheux, 2000; Gurnett

et al., 2010). Subsequently, the remotely sensed SKR emissions were used to derive the varying northern

and southern PPO periods over the whole interval of the Cassini science mission from January 2004 to

end of mission in September 2017 (Lamy, 2011, 2017; Gurnett et al., 2011a; Ye et al., 2016, 2018). The

periods and phases of the related magnetospheric magnetic perturbations have also been derived from

Cassini magnetometer (MAG) data from shortly after orbit insertion in mid-2004 to the end of mission

(Andrews et al., 2008, 2012; Provan et al., 2013, 2016, 2018), apart from a few intervals when the per-

turbations due to one or other of the two PPO systems became too weak to be discerned. Comparison

of the results derived independently from these data sets generally shows very good agreement (Andrews

et al., 2010a; Provan et al., 2014, 2016, 2018), as expected if both phenomena result from the same

rotating magnetosphere-ionosphere current systems generated in the two polar ionospheres (Jia et al.,

2012; Southwood & Cowley, 2014). Specifically both SKR and MAG results show that the southern PPO

system was the stronger under Saturn southern summer conditions at the start of the Cassini mission,

and had a longer period ∼ 10.8 h (800◦day−1) than that of the northern system ∼ 10.6 h (815◦day−1).

The two periods then converged towards a common value ∼ 10.7 h (808◦day−1) around Saturn equinox in

mid-2009, and after an interval of complex variable behavior, finally enduringly reversed in mid-2014 prior

to northern solstice in mid-2017, with the stronger northern PPO system moving to a period of ∼ 10.8

h while the southern system period remained near ∼ 10.7 h. The magnetic oscillations of few nano-Tesla

amplitude associated with the PPOs form a likely source of perturbations in the Roche Division.

The inner Roche Division structures discovered by Hedman et al. (2009a) were associated with the

stronger longer period southern system in 2006. The Roche Division’s microscopic ring particles are very

effective at scattering incident sunlight in the forward direction and so are more easily observable in

high-phase-angle (low scattering-angle) images. In this work we perform a comprehensive investigation

of the high-phase-angle image sequences of the Roche Division obtained by the Cassini Imaging Science

Subsystem (ISS). Due to Cassini’s orbit geometry, the observations useful to this study are clumped into

3 distinct periods: 2006, 2012-2014, and 2016-2017. We find that the presence of periodic structures in

the Roche Division is time variable. The structures are present in all 2006 observations as reported by

Hedman et al. (2009a), but are not detected during any of the observation sequences from 2012-2014.

The structures reappeared at some time before July of 2016, and are present in all later observations.

This provides further evidence that the structures are somehow tied to Saturn’s PPOs.

We present the theoretical background of Lindblad resonances in planetary rings in Section 2, with

particular emphasis on their framework in dusty rings, and our model of electromagnetic perturbations.

We then report the observational data and data reduction procedures used in this analysis in Section 3. In
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Section 4, we detail the relevant pattern speeds and amplitudes from each epoch and make comparisons

to the results of the magnetometer and radio and plasma wave science instruments. We discuss the

significance of our detected pattern speeds and strengths in Section 5. Finally, in Section 6 we summarize

our findings.

4.3 Theoretical background

In this work we use the model of Lindblad resonances in faint rings developed by Hedman et al.

(2009a), to quantify the periodic structures in the Roche Division over the course of the Cassini mission.

This theory can account for ring structures produced by any periodic forcing that is commensurate with

the ring particles’ eccentric epicyclic motion and is not limited to classical Lindblad resonances associated

with satellites. In dense rings, having sufficient mass and optical depth, Lindblad resonances produce

density waves. Density waves have been studied extensively in Saturn’s rings, particularly the A ring

where many strong satellite resonances fall (Tiscareno et al., 2007). Strong Lindblad resonances in faint

rings produce structures with a different appearance than those in dense rings. The sheets of dust in the

Roche Division, with normal optical depth τn = (1− 2)× 10−4 (Showalter et al., 1998), lack the particle

collision frequency and self-gravity necessary to sustain a normal spiral density wave.

However, Hedman et al. (2009a) found periodic azimuthal brightness variations in dusty rings at

Lindblad resonances with Saturn’s moon Mimas and with the rotation of Saturn’s magnetic field.

In Section 4.3.1 we discuss the general theory of Lindblad resonances. In Section 4.3.2 we discuss the

specific case of the dusty Roche Division particles responding to a Lindblad resonance. Finally in Section

4.3.3 we derive a simple model of an oscillating magnetic field component and determine the perturbed

radial amplitude of the rings under particular conditions.

4.3.1 Lindblad resonances

For a ring particle in orbit around a central planet with a single satellite, the condition for a first-order

Lindblad resonance is that the resonant argument:

ϕ = m(λ− λs)− (λ−$) (4.1)

is constant in time, dϕdt = 0. The inertial longitudes of the ring particle and satellite are λ and λs respec-

tively and the ring particle’s longitude of pericenter is $. The integer m is the azimuthal wavenumber of

the resonance, and is positive (negative) for an inner (outer) Lindblad resonance, or ILR (OLR), where

the ring particle is interior (exterior) to the satellite’s orbit. This condition means that whenever the ring

particle is in conjunction with the satellite, it will always be in the same phase of its eccentric orbit. For

example, if λ− λs = 0 (conjunction) occurs at the same time as λ−$ = 0 (the ring particle is at peri-

apse) then every time the ring particle approaches the satellite’s longitude it will be back at its periapse.

This allows the satellite’s perturbations on the ring particle to build up and enhance the eccentricity of

particles orbiting close to the resonance, as they always have close encounters with the perturbing moon

in the same phase of their orbits.
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Figure 4.1: On top is a labeled image (N1870374754 from Rev 268a), with arrows noting ring features
and moons. The image has been stretched to highlight faint dusty structures. Note that the narrow
Keeler Gap is not visible in this image because the stray light from the A ring causes it to appear
artificially bright. Below are two radial scans of the image, showing the azimuthally averaged reflectance
of the rings in Normal I/F (see Section 4.4.2) vs. radial distance from Saturn’s center. The lower plot
is zoomed in on the Roche Division. Dashed lines mark the semi-major axes of each moon, while the
dotted lines mark their pericenter and apocenter in the lower plot. Dot-dashed lines mark the locations of
Janus/Epimetheus 1st order Lindblad resonances. The actual radial locations of Atlas and Prometheus
at the time the image was taken are marked with X symbols.
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The expected forced radial amplitude, aeF , on ring particles with semi-major axis, a, near a 1st order

Lindblad resonance at ar is given by (Murray & Dermott (1999) Equation 10.22)

aeF ≈
1.6a2(Ms/Mp)

3|a− ar|
, (4.2)

where Ms and Mp are the masses of the perturbing satellite and central planet respectively. In the

absence of mutual interactions among ring particles the orbits of particles near a Lindblad resonance will

follow a streamline path defined by their radius as a function of inertial longitude λ and time t:

r(λ, t) = a+ aeF cosφ, (4.3)

where φ = m(λ − Ωp(t − t0) − δm) is the phase of the periodic structure. In a rotating frame the

streamlines form m-lobed shapes with a specific orientation relative to the perturbing satellite, where

δm is the inertial longitude of one of the structure’s m-periapses (a < ar) or m-apoapses (a > ar) at

epoch time t0 and is roughly aligned with the longitude of the perturber. The structure rotates with a

pattern speed Ωp equivalent to the mean motion of the perturbing satellite. In dense rings, gravitational

interactions among the ring particles cause neighboring streamlines located further and further from the

resonance to shift in phase relative to the satellite, creating the appearance of an m-armed spiral density

wave. Alternatively, a strong resonance near a ring’s edge can form an m-lobed sinusoidal pattern as is

the case for the outer edges of Saturn’s B ring (Mimas 2:1 ILR) and A ring (Janus/Epimetheus 7:6 ILR)

(Porco et al., 1984; Spitale & Porco, 2009; Nicholson et al., 2014a). Satellite resonances can also influence

the entirety of narrow dense rings. This is the case for Uranus’ 2 km wide η ring which has a 3-lobed

oscillation in its radius produced by the ring’s proximity to Cressida’s 3:2 ILR (Chancia et al., 2017).

4.3.2 3:4 Outer Lindblad Resonances in the Roche Division

The structures in the Roche Division have pattern speeds and symmetries consistent with m =

−3 Outer Lindblad Resonances (OLR). No appropriate 1st-order Lindblad resonance with a Saturnian

satellite falls within this region (for the Janus/Epimetheus 8:7 ILR see Section 4.6.2), but Hedman et al.

(2009a) found that these structures were located coincident with the 3:4 resonance of the southern PPO

system in 2006. By taking the time-derivative of Equation 4.1 we obtain another expression that governs

Lindblad resonances and normal modes:

mΩp = (m− 1)n+ $̇ = mn− κ (4.4)

where dλs
dt = Ωp is the pattern speed and mean motion of the perturber, dλdt = n is the local mean motion,

κ is the local epicyclic frequency, and $̇ = n− κ is the local apsidal precession rate. Note that n and κ

are the angular and epicyclic frequencies, corrected for the effects of an oblate central planet (Lissauer

& Cuzzi, 1982). The 3-lobed structures generated by such a resonance that could occur between the

outer edge of the A ring (mean radius of 136, 770 km) and the orbit of Prometheus (a = 139, 380 km)

are expected to have pattern speeds of 804.64◦day−1 to 782.11◦day−1 respectively, or roughly 4/3 the
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mean motion of ring particles orbiting in the Roche Division (n = 604.22◦day−1 to 587.27◦day−1). Thus,

in image-movies that span about one local orbital period we see 4/3 of the structure pass through the

imaged longitudinal region. Note that if we construct mosaics in a co-rotating longitude system using

the expected pattern speed of ∼ 800◦day−1 we see the full 3-fold symmetric pattern.

Individual dusty ring particles will also respond to gravitational perturbations near a strong Lindblad

resonance. However, in the case of dusty rings the particle streamlines appear to be “damped” to form a

region of canted brightness variations straddling the resonance. Hedman et al. (2009a) created a model

to explain the observed behavior of dusty ring structures in Saturn’s Roche Division, D ring, and G ring

by introducing a dissipative term to the equations of motion. This presumed dissipation causes a phase

shift of ring particle streamlines that depends on their radial distance from the resonance and results in

the observed canted brightness variations (see Figure 4.2 below).

For a low optical depth region, like the Roche Division, the fractional brightness variations are a small

percentage of the overall brightness and are effectively equivalent to the local fractional surface density

variations. In their model of Lindblad resonances in faint rings, Hedman et al. (2009a) found that the

fractional surface density variations δρ
ρ near a resonance in a dusty ring are given by:

δρ

ρ
(r, φ) =

β

[(δr)2 + L2]2
[((δr)2 − L2) cosφ+ 2δrL sinφ], (4.5)

where δr is the radial distance from the exact resonance, β is a measure of the resonance strength, and

L is a damping length. The amplitude of the brightness variations

A(r) =
β

(δr)2 + L2
(4.6)

due to the density variations reaches a peak at the exact resonance. Additionally, this amplitude of the

brightness variations is proportional to the strength of the resonance. A full derivation of the relevant

equations from Hedman et al. (2009a) is reiterated in Appendix D with some corrections.

Hedman et al. (2009a) found that the G ring resonant structure straddles the Mimas 8:7 ILR, such

that its maximum brightness variations do in fact peak at the exact resonance1. Thus, we can determine

the exact resonance locations even when we do not know the exact angular frequency of the perturber

and also approximate the strength of the resonance in terms of a satellite mass when we do not know

the mass of the perturber. Alternatively, if these structures are generated by Saturn’s magnetic field, the

perturbing force is more likely the Lorentz force, and so we can estimate the amplitude of the magnetic-

field variations.

4.3.3 Simple magnetic field perturbation model

As we have explained above, it is most likely that the dust in the Roche Division is perturbed at the

3:4 OLR with the rotational modulation of Saturn’s magnetosphere. The case for resonances with the

rotation of planetary magnetic fields, or Lorentz resonances, has been explored to explain the structure

1However, the reported amplitude of the variations is actually 2.5 times larger than one would expect, so the estimated

value of β = 1.6a2

3
Ms
Mp

overestimates the mass of Mimas by a factor of 2.5, see Section 4.6.2 below.
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of Jupiter’s faint rings (Burns et al., 1985). In fact, the theory has been derived extensively in the

works of Schaffer & Burns (1992) and Hamilton (1994). We summarize those derivations in Appendix E,

but note that in order to approximate the strength of the 3:4 Lorentz resonance in question, one needs

to know the planet’s non-axisymmetric magnetic field coefficients. However, current models of Saturn’s

magnetic field (Dougherty et al., 2018) show that the planet has negligible non-axisymmetric components,

so the relevant magnetic field perturbations are probably external to the planet. Thus, we improvise by

instituting a simple sinusoidal perturbation in the magnetic field that resembles the observed planetary

period oscillations measured by Cassini’s magnetometer.

We begin with the Lorentz Force FL = qgvrel ×B on a charged dust grain qg, which arises from the

rotation of Saturn’s magnetic field B. Here vrel is a ring particle’s orbital velocity relative to the angular

frequency of Saturn’s PPO rotation ΩS given by

vrel = v − (Ωs × r) (4.7)

where r and v are a ring particle’s radial position and Keplerian orbital velocity in the ring plane. We

are considering low eccentricity rings around Saturn, whose magnetic pole is effectively aligned with its

rotation axis (Dougherty et al., 2018), so we can simplify this expression to

vrel = a(n− ΩS)φ̂. (4.8)

Our Lorentz force is then given by

FL = −qga(n− ΩS)
[
Bθ r̂−Brθ̂

]
(4.9)

where the radius r, polar angle θ, and azimuthal angle φ define the usual spherical coordinates relative

to the rotating planet. We mainly care about the small PPO magnetic perturbation on top of the static

Bθ component of the magnetic field because it will produce an oscillating force in the radial direction,

as needed to create a Lindblad resonance. While the fundamental PPO magnetospheric signal will

go like cos (λ− ΩSt), deviations in the shape of the magnetic field perturbation from a pure sinusoid

and nonlinearities in the expression for the perturbing force will give rise to harmonics of the form

cos [j(λ− ΩSt)] for various integer values of j. We consider a simple perturbation Bθ0 cos [j(λ− ΩSt)]

where Bθ0 can be compared to measured MAG oscillations modulated by the rotation periods associated

with the northern and southern PPO systems (Provan et al., 2018).

The perturbation produces a radial force given by

Fr = −qga(n− ΩS)Bθ0 cos [j(λ− ΩSt)]. (4.10)

This perturbing force can now be inserted into the perturbation equations of a ring particle’s eccentricity

and longitude of pericenter, which for objects on nearly circular orbits are (Burns, 1976, 1977)

de

dt
= n

[
Fr
FG

sin f + 2
Fλ
FG

cos f

]
(4.11)
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and
d$

dt
=
n

e

[
− Fr
FG

cos f + 2
Fλ
FG

sin f

]
(4.12)

where the ring particle’s true anomaly f = λ − $ and the central gravitational force on a dust grain

of mass mg due to Saturn is FG =
GMSmg

a2 . After plugging in our Fr (assuming the longitudinal force

Fλ = 0) and applying the appropriate trigonometric product and sum identities these become:

de

dt
=
−nqga3(n− ΩS)Bθ0

GMSmg

1

2
{sin [j(λ− ΩSt) + (λ−$)]− sin [j(λ− ΩSt)− (λ−$)]} (4.13)

and

d$

dt
=
nqga

3(n− ΩS)Bθ0
eGMSmg

1

2
{cos [j(λ− ΩSt) + (λ−$)] + cos [j(λ− ΩSt)− (λ−$)]}. (4.14)

The perturbations on the ring particles are small, so we can assume that λ ≈ nt and $ ≈ $̇0t. Hence, for

particles near a particular resonance with a specified value of m, these expressions will nearly all average

to zero. The only case where this does not happen is when j = m, in which case the first term will

average to zero and the second can be written with ϕ = m(λ− ΩSt)− (λ−$). Hence the time-average

perturbation questions become: 〈
de

dt

〉
=
nqga

3(n− ΩS)Bθ0
2GMSmg

sinϕ (4.15)

and 〈
d$

dt

〉
=
nqga

3(n− ΩS)Bθ0
2eGMSmg

cosϕ+ $̇0. (4.16)

Following the logic used to derive Equation E.9 we find the forced eccentricity is

aref =
1

3

qg
mg

a5
r

δa

n/ΩS − 1

m− 1

ΩS
GMS

Bθ0 (4.17)

where our resonance strength is given by

β =
1

3

qg
mg

a5
r

n/ΩS − 1

m− 1

ΩS
GMS

Bθ0. (4.18)

Finally for the case of the Roche Division, where m = −3 and n
ΩS
≈ 3

4 we find:

β =
1

48

qg
mg

a5
r

ΩS
GMS

Bθ0 (4.19)

which can be used to estimate the amplitude of magnetic field oscillations needed to produce the observed

structures in the rings.
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4.4 Observational data

We conducted a comprehensive survey of the available Roche Division images from the Cassini cam-

eras. Section 4.4.1 summarizes the observations used in this study, while Section 4.4.2 describes how

these data were processed to obtain maps of the fractional brightness variations that can be compared

with the above model predictions.

4.4.1 Imaging data

This study examines high-phase-angle image sequences of the Roche Division obtained over the course

of the entire Cassini mission by the Imaging Science Subsystem (ISS). For consistency, we only consider

images obtained by the Narrow Angle Camera (NAC) using the clear filters, because they are the most

common and have the highest signal-to-noise. Every image is calibrated using the standard CISSCAL

calibration routines (Porco et al., 2004; West et al., 2010) to remove backgrounds, flatfield, and convert

the raw data numbers into I/F , a standard measure of reflectance. I is the intensity of radiation scattered

by the ring particles and πF is the solar flux at Saturn, so I/F is a unitless quantity that equals unity

for a perfect Lambert surface viewed at normal incidence. We geometrically navigate the images using

appropriate SPICE kernels (Acton, 1996) and by matching background point sources or streaks to stars

in the Tycho and UCAC catalogs.

The images chosen for this analysis belong to movie sequences. These are image sequences taken of

a common longitudinal region of the rings over the course of a large fraction of the local ring region’s

orbital period. This enables us to watch ring material move through the region over time, so we can

detect radial and azimuthal brightness variations in the rings. We’ve found that the structures we are

interested in are only detectable in images taken at phase angles α above around 130◦.

Table 4.1 shows a breakdown of the complete dataset used in this study. Cassini’s observations of

the Roche Division were conducted during three distinct epochs, separated by the horizontal lines in the

table. Throughout this work we identify the individual image sequences by their Saturn orbit numbers

(or Rev number), exposure durations (a,b,c), and ring ansa (x or y) when necessary. This is not to be

confused with the mission assigned Observation ID used to identify the images within archives, such as

the PDS rings node. Table 4.1 also contains the ring ansa longitudes and lighting geometries spanned

by the image sequences. Any individual images containing substantial defects or insufficient background

stars for proper pointing have been removed from our in-depth analysis, but in some cases are useful

merely for identifying the presence of structures (for instance Rev 289 has defects preventing proper

analysis, but the presence of structures is clear). We also leave out observations that are less than 3.6

hours long, which are too short to reliably identify the resonant structures.

4.4.2 Data reduction

Each image of the Roche Division covers a relatively small range of longitude compared to the scale of

the azimuthal brightness variations. Thus, we reduce each image into a high signal-to-noise profile of ring

brightness as a function of radius by averaging the image’s brightness data over all longitudes spanned
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Figure 4.2: This map of the Roche Division is made up of average brightness radial profiles of individual
images, at an inertial longitude of ∼ 240◦, stacked from bottom to top sequentially in time and shown
in local orbital periods. The bright A ring edge is at the left of the map and the Prometheus ringlet
is at the right, with a radial and brightness asymmetry clearly displayed on either side of Prometheus
which passed by this longitude about halfway through the sequence (Atlas passed by at the same time
and its faint brightness signature is labeled). The Roche Division is brighter in the upper left corner of
the map because the ring opening angle is slowly increasing, resulting in a brighter A ring edge. There
are multiple regions of diagonal brightness variations between 137, 000 and 139, 000 km.

by the image.

The lighting geometry in each image can vary significantly both within an individual sequence and

between observations taken at different epochs. We can compare the radial profiles of images with different

emission angles e or ring opening angles B = 90◦ − e (not to be confused with the magnetic field) by

converting the observed I/F reflectance into “normal I/F” or µI/F , where µ = | sinB|. Ideally, for a

low optical depth region like the Roche Division, the normal I/F should be independent of incidence

and emission angle. However, even after this correction several obstacles remain when trying to compare

images from multiple sequences or even within individual sequences.

While several observations contain images with nearly identical phase angles, others have a gradual

change in phase angle, sometimes by more than 10◦ over the course of the observation. The range of

phase angles from all images included in the study is 125◦−163◦, making direct comparison of the normal

I/F profiles problematic. The general trend for dusty rings is that they appear brighter at higher phase

angles, which can be described in terms of a phase function. However, in this case further difficulties

arise because of the background signals from the A and F rings.

There are drastic variations in stray light from the A ring among the different data sets because they

include observations of both the lit and unlit side of the rings. Images of the lit side of Saturn’s rings

capture a bright A ring whose brightness can leak into the Roche Division due to the stray light and

extended PSF of the camera (West et al., 2010). Raw radial scans of these images exhibit a bright inner

Roche Division that generally decreases in brightness with increasing radii until approaching the inner
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Figure 4.3: Above is a corrected brightness map of the Roche Division from Rev 281 similar to Figure
4.2, atop the fractional variation in the rings brightness at each radius and pattern speed. The SKR
(X) and MAG (square) rate/radius are marked in blue for the northern hemisphere (red for the southern
hemisphere at early times). The peak of 4.5% occurs at 799.2 ◦day−1 or 137, 385 km. When the resonant
structures are detected, those with the largest fractional brightness variations consistently occur in this
inner region of the Roche Division near the magnetospheric periodicities.

edge of the Prometheus ringlet and the F ring (see Figures 4.1 and 4.2). Conversely, radial scans of the

unlit side of the rings, which include a darker A ring, often reveal a much darker inner Roche Division

with a general brightness enhancement contaminating the outer Roche Division as one approaches the

F ring. Additionally, calibrated images with different exposure durations with otherwise nearly identical

observation geometries can have constant instrumental offsets that produce slightly different reflectance

levels in images of the Roche Division that are relevant here because the rings themselves are so faint.

These issues are best illustrated by considering a single data set. Figure 4.2 is an example map of

the Roche Division, created using the radial scans from Rev 268a images. The Rev 268a image-movie

monitored the Roche Division for 12.1 hours (about 0.86 local orbital periods). The radial profile of the

first image is on the bottom, with the following images’ radial scans shown in the map sequentially to the

top. In this particular movie, the phase angle of each image decreases over the course of the observation

from bottom (α = 145◦) to top (α = 140◦), which should normally cause a decrease in the observed

reflectance due to less optimal forward scattering. In reality, brightness increases from bottom to top in

the left side of the image because of increasing amounts of stray light from the A ring. The ring plane

opening angles in this observation are all < 10◦ and vary by 4◦ over the course of the observation. At

these small opening angles the A-ring’s brightness depends strongly on the viewing geometry. In general,

images with larger opening angles suffer from increased contamination of the bright A ring on the lit side

of the rings after converting the profiles to Normal I/F . This means that as the ring opens up (smaller e,

larger B) the Roche Division reflectance is artificially enhanced. This increase is especially apparent near
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the A ring in the upper left corner of the mosaic. Whenever the ring opening angle and emission angle

vary significantly, there is a similar alteration in ring brightness near the F ring in observations of the unlit

side of the rings. We should also note that the Prometheus ringlet, located in the far right of this figure,

has its own individual asymmetry in reflectance and radius on either side of Prometheus. This region is

far enough from the A ring to be largely unaffected by the changing ring opening angle. However, the

decrease in phase angle over the course of the observation serves to enhance this characteristic asymmetry

observed in the Prometheus ringlet reflectance.

Despite these distracting trends in reflectance due to the lighting geometry, in Figure 4.2 we see that

the bands of dust in individual images (e.g. Figure 4.1) change in radius over time (we recommend

viewing the mosaic figures in the electronic copy). In fact, the ring brightness in each radial region is

clearly periodic, appearing to increase and decrease four times over the course of an orbital period. In this

observation there appear to be at least three distinct canted azimuthal brightness variations centered at

approximately 137, 300 km, 138, 200 km, and 138, 600 km. Each of these azimuthal brightness variations

look like the characteristic response of dusty rings to a strong resonance described in Section 4.3.2 above.

Besides these patterns of canted bands, there are also structures in this region that might be tied

to various moons. More continuous dust bands may occupy the narrow regions around 137, 500 and

138, 800 km, possibly corresponding to R/2004 S1&2 and having some relation to the orbit of Atlas and

the position of the Janus/Epimetheus 8:7 ILR, respectively. Upon further stretching of the image in

Figure 4.1 we can also detect the faint leading wake of Prometheus in R/2004 S2, which complicates any

attempts to identify resonant structures that might exist there. The Prometheus ringlet shows a distinct

offset in radius and a variation in brightness on either side of the central images corresponding to when

Prometheus passed through the longitudinal region captured in the image-movie. Additionally, radial

scans of images taken after Atlas passed by (right after Prometheus) show a slightly wider R/2004 S1

region.

As described above, the various trends in reflectance caused by different changes in lighting geometry

within an image sequence and between sequences obtained over the course of the mission complicate

efforts to quantify the amplitudes of these structures. To best facilitate comparisons between observations

without compromising the integrity of the data we use a simple but robust normalization procedure. While

a third-order polynomial fit to individual radial scans can reasonably remove these trends, it cannot

without also adversely altering the appearance of the subtle structures we are interested in. Hence, we

found that the best solution to create a set of normalized profiles within an image sequence is to subtract

a linear trend in reflectance with time at each radius across the mosaic. This accounts for variation in

brightness across images taken from drifts in lighting geometry during an image sequence while preserving

any periodic variations due to the resonant structures. The ideal result is a vertically flat Roche Division

map (no brightness slope with time) at radii where no structures occur. This method can cause issues

near the edges of the A ring, F ring, and Prometheus ringlet, so we limit the normalization to the region

of the Roche Division stretching from 137, 000−139, 100 km. Finally, for each Roche Division observation

we determine the amplitude of the m = −3 longitudinal brightness variations by fitting the data in a

radius vs. phase (see Equation 4.3) mosaic to a sinusoid at every radius. The brightness amplitude at

each radius is normalized to a fractional amplitude by comparing it to the average brightness level of the
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Roche Division at that radius for each observation. We present corrected maps of the Roche Division

from every data set (or combination of data sets) included in Table 4.1 whose duration is longer than

∼ 7 hours in Appendix G.

For an example, in Figure 4.3 we show the normalized Roche Division map and fractional variation in

ring brightness vs. radius during Rev 281. This observation sequence had particularly favorable viewing

geometry (low B and high α) and so provides the clearest example of the resonant structure in the Roche

Division. The strongest structure peaks around 137, 420 km, near the edge of the A ring with a pattern

speed of 798.9 ◦day−1. Similarly strong patterns are present near this location both in 2006 and since

2016.

In general, the structures in the Roche Division occur in a region from just outside the edge of the A

ring to the R/2004 S2 ringlet. In certain observations, bright and dark diagonal banding almost appears

to cover this entire range of nearly 2, 000 km as one structure. In fact, diagonal bands in the mosaic for

Rev 281 of Figure 4.3 can be traced from 137, 200 − 138, 100 km and only show possible interruptions

around 137, 700 km where Atlas orbits. Other observations show more distinct substructures at each

radial region. We provide a brief summary of the lengthier observations in Figure 4.5 and more detailed

figures of each of these observations in Appendix G.

4.5 Results

We can characterize the Roche Division patterns using the radius of the peak amplitude and the

equivalent pattern speed given by Equation 4.4, along with the structure’s peak amplitude and width.

Figure 4.4 is a zoomed in look at the strongest structure of Rev 281 from Figure 4.3. The top panel is

a mosaic of the observations and the middle panel is a mosaic modeled using Equation 4.5. After fitting

the actual fractional brightness variations with a Lorentzian in the bottom plot, we can constrain the

damping length L (here, the half width at half maximum), the fractional amplitude A, and calculate

the resonance strength β at the exact resonance (δr = 0) using Equation 4.6. We can then use these

parameters to estimate properties of the perturbation.

In Table 4.2 we present the spectrum of the strongest patterns in observation sequences longer than

half a local orbital period (∼ 7.25 hours) by noting their radii and the corresponding pattern speeds (and

equivalent period). We also provide the relevant resonance strength parameters and estimate an effective

perturber mass using Equation 4.2 and magnetic field oscillation amplitude using Equation 4.19. The

exact particle properties of the Roche Division are unknown at this time and are beyond the scope of

this work. To provide an order of magnitude estimate of the magnetic oscillation amplitude Bθ0, we

can re-express the charge-to-mass ratio as 3ε0Φ/ρgs
2, where ε0 is the permittivity of free space, and

assume a particle size s = 5 µm (Showalter et al., 1998), density ρg = 1 g/m3, and electrostatic potential

Φ = 10 Volts (Farrell et al., 2012), consistent with prior estimates for dusty particles near the main rings

(Mitchell et al., 2013).

Both the peak amplitudes and widths of these structures vary dramatically among the various obser-

vations. For example, considering just the innermost structure we can see that the resonance strength

appears to vary by over an order of magnitude. Observations like 033, 036, 268a, and 281 (see Figures
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Figure 4.4: The top panel is a small map of the high amplitude structure of Rev 281 from Figure 4.3,
but with a pattern phase axis rather than time to conform with Equation 4.5. The middle panel is the
model of the region made with Equation 4.5, after approximating L as the full width at half maximum
from a Lorentzian fit (red curve) to the bottom panel showing the fractional change in brightness across
the structure at each radius.
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Figure 4.5: This plot is a summary of Roche Division maps and their m = −3 fractional amplitudes of
observations taken over the course of the Cassini mission whose durations are 7 hours or longer. Each
map is scaled to the same time scale (height), where for example Rev 196 is about one local orbital
period (∼ 14.5 hours). Subsequent observations are stacked on top of one another sequentially in time,
marked by the month and year the observation took place, and delineated by dashed lines or a solid line
to separate out the main epoch ranges. The curves in the right portion of the figure are measures of the
fractional amplitudes amplitude of brightness variation

average brightness at each radius. These curves show the abundance of

peaks occurring when appropriate northern (blue) or southern (red) SKR (X) and MAG(square) periods
may be affecting the region. See Appendix G for larger plots of each observation.
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Figure 4.6: These plots show the phase angle (top), emission angle (middle) of all Roche Division obser-
vations in Table 4.1, and Saturn’s subsolar latitude (bottom) versus the time of each observation. The
red or dark symbols correspond to observations where the longitudinal brightness variations were visible
in the Roche Division. The vertical dotted lines mark Saturn’s equinox in 2009 and solstice in 2017. The
horizontal dashed line marks 0◦ and 90◦ in the relevant plots. The lack of brightness variation detections
in many observations cannot easily be attributed to their photometric angles.



59

G.6, G.7, G.20, and G.23) have a single radially broad structure between Atlas and the A ring, while

others, 029x, 241, 287, and 292 are made up of multiple narrower structures (see Figures G.1, G.19, G.24,

and G.26). This may be related to the strength of the rotating PPO current systems. Alternatively,

some of these changes could be because the observations were obtained with different lighting geometries,

which can affect the appearance of these structures. For instance, observations taken at different phase

angles are sensitive to different particle sizes due to their light scattering properties.

On a global scale, in Figure 4.5 patterns can be seen in all the observations from 2006 and 2016-

2017, and no similar patterns are detected in 2012-2014. Close examination of the lighting and viewing

conditions reveal that these alone cannot explain the overall variable presence of the patterns. Figure 4.6

shows the photometric angles for each observation throughout the mission. The red X’s correspond to

the observations where we are able to detect periodic structures in the Roche Division. The majority of

observations in 2006 were taken from very high phase angles (α > 150◦), but the remaining observations

were taken at a large range of phase angles (α ∼ 130− 160◦). Lower phase angle observations (α < 140◦)

are generally less likely to reveal the structures, and reveal them with less detail. However, we cannot

attribute the lack of structure identification from 2009-2015 to a lack of appropriate phase angle viewing,

because several Revs (173by, 174x, 174y, 185a, and 196) have phase angles α > 140◦ and cover a sufficient

length of time (at least half of a local orbital period), conditions under which patterns could be seen in

2016-2017.

The best candidate for missing the structure due to lighting geometry might be due to a combination

of phase angle and the emission angle. These structures are most obvious in sequences with particularly

high phase angles (> 150◦) or with emission angles closest to 90◦ (i.e. low ring opening angles |B| < 10◦).

While there isn’t an obvious missed opportunity of comparable lighting geometry during the 2009-2015

epoch of no Roche Division structures, we should examine this possibility closely. Notice in the central

plot of Figure 4.6, we cannot compare sequences having the same emission angle between each of the

three epochs, as we are able to with phase angles. Emission angles e < 90◦ correspond to observations

taken from the north side of Saturn’s ring-plane. During the first observations of the Roche Division, in

late 2006, Saturn’s southern hemisphere was illuminated by the Sun, so these observations with emission

angles e ∼ 50 − 60◦ were taken from the unlit side of the rings. Similarly, several observations after

equinox were taken from the unlit side of the rings, but from the south side of the ring plane. However,

this spread in emission angles (e ∼ 110− 140◦) does cover a similar range in absolute ring-plane opening

angles |B| = |90◦ − e| ≈ 35◦ on the unlit side of the rings. If the structures were present all the time,

and only visible under optimal lighting geometry, there is no reason that we shouldn’t see the structures

in Rev 173by and 174x when we can see them in Rev 031 having nearly identical lighting geometry (see

lighting geometry in Table 4.1 and maps in Appendix G). Therefore, we conclude the presence of the

Roche Division structures must be due to changes in the frequencies of the forces perturbing them.
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4.6 Discussion

4.6.1 Pattern speeds and locations

The seasonal appearance of resonant structures in Saturn’s Roche Division fits in well with the ob-

served seasonal variations in Saturn’s PPO rotational modulations. This is demonstrated in Figure 4.7,

which shows the rotation speeds of the northern (blue) and southern (red) PPO systems derived from

the SKR (solid line) and MAG (dashed line) data over the Cassini mission (Ye et al., 2016, 2018; Provan

et al., 2016, 2018). An equivalent scale of PPO periods is shown on the right hand vertical axis. As

briefly indicated in Section 4.2, the rates were well separated early in the mission under Saturn south-

ern summer conditions at 816◦day−1 for the weaker northern system and ∼ 800◦day−1 for the stronger

southern system, before converging towards near-equal rates with near-equal amplitudes across vernal

equinox in mid-2009. An interval of variable but near-equal rates with variable amplitudes then en-

sued between mid-2010 and mid-2013 (Provan et al., 2013; Fischer et al., 2015), though the northern

rate ∼ 812◦day−1 generally remained larger than the southern rate ∼ 809◦day−1, before it coalesced at

∼ 808◦day−1 between mid-2013 and mid-2014. The rates then separated again, with the now-stronger

northern system slowing to ∼ 800◦day−1 while the weaker southern system remained near ∼ 809◦day−1.

The Roche Division structures reported by Hedman et al. (2009a) were observed during the initial interval

of well-separated rotation rates, as indicated by the left hand dark gray band in Figure 4.7, when the

period of the stronger southern system was ∼ 798◦day−1. However, during the extended post-equinox

interval of near-equal northern and southern system rates ∼ 810◦day−1, all observations of the Roche

Division show no evidence of such periodic brightness variations, as indicated by the central gray band

in Figure 4.7. (See Appendix G for the individual maps and fractional amplitudes of these observations.)

During the time between early 2009 and late 2014 when we observe no ring structures, both PPO rates

are above 805◦day−1 (Fischer et al., 2015; Ye et al., 2016; Provan et al., 2016). Thus, an appropriately

commensurate 3:4 OLR with a pattern speed greater than 805 ◦day−1 would be located interior to the

outer edge of Saturn’s A ring and unsuitable to produce resonant structures in the Roche Division.

Horizontal dashed lines in Figure 4.7 show the pattern speed at ∼ 805 ◦day−1 for such a resonance at the

outer edge of the A ring, as well as at reference radii of 137, 000 and 137, 500 km in the region outside

the edge of the A ring. We first observe the reappearance of the Roche Division structures in Rev 237 on

July 1st, 2016 and they are apparent in all later observation sequences. The closest prior observation to

Rev 237 is Rev 209 in October 2014 just after the rate of the northern component began to slow down

after the interval of coalesced periods.

Additionally, during 2006 and 2016-2017 the PPOs of the stronger systems have pattern speeds that

coincide with the location of the largest fractional variations in the Roche Division. This is most notable

between the observations in 2006 when the southern PPO rate slowed to below 799 ◦day−1 and the

observations in 2017 when the northern PPO rate was around 800 ◦day−1. In the 2006 observations the

location with the highest fractional brightness variations is further out into the Roche Division around

137, 400 − 137, 500 km while in 2017 some strong structures appear even closer to the A ring around

137, 100 − 137, 300 km (See Figure 4.5). This suggests that the structures in the inner Roche Division
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are tied to the presence of the variable PPO rates.

In fact, we find that the innermost Roche Division structure is in sync with the PPOs. In Figure 4.8

we show four of the best observations of the mission mapped to the appropriate MAG PPO longitude

system. In their determination of the PPO periods the magnetometer team also defines a longitude

system and tracks the phases of both PPO systems (Provan et al., 2018). For each ring observation

shown we determine the longitude of each ring profile in the appropriate north or south PPO system

at the time the image was taken. See Appendix F for a complete description of the PPO longitude

systems and how we bring our ring observations into this system to create Figure 4.8. The effective MAG

PPO resonant radius for the northern (blue) and southern (red) systems are marked with dashed lines

on the maps. The fractional variation of the brightness profile at each of these radii is plotted below

with the same color scheme for north/south and a different symbol for each ring observation. The SKR

maximum emission in this MAG longitude system is marked by the vertical dashed lines with appropriate

symbols on each end (Ye et al., 2018). The minimum fractional variations of the ring pattern appears to

be consistently at quadrature with the PPO system that is responsible for the resonance in the Roche

Division at any given time. The zero point of the PPO longitude system is defined where the oscillating

magnitude of Bθ is a minimum in the northern PPO system and where Bθ is a maximum in the southern

PPO system. Strangely, we do not see a 180◦ offset between the northern and southern PPO affected ring

structures. Nonetheless, the coherence of these structures at the drifting resonant radius is suggestive of

a clear relation between the PPO and the inner Roche Division.

The connection between the outer Roche Division structures, with slower expected pattern speeds,

and the PPOs is less clear. We do not understand how this phenomena can perturb an almost 2000-km-

wide radial span in the Roche Division. It is possible that the outer structures are due to other longer

periods, but these are not seen in the MAG and SKR data. Also, if they are due to different periodic

forces they would not necessarily disappear at the same time as the faster PPO signals. Our detection of

resonant structures so far from the exact PPO resonance could be due to unexpectedly long propagation

from the resonant radius.

Perhaps these extensive dusty structures in the Roche Division are generated by similar phenomena

as the spokes. The dusty spokes in Saturn’s B ring, which extend over a radial range up to 10, 000 km

(Smith et al., 1981), are also related to the PPO periods (Mitchell et al., 2013). The spokes in the B ring

and the resonant Roche Division structures certainly have some connection, but the dust making up the

B ring spokes must be levitated above and below the numerous larger ring particles (Mitchell et al., 2006),

introducing added complexity to the dusts’ response to resonant forcing from the PPO near co-rotation.

Indeed one might wonder why spoke-like structures do not form in the outer A ring when the PPO

periods are both ∼ 810◦deg−1. There may be a different response to the PPO by dust within dense rings

and dust in dust-dominated rings preventing propagation across this boundary. At times when the PPO

resonant radius falls directly in a dust-dominated ring, the structures may be able to propagate across

the dusty region, with some interruptions from embedded moons and other gravitational influences. This

is an idea that will need to be explored more explicitly in a future work.
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Figure 4.7: This plot shows the rotational modulation rates of the Southern (red) and Northern (blue)
hemispherical components of the SKR (Ye et al., 2018) (solid) and MAG (Provan et al., 2018) (dashed)
versus time. Light horizontal dashed lines mark the effective edge of the A ring edge (near 805 ◦day−1)
, and the pattern speeds for reference radii at 137, 000 and 137, 500 km. A vertical dashed line marks
the vernal equinox. The vertical gray bands encompass periods spanned by the observations in Table
4.1. The darker bands around 2006 and 2016-2017 reflect the observation epochs when we have clear
detections of brightness variations in the Roche Division. The lighter band covers the observation epoch
around 2012-2014 when there wasn’t a single detection of brightness variations in the Roche Division.
This suggests that the presence of periodic brightness variations in the Roche Division is correlated with
times when there are suitably long magnetospheric periods.
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Figure 4.8: The top four panels contain maps of four Roche Division observations using the MAG PPO
longitude system, see Appendix F (Provan et al., 2018). Dashed lines mark the resonant radius of the
southern (red) or northern (blue) PPO period at the time of the ring observations. In the lower plot are
the brightness profiles of the ring map at the resonant radius marked above. The vertical axis in this
plot represent the fractional variation above or below the mean brightness at the resonant radius. The
vertical dashed lines in the bottom plot mark the longitude of the maximum SKR emission in the MAG
PPO system for each observation (Ye et al., 2018). The innermost Roche Division structure appears to
be in sync with the PPO longitude.
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4.6.2 Perturbation strengths

Additional insights into the sources of these perturbations can be extracted from their amplitudes.

The structures’ typical peak amplitudes are 2 − 7% of the local mean Roche Division brightness with

damping lengths of ∼ 50 − 300 km (see Table 4.2). If these structures were generated by gravitational

forces, then hypothetical perturber masses cover a wide range, from nearly five Mimas masses to just a

tenth of a Mimas mass. Again, the innermost structure is perturbed most heavily. However, we should

recall that these mass estimates are the result of an incomplete phenomenological model. Applying this

simple dissipation model to the 8:7 Mimas ILR in the G ring, we measure the mass of Mimas to be 2.5

times the actual Mimas mass, so these results are likely just an order of magnitude estimate of an actual

perturber mass (Hedman et al., 2009a). On the other hand, if these perturbations are due to oscillations

in the magnetic field, then our estimates of the magnetic field oscillation amplitude Bθ0 are within an

order of magnitude of the Provan et al. (2013, 2016, 2018) results. This provides further evidence that

the perturbing forces are electromagnetic rather than gravitational.

Considerations of the expected gravitational effects of other moons on the Roche Division confirms that

the perturbations responsible for producing these patterns are very strong and likely non-gravitational.

Saturn’s moons Janus and Epimetheus are similar-mass co-orbital satellites that exhibit horseshoe orbits

with an 8 year period (Harrington & Seidelmann, 1981). The Janus/Epimetheus 7:6 ILR is located on the

edge of the A ring and shapes its 7-lobed wavy edge (El Moutamid et al., 2016). This resonance, along

with the combined torques from several satellite resonances in the outer region of the A ring, confines

Saturn’s main rings (Tajeddine et al., 2017). While the exact location of the Janus and Epimetheus

resonances drift slightly over their 8 year orbital swap, the 8:7 ILR always occurs in the same part of

the outer Roche Division and so might be expected to shape that region. However, there are no obvious

8-lobed or canted structures moving at the moons’ orbital rates in any of the image-movies presented

here.

Instead, the brightness variations of a 3:4 OLR appear to dominate this location (see Rev 281), but

the structure is consistently not as clean as those in other radial locations. The Janus/Epimetheus 8:7

ILR should be even stronger than its 7:6 ILR, but the lack of an 8 lobed structure similar to that found in

the G ring at the Mimas 8:7 ILR is consistent with high gravitational masses needed to produce the 3:4

resonant structures. Thus, the strength of the 3:4 OLR with Saturn’s PPOs must be even greater if it is

the dominant perturbing force in this region. This further reinforces the conclusion that these structures

are the result of electromagnetic perturbations associated with Saturn’s rotating PPO systems. In fact,

our measured values of β for the 3:4 OLR structures closest to the Janus/Epimetheus 8:7 ILRs are 420

km2 and 390 km2 for Revs 268a and 281. These are more than 10 times larger than those predicted for

the Janus 8:7 ILR using the mass found by Jacobson et al. (2008).

As mentioned earlier, leading Prometheus wakes are also observed in the R/2004 S2 ringlet near this

location adding to the competing perturbing forces. One might also expect, due to the close proximity

of the Roche Division dust bands to Atlas and Prometheus, that gravitational satellite wakes should

dominate the Roche Division’s appearance. Upon close inspection of Figure 4.1, we can see the wakes

leading Prometheus in the outer band R/2004 S2. Satellite wakes have azimuthal wavelength λ = 3πδa
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related to the radial separation of the satellite and the ring material δa = |a−as| (Cuzzi & Scargle, 1985;

Showalter et al., 1986; Chancia & Hedman, 2016). This wavelength is ∼ 2◦ in longitude compared to the

120◦ variations of the 3:4 OLR. We have not detected any evidence of satellite wakes in the dust around

Atlas. Some of the material in Atlas’ vicinity could be co-rotating like the Prometheus ringlet (Hedman

& Carter, 2017) or the Encke Gap ringlets (Hedman et al., 2013), but we have not seen any evidence

supporting either arrangement.

4.7 Summary and conclusions

In this work we have tracked the presence of dusty periodic structures in the Roche Division throughout

the course of the Cassini mission. We find these structures are present when the 3:4 OLR with Saturn’s

seasonally-varying magnetospheric periodicities are in this region. By analyzing the resonant response of

the rings and applying a simple model of an oscillating magnetic field we are able to estimate oscillation

amplitudes comparable to those observed with Cassini’s magnetometer instrument.

It is evident that electromagnetic forces dominate the perturbations in the Roche Division. The effect

of nearby small satellites and satellite resonances are mostly washed out by the dominant influence of

the 3:4 OLR with the rotating magnetic field perturbation. The varying nature of the magnetospheric

periodicities is coincident with the presence of Roche Division structures, providing further evidence

of this association. Further investigation of the magnetospheric observations connected to the Roche

Division and investigations of other dusty ring structures could resolve the issue of how these patterns

span a wide range of radii. This could be relevant to studies of other expansive dust systems, like

protoplanetary disks.

As previously discussed, the ring regions where the most analogous structures have been detected are

the G ring and D ring. While the dusty resonant structure in the G ring is known to be caused by the

8:7 ILR with Mimas, the D ring seems to be perturbed by the same phenomena as the Roche Division,

but at the 2:1 ILR with the PPO periods (Hedman et al., 2009a). However, the D ring spans a much

wider radial range of pattern speeds matched by various phenomena associated with Saturn’s rotation.

While the Roche Division only covers the slowest rotation periods of the PPO, the D ring covers the full

range of these seasonal magnetospheric periods and the full range of Saturn’s latitudinal wind speeds. In

fact, the prevalence of resonant structures resulting from 2:1 ILRs warrants a separate work. However,

we note that the faint region of the D ring between the D72 and D73 ringlets appears to be responding

to the same phenomena we report on here for the Roche Division.

The presence of ring structures at these particular resonances with the PPO makes sense because the

D ring and Roche Division contain large populations of dust. The remaining resonances with various

|m| live mostly in the dense A, B, and C rings. The only other such PPO resonance falling in a dusty

ring is the 2:3 OLR (m = −2) located near the inner edge of the Janus-Epimetheus ring (∼ 149, 000

km from Saturn’s center). This location has not been monitored at an extent comparable to D ring

or Roche Division, but our brief investigation of the limited data revealed no obvious structures. As

mentioned previously, the B ring spokes may be an expression of the PPO perturbations surrounding

PPO co-rotation. Future studies should examine the connections between the B ring spokes and these
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patterns in the D ring and Roche Division, and why there are no dusty spokes or similar structures

around other PPO resonances like the 3:2, 4:3, and 5:4 ILR, or 4:5 OLR.
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Chapter 5: Conclusions

In this work I found new evidence that two previously unexplained narrow rings may be perturbed

by tiny moonlets in the Uranian ring system (Chapter 2). My studying of the Uranian ring occultations

also culminated in the first publication of measured influence of a Uranian moon’s resonant perturbations

on one of the planet’s ten dense rings (Chapter 3). This discovery allowed for the first mass and density

measurements of one of the thirteen small inner moons of Uranus. Finally my work on Saturn’s Roche

Division ties the variable presence of periodic dusty structures to Saturn’s seasonal magnetospheric peri-

odicities (Chapter 4). Specifically, we found that these dusty structures are likely produced by nanotesla

magnitude oscillations of Saturn’s axisymmetric magnetic field, consistent with in situ measurements

made with Cassini’s magnetometer. Together, these findings highlight the advance in using remote sens-

ing observations of planetary rings to learn about the interconnected components of the planetary system,

where the rings themselves provide a natural instrument for measuring the various influential forces in

their environments.

Of course, many questions concerning planetary rings and their home planetary systems remain and

there is much work to be done with the data we have already obtained. Our ongoing work with the Uranian

system includes newly compiled occultation data containing the dense main ring widths (McGhee-French

et al., 2019). This data will be fundamental in determining the influence of resonances on the edges

of the ε, δ, and γ, as well as searching for unexpected signatures in the remaining ring widths. Our

preliminary investigations have found evidence of additional normal mode oscillations in the complex

γ ring, including a poorly understood m = −1 mode. I recently presented preliminary analysis of a

complete re-examination of the Voyager 2 imagery (Chancia & Hedman, 2019). We found measurable

azimuthal brightness variations in the ε and γ rings due to their resonances with Ophelia (see Figure

5.1). This finding combined with the analysis of ring widths will provide the first documented measure of

these resonances perturbations on the rings and may yield the masses of two more small inner Uranian

moons. Our analysis of the high-phase-angle images has also revealed a series of distinctly narrow dusty

rings between the δ and γ rings that fall nearly coincident with a series of Cordelia resonances. The

short exposure images (∼ 5 seconds, compared to the famous 96 second exposure that revealed the dusty

Uranian rings for the first time) in which these rings subtly appear have not previously been reported

on in the literature and were likely overlooked due to their poor signal to noise. Nonetheless, many are

clearly visible after some basic processing and they are utterly perplexing.

Concerning Saturn’s dusty rings, there are a number of follow up studies in the works or worth

considering. In parallel to our study of the Roche Division images, we have presented preliminary results

on the resonant brightness variations in Saturn’s D ring (Chancia & Hedman, 2018). As mentioned in

Chapter 4 the area of the D ring surrounding the D72 ringlet is also subject to the influence of Saturn’s

planetary period oscillations, but at the 2:1 inner resonance. In fact, this ring spans a region where a

number of connections with the planet’s rotation are possible. In Figure 5.2 we show the rotation rate

and period of Saturn’s northern and southern PPO (both SKR and MAG data), latitudinal winds, and

bulk interior, compared to a sample radial profile of image N1866440201. Each period or pattern speed

corresponds to the radius of a potential 2:1 resonance in the D ring. To effectively address the array of

resonant structures spanning from ∼ 70, 000 to 73, 000 km from Saturn center it is sensible break the
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region down into the three regions with different circumstances. First, a region interior to D72 where

the only possible perturbation is a 2:1 resonance with Saturn’s fastest latitudinal wind speeds. Second,

the region outside of D72 spanning the full range of Saturn’s seasonal PPOs. Third, is the D72 ringlet

itself. In the 2:1 resonance pattern speed space, D72 is currently positioned on top of Saturn’s deep bulk

rotation rate, nearly perfectly set between the range of slow and fast wind speed latitudinal bands, and is

skirted on its outer edge by the northern hemisphere PPO rate in the early part of the Cassini mission.

Due to the number of possible perturbing forces and their possibly time variable influence, analysis of

these structures is considerably more difficult than those in the Roche Division. Our results of Chapter

4 also showed that resonant dusty structures can span over substantial radial regions if unhindered by

stronger features. This further complicates deciphering signatures in the D ring, which rarely feature

persistent structures between observations even just a few months apart. With a better understanding

of the forces at work in this region of the D ring, we may be able to isolate the structures caused by

the dominant perturbing forces. Recent work following the Cassini grand finale has revealed many other

complex connections between the innermost D ring and the planet’s magnetosphere (Roussos et al., 2018;

Krupp et al., 2018; Kollmann et al., 2018; Provan et al., 2019) and atmosphere (Waite et al., 2018; Perry

et al., 2018).

The results of Chapter 4 should also prompt future theoretical investigations of the radial propagation

of structures within dusty rings. Saturn’s B ring spokes are also known to extend for hundreds of

kilometers. Further analysis of spoke observations and searches for spokes among the other rings in

images obtained over the course of the Cassini mission may reveal connections with the D ring and

Roche Division.

Finally, future observations of planetary rings include the near and distant possibility of future orbiter

and flyby spacecraft at the outer planets and Earth-based telescopes. In the nearest future, the James

Webb Space Telescope (JWST) is expected to launch in the spring of 2021 (as of June 2019). Plans are

approved among the early release science and guaranteed time observing programs to image components

of the Jovian and Saturnian ring-moon systems from 0.6− 28.8 microns with various instruments. These

observations will provide a new means to conduct seasonal studies of the rings and moons. Our team of

ring scientists is ready to propose our own general observer science for cycle 1 in the spring of 2020. Our

targets will be the rings and small moons of Uranus and Neptune. The spectral capability of JWST will

allow for the first high resolution observations of these faint bodies with hyperspectral coverage up to and

beyond 2.38 microns. The rings and moons of Uranus in particular are notoriously dark and featureless

within current limited multispectral coverage (Karkoschka, 1997, 2001a; de Kleer et al., 2013). Spectra

from JWST should provide vast advancement in our knowledge of the composition of the inner Uranian

ring-moon system and will allow comparison with the large classical satellites that show hints of water

and carbon dioxide ices on their surfaces (Grundy et al., 2006; Cartwright et al., 2015). The observations

of Neptune’s moons and rings will reveal the native composition of the material around Neptune for the

first time (Dumas et al., 2003). These observations are imperative for understanding the formation and

evolution of the ice giant ring-moon systems.

Two orbiting spacecraft missions to Jupiter are planned to launch before 2025. The Europa Clipper

mission managed by NASA and Jupiter Icy Moons Explorer managed by ESA. While these missions
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are primarily focused on observing Jupiter’s icy moons and investigating their subsurface oceans, they

will have many opportunities to observe Jupiter’s vast dusty rings. These observations will be a great

complement to the results of the current Juno orbiter mission, which is focused on Jupiter’s magnetosphere

and gravity field. The bulk of Jupiter’s dusty rings are known to be sculpted by its strong tilted dipole

magnetic field, plasma drag, and intense solar radiation pressure (Burns et al., 1985; Hamilton & Krivov,

1996; Burns et al., 1999; Horányi & Juhász, 2010). Analysis of observations connecting dusty rings and

the planetary magnetic field, magnetosphere, and interior will provide useful comparisons to our work

with Cassini and the Saturn system.

Looking even further into the future, preparing for NASA’s upcoming decadal survey is already

underway. An ice giant mission is expected to be a priority for the advancement of the planetary sciences

in the 2023-2032 decade. In a recent call for planetary mission concept study proposals a number of

concepts were proposed to visit both the Uranus and Neptune systems with various mission class orbiter

and flyby spacecraft. Further study of both of these systems is imperative for the continued advancement

of ring science looking forward into the middle of this century. In the meantime, we will continue to

explore and learn from the data brought back from missions that are now years in the past, and hope for

the best concerning the spacecraft on their way to the launch pad.
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Figure 5.1: Ophelia’s 14:13 and 6:5 inner Lindblad resonances fall on the outer edge of the ε ring and
inner edge of the γ ring respectively. These plots show the Equivalent Width, or radially integrated
reflectance, of the rings obtained from a Uranian ring image-movie against their m−folded azimuthal
distance from Opehlia. The observation clearly captures the subtle variation in brightness of each ring
as the m = 14 and m = 6 edge waves pass by the longitudinal region captured in the images obtained
over several hours. The variations in brightness reveal the expected orientation of the resonant induced
wavy edge on each ring (Note they occur on opposite ring edges).
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Figure 5.2: Comparing the pattern speed range covered by the D72 region with the various rotation
rates associated with Saturn. The D ring reflectance profile from image N1866440201 is in the left panel
shown vs. effective m = 2 pattern speed range of 70, 000 to 73, 000 km from Saturn’s center. Saturn’s
bulk rotation rate is also marked in the left panel with a dashed line. The middle panel shows Saturn’s
latitudinal wind speeds and the right panel shows the SKR and MAG PPO periods for each hemisphere
over the course of the Cassini mission.
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Appendix A: Wavelength determination for RSS α

ingress

The α ingress occultation scan does not contain a clear wake structure as in the other scans. As shown

in Figure 2.3, this scan’s wavelet transform contains no obvious locations of strong periodic structure

consistent with a moonlet wake. However, the scan does contain a series of quasi-periodic dips and peaks

in optical depth that are not cleanly isolated by the wavelet analysis. We determine the wake wavelength

in this case by taking the average separation of these dips, marked in Figure A.1 and listed in Table A.1.

An argument could be made to use an alternate set of dips or peaks for this calculation, but we have found

that the various choices result in similar-enough wavelengths. Therefore, we believe that this estimation

is a reasonable approach given the limited data set. We calculate a mean wavelength of 0.86± 0.09 km.

The uncertainty we use here is the standard error of the mean and is much larger than the uncertainty

determined for the other scans. This large uncertainty extends the possible range of moonlet radius to as

high as 7 km; however, the moonlet would probably need to be on the smaller side of the range in Table

2.4 to have avoided detection in the images.

Table A.1: α ingress dip locations

Semimajor Axis (km) Radius (km)
44,721.300 44,741.191
44,720.475 44,740.150
44,719.750 44,739.233
44,718.650 44,737.842
44,717.525 44,736.421
44,716.725 44,735.415
44,716.125 44,734.655

Locations of dips used for wave-
length analysis in both semimajor
axis and radius.
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Figure A.1: The α ingress occultation in “semimajor axis space.” We have marked the locations of the
dips used in the wavelength analysis with triangles and have tabulated the exact semimajor axis of each
dip in Table A.1.
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Appendix B: β Persei PPS Occultation Analysis

Below is a parallel analysis of the β Persei (BP) PPS occultation observations. Table B.1 provides a

summary of the BP PPS occultation data set used here, giving mid-times, inertial longitudes and radii,

and true anomalies for the α and β rings at the time of the ingress and egress occultations. Figure

B.1 contains the unbinned raw radial occultation scans of the α and β rings. The outer regions of both

rings’ ingress scans look to show some possible structure, but we find no dominant peaks in the Fourier

spectrum of either ring. While past publications displaying binned versions of these stellar occultations

(Colwell et al., 1990) look to possibly contain a periodic signature, upon further inspection of the unbinned

raw data we found no strong evidence of periodic optical depth variations using the methods described

above for the RSS data. We show the Fourier spectra for both ingress and egress of each ring in Figure

B.2, along with the expected wavelengths resulting from the moonlet locations determined by our RSS

analysis plotted as vertical lines and listed in Table B.2. None of these spectra show clear, unique maxima

indicative of a strong periodic signal. In fact, for both the β ring scans the expected wavelengths are close

to the occultation’s sampling rate because the scan locations are significantly downstream from the last

moonlet interaction. If our analysis of the RSS occultations is correct, it is unlikely that we can confirm

detection of these small-wavelength optical depth variations in the β ring stellar occultations. We also

note that in the egress scan the β ring is almost undetectable.

In the case of the α ring, the expected wavelengths are longer, and there are some weak peaks in the

vicinity of the predictions based on the RSS data. However, these peaks are not far above the noise level

and so cannot be regarded as strong evidence for periodic signals. However, we do observe a structure

near the outer edge of the α ingress scan that arguably looks similar to the that of the RSS α ingress

scan. Figure B.3 shows the α ingress scan in semimajor axis space accompanied by a sine wave with a

wavelength we would expect the wake to have here, assuming a moonlet located as in Table 2.3. This

wave appears to fit reasonably well here, but we do not claim this to be evidence that our α moonlet

location is correct. Overall, we find that the analysis of the β Persei PPS occultation scans cannot confirm

or deny the moonlet locations of the RSS analysis.
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Table B.1: Geometry of β Persei Photopolarimeter Subsystem (PPS)
occultations

Ring Occ. True Anom. Mid-time Mid-rad. Mid-long.
(deg) (hr:min:s) (km) (deg)

α BPI 171.7 18:38:44.398 44,752.86 29.3
BPE 249.7 19:33:16.498 44,731.10 107.4

β BPI 59.7 18:37:21.368 45,651.83 27.9
BPE 140.5 19:34:42.938 45,677.36 108.8

The appended labels of I and E stand for ingress and egress after
BP for β Persei. The true anomaly of each ring at the time of
their respective ring intercept mid-times and mid-radii is calcu-
lated from the inertial longitudes provided and the updated pre-
cession rates provided by R. G. French (see Table 2.2). Mid-times
listed are the times of ring intercept measured in seconds after
UTC 1986 January 24 00:00:00, when the light measured by PPS
from β Persei (Algol) intercepted the mid-ring radius. The ra-
dial position of the rings shown in Figure B.1, created using the
data provided on the PDS rings node, differs slightly from older
publications.

Table B.2: Expected wavelengths
for the PPS ring profiles based
on the RSS analysis moonlet lo-
cation.

Ring Scan Wavelength (km)

BPI-α 0.5+0.4
−0.2

BPE-α 0.4+0.4
−0.1

BPI-β 0.26+0.08
−0.06

BPE-β 0.23+0.07
−0.05
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Figure B.1: β Persi PPS occultations of the α and β rings from the PDS. Note that like in Figure 2.1,
these are the raw radial scans with varying scales in both optical depth and radius. The signal-to-noise
ratio is much lower than the RSS data, so much so that it is very difficult to define edges in most cases.
The β ring is hardly detectable at all in the egress scan.
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RSS analysis.
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Figure B.3: β Persei PPS α ingress scan in semimajor axis space. The blue sine wave, with wavelength
of 0.5 km, plotted below the data matches reasonably well with the quasi-periodic pattern near the outer
edge of the ring. Given the low signal-to-noise ratio of the PPS data set, this is the best evidence we have
for a connection between these observations, a proposed perturbing moonlet, and the RSS observations.
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Appendix C: Uranian ring occultation

observations

Included below are the occultation observation data we used in this analysis of the η ring. The precise

numbers for the ring’s position are derived from an analysis of the entire Uranian ring data set, including

re-determined pole position (Pole right ascention = 77.3105814◦ and declination = 15.1697826◦), standard

gravitational parameter (GM = 5.793956433 × 106 km3s−2), gravitational harmonics (J2 = 3.340656 ×
10−3 and J4 = −3.148536 × 10−5), and time offsets. The numbers therefore can deviate slightly from

previously published values. We list each observation ID, observing location, ring plane intercept time

of the relevant electromagnetic wave observed, detected mid-radius of the η ring, m = 3 fit residuals,

longitude of the observation, longitude of Cressida at this time, and reference to publications including

the observation. Longitudes are measured in the prograde direction from the ascending node of Uranus’

equator on the Earth’s equator of the J2000 epoch. French et al. (1988) have included all observations

from 1977-1986 in their most recent fit, but more recent observations are unpublished.
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Appendix D: Faint ring response model

Here, we derive the model developed by Hedman et al. (2009a) with some slight corrections. We can

approximate the dynamics of ring particles near a Lindblad resonance with a driven harmonic oscillator.

Let x = r − a represent a ring particle’s radial excursions from semi-major axis a. The ring particle has

a mean motion n close to that of the exact resonance nr and its equation of motion is given by

ẍ = −n2x−B cos(nrt) (D.1)

where B is the strength of the driven oscillations. The solution to the equation of motion is

x =
B

n2
r − n2

cos(nrt). (D.2)

We can further approximate

n2
r − n2 ≈ 3GM

a4
r

δa (D.3)

where n2 = GMS/a
3, ar is the resonant radius, and δa = a− ar. Now, we can rewrite x as

x = r − a =
β

δa
cosφ′ (D.4)

where β = B(3GMS/a
4
r)
−1 is the resonance strength and φ′ = nrt is related to the phase φ used in

Equation 4.3 after approximating m
m−1 ≈

n
nr

. The distinction between φ and φ′ is not noted by Hedman

et al. (2009a), but is important to address. The phase parameter used previously, φ = m(λ − Ωp(t −
t0)− δm) or more simply φ = m(λ− λs), varies differently than φ′ with time if one considers the nature

of our ring observations. In the ring image-movies we stare at one longitudinal region as time increases

(λ̇ = 0), so φ is actually decreasing as time passes in our image sequence observations. Alternatively,

one can clearly see that φ′ should increase with time if nr > 0. This will become important to consider

when applying this simple model to the actual data and the direction the structure should be tilted,

particularly for Figure 4.4.

After adding a damping term the equation of motion becomes:

ẍ = −n2x− 1

τ
ẋ−B cos(nrt) (D.5)

where τ is the damping time of the radial excursions. The solution to the new equation of motion is

x = x0 cos(nrt− φ′0) (D.6)

where

x0 =
B

(n2
r − n2) cosφ′0 + (nr/τ) sinφ′0

(D.7)

and

tanφ′0 =
nr/τ

n2
r − n2

. (D.8)
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The radii of particle streamlines can then be expressed as

r = a+ x = a+ x0 cos(φ′ − φ′0) = a+ x0(cosφ′ cosφ′0 − sinφ′ sinφ′0). (D.9)

After finding the expressions for cosφ′0 and sinφ′0 from Equations D.7 and D.8 we can define the radius

as

r = a+
β

(δa)2 + L2
(δa cosφ′ − L sinφ′) (D.10)

where L = ar/(3nrτ) is the damping length. This streamline model results in a gradual shift of pericenter

locations across the resonance, which is responsible for the canted brightness variations peaking at the

exact resonance due to increased density of particles.

We assume that all particles are evenly distributed in semi-major axis and phase, and the phase space

number density is constant ρ(a, φ) = ρ̄. Or, as a function of radius and phase

ρ(r, φ) =
ρ̄

dr/da
(D.11)

where we assume the streamlines do not cross (i.e. dr/da never equals zero). In fact, the observed

fractional variations in brightness are only a few percent at most, which is inconsistent with streamline

crossing. Thus, the fractional variations in density are given by

δρ(r, φ)

ρ
=
ρ(r, φ)− ρ̄

ρ̄
≈ 1− dr

da
. (D.12)

We can then differentiate Equation D.10 to get

dr

da
= 1− β

[(δa)2 + L2]2
[(

(δa)2 − L2
)

cosφ′ − 2δaL sinφ′
]

(D.13)

and, since δr ≈ δa

δρ(r, φ′)

ρ
=

β

[(δr)2 + L2]2
[(

(δr)2 − L2
)

cosφ′ − 2δrL sinφ′
]

(D.14)

where our amplitude of density variations is given by

A(r) =
β

(δr)2 + L2
. (D.15)

The difference between Equation D.14 and Equation 4.5 is due to the subtle difference of φ′ and φ.
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Appendix E: Lorentz resonance strength

The perturbation equations needed to solve for the Lorentz resonance strength were derived by Hamil-

ton (1994). We use the appropriate second-order expansion of the perturbation equations in their Table

II. Specifically row three of the g4,3 portion of Table II, because the resonant argument for the 3:4 OLR

or effectively a 3:4 Lorentz resonance is ϕ = −4λ+ 3λs + $̇. The approximate expansions are a function

of the ratio of magnetic field coefficients
g4,3
g1,0

appropriate for the 3:4 resonance:

〈
de

dt

〉
= 2

(
1− n

ΩS

)
nL

√
70

16

g4,3

g1,0

(
RS
a

)3

sinϕ (E.1)

and 〈
d$

dt

〉
= −2

(
1− n

ΩS

)
nL

e

√
70

16

g4,3

g1,0

(
RS
a

)3

cosϕ. (E.2)

Here, ΩS is the rotational frequency of Saturn’s magnetic field, RS is Saturn’s equatorial radius, and L

is the ratio of the Lorentz force and the planetary gravitational force:

L =
qg
mg

g1,0R
3
SΩS

GMS
. (E.3)

This force ratio is also dependent on Saturn’s physical parameters, including mass MS , the charge to

mass ratio of the dust grains being perturbed
qg
mg

, and Saturn’s dipole coefficient g1,0. The stable solution

requires
〈
de
dt

〉
= 0, therefore, sin(ϕ) = 0 and cos(ϕ) = ±1.

To solve for the resonance strength we follow the logic of Hedman (2018). Taking the time derivative

of Equation 4.1 we find:

ϕ̇ = m(n− ns)−
(
n− d$

dt

)
(E.4)

and effectively

ϕ̇0 = m(n− ns)− (n− $̇0) (E.5)

where $̇0 is the secular apsidal precession rate due to Saturn’s finite oblateness. Consider the difference

of ϕ̇ and ϕ̇0:

ϕ̇− ϕ̇0 = m(n− ns)−
(
n− d$

dt

)
−m(n− ns) + (n− $̇0) =

d$

dt
− $̇0. (E.6)

At the semi-major axis of a first-order resonance ar for a particular integer m, ϕ is constant, and ϕ̇ = 0.

Additionally, for ring particles orbiting near the resonance, or small δa = a− ar, we can approximate ϕ̇0

by expanding in terms of δa
ar

:

ϕ̇0 = −nδa
ar

[
3

2
(m− 1) +

21

4
J2

(
RS
ar

)2
]
≈ −nδa

ar

3

2
(m− 1). (E.7)

Equation E.2 should also contain a $̇0 term to account for Saturn’s finite oblateness, so we can rewrite
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Equation E.6 as:

0 + n
δa

ar

3

2
(m− 1) = −2

(
1− n

ΩS

)
nL

e

√
70

16

g4,3

g1,0

(
RS
ar

)3

cosϕ+ $̇0 − $̇0. (E.8)

We can now solve for a forced eccentricity aref = β
δa similar to Equation 4.2:

aref =

√
70

12

(
n/ΩS − 1

m− 1

)
L
g4,3

g1,0

(
RS
ar

)3
a2
r

δa
, (E.9)

and so in this case

β =

√
70

12

(
n/ΩS − 1

m− 1

)
L
g4,3

g1,0

(
RS
ar

)3

a2
r (E.10)

is a measure of the resonance strength due to an electromagnetic perturbation. After substituting the

right hand side of Equation E.3 for L:

β =

√
70

12

(
n/ΩS − 1

m− 1

)
qg
mg

R3
SΩSa

2
r

GMS
g4,3

(
RS
ar

)3

. (E.11)

A complete estimation of the resonance strength should also include contributions from, h4,3 and other gj,3

and hj,3 coefficients. Assuming the charge to mass ratio for the ring particles in the Roche Division used

above we find an upper limit of g4,3 on the order of a few hundred to a few thousand nanotesla. This is

far greater than those measured for the higher order axis-symmetric coefficients (Dougherty et al., 2018).

However, measurements of the small magnetic field oscillations associated with the PPO perturbation

field resemble our results. To compare with these measurements, we develop a new approximation for

the electromagnetic perturbations on dusty ring regions very similar to the formulation shown here (See

Section 4.3.3).
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Appendix F: PPO Longitude System

We use the Cassini magnetometer PPO longitude system defined in Provan et al. (2018) and detailed

in Figure F.1 to highlight our incorporation of ring observation longitudes. The PPO longitude of the

northern or southern hemisphere ΨN/S = ΦN/S−φ, where ΦN/S are the PPO phases measured throughout

the mission by the magnetometer team and φ is a longitude measured in the prograde direction from the

sub-solar longitude. The PPO phases ΦN/S are also measured from the sub-solar longitude in the prograde

direction and define the zero point of the PPO longitude system ΨN/S . To get our ring observations into

this longitude system we simply need to know the phase of the appropriate hemisphere’s PPO ΦN/S at

the time of the observation and the angle of the observation φ relative to the sub-solar longitude. A ring

observation’s inertial longitudes λobs,ring are measured in the prograde direction from a zero point λ0,ring

relative to the ascending node of the rings on J2000. This means that all we need is the longitude of the

sub-solar point in the ring longitude system λsun,ring to then calculate φ = λobs,ring − λsun,ring needed

to determine ΨN/S . Each ring image-movie observation captures one longitudinal region of the rings for

several hours, but the ring system longitude is essentially identical. As the hours pass the images do

however capture a spread of longitudes in the PPO system. This is how we are able to create Figure 4.8.

The SKR is similar to convert into the magnetometer PPO system. The SKR phases ΦSKR track the

location of maximum SKR emission relative to the sub-solar longitude (Ye et al., 2018). In this case we

can readily substitute φ = ΦSKR and determine the SKR North or South longitude in the appropriate

MAG PPO system ΨN/S . Because the magnetic field and SKR oscillations have essentially the same

period, the SKR maximum emission is fixed at a constant offset relative to the zero point of ΨN/S at any

given time.
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Figure F.1: A model of Saturn’s PPO longitude system viewed from above the north pole, meant to
enable a further understanding of Figure 4.8. The MAG PPO longitude system ΨN/S is labeled in black,
the ring inertial longitude system λring relative to the ascending node of the rings on J2000 is labeled in
blue, and the SKR phase ΦSKR is labeled in purple. The longitude of the Sun at Saturn noon is handily
used to relate the angles between the various longitude systems. In the MAG PPO longitude system
ΨN/S = 0◦ corresponds to a minimum Bθ component in the northern hemisphere, and a maximum Bθ
in the southern hemisphere.
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Appendix G: Roche Division Maps

Below are maps and fractional amplitude curves, equivalent to Figure 4.3 in the main text, for all

imaging sequences with durations of 7 hours or longer (including Rev 237). Fits to the fractional amplitude

peaks compiled in Table 4.2 are shown in their appropriate figures with dashed red lines. In some cases,

we’ve combined observations with different exposure times into a single map (for example 029ax, 029bx,

and 029cx into 029x). Note that in Figures G.9 through G.17 the SKR and MAG periods for both

hemispheres fall in the A ring, well outside the radial scale shown.
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Figure G.1: Image movie 029x contains images from 029ax, 029bx, and 029cx. We’ve included the images’
average inertial longitude λ, emission angle e, and phase angle α in the upper right corner. All fits to
fractional amplitude peaks compiled in Table 4.2 are shown with dashed red lines.

Figure G.2: Image movie 029y contains images from 029ay, 029by, and 029cy.

Figure G.3: Image movie 030 contains images from 030a, 030b, and 030c.
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Figure G.4: Image movie 031 contains images from 031a, 031b, and 031cx.

Figure G.5: Image movie 032 contains images from 032a, 032b, and 032c.

Figure G.6: Image movie 033.
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Figure G.7: Image movie 036.

Figure G.8: Image movie 039 contains images from 039a and 039b.

Figure G.9: Image movie 173ax.
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Figure G.10: Image movie 173by.

Figure G.11: Image movie 174x.

Figure G.12: Image movie 174y.
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Figure G.13: Image movie 185a. Image movie 185b contains overexposed images due to an exposure time
of 18 seconds.

Figure G.14: Image movie 196.

Figure G.15: Image movie 201.
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Figure G.16: Image movie 203x.

Figure G.17: Image movie 203y.

Figure G.18: Image movie 237. This movie is shorter than half an orbital period, but is included because
it is the first reappearance of the 3:4 OLR structures in the Roche Division.
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Figure G.19: Image movie 241. The scale on the fractional variation plot is increased in this plot
alone. The brightness variations are substantially enhanced by the favorable lighting geometry of this
observation.

Figure G.20: Image movie 268a. Image movie 268b contains overexposed images due to an exposure time
of 18 seconds.
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Figure G.21: Image movie 272.

Figure G.22: Image movie 274y.

Figure G.23: Image movie 281.
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Figure G.24: Image movie 287.

Figure G.25: Image movie 289.

Figure G.26: Image movie 292.
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Appendix H: Concerning Fourier and Wavelet

Transforms

Fourier and Wavelet transforms are mathematical tools that we can use to classify the radial wave-

lengths of periodic variations in ring surface mass density that result from a number of gravitational

interactions between the rings and moons or other perturbations. Spiral density wave structures are

launched at strong Lindblad resonances in the rings and have a regular expected structure, such that

they decrease in wavelength with radial distance from the exact resonance. Satellite wakes, on the other

hand, are ring structures produced at much closer range and they exhibit more stable wavelengths of the

ring surface mass density, changing in wavelength less rapidly with radius.

The optical depth or reflectance as a function of radius, y(r), obtained from ring occultations or average

brightness profiles from ring images, can be sampled for oscillating structures with nearly constant or

variable wavelengths. In the case of a radial wavy structure of a moonlet wake we can effectively use a

Fourier transform of the form

F (λ) =
1

r − r1

∫ r2

r1

(y(r)− ymean) e
2πi(r−r1)

λ dr (H.1)

to decompose the periodicities of a ring’s radial profile with oscillations of wavelength λ in some radial

window between r1 and r2, where ymean is the mean optical depth or reflectance in the radial window.

We can separate this function into its real and imaginary components using Euler’s formula, where

Freal =
1

r − r1

∫ r2

r1

(y(r)− ymean) cos
2π(r − r1)

λ
dr (H.2)

and

Fimaginary =
1

r − r1

∫ r2

r1

(y(r)− ymean) sin
2π(r − r1)

λ
dr, (H.3)

to allow for easy integration of the data with an appropriate array of test case wavelengths. Finally, the

absolute value of the Fourier transform can be plotted vs. wavelength

|F (λ)| =
√
F 2
real + F 2

imaginary, (H.4)

to reveal the wavelengths whose sinusoidal functions contribute the most to the ring’s actual radial

oscillations in optical depth or reflectance y(r).

In Figure H.1 we plot the absolute values of three Fourier transforms covering various radial regions of

an example ring radial brightness profile pictured above with marked radii. This specific data comes from

a small portion of an image of the inner edge of Saturn’s Encke Gap. At the edge there is a wavy structure

due to the wakes leading the small moon Pan, orbiting near the center of the Encke Gap. Pan is much

further from the rings here than in the case of the proposed α and β moonlets in Chapter 2. This means

that the radial wavelength of the wake structure is much longer, and because the A ring is much wider

than the narrow Uranian rings, the wakes span a much greater distance and slowly drift to longer radial

wavelengths at greater radial distances from the Encke-gap inner edge. Also, featured in this profile is
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Figure H.1: The top plot is an average brightness radial profile of the inner edge of Saturn’s Encke Gap,
captured in an early Cassini image N1467351325. The profile clearly shows the radial structure of Pan’s
wake on the inner edge of the Gap and a spiral density wave located just interior to 133, 200 km. The
radial ranged noted below the profile define the radial windows sampled in the Fourier transforms whose
absolute value are displayed in the lower plot with matching line types.
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the spiral density wave launched at the Prometheus 15:14 inner Lindblad resonance. Spiral density waves

feature a more rapidly diminishing radial wavelength with increased distance from their resonance than

a moonlet wake’s gradual increase with distance from its perturbing moon. The Fourier transform below

shows the relative effectiveness with which sinusoidal oscillations with a given wavelength represent the

actual profile, by decomposing the data into components with different wavelengths. In both the r1 − r2

and r3−r4 cases we see that the Fourier transform identifies a large range of wavelengths because we have

sampled complete structures that have wavelengths that vary with radius. The r5 − r6 range effectively

samples a narrower region with a nearly constant radial wavelength of ∼ 14 kilometers that is clearly

identified in the Fourier transform below. Note, the peaks near 0.5 kilometers correspond to the radial

resolution of the data.

We can see from Figure H.1 that Fourier transforms do not provide any information about where in

the radial range sampled a particular wavelength component is most relevant unless if we narrow the

range as in r5 − r6 to measure a clearly defined structure. In cases where the signal is less obvious or

where the wavelength is changing significantly another tool can be particularly useful. Tiscareno et al.

(2007) recently showed the effectiveness of applying Wavelet analysis to analyze these varying structures

in planetary rings.

Wavelet transforms are essentially a localized Fourier transform, allowing the radii where a particular

wavelength is a significant component of the input data to be located. Where a Fourier transform

samples only the wavelengths of a defined radial window, a wavelet transform individually samples the

same wavelengths but also with a variety of window sizes centered at each radii. This allows for the

detection of both long and short wavelength structures at the same radii simultaneously and vice versa.

Wavelet analysis is performed by manipulating a mother wavelet, here we use the Morlet mother

wavelet (Tiscareno et al., 2007; Torrence & Compo, 1998)

ψ(t) = π−1/4 exp
[
iω0t− t2/2

]
(H.5)

representing a complex sinusoid with frequency, ω0, confined within a gaussian envelope of scale 1.

Manipulations of this mother wavelet yield the daughters:

ψr,s(r
′) = s−1/2π−1/4 exp

[
iω0(r′ − r)

s
− (r′ − r)2

2s2

]
(H.6)

to be convolved with the input data similar to our exp [2πi(r − r1)/λ] in the Fourier transform. Here the

wavelength λ is proportional to the spatial scale s, such that

λ =
4πs

ω0 +
√

2 + ω0
. (H.7)

The daughter wavelet is convolved with the input data at all radii r′ in the spatial range s centered at r.

Thus, if the chosen value of ω0 is large the wavelet will have better wavelength resolution, at the expense

of the radial resolution. This is because the spatial parameter s will be widened to accommodate for

more cycles of the oscillations of each wavelength to fit within the gaussian envelope.
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Figure H.2: The top plot is an average brightness radial profile of the inner edge of Saturn’s Encke
Gap as in Figure H.1, captured in an early Cassini image N1467351325. The lower panel shows the
wavelet transform spectrum organized in wavenumber and wavelength on the left and right vertical axis
respectively. The wavelet power is represented with contours, where darker regions correspond to the
wavelengths at each radii that are more effective representations of the input data above.

Finally the wavelet transform itself is represented by

T (r, s) =

∫ ∞
−∞

y(r′)ψ∗r,s(r
′)dr′ (H.8)

where ∗ is the complex conjugate.

In Figure H.2 we plot the same radial profile as in Figure H.1 atop its wavelet transform. The dark

signal shows the relative contributions of each wavelength component in the deconstructed input data at

each radius. In the bottom middle portion of the spectrum, the signature of Pan’s wakes drifts from a

wavelength of ∼ 30 km at 133, 200 km radius to less than 10 km at 133, 400 km radius. The signature

of Prometheus’ 15:14 inner Lindblad resonance interior to 133, 200 km shows the sharp decrease in

wavelength with radius characteristic of a spiral density wave. The dark vertical band at 133, 420 km

radius is commonly associated with sharp features like the edge of the Encke Gap. Many oscillating

functions with different wavelengths are needed to contribute to the representation of the sharp edge,

up to wavelengths less than the width of the feature itself where the dark vertical band starts to taper

off. The steep feature at ∼ 133, 300 km is the weak Atlas 21:20 inner Lindblad resonance, that isn’t at
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all obvious in the ring profile above. The wavelet brings it immediately to our attention, but it would

otherwise go unidentified unless specifically searched for using an appropriately placed narrow window

Fourier transform.
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