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a b s t r a c t 

Images obtained by the Cassini spacecraft of the region just beyond Saturn’s main rings reveal a pre- 

viously unreported narrow and dusty ringlet that has dynamical connections with both Saturn’s small 

satellite Prometheus and the F ring. The radial position of this ringlet is observed to vary with time and 

longitude, indicating that it is eccentric with an eccentricity of 0.0012 and that its mean orbital radius 

varies between 139,300 km and 139,400 km. These mean radii are consistent with material trapped in a 

co-orbital 1:1 resonance with Prometheus. However, the apsidal precession rate of this ringlet is not that 

expected for material close to Prometheus’ orbit (2.76 °/day). Instead, the ringlet appears to be precessing 

at the same rate as the F ring (2.70 °/day). This ringlet therefore appears to consist of material co-rotating 

with Prometheus whose apsidal precession rates have been modified by interactions with F-ring mate- 

rial. This ringlet may therefore provide new insights into how rings can maintain organized eccentric 

structures over a range of semi-major axes. 

© 2016 Published by Elsevier Inc. 
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1. Introduction 

The region around the outer edge of Saturn’s main rings

corresponds to the Roche Limit for porous ice-rich objects

( Tiscareno et al., 2013 ), and so represents a dynamically rich area

occupied by both rings and several small moons. Thus far, most of

the work on this region has focused on the F ring and its inter-

actions with the satellite Prometheus. The F ring is a narrow ring

with a central strand between 10 and 100 km wide that exhibits

a complex array of clumps, knots and fine-scale structures ( Bosh

et al., 1997; Murray et al., 20 08; Showalter, 20 04 ). The visible ring

is dominated by dust-sized grains (i.e. less than 100 microns wide),

but it contains a very narrow (probably less than 1 km wide) dis-

continuous core of larger particles that likely contain most of the

F-ring’s mass ( Attree et al., 2012; Beurle et al., 2010; Cuzzi and

Burns, 1988; Esposito et al., 2008; French et al., 2014; Hedman

et al., 2011; Meinke et al., 2012; Vahidinia et al., 2011 ). The total

mass of this ring is still uncertain, but is unlikely to exceed the

mass of the nearby moon Prometheus ( Murray and Winter, 1996;

Showalter et al., 1992 ). This ring is also flanked on either side by

additional strands of dusty material that can extend over several

hundred kilometers in radius ( Charnoz et al., 2005; Murray et al.,

1997 ). One of the most puzzling aspects of this ring is that de-
∗ Corresponding author. 
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pite its complex and time-variable internal structure ( French et al.,

012 ), its overall shape is remarkably stable, with its main strand

ollowing the trajectory of a freely-precessing eccentric, inclined

rbit with a semi-major axis of 140,221 km and an eccentricity of

.00235 ( Albers et al., 2012 ). The coherent shape of the F ring is

specially surprising because it lies just exterior to the small moon

rometheus, whose orbit has a semi-major axis of 139,380 km

nd an eccentricity of 0.0022 ( Jacobson et al., 2008; Spitale et al.,

006 ). Since the pericenter of Prometheus’ orbit drifts relative to

hat of the F ring, every 17 years the moon can get within 200 km

f the F-ring’s core. Indeed, Cassini has observed the moon pro-

ucing a variety of structures within the F-ring’s central strand

 Murray et al., 2008 ). It might at first appear that such distur-

ances would act to disperse the F ring and destroy its coherent

tructures, but recent work has suggested that interactions with

rometheus could help material in the ring coagulate into larger

odies via gravitational instabilities ( Beurle et al., 2010 ) and maybe

ven confine these larger objects in semi-major axis via a complex

nterplay of resonances ( Cuzzi et al., 2014 ). However, despite these

dvances, many aspects of the F-ring’s structure and dynamics re-

ain obscure. 

New insights into the dynamics of this region can be obtained

y examining the interactions between Prometheus and the other

usty rings in its vicinity. A broad sheet of dust extends inwards

rom the F ring across the entire Roche Division to the outer edge

f the A ring ( Porco et al., 2005 ). Since Prometheus is embedded

n this material, the moon should influence its structure. Indeed,

http://dx.doi.org/10.1016/j.icarus.2016.08.024
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.08.024&domain=pdf
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Fig. 1. Two images of the region between the A and F rings obtained on Day 300 of 2014 by the Narrow-Angle Camera onboard the Cassini Spacecraft (N1793077984 on 

left and N1793092620 on right). Both the A and F rings are overexposed in these images in order to show the material in between these rings. In both images there are 

bright and dark bands in the outer part of this region, near the F ring. The lower panels indicate the location of the ringlet R/2004 S2 (dashed line), Prometheus’ semi-major 

axis (solid line) and the range of radii Prometheus moves through on its eccentric orbit (dotted lines). In both images, the brightness does decrease exterior to the nominal 

R/2004 S2 position, but there also appears to be a ringlet further out, whose peak brightness falls very close to Prometheus’ semi-major axis. This ringlet appears as a 

distinct bright band in the right-hand image, when the F ring is close to its orbital apocenter, but also can be seen in the left-hand image as a “shelf” on the F-ring’s inner 

flank (close inspection reveals that there is a faint and narrow brightness minimum between the ringlet and the inner edge of the F ring in this image). 
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Fig. 2. An image of the Roche Division material in the vicinity of Prometheus taken 

of Day 103 of 2014 (N1776123342). The A ring and F ring are overexposed to show 

the fainter dusty material. Both the moon and ring material are moving from the 

lower left to upper right in this image. Just behind and exterior to the moon are 

F-ring streamers ( Murray et al., 2005 ). The Prometheus ringlet can be seen most 

clearly ahead of Prometheus as the brightness maximum just outside the dark 

band. However, the ringlet can also seen as a fainter brightness maximum near 

the moon’s orbit behind the moon and interior to the F-ring streamers. Note that 

while the structure of the ringlet is different on either side of the moon, it does not 

appear to contain periodic disturbances analogous to the F-ring streamers. 
mages taken by the Cassini spacecraft when it first arrived at

aturn revealed a ringlet (designated R/2004 S2) at 138,900 km,

ust interior to Prometheus’ orbit ( Giuliatti-Winter et al., 2005;

orco, 2004; Porco et al., 2005 ). However, more recent images re-

eal that this is not the only ringlet in this region. For example,

ig. 1 shows two images of opposite sides of Saturn’s rings ob-

ained by the Cassini spacecraft in late 2014. In these images the

/2004 S2 ringlet at 138,900 km is rather indistinct, and the most

bvious ringlet in this region instead lies within the range of radii

panned by Prometheus’ eccentric orbit. This ringlet is several hun-

red times fainter than the F ring and is sometimes difficult to dis-

ern against the inner flank of that ring. However, it can be found

n many Cassini images of this region obtained between 2006 and

015, and so it appears to be a persistent structure. Furthermore,

here are a few images where both this ringlet and the R/2004 S2

inglet are visible, so the material found near Prometheus’ orbit

lso appears to be distinct from that ringlet. The most straight-

orward explanation for this feature is that it consists of material

rapped in a 1:1 mean-motion resonance with Prometheus. Images

f this material in the vicinity of Prometheus support this idea,

ecause even though the shape and location of the ringlet are dif-

erent on either side of the moon, it does not contain structures

ike the F-ring’s streamers that would be expected to arise in ma-

erial not trapped in the resonance (see Fig. 2 and Section 5 be-

ow). Other aspects of this ring’s structure and dynamics are also

onsistent with this picture (see Section 5 ). Hence for the remain-

er of this work we will refer to this feature informally as the

Prometheus ringlet”. 

This paper describes our initial investigations of the Prometheus

inglet, which has some interesting and unexpected properties that

ight provide new insights into the processes that enable the dust
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in and around the F ring to possess coherent, long-lived struc-

tures. First, we describe the data used in this analysis in Section 2 .

Next, we take a qualitative look at these data in Section 3 in or-

der to illustrate some interesting trends in these measurements.

Then in Section 4 we describe our techniques for extracting quan-

titative estimates of the ringlet’s position at different times and lo-

cations and use this information to determine the orbital proper-

ties of this ringlet. These calculations reveal that the mean orbital

radius of the ringlet particles is close to Prometheus’ semi-major

axis, but varies with longitude relative to that moon. The ringlet

also has a non-zero eccentricity that is significantly lower than

the moon’s. Most surprisingly, the pericenter of the Prometheus

ringlet does not appear to precess around Saturn at the same rate

as Prometheus’ orbit, but instead seems to maintain a fixed orien-

tation relative to the F ring. Finally, Section 5 discusses how this

anomalous precession rate could potentially arise due to collisions

between particles in the Prometheus ringlet and F-ring material. 

2. Observations 

This analysis uses images obtained by the Narrow Angle Cam-

era (NAC) of the Imaging Science Subsystem ( Porco et al., 2004 ).

These data are all calibrated using the standard CISSCAL routines

that apply flat-field corrections, remove dark currents and convert

the measured data numbers into I / F , a standard measure of re-

flectance ( Porco et al., 2004; West et al., 2010 ). Since this inves-

tigation focuses on the ringlet’s structure, we will only consider

images obtained through the camera’s clear filters, which are both

the most common images available and the ones with the highest

signal-to-noise. 

The Prometheus ringlet lies close to the F ring, and so is cap-

tured in many of the image sequences designed to monitor the

F-ring’s structure and evolution. However, since the Prometheus

ringlet is several hundred times fainter than the F ring, it is not

easy to see in many F-ring images. We therefore focused our at-

tention on sequences which repeatedly imaged the F ring at phase

angles above 125 °. Since the ringlet is strongly forward-scattering,

it is easiest to see at these high phase angles. We identified eleven

observations in which the ringlet could be clearly detected and

its position reliably estimated using our algorithms (see below).

For most of these observations, the camera stared at either one

or two locations in the ring and watched material as it rotated

through the field of view. However, for one observation (designated

FMOVIE199, see below) the spacecraft did not stare at fixed loca-

tions, but instead tracked a particular point in the ring as it moved

around the planet. Table 1 summarizes the properties of the rele-

vant observations. Note that five of the observations contain two

distinct image sets where the camera was pointed at two different

locations in the rings. Each of these image sets is given a sepa-

rate entry in the table. For convenience’s sake, we designate each

image set within an observation with a name composed of the rel-

evant observation’s name (either FMOVIE or FRSTRCHAN) followed

by the so-called “Rev” number, which corresponds to Cassini’s or-

bit around Saturn. If needed, we use a letter to distinguish be-

tween the two image sets that are part of the same observation

(e.g. FMOVIE209a and FMOVIE209b). 

Each image in all these observations was geometrically nav-

igated using the relevant SPICE kernels ( Acton, 1996 ) listed in

Table 2 , and the nominal camera pointing was refined based on the

positions of known stars in the field of view (images without suf-

ficient stars were removed from further consideration). After each

image was navigated, the brightness data in each image were av-

eraged over all longitudes to produce a high signal-to-noise profile

of the ring’s brightness as a function of radius. While the ringlet

is visible in many of these profiles, the background trends asso-

ciated with the F-ring’s inner flank complicate effort s to visual-
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Table 2 

SPICE kernels used in this investigation. 

naif0010.tls 

cas00167.tsc 

pck0 0 010.tpc 

cpck10Feb2010.tpc 

cpck_rock_25Aug2008_merged.tpc 

150720AP_RE_90165_18018.bsp 

120711CP_IRRE_00256_25017.bsp 

061108R_SCPSE_06260_06276.bsp 

061129RB_SCPSE_06292_06308.bsp 

061213R_SCPSE_06308_06318.bsp 

070109R_SCPSE_06318_06332.bsp 

121204R_SCPSE_12257_12304.bsp 

130318R_SCPSE_12304_12328.bsp 

131024R_SCPSE_13200_13241.bsp 

131105R_SCPSE_13241_13273.bsp 

140409R_SCPSE_14025_14051.bsp 

140730R_SCPSE_14051_14083.bsp 

140907R_SCPSE_14083_14118.bsp 

150122R_SCPSE_14251_14283.bsp 

150304R_SCPSE_14283_14327.bsp 
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Fig. 3. Map of the rings’ (background-subtracted) brightness at a particular co- 

rotating longitude (about 20 ° in front of Prometheus) as a function of radius and 

inertial longitude derived from the FMOVIE199 sequence. Note the overexposed fea- 

ture near the top of the image is the F ring,while the Prometheus ringlet is visible 

between 139,100 km and 139,600 km. The radial location of the ringlet varies with 

inertial longitude in a manner consistent with an eccentric ringlet. 
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ze and quantify this feature. Hence we remove a smooth back-

round model in order to better isolate the signal from the de-

ired ringlet. The model of the background trends for each pro-

le was computed by fitting the logarithm of the data between

38,0 0 0 km and 140,0 0 0 km to a fourth-order polynomial (exclud-

ng any data where the brightness is more than 5 times its min-

mum value in that range). Initially, we excluded the region con-

aining the Prometheus ringlet from these fits because we thought

he background model would remove some signal from the ringlet,

ut after some experimentation we found that the ringlet signal

s narrow enough for this not to be a problem (the ringlet is a

elatively small and compact fluctuation, and did not affect the

t to the broad and steep background curve of the inner F ring).

hese background-subtracted profiles form the basis of the follow-

ng analysis. 

. Overall structure of the ringlet 

One way to visualize the data encoded in the brightness pro-

les is by assembling them into maps of the ring’s background-

ubtracted brightness as a function of radius and the appropriate

ongitudinal coordinate sampled by the various images. Note that

here are two different longitudes that are relevant to this analy-

is. One is the “inertial longitude”, which is measured relative to

 fixed direction is space (corresponding to the ascending node of

he ringplane in the J20 0 0 reference system), while the other is a

co-rotating longitude”. Given the ringlet’s close association with

rometheus, the co-rotating longitude is computed as the differ-

nce between the observed inertial longitude λ and the longitude

f Prometheus λP derived from the SPICE kernels (see Table 2 ). 

Fig. 3 shows a map of the ring’s brightness at a single co-

otating longitude (about 20 ° in front of Prometheus) versus radius

nd inertial longitude derived from the FMOVIE199 sequence. The

inglet’s radial location r varies with inertial longitude λ in a man-

er consistent with an eccentric ringlet: 

 = a + ae cos (λ − � ) (1)

here a, e and ϖ are the ringlet’s mean orbital radius, eccentricity

nd pericenter location, respectively. Note that many dusty narrow

ings (including the F ring) exhibit non-zero eccentricities, and so

t is not unreasonable for the Prometheus ringlet to be eccentric.

his observation also suggests that the ringlet could be found at

ny radius between 139,100 and 139,600 km. 

Fig. 4 shows maps of the rings derived from the other fifteen

mage sets. Each map displays the background-subtracted bright-
ess of the rings at the observed inertial longitude as functions

f radius and co-rotating longitude relative the Prometheus. In

ll these maps a faint ringlet can be seen somewhere between

39,100 and 139,600 km. The position of the ringlet most likely

aries among the different image sets because the camera ob-

erved the ringlet at different longitudes and times, and hence

t different positions relative to the ringlet’s pericenter. However,

hese data also indicate that the exact location of the ringlet also

aries with longitude relative to Prometheus. These trends can be

een most clearly in the FMOVIE196, 201 and 203 image sets,

here the ringlet appears to be at larger radii just in front of

rometheus than it is just behind that moon. Indeed, it appears

hat the radial location of the ringlet shifts steadily inwards with

ncreasing longitude relative to Prometheus. 

A similar trend in a ringlet’s position with co-rotating longitude

as been observed in the dusty ringlets that lie within the Encke

ap in Saturn’s outer A ring. In particular, the Central Encke Gap

inglet, which shares its orbit with the small moon Pan, contains

articles whose mean orbital radii steadily increase with azimuthal

istance behind that moon up to a clump-rich region where the

articles’ mean orbital radius suddenly returns to Pan’s semi-major

xis ( Hedman et al., 2013 ). This outward trend was interpreted as

he result of material being ejected from Pan at low velocities and

rifting outwards under the influence of drag forces, which cause

he dust particles to drift outwards and backwards relative to the

oon. The trends observed here may have a similar origin, as will

e discussed in more detail below. 

. Fitting the ringlet’s position and shape 

In order to explore these variations in the ringlets’ radial posi-

ion more quantitatively, we fit the background-subtracted bright-

ess profiles in the vicinity of the ringlet’s position to a Lorentzian

eak plus linear background using the mpfitpeak routine in IDL

 Markwardt, 2009 ). The exact range of radii fit in each profile was

hosen to include the entire ringlet and to exclude any residual

-ring structures (these ranges are illustrated by the solid lines in

igs. 5 and 6 ). For a few profiles, the fit fails to find the appropriate

eak and instead gives the position of a star or other structure in

he profile, but these bad fits are easily identified as those where

he peak width is less than 50 km or more than 200 km, or where

he fit gives a dip instead of a peak. After excluding those fits, we
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Fig. 4. Maps of the Prometheus ringlet derived from the various observing sequences where the spacecraft stared at a single inertial longitude. Each map shows the rings’ 

(background-subtracted) brightness at the relevant inertial longitude as a function of radius and co-rotating longitude relative to Prometheus (blank areas are regions not 

covered in the particular observation). While the ringlet is easier to see in the later observations, it is detectable in all the data sets. 

Fig. 5. The estimated location of the Prometheus ringlet in the FMOVIE199 obser- 

vation. The background image is the same map of the ring’s background-subtracted 

brightness shown in Fig. 3 . The two lines show the radial region that was fit to 

a model of the ringlet’s brightness, and the diamonds show the estimated ringlet 

position from the fit. 
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1 Note that for these fits each position estimate is given an equal weight because 

the uncertainties in the ringlet positions are dominated by systematic errors in the 

background subtraction and fitting procedure that are difficult to quantify a priori . 
2 The uncertainty on this estimate derived from the shape of the rms curve. As- 

suming that the minimum rms corresponds to a reduced χ 2 of 1, we estimate the 

probability to exceed as a function of pattern speed and fit this curve to a Gaussian. 

The Guassian width corresponds to the uncertainty in the precession rate. 
have 1202 position estimates from the various observations, which

are shown as diamonds in Figs. 5 and 6 , and are provided in tab-

ular form in supplemental online information. All of the selected

position estimates are consistent with the apparent location of the

ringlet in the relevant map. 

These position estimates, together with the corresponding lon-

gitudes and observation times, can then be used to constrain the

shape of this ringlet. Since the variations in the ringlets’ position

with inertial longitude in Fig. 5 are significantly larger than the

trends with co-rotating longitude shown in Fig. 6 , it makes sense

to first fit the overall eccentric shape of the ringlet and then con-

sider the trends with co-rotating longitude relative to Prometheus.

We therefore begin by fitting the radii r as functions of the inertial

longitude λ and time t (relative to J20 0 0 epoch) to a model of a

uniformly precessing ringlet: 

r = a − ae cos [ λ − (� 0 + ˙ � t) ] (2)
here a, e , � 0 and ˙ � are all constants that correspond to the

inglet’s mean orbital radius (or effective semi-major axis), eccen-

ricity, pericenter location at the epoch time (taken to be the J20 0 0

poch time here) and apsidal precession rate. We fit for these pa-

ameters using a two-step procedure. Assuming the accepted grav-

ty model of Saturn ( Jacobson et al., 20 06; 20 08 ), the precession

ate near Prometheus should be 2.758 °/day. Therefore, we consider

 range of precession rates between 2.5 °/day and 3.0 °/day with a

tep size of 0.001 °/day. For each assumed value of the precession

ate we preform a least-squares fit to determine the best-fit val-

es of the parameters a, e , and � 0 . 
1 We then compute the rms

catter of the residuals between the observed data and the best-fit

odel with that precession rate. This rms statistic provides a mea-

urement of how well the model fits the data, and should reach

ts minimum value when the assumed precession rate matches the

eal precession rate of this ringlet. 

As shown in Fig. 7 , the minimum in the rms residuals oc-

urs when the assumed precession rate is 2.702 ± 0.003 °/day. 2 

his is a surprising result because the apsdial precession rate

f Prometheus’ orbit is 2.758 °/day ( Jacobson et al., 2008; Spitale

t al., 2006 ). This is also the expected precession rate for mate-

ial with semi-major axes around 139,400 km given the current

easurements of Saturn’s gravity field ( Jacobson et al., 2006 ), so

t would be natural to assume that the ringlet would precess at

his rate. However, if we force the precession rate to match that

f Prometheus’ orbit, the data are clearly much less well organized

see Fig. 8 ). This basic result also persists if we consider only the

easurements taken between 10 ° and 30 ° in front of Prometheus

which should minimize radius variations with co-rotating longi-

ude, see Fig. 9 ), and even if we eliminate the FMOVIE199 data

rom that data set (see Fig. 10 ). Thus we are forced to conclude

hat despite the particles of this ringlet having a mean orbital ra-

ius that is close to Prometheus’ orbit, this ringlet does not precess
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Fig. 6. The estimated location of the Prometheus ringlet in the observations where the camera stared at a fixed inertial longitude. In each panel, the background image is 

the same map of the ring’s background-subtracted brightness shown in Fig. 4 . The two lines show the radial region that was fit to a model of the ringlet’s brightness, and 

the diamonds show the estimated ringlet position from the fit. 

Fig. 7. Fitting the position of the Prometheus ringlet to a precessing ringlet model. The top panel shows the rms residuals of the fit as a function of the assumed precession 

rate. The dashed vertical line corresponds to the best-fit precession rate, while the dotted line is the precession rate of Prometheus from ( Jacobson et al., 2008; Spitale et al., 

2006 ). Note the best-fit precession rate is significantly slower than the expected precession rate for Prometheus. The bottom panel shows the observed radial position of the 

ringlet as a function of true anomaly for the best-fit precession rate at the J20 0 0 epoch time, with different colors corresponding to different observations (see Table 1). 
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ike Prometheus’ orbit does. In fact, our best-fit precession rate is

nstead consistent with the precession rate of the F ring, which

lbers et al. (2012) found to be 2.70025 ± 0.00029 °/day. The im-

lications of this finding are discussed further below. 

For the best-fit precession rate, we estimate the values and

ncertainties on the other fit parameters a, ae and ϖ0 assuming

he error on each data point is equivalent to the observed scatter
n the residuals. Note that the rms scatter of all the data around

he best-fit model is roughly 40 km. By contrast, if we only con-

ider data taken between 10 ° and 30 ° in front of Prometheus, the

ispersion is closer to 30 km. This dispersion most likely rep-

esents a combination of fit uncertainties and real unmodelled

ariations in the ringlet’s position. Since it is difficult to quantify

hese systematic uncertainties, we here use the rms variations as a
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Fig. 8. The observed radial position of the ringlet relative to a model where we have forced the ringlet’s precession rate to match that of Prometheus’ orbit (2.758 °/day). 

Note that the data are much less well organized in this case. 

Fig. 9. Same as Fig. 7 , except that we only consider observations between 10 ° and 30 ° in front of Prometheus. This fit yields very similar parameters to those found with 

the entire dataset. 
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conservative estimate of the uncertainty in the position estimates

and use these numbers to estimate the errors on the remaining

fit parameters. The best-fit mean radius for the full data set is

139341.7 ± 1.2 km and is 139365.4 ± 1.7 km for the longitudinally-

selected data set. The 23 km difference between these two esti-

mates can be attributed to the variations in the ringlet’s radial po-

sition with co-rotating longitude (see below). Note that both these

estimates are slightly interior to Prometheus’ semi-major axis of

139,380 km. By contrast, both data sets yield comparable estimates

of the ringlet’s ae , with the full data set giving 167.4 ± 1.9 km

and the longitudinally-restricted data set giving 166.8 ± 2.6 km.

Note that these numbers imply that the ringlet’s eccentricity e =
0 . 00120 ± 0 . 00002 , which is about half of both Prometheus’ or-

bital eccentricity of 0.0022 and the F-ring’s eccentricity of 0.00235

( Albers et al., 2012; Jacobson et al., 2008; Spitale et al., 2006 ). Fi-
ally, we may note that the pericenter position at the J20 0 0 epoch

ime is about 50 ° for both data sets, placing it about 25 ° in front

f the F-ring’s pericenter ( Albers et al., 2012 ), which is consistent

ith the ringlet’s orientation in the FMOVIE199 observations (see

ig. 3 ). 

Finally, we examine how these orbital parameters vary with

o-rotating longitude by fitting the data in 20 °-wide bins of lon-

itude relative to Prometheus and assuming a fixed precession

ate of 2.702 °/day. Fig. 11 shows the resulting estimates of the

inglet’s orbital parameters as functions of longitude relative to

rometheus (the fit parameters are also provided in Table 3 ).

ote the FMOVIE199 data are excluded from these fits in or-

er to make the estimates more comparable, which means that

he estimated mean radius and eccentricity are somewhat larger

han the values given above (compare Figs. 9 and 10 ). The most
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Fig. 10. Same as Fig. 7 , except that we only consider observations between 10 ° and 30 ° in front of Prometheus and exclude the FMOVIE199 data. This fit yields very similar 

parameters to those found with the entire dataset. 

Table 3 

Shape parameters for the Prometheus ringlet. 

Fit ˙ � a ae ϖ0 
a 

(degrees/day) (km) (km) (degrees) 

All data 2 .703 ± 0.003 139341 .7 ± 1.2 167 .4 ± 1.9 50 .1 ± 0.6 

All data with 10 ° < λ- λP < 30 ° 2 .701 ± 0.004 139365 .4 ± 1.7 166 .8 ± 2.6 50 .4 ± 0.8 

Data with 10 ° < λ - λP < 30 °, 
except for FMOVIE199 2 .702 ± 0.004 139386 .3 ± 4.0 177 .7 ± 6.4 53 .8 ± 1.6 

Data with 10 ◦ < λ − λP < 30 ◦, 
except for FMOVIE199 2.702 (fixed) 139386 .3 ± 4.0 177 .7 ± 6.4 53 .8 ± 1.6 

Data with 30 ◦ < λ − λP < 50 ◦ 2.702 (fixed) 139384 .8 ± 4.0 181 .0 ± 6.0 54 .4 ± 1.6 

Data with 50 ◦ < λ − λP < 70 ◦ 2.702 (fixed) 139383 .8 ± 4.8 174 .8 ± 7.9 56 .1 ± 1.7 

Data with 70 ◦ < λ − λP < 90 ◦ 2.702 (fixed) 139374 .4 ± 4.6 167 .5 ± 7.8 55 .2 ± 1.7 

Data with 90 ◦ < λ − λP < 110 ◦ 2.702 (fixed) 139362 .7 ± 3.9 162 .2 ± 6.0 51 .6 ± 1.7 

Data with 110 ◦ < λ − λP < 130 ◦ 2.702 (fixed) 139348 .3 ± 3.9 142 .5 ± 5.9 50 .0 ± 2.1 

Data with 130 ◦ < λ − λP < 150 ◦ 2.702 (fixed) 139336 .0 ± 3.7 147 .0 ± 5.7 53 .1 ± 2.0 

Data with 150 ◦ < λ − λP < 170 ◦ 2.702 (fixed) 139330 .4 ± 3.1 160 .8 ± 4.7 52 .9 ± 1.4 

Data with 170 ◦ < λ − λP < 190 ◦ 2.702 (fixed) 139327 .1 ± 3.7 170 .9 ± 5.7 49 .8 ± 1.6 

Data with 190 ◦ < λ − λP < 210 ◦ 2.702 (fixed) 139317 .2 ± 4.3 172 .6 ± 6.4 49 .0 ± 2.0 

Data with 210 ◦ < λ − λP < 230 ◦ 2.702 (fixed) 139311 .0 ± 4.5 186 .3 ± 6.5 42 .4 ± 1.9 

Data with 230 ◦ < λ − λP < 250 ◦ 2.702 (fixed) 139310 .3 ± 5.5 186 .2 ± 7.6 42 .5 ± 2.5 

Data with 250 ◦ < λ − λP < 270 ◦ 2.702 (fixed) 139322 .9 ± 7.3 178 .6 ± 7.1 48 .2 ± 3.5 

Data with 270 ◦ < λ − λP < 290 ◦ 2.702 (fixed) 139315 .2 ± 4.9 177 .6 ± 5.7 45 .1 ± 2.0 

Data with 290 ◦ < λ − λP < 310 ◦ 2.702 (fixed) 139310 .8 ± 4.6 182 .5 ± 6.9 42 .2 ± 1.8 

Data with 310 ◦ < λ − λP < 330 ◦ 2.702 (fixed) 139332 .0 ± 6.1 201 .6 ± 9.0 49 .4 ± 2.1 

Data with 330 ◦ < λ − λP < 350 ◦ 2.702 (fixed) 139314 .6 ± 5.7 205 .2 ± 9.1 44 .2 ± 1.9 

a Pericenter position at J20 0 0 epoch relative to ascending node of Saturn’s ringplane on J20 0 0. 
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bvious trend in these data is in the ringlet’s mean orbtial radius,

hich is close to Prometheus’ semi-major axis of 139,380 km in

ront of Prometheus, but falls with increasing co-rotating longi-

ude to about 139,320 km just behind Prometheus. By comparison,

he variations in the eccentricity and pericenter locations are fairly

odest. These may even reflect systematic errors among the vari-

us data sets rather than real structures in the ringlet. 
. Discussion 

The most surprising aspect of the Prometheus ringlet’s struc-

ure and dynamics is that while its mean orbital radius appears to

all interior to Prometheus’ orbit, its pericenter precesses at a rate

lose to that of the F ring, (that is, about 0.06 °/day slower than one

ould expect for material close to Prometheus’ orbit). While we
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Fig. 11. Ringlet parameters versus longitude relative to Prometheus, determined by 

fitting data in 20 °-wide bins and assuming a constant precession rate of 2.702 °/day. 

Note that the FMOVIE199 data are excluded in these fits, and that the data are 

repeated twice for clarity. 
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do not yet have a model that can fully explain this phenomenon,

we can highlight potentially relevant interactions with Prometheus

and the F ring that are worthy of further investigation. 

In principle, the unusual behavior of the Prometheus ringlet

could be explained in one of two ways: 

1. The ringlet consists of material orbiting close to Prometheus’

orbit, but some perturbation force acts on this material to slow

the precession rate by about 0.06 °/day. 

2. The ringlet actually consists of particles with semi-major axes

close to the F ring whose eccentricities and pericenter locations

are organized in such a way that they produce high concentra-

tions of material close to Prometheus’ orbit. 

While we cannot definitively rule out the second explanation,

the observable structure of the ringlet does not favor that scenario.

If the ringlet material had semi-major axes comparable to the F

ring, then it should be drifting backwards relative to Prometheus

and so should receive eccentricity kicks as it is passed by the

moon. These kicks should give rise to periodic patterns analogous

to the streamer-channel complexes in the F ring or the moon-

let wakes in the A ring. However, such structures are not ob-

served (see Fig. 2 ). Instead the brightness of the ringlet varies

slowly with distance from Prometheus, which is more consistent

with material trapped in a 1:1 resonance with the moon. Further-

more, the mean radius of the Prometheus ringlet remains within

about 70 km of Prometheus’ semi-major axis. Material moving in

the combined gravitational field of Prometheus and Saturn can
aintain stable horseshoe motion around the moon’s L3, L4 and

5 Lagrange points so long as their orbital semi-major axes are

ithin a distance �a of Prometheus’ semi-major axis a P , where

a = f h a P (m P /M S ) 
1 / 3 , m P /M S = 2 . 8 × 10 −10 being the mass ratio

etween Prometheus and Saturn ( Jacobson et al., 2008 ), and f h 
eing a numerical factor between 0.5 and 1.3 ( Dermott et al.,

980; Goldreich and Tremaine, 1982; Weissman and Wetherill,

974 ). These numbers give �a = 45-130 km, so the Prometheus

inglet material is probably close enough to Prometheus’ orbit to

e trapped in a 1:1 co-rotation resonance, although it may ap-

roach the edge of the stability zone in the region just behind

rometheus. Hence for the remainder of this discussion we will

ssume that the ringlet material has semi-major axes close to that

f Prometheus. 

Assuming the ringlet particles do have roughly the same semi-

ajor axes as Prometheus, then there needs to be some pertur-

ation acting on these particles that is reducing their apsidal pre-

ession rates by 0.06 °/day. The evolution of a particle’s orbital ele-

ents in response to a generic perturbation force are given by the

tandard orbtial perturbation equations ( Burns, 1976 ). For material

n nearly circular orbits, a perturbing force with a radial compo-

ent F R and an azimuthal component F λ will cause the pericenter

ocation to drift at a rate given by the following approximate ex-

ression ( Burns, 1976 ): 

d� 

dt 
= 

n 

e 

[ 
− F R 

F G 
cos (λ − � ) + 2 

F λ
F G 

sin (λ − � ) 
] 

(3)

here n, e, λ and ϖ are the particles’ orbital mean motion, eccen-

ricity, longitude and pericenter longitude, respectively, and F G =
M P m p /a 2 is the central gravitational force from the planet on the

article ( M P being the planet’s mass, while m p is the particles’

ass and a is its semi-major axis). Given the ringlet’s observed e �
.0012 and assuming the particles are orbiting at about the same

ate as Prometheus (i.e. n � 587 °/day), then changing the preces-

ion rate by 0.06 °/day would require an orbit-averaged perturba-

ion force of order 10 −7 F G . 

Since the Prometheus ringlet’s precession rate is close to

hat of the F ring, the F ring is the most likely source of

hese perturbations. In principle. the perturbing force could ei-

her arise from the F-ring’s finite mass density or be due to col-

isions between the ringlet particles and F-ring material. How-

ver, in practice the F-ring’s gravity is unlikely to produce the ob-

erved reduction in the Prometheus-ringlet’s precession rate. For

ne, the F-ring’s gravity should have comparable effects on both

rometheus and the ringlet, and so it is difficult to imagine how

his would cause the ringlet to precess at a different rate from

rometheus’ orbit. Furthermore, the F-ring is probably not mas-

ive enough to produce such a large change in the precession rate.

orderies et al. (1983) calculated the precession rate that would

e induced on a particle’s orbit by a nearby ringlet. Following the

icholson and Porco (1988) notation, the relevant precession rate

erturbation is: 

d� 

dt 

∣∣∣∣
grav 

= 

m F 

πM P 

n 

(
a 

a − a F 

)2 

F ( q ) 
e − e F cos ( δ� ) 

e 
(4)

here m F is the F-ring’s mass, M P is the planet’s mass, n, a and

 are the particles’ mean motion, semi-major axis and orbital ec-

entricity, a F and e F are the F-ring’s mean radius and eccentricity,

ϖ is the difference in pericenter locations between the particles’

rbit and the F ring, and the factor of F ( q ) is: 

 (q ) = [(1 − q 2 ) −1 / 2 − 1] /q 2 (5)

here 

 

2 = 

(
a 

a − a F 

)2 [
( e F sin δ� ) 

2 + ( e − e F cos δω ) 
2 
]

(6)
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nserting numbers appropriate for the Prometheus ringlet and the

 ring, we find that in order to reduce the precession rate of the

articles in the Prometheus ringlet by 0.06 °/day, the mass of

he F ring would need to be about fifty times larger than the mass

f Prometheus, which is unreasonably large ( Murray and Win-

er, 1996 ). We therefore posit that the Prometheus ringlet is in-

tead aligned with the F ring thanks to collisions with F-ring ma-

erial. 

A thorough analysis of such collisions would require numerical

imulations and is beyond the scope of this paper, but we can pro-

ide some analytical arguments why this idea is reasonable. Con-

ider the simple case of a single particle interacting with the mate-

ial in a very narrow ringlet when both the particle and the ringlet

rbit in the same plane. Say the particle has a semi-major axis

 , eccentricity e and pericenter location ϖp , and the ringlet has a

ean radius equal to a , an eccentricity equal to e , but a different

ericenter location ϖr . In this case, the particle will pass through

he ringlet twice each orbit and exchange momentum with the

inglet material. Hedman et al. (2010) stated that such collisions

ill tend to drive ϖp towards ϖr , and here we will explicitly show

his to be the case and thus demonstrate that inter particle colli-

ions could potentially provide a mechanism for aligning eccentric

enuous ringlets. 

So long as the eccentricities are small, the radial positions of

he ringlet and the particle as functions of longitude λ are given by

he expression r = a [1 − e cos (λ − � )] and so the radial separation

etween the particle and the ringlet is: 

r = ae [ cos (λ − � p ) − cos (λ − � r )] 

= −2 ae sin 

(
� p − � r 

2 

)
sin 

(
2 λ − � p − � r 

2 

)
(7) 

he particle will therefore cross the center of the ringlet at two

ongitudes λc = (� p + � r ) / 2 + π/ 2 ± π/ 2 . If the ringlet has a nar-

ow radial width W then the particle will be inside the ringlet over

 range of longitudes: 

λ � 

W 

2 ae | sin [(� p − � r ) / 2] | (8) 

here this first-order approximation holds as long as W �
 ae | sin [(� p − � r ) / 2] | (for wider ringlets the full expression will

symtote to π ). 

In these regions, the material in the ringlet will be moving ra-

ially relative to the particle at a speed: 

v r = e 

√ 

GM P 

a 
[ sin ( λc − � r ) − sin ( λc − � p ) ] 

= ∓2 e 

√ 

GM P 

a 
sin 

(
� p − � r 

2 

)
. 

(9) 

Note that the particle and the ringlet material have the same az-

muthal speed, and we assume that all the ringlet material has

he same radial speeds.) The particle will therefore feel perturb-

ng forces in the radial direction as it passes through the ringlet

nd exchanges momentum with the ringlet material via collisions.

 particle of radius s p moving through a ringlet at a relative speed

v r sweeps of a volume πs 2 p | δv r | per unit time. If the ringlet has

 local mass density ρr then the momentum density of the ringlet

n the particles’ frame is ρr δv r . The magnitude of the force applied

o the particle while it is in the ringlet can therefore be expressed

s: 

 F r | = 

π

2 

ρr s 
2 δv 2 r = 2 πρr s 

2 
p e 

2 GM P 

a 
sin 

2 
(
� p − � r 

2 

)
(10) 

ote the factor of 1/2 arises because the collisions with the ring

aterial are not perfectly efficient at transferring momentum to

he particle. Also note that this force is purely radial and can be

nward or outward depending on the sign of δv r . 
Assuming that the ringlet force F r is applied when the particle

s within the longitude range �λ of the two crossing longitude,

hen orbit-averaged precession rate induced in the particles’ orbit

y the ringlet: 

 

d� p 

dt 
〉 = 

n 

e 

W 

4 πae | sin [ ( � p − � r ) / 2 ] | 
×| F r | 

F G 

[ 
cos 

(
� p + � r 

2 

+ π −� p 

)
− cos 

(
� p + � r 

2 

−� p 

)] 
. (11) 

hen, using Eq. (10) for | F r | and GM p m p / a 
2 for F G (and taking care

ith absolute value signs) this expression becomes: 

 

d� p 

dt 
〉 = −n 

ρr s 
2 
p W 

m p 
sin 

(
� p − � r 

2 

)
cos 

(
� p − � r 

2 

)
, (12) 

r, more simply: 

 

d� p 

dt 
〉 = −n 

ρr s 
2 
p W 

2 m p 
sin ( � p − � r ) . (13) 

his implies that any difference between the particles’ pericenter

nd that of the ringlet should generate perturbation forces that

rive the particles’ pericenter to evolve in whatever direction will

ring its pericenter into alignment with the ringlet, as desired. A

imilar result is obtained if one allows the ringlet and particle to

ave different semi-major axes. The only difference is that the ap-

lied force and induced precession rate go to zero at a nonzero

alue of | � p − � r | because the particle’s orbit no longer intersects

he ringlet. 

In order to better ascertain the magnitude of this restoring

orce, it is useful to translate the ringlet’s mass density ρr into nor-

al optical depth τ . If we assume the ringlet consists of particles

f size s r and mass m r with spatial density N , then ρr = N m r and

o long as the optical depth is low enough, τ = πs 2 r T N , where T is

he ringlet’s vertical thickness. Thus we can re-write the induced

recession rate as: 

 

d� p 

dt 
〉 = −n 

τ

2 π

W m r s 
2 
p 

T m p s 2 r 

sin ( � p − � r ) (14) 

ssuming the ringlet has a radial width comparable to its vertical

hickness, and that the particle is about the same size and mass

f the ringlet material, this means the precession rate induced by

ollisions in the ringlet should be of order τ /2 π time the parti-

le’s mean motion. Since the particles are orbiting at about the

ame rate as Prometheus, n � 587 °/day, then perturbing the pre-

ession rate by 0.06 °/day would require optical depths of order

.0 0 05. This implies that even fairly tenuous ringlets could poten-

ially produce strong enough perturbing forces to align pericenters

ia collisions. While we do not yet have a direct measurement

f the Prometheus ringlet’s optical depth from occultation mea-

urements, we can roughly estimate this parameters based on the

inglet’s brightness. This ringlet is several hundred times fainter

han the F ring (which has a peak optical depth between 0.1 and

, see French et al., 2014 ), and so is probably also several hun-

red times lower in optical depth, which would imply a τ of order

.001. The background Roche Division material outside the ringlet

lso has nonzero brightnesses and optical depths, so it is reason-

ble to expect that interparticle collisions are indeed relevant to

he dynamics of this system. 

The above calculations support the idea that collisions between

articles in the F ring and the Prometheus ringlet could be respon-

ible for the latter’s anomalous precession rate. Indeed, these ar-

uments suggest that interparticle collisions could potentially play

n important role in maintaining the structure of the entire F ring.

owever, more detailed analysis is needed to confirm this supposi-

ion. For example, the Prometheus ringlet never intersects the core

f the F ring, so the alignment between these two rings needs to
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be mediated by material orbiting between them. Hence the real

system is much more complex, involving a large number of parti-

cles with a range of orbital semi-major axes. Most likely, the abil-

ity of particle collisions to align orbital pericenters in these situa-

tions will depend upon on the radial distribution of material, and

all these particles will probably only precess at the same rate as

the F-ring core if the core has sufficient mass and/or optical depth.

Furthermore, these collisions should not only perturb the particles’

precession rates, but could also influence their orbital eccentrici-

ties, and one might even hope that a complete model of this sys-

tem would yield the low but non-zero eccentiricity of the observed

Prometheus ringlet. Investigating these topics will most likely re-

quire numerical simulations that are well beyond the scope of this

report. Hopefully, future research along these lines will be able to

explain the Prometheus ringlet’s precession rate, as well as its ob-

served eccentricity and orientation relative to the F ring. 

Further studies of particle collisions within the Prometheus

ringlet may also clarify the origin of the trends in the ringlet’s

mean orbital radius with longitude relative to Prometheus shown

in Fig. 11 . As mentioned above, these variations are reminiscent

of trends found in the orbital parameters of the Central Encke Gap

Ringlet, which consists of material trapped in a 1:1 co-rotation res-

onance with Pan. The mean radius of the Encke Gap ringlet sys-

tematically increases behind Pan from 0 to 10 km exterior to

Pan’s orbital semi-major axis ( Hedman et al., 2013 ). These vari-

ations have been interpreted as evidence that the small ringlet

particles are spiraling outwards under the influence of plasma

drag. Such outward migration would cause the particles to have

a slower mean motion than Pan, and so the material drifts both

backwards and outwards relative to that moon to produce the ob-

served trends in that ringlet’s location. The observed trends in the

Prometheus ringlet’s mean radius could be explained using a very

similar model, but it is important to note that while the Encke Gap

ringlet is found exterior to Pan’s orbit, the Prometheus ringlet is

found interior to Prometheus’ orbit. This suggests that the ring ma-

terial would be moving inwards, causing it to drift forwards rela-

tive to Prometheus. This inward migration cannot be due to simple

plasma drag because the Prometheus ringlet lies in a region where

the magnetospheric plasma rotates around the planet faster than

the Keplerian rate, and so momentum exchange with the plasma

would naturally cause the particles’ semi-major axes to increase,

not decrease. Thus some other perturbing force must be respon-

sible for the mean radius variations in the Prometheus ringlet. In

principle, collisions with F-ring material could induce inwards mi-

gration, but the efficiency of this process is sensitive to such phe-

nomena as the collision geometry and how dissipative the colli-

sions are. Thus more detailed analysis will be needed to ascertain

whether interactions with the F ring are responsible for the ob-

served longitudinal trends in the Prometheus ringlet’s location. 

Supplemental information 

A machine-readable table of all our estimates of the

Prometheus-ringlet’s radial position, along with the corresponding

observation times and longitudes, are provided as supplemental

online information to this manuscript. 
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