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P L A N E TA R Y  S C I E N C E

Saturn’s F ring is intermittently shepherded 
by Prometheus
Jeffrey N. Cuzzi1*, Essam A. Marouf2, Richard G. French3, Carl D. Murray4, Nicholas J. Cooper4

One of the stranger planetary rings is Saturn’s narrow, clumpy F ring, lying just outside the main rings, in a region 
disturbed by chaotic orbital dynamics. We show that the F ring has a stable “true core” that dominates its mass and 
is confined into discontinuous short arcs of particles larger than a few millimeters in radius. The more obvious 
micron-size particles seen in images, outlining and obscuring the true core, contribute only a small fraction of its 
mass. We found that these arcs of large particles orbit Saturn in a specific corotational resonance with the nearby 
100-kilometer diameter ringmoon Prometheus, which stabilizes the F ring material and allows it to persist within 
the disturbed region for decades or longer. Toward the end of the observing period, a small chaotic glitch in the 
orbit of Prometheus temporarily disrupted the confinement, but the arcs seem to be able to adapt.

INTRODUCTION
The first images of Saturn’s F ring, from Voyager 1, were puzzling to 
dynamicists and captivating to everyone (1). The ring appeared to be 
an ensemble of closely spaced narrow strands, which showed odd 
kinks and even appeared to be braided or overlapping. Since that 
time, Cassini has both advanced our understanding and nourished 
our puzzlement (2). The material seen in F ring images and stellar 
occultations is dominated by tiny, micron-sized grains, that must be 
constantly resupplied from more massive but unseen particles (3). 
More evidence for large particles has come from a small spread in 
orbital radius of transient clumps (4–6) and so-called “mini-jets” (7) 
caused by gentle collisions within the ring.

The persistence of Voyager’s F ring was quickly ascribed to a then-
new “shepherding” process by which moonlets straddling a narrow ring 
could confine the ring by balancing oppositely directed torques (8) and 
in some way could cause the kinks as well. However, concern soon 
arose that the slightly more massive inner moonlet Prometheus was 
closer to the ring than its supposed outer companion “shepherd” Pan-
dora, calling the balance of torques idea into question (9). The situation 
became even more puzzling when it was realized that the entire F ring 
region was dynamically chaotic; that is, perturbations by Prometheus 
cause any particle in the region to undergo substantial, and unpredict-
able, orbital changes on time scales of weeks or months (10–12). There 
is evidence for just such chaotic motions in rare objects crossing the F 
ring (13), and yet the F ring itself has persisted from the Voyager Saturn 
encounters in 1980–1981 to today in basically the same orbit (14).

A partial solution was suggested by Cuzzi et al. (15) who found 
narrow, dynamically stable zones in numerical simulations, very close 
to predicted locations for first-order outer Lindblad resonances (LRs), 
one of which coincided within uncertainty with the F ring. Realizing 
that these resonances were more likely to disperse than to stabilize 
ring material, they speculated on different possibilities for ring 
stabilization. Most of the discussion centered on new physics they 
called an “antiresonance,” but they also speculated that corotation 
resonances (CRs) might be responsible [as had been suggested for 
Neptune’s Adams ring; (16, 17)]. Subsequently, an error was found 

in the antiresonance formulation (18), and we will not discuss it fur-
ther here.

Here, we present Cassini Radio Science (RSS) observations showing 
that the F ring’s mass is dominated by a “true core” locally <1 km in 
radial width, made of particles larger than a few millimeters, that is 
structured as a chain of disconnected “arcs” in the same orbit. We show 
that the arcs are restricted to longitudes controlled by the m = 110 
corotation-eccentricity resonance (CER) with Prometheus, allowing 
the most problematic encounter geometries with Prometheus to be 
avoided (see section S3).

RESULTS
The Cassini Radio Science Subsystem (RSS) Team has, since the begin-
ning of the mission, observed numerous occultations of the spacecraft 
radio signals at 0.94-, 3.6-, and 13-cm wavelength by Saturn’s rings, in 
various geometries. The original diffraction-limited measurements 
were reconstructed to resolve radial features as narrow as a few hun-
dred meters. In 66 ingress or egress occultations between May 2005 
and August 2013, the F ring was unambiguously detectable in only 23 
RSS occultations or about 35% of the time, and when seen (in many 
cases), it was seen at all three wavelengths (section S2 and tables S1 to 
S4). The detections almost always reveal a single strand, a few hundred 
meters to about 1-km wide, and of (wavelength-dependent) peak nor-
mal optical depth (eq. S1) of a few to several tenths with some excep-
tions. RSS senses diffraction by ring structure, which is azimuthally 
extended over more than a Fresnel scale (few to several km), that is, 
assemblages of particles collectively acting as a one-dimensional, par-
tially transparent, diffraction screen (19). Because radio signals pri-
marily sense particles of radius comparable to the wavelength or larger, 
a distribution of particles with radius larger than a few millimeters, and 
even as large as several centimeters (when the 13-cm wavelength signal 
is affected), appears to dominate the true core surface mass density 
(section S7). The generally visible F ring micron-size dust covering all 
longitudes, which delineates the strands of 10- to 30-km radial width 
that are routinely seen in images and stellar occultations (20), is trans-
parent to these longer-wavelength occultations.

We consider whether these sporadic detections manifest longitudi-
nal dynamical confinement of material, such as the arcs in Neptune’s 
Adams ring. The narrow stable zones of (15) were all close to first-
order LRs with Prometheus (section S3). LRs excite eccentricity and 
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are usually perturbed locations, not stable ones (21). Meanwhile, each 
first-order LR is also accompanied by a small family of traditional 
resonances of slightly different kinds (see section S3 and fig. S3), and 
different theories of the Neptune arc confinement have relied on vari-
ous combinations of these. In the F ring case, the resonance optimally 
capable of stabilizing the ring material is a CER (21) because in such a 
resonance, orbital conjunctions between Prometheus and specific F 
ring longitudes are phased to occur only when Prometheus is at its 
periapse, furthest from the F ring and least likely to deliver a strong 
enough gravitational impulse to send the ring particles off onto cha-
otically diverging orbits (15). Moreover, the best previous estimates of 
the F ring’s semimajor axis implied that the CER of interest would have 
to be the m = 110 CER (fig. S3). Because the gravitational potential of 
an m-th order resonance has m lobes (section S3), F ring material or-
biting in the m = 110 CER should have 110 lobes or arcs, each of angu-
lar width about 3.3°. This provides a test of the CER hypothesis.

To test the hypothesis, we started with the times and longitudes of 
RSS occultation detections and nondetections (the latter obtained 
from predictions of a mean F ring orbit model). We regressed the 
longitudes of the 23 Cassini detections, the single Voyager detection, 
and all 43 Cassini nondetections to a common reference time t∗ using 
the mean motions (n) given by a range of m = 110 CER pattern 
speeds, each in turn associated with one of a “comb” of finely gridded 

candidate Prometheus mean motions (nPr; see eq. S14). The periapse 
longitude of Prometheus was also regressed to t∗ (see section S1 for 
details). The longitude differences between each arc and Prometheus 
periapse (all at t∗), which span 360° of orbit longitude, were then fold-
ed modulo m=110, as if all the separations from Prometheus peri-
apse were combined into one cycle of 360°/m = 3.27°. Clustering 
around zero in this folded coordinate would confirm the hypothesis 
that the specified CR localizes stable F ring material into favored lon-
gitudes that encounter Prometheus only when it is near its periapse 
(i.e., when unusually strong, chaos-inducing perturbations can be 
avoided).

The regression technique demands, and provides, a precision of 
about 10−6 because many of the arcs are regressed about 104 orbits into 
a lobe of angular width of about 0.01 orbits. To capture this precision, 
we used a range of constant values for candidate nPr, with fractional 
steps of 5 × 10−7. Each nPr determined a new mean motion nF for the 
m=110 CER (eq. S14) and a new regression/folding result. Only one 
fully credible solution for nPr was obtained, and it lay within two parts 
in a million of the two best prior independent determinations (see sec-
tion S4 for more details).

Arc longitude clustering results for the single best solution for 
Prometheus’ nPr are shown in Fig. 1. Here, the horizontal axis range 
shows the regressed and folded arc longitudes in degrees, as measured 

Fig. 1. Angular locations of F ring detections and nondetections. (Bottom) Filled symbols show Cassini RSS F ring detection longitudes, and open symbols show nondetection 
longitudes, all regressed to a common time, t∗ (see section S4). The vertical axis shows the inertial orbital longitudes of the j detections g∗

Fj
 at t∗, covering 360°. The horizontal axis 

(denoted Δgjm in section S1) is the folded (modulo m = 110) difference between each detection longitude and the longitude of Prometheus periapse at t∗. The plotted horizontal 
axis actually repeats two folded “cycles” of Δgjm = 0, each of angular width 360°/m = 3.27°, for visibility. The nondetections seem randomly distributed in both coordinates. The dark 
blue circles align preferentially with the (more stable) longitude of Prometheus’ periapse (blue vertical lines at Δgjm = 0) and avoid the (less stable) longitude of its apoapse (red 
vertical lines one-half cycle away). The cyan squares—three lying near the “forbidden” red vertical lines—are the last four detections of the mission, which we argue should be 
ignored because they had been corrupted by a recent encounter with Prometheus on a recently altered orbit (section S4). (Top) We simply bin the detections (blue-cyan) and 
nondetections (gray) to better illustrate the clustering of the detections. The nondetection panel shows the mean and SD of the counts per bin. D, detection; ND, nondetection.
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from the corresponding similarly regressed and folded periapse lon-
gitudes of Prometheus. One entire cycle of maximum and minimum 
stability covers 360°/m = 3.27° of orbit longitude, and the figure re-
peats the cycle twice for visibility. The most reliable detections (blue 
filled symbols) are all clustered within ±1° of the similarly regressed 
and folded longitudes of Prometheus’ periapse (vertical blue lines), as 
predicted by the CER hypothesis. The red vertical lines 0.5 cycles away 
from regressed and folded periapses indicate unfavorable longi-
tudes aligned with Prometheus apoapses.

The cyan points near the unfavorable longitudes show the last 
four arc detections in 2013 at the end of our observing period. The 
mean motion of Prometheus nPr is known to vary slightly with time 
due to Saturn system gravitational interactions and is also known to 
incur large, somewhat impulsive, jumps due to chaotic interactions 
with Pandora (22–24). Shortly before the Cassini RSS observational 
period began, Prometheus incurred a fractional change in nPr of 
about 5 × 10−6, and we argue in the section S4 that it incurred a 
similar orbit change in early 2013, just before the last four RSS detections 
were obtained, corrupting them for the purpose of testing our 
hypothesis.

The ±1° scatter of the most credible (blue) stable arcs (roughly 
70% of a cycle) may indicate libration about the most stable longi-
tudes and/or manifest uncertainty in our Prometheus periapse 
values (section S3). Longitude uncertainty from the RSS detection 
timing approach is less than the width of the symbols (section S2). 
Using simple binomial statistics, we find that the probability of the 
observed clustering occurring by chance, into only about 70% of the 
available longitude space in each 3.27° cycle, is roughly 0.001 to 0.01, 
depending on whether we exclude or include those last four suspect 
detections (section S5).

We also conducted two additional independent validation tests 
on the hypothesis with results shown in Fig. 2. One test has somewhat 
of a brute-force nature, but the significance of it is easy to grasp. While 
Fig. 1 shows that the arc longitudes are consistent with Prometheus 
periapse longitudes, it does not prove that Prometheus was actually 
at periapse when it encountered the arcs. The top panel of Fig. 2, 
with details given in section  S1, shows this directly, and statistics 
indicates that this prediction does seem to be satisfied. The second 
test (bottom panel of Fig. 2, with details given in section S2) is more 
elegant but more abstruse. We converted the arc detection longitudes 

Fig. 2. Two additional tests of the CER hypothesis. (Top) A brute force test, in which the longitudes of the arcs and Prometheus (and the periapse of Prometheus) are inte-
grated and the mean anomaly of Prometheus recorded when an encounter occurs with each arc. In the CER hypothesis, Prometheus should be at or near its periapse (mean 
anomaly = 0) when it encounters an arc, furthest from the arc and perturbing it only weakly. This seems to be consistent with the data, on average, although there seems to 
be a trend (unexplained) with inertial longitude. The final four arc detections of the mission are shown in green; we have argued that by this time, Prometheus had glitched to 
a new orbit, so their larger divergence is not problematic for the hypothesis. (Bottom) Resonance variable ϕ (eq. S19) for the arcs and Prometheus as a function of arc detection 
time. The final four arc detections of the mission are circled in green; as above, the large divergence of three of them is not problematic for the hypothesis.
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to mean anomalies and constructed a resonance variable parameter 
using these and the contemporaneous Prometheus mean anomalies. 
In a true resonance such as the m = 110 CER we propose, the reso-
nance variable should always be zero (21), and indeed, we find that 
(given the amount and plausible nature of the scatter as discussed 
above) this condition is probably satisfied.

DISCUSSION
Populated arcs may not cover all of available inertial longitude 
space; Fig. 1 hints at a depleted region between regressed inertial 
longitudes of ∼90° to 150°). Since only one-third of all RSS occulta-
tions detect material, only about one-half of all dynamically stable 
lobes may be populated, consistent with many nondetections seen at 
stable longitudes relative to Prometheus periapse (open symbols in 
Fig. 1). Filled and empty lobes can lie near each other. We estimate 
from the angular extent, radial width, optical depth, and particle 
size properties of the RSS detections that the mass of the <1-km 
wide true core of several millimeter (or larger) radius particles is at 
least 1000 times the mass of all the typically observed micron-sized 
dust strands (section S7).

There is a CER closely aligned with every LR in the F ring region, 
just as there were numerous narrow stable zones seen in the short-
term numerical simulations of (15)—one near each LR. Moreover, 
Cuzzi et al. (15) show that all the numerically stable regions act like 
“attractors” or traps for chaotically diffusing particles even on short 
time scales. So one question remains now, what is unique about this 
particular CER and why is there only one F ring instead of stable 
material in many similar sites in the region.

During our period of analysis, we find that Prometheus’ mean 
motion was nPr = 587.285415 ± 0.00029 degree/day, and the F 
ring true core semimajor axis (location of the m = 110 CER) was 
140222.43 ± 0.05 km (table S1). Because Prometheus’ orbit does 
evolve chaotically by small increments (and we think we have seen 
one such event), the true core material must be able to adapt and 
track stable sites that move by small amounts now and then (see 
section S4). Perhaps an even more notable problem, which our 
theory does not resolve, is how these disconnected arcs manage to 
maintain a common, uniformly precessing, eccentric orbit (see sec-
tion S7 for more discussion).
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