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Observations of Saturn’s
Ring-Plane Crossings in August
and November 1995

Philip D. Nicholson, Mark R. Showalter, Luke Dones,
Richard G. French, Stephen M. Larson, Jack J. Lissauer,
Colleen A. McGhee, Patrick Seitzer, Bruno Sicardy,
G. Edward Danielson

Observations of Saturn’s ring system with the Hubble Space Telescope during the 10
August 1995 Earth crossing and the 17 to 21 November 1995 solar crossing indicate that
the F ring dominates their apparent edge-on thickness of 1.2 to 1.5 kilometers. The F ring
is slightly inclined with respect to the A ring, which may explain the approximately
50-minute difference in apparent crossing times for the east and west ring ansae in
August. Prometheus lags its predicted position by about 19 degrees in longitude. The faint
G ring is neutral or reddish in color and is confined to a radial range of 2.72 to 2.85 Saturn
radii. The broad, distinctly blue E ring flares outward to a maximum thickness of about
15,000 kilometers at 7.5 Saturn radii and appears to have a spatially uniform particle size

distribution.

Twice during each orbital period of 29.5
years—at alternating intervals of 13.75 and
15.75 years because of the planet’s orbital
eccentricity—the sun crosses Saturn’s ring
plane. Accompanying each solar crossing,
the Earth crosses the ring plane one or three
times, affording a rare opportunity to ob-
serve the vertical structure of the rings and
the planet’s small satellites and diffuse rings
(1-3). Here we present observations with
the Hubble Space Telescope (HST) during
the 10 August 1995 Earth crossing and the
17 to 21 November 1995 solar crossing. Our
results include ultraviolet observations of
the broad, faint E ring, multicolor measure-
ments of the tenuous G ring, and observa-
tions of discrete clumps or arcs within the
narrow F ring, reminiscent of those seen in
Voyager images. The spatial resolution of
the HST images also allowed us to settle the
issue of what determines the residual edge-
on brightness of the main rings (4, 5).
We used the Wide Field and Planetary
Camera 2 (WFPC2) of HST during eight

P. D. Nicholson and C. A. McGhee are with the Astron-
omy Department, Cornell University, Ithaca, NY 14853-
6801, USA. M. R. Showalter is at the Center for Radar
Astronomy, Stanford University, Stanford, CA 94305,
USA. L. Dones is with the San Jose State University
Foundation, San Jose, CA 95172-0130, USA. R. G.
French is with the Astronomy Department, Wellesley Col-
lege, Wellesley, MA 02181-8286, USA. S. M. Larson is
with the Lunar and Planetary Laboratory, University of
Arizona, Tucson, AZ 85721, USA. J. J. Lissauer is with
the Astronomy Program, Department of Earth and Space
Sciences, State University of New York, Stony Brook, NY
11794-2100, USA. P. Seitzer is with the Department of
Astronomy, University of Michigan, Ann Arbor, Ml
48109-1090, USA. B. Sicardy is with the Observatoire
de Paris, IUF/Université Paris 6, 92195 Meudon Cédex,
France. G. E. Danielson is at 170-25 California Institute of
Technology, Pasadena, CA 91125, USA.

orbits in August and 7.5 orbits in November
to determine the exact time of Earth’s ring-
plane crossing, measure the radial profile of
edge-on ring brightness, look for ring warps,
observe faint ring features, and recover the
small inner satellites discovered in 1966,
1980, and May 1995 (6). Our observations
in August were preceded by ultraviolet
spectroscopic observations of the ring atmo-
sphere (7). A narrowband methane filter,
centered at a wavelength of 890 nm, was
used for all images of the main rings and
satellites to minimize scattered light from
the disk of Saturn. To image the much
fainter E and G rings, we used broadband
filters centered at 300, 450, 555, and 675
nm. The images were processed and cali-
brated by standard procedures (8). The spa-
tial resolution of HST is ~0.10 arc sec at
890 nm, corresponding to ~650 km at Sat-
urn during our observations (9). The E and
G ring images were taken in binned mode,
at 0.20 arc sec (1300 km) per pixel.

Ring profiles and thicknesses. Observa-
tions of the minimum ring brightness dur-

Fig. 1. A sequence of WF images
at 0.89 pm obtained on 10 August
1995 as the Earth crossed Satum'’s
ring plane, at (A) 20:12, (B) 21:49,
and (C) 23:42 UT. Each frame is a
composite of two images, pro-
cessed to remove cosmic rays and
small satellites. Dione is visible 17
arc sec west of Saturn in (A). The
planet’s disk is heavily saturated in
these 300-s exposures, and some
“bleeding’’ is evident. North is up,
and east is to the left in all figures.
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ing the Earth crossings in December 1966
(3) and March 1980 (5) yielded estimates of
the rings’ effective or “photometric” thick-
ness of 2.4 * 1.3 km and 1.1%3? km, re-
spectively, with the latter depending on an
assumed albedo and phase function for the
ring particles. It is uncertain, however, ex-
actly what determines this effective thick-
ness; the physical thickness, or scale height,
of the rings inferred from measurements of
their internal velocity dispersion is of order
10 to 50 m (10). Either a systematic warp-
ing of the ring plane as a result of gravita-
tional perturbations by the sun and several
Saturnian satellites (those with nonzero or-
bital inclinations) or local vertical (that is,
out-of-plane) distortions in the form of res-
onantly driven bending waves within the
rings were generally believed to be respon-
sible for the observed thickness. Although
theoretical calculations indicate a maxi-
mum warp of ~300 m at the outer edge of
the main rings (11), analysis of Voyager
images of bending waves driven at the
strong Mimas 5:3 resonance in the A ring
indicates a peak-to-peak vertical amplitude
of ~1.2 km, consistent with the observed
photometric thickness (12). Other poten-
tial contributors to the edge-on ring bright-
ness include the narrow F ring, the “spokes”
observed in Voyager images of the B ring,
the tenuous but vertically extended E ring
(13), a halo of meteoroid ejecta from the
main rings (14), or a possible thin dust
sheet extending out from the A ring (15).

Before the ring-plane crossing on 10 Au-
gust, the radial brightness profile of the
rings was quite flat and almost unvarying
(Fig. 1A), but after ~21:00 UT, the bright-
ness increased rapidly in the middle of the
rings (near the B ring), tapering off outside
this region. About 50 min after the ring-
plane crossing, the peak brightnesses of
both ansae had increased by a factor of 1.5
to 2 (Fig. 1B). There was an unexpected
asymmetry in the brightnesses of the rings
between east and west ansae: the central
region of the west ansa was ~30% brighter
than the corresponding portion of the east
ansa. About an hour later, however, the two
ansae were again of roughly equal bright-

ness (Fig. 1C).




Immediately before the ring-plane cross-
ing, the vertically integrated I/F [reflectiv-
ity relative to a flat Lambert surface (8)] of
the rings was essentially independent of
distance from the planet, terminating
abruptly at a projected radius of 140,000 =
1000 km. This smooth appearance is in
contrast with ground-based images of the
dark side of the rings obtained several hours
earlier (16), which show prominent, bright
“condensations” from sunlight diffusely
transmitted through the translucent C ring
and Cassini division (4). Profiles from HST
images taken at least 3.5 hours before
Earth’s crossing do show brightenings of 15
to 20% at the inner edge of the Cassini
division and at the outer boundary of the C
ring, which suggests at most a small contri-
bution from diffusely transmitted light at
this time. The average vertically integrated
brightness (VIF) of the precrossing rings at
a wavelength of 890 nm was 1.22 * 0.17
km on the east ansa and 1.53 * 0.09 km on
the west ansa (17), consistent with mea-
surements from 1980 (5).

The temporal evolution of ring bright-
ness (Fig. 2) suggests that the east-west
brightness asymmetry (Fig. 1B) reflects an
earlier crossing time on the west ansa and
that the subsequently reduced contrast (Fig.
IC) is caused by a steeper increase in
brightness on the east ansa after the cross-
ing. HST observations of the Earth crossing
on 22 May 1995 showed no difference be-
tween east and west ansa crossing times
(18), but a marked break in the slope of the
lit-side brightness was observed on the east
ansa ~1.5 hours before the actual crossing.
All that can be said with certainty is that
the ring-plane crossing occurred for the
west ansa between 20:16 and 21:45 UT
and for the east ansa between 20:33 and
21:29 UT on 10 August.

To our surprise, no change was detected
in the appearance of the main rings during
the 8-hour sequence of images obtained on
21 November (1). Sunlight diffusely trans-
mitted through the translucent C ring and
Cassini division dominates the visual ap-
pearance of the unlit rings (Fig. 3), whereas
the A and B rings, effectively opaque at this
low incidence angle, gleam faintly with re-
flected saturnshine. Outside the A ring, the
narrow F ring is prominent, with a bright-
ness comparable to that of the Cassini di-
vision (Fig. 4). In the radial profiles, the A
and B rings are almost twice as bright on
the west ansa as on the east. This difference
persisted throughout our observing period
and does not appear to be a result of residual
scattered light from Saturn. We attribute
part of this effect to variations in reflected
saturnshine between the ansae because of
the nonzero phase angle in November, with
the west ansa seeing more of the illuminat-
ed globe of Saturn than did the east, al-
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Fig. 2. The evolution of average ring brightness
with time during the 10 August ring-plane crossing
at a wavelength of 0.89 wm. The vertically integrat-
ed I/F of the rings was averaged over the radial
range 80,000 to 120,000 km toimprove the signal-
to-noise ratio. Data from both WF and PC images
are included, with each cluster of points represent-
ing a single 50-min HST observing window. Linear
least-squares fits to the light curves from before
and after the crossing for each ansa are shown,
from which we derive crossing times of 20:20 UT
+ 8 min for the west ansa and 21:09 UT * 2 min
for the east ansa. The vertical dotted line indicates
the predicted crossing time of 20:54 UT (7).

though photometric modeling suggests that
this effect can account for a maximum vari-
ation of only 35%.

In the November images, the F ring
appears to be slightly inclined relative to
the main rings. The F ring disappears com-
pletely about 35° beyond the west ansa.
Similar behavior is not seen on the east
ansa, where the ring may be traced all the
way in until it is cut off by the planet’s
shadow (Fig. 3). The disappearance of the F
ring persists throughout the 8-hour obser-
vation sequence, or over one-half of the
14.8-hour orbital period of particles in this
ring, and so cannot be attributed to longi-
tudinal structure within the ring itself. The
most straightforward explanation is a shad-
ow cast by the A ring on the F ring, which
requires a relative inclination between the
two rings. The latitude above the ring
plane, and thus the minimum inclination,
required is of order 88a/asing ~ 4 X 1072,
or 0.002°, where 6 =~ 0.001 rad is the
angular diameter of the sun at Saturn, 8a =

Fig. 3. A composite of im-
ages of the east (left) and
west (right) ansae of Saturn’s
rings at 0.89 um, acquired
during the 21 November
1995 solar ring-plane cross-
ing. Each image was con-
structed from an average of
10 PC frames taken over a
period of 7 hours as the sun
set on the visible side of the
rings. The images have been
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Fig. 4. Radial profiles of I/F derived from com-
posites of PC images obtained during the 21
November ring-plane crossing. A simple polyno-
mial fit to the scattered-light background has been
subtracted from each composite image. East and
west ansa profiles are superimposed. Prominent
ring edges and gaps are identified by vertical lines.
Note in particular features corresponding to the F
ring (140,209 km), the outer edge of the A ring
(136,780 km), the Encke gap (133,580 km), and
the Colombo gap (77,750 km). Nothing is seen at
the radius of the strong Mimas 5:3 bending wave
(131,800 km).

3400 km is the radial distance between the
A and F rings, a is the mean radius of the F
ring, and ¢ is the longitude beyond the ansa
at which the ring disappears. This value is
much greater than the differential warp of
the Laplace plane (11) between the A and
F rings (2 X 107°°) but well below the
upper limit on the F ring’s inclination of
0.1° established from Voyager images (19).
A local minimum in the F ring’s brightness
a few degrees beyond the west ansa also
appears in the November images, again
with no counterpart on the east ansa (Fig.
3). This is probably due to a combination of
self-shadowing and the nonzero (5.5°)
phase angle of the observations and implies
that the F ring is not optically thin under
conditions of edge-on solar illumination.
Both averaged images and radial profiles
show subtle features in the November data,
including smaller amplitude brightenings at
the outer edge of the A ring—or perhaps at
the nearby Keeler gap—and at the Encke,
gap in the outer A ring. The feature iden-
tified with the Encke gap does not corre-

high-pass filtered to remove the background light scattered from the planet and to reduce the contrast

between the rings and Saturn.
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spond to the nearby Mimas 5:3 bending
wave. Also seen are two brightenings in the
inner C ring—the outer of which is variable
and may be due either to the Colombo gap
or to the nearby Titan —1:0 bending wave
(20)—as well as structure in the outer C
ring. The local brightenings at the Encke
gap and at the outer edge of the A ring,
each of which shows a radially integrated
I/F of 100 = 30 m, are conceivably due to
vertical edges of the ring and gap and may
thus reflect the true physical thickness of
the A ring (21).

The November images also reveal other
nonaxisymmetric features in the main rings.
The B ring appears brighter on the near side
of the rings as a result of saturnshine, a
much greater illuminated area of the plan-
et’s disk being visible from the near side of
the rings. The A ring, on the other hand,
shows a quadrant asymmetry reminiscent of
that seen previously (22), with the near side
brighter in the west and the far side brighter
in the east. Although the sign of the asym-
metry is opposite that seen in Voyager im-
ages of the sunlit side of the rings (23), it
agrees with that predicted to be seen on the
unlit side at low phase angles (23). Al-
though the asymmetry seen in the A ring is
consistent with that predicted by the
Laplace plane warp in November, any such
warp signature should persist for no more
than ~30 min after sunset on the rings. As
neither the A nor B ring asymmetries ap-
peared to vary with time during our obser-
vations, we favor a model (24) that ascribes
the asymmetry to trailing gravitational
wakes in the A ring.

The August and November observations
both suggest that the F ring dominates the
edge-on brightness of the rings. There are
several arguments in favor of the F ring’s
dominance. (i) In the November images,
the F ring was 20 times as bright as the edge
of the A ring: its average radially integrated
I/F was ~2.0 km, compared with ~100 m
for the edge of the A ring (Fig. 4). (ii) The
dark-side radial profiles in August extended
well beyond the outer edge of the A ring to
a radius that corresponds closely to the
mean radius of the F ring (19). This result
has been confirmed by Earth-based near-
infrared observations (16, 25). (iii) The
uniformity of the August profiles and the
lack of any detectable discontinuity in ring
brightness either at the radius correspond-
ing to the outer edge of the A ring or to the
radius of the Mimas 5:3 bending wave argue
that the A ring is obscured in edge-on

viewing. (iv) The apparent asymmetry in

crossing times between the east and west
ansae in August and the break in slope
observed in the light curve for the May
ring-plane crossing (18) could both be
caused by partial obscuration of the main
rings by the inclined F ring. If the F ring is

assigned an inclination and nodal orienta-
tion consistent with the November obser-
vations, its orientation can be extrapolated
back to the times of the Earth crossings,
using the calculated nodal regression rate of
—2.70° per day. Such a calculation predicts
that, at the time of ring-plane crossing on
10 August, the east ansa of the main rings
was more obscured than was the west ansa,
possibly causing the delay in crossing time
(Fig. 2). The same model predicts symmet-
ric obscuration and thus no east-west asym-
metry on 22 May, consistent with HST
observations (18).

Can the F ring obscure the main rings?
Known amplitudes of the bending waves in
the A ring (12) place a firm lower limit of
Z =~ 1.2 km on the vertical thickness of
whatever is concealing them. Although the
vertical distribution of material within the
F ring is unknown, it is possible that per-
turbations by Prometheus and Pandora, or
moonlets within the F ring, result in an
effective thickness of this order (26). On
the other hand, the ~1-km apparent width
of the F ring’s dense core revealed in the
Voyager radio occultation profile (27) im-
plies an upper limit to its thickness in cen-
timeter-sized particles of ~100 m. The ex-
pected brightness of the F ring may be
inferred from Voyager photometry (28).
Neglecting small color and solar phase-an-
gle differences between the Voyager and
HST data, we predict the F ring’s VIF to be
0.4 to 0.8 km in the inner section of the
August profiles, increasing toward a con-
stant value of order 1 km near the ansa
(29). This is comparable with the rings’
observed edge-on VIF of 1.2 to 1.5 km (Fig.
2). Finally, although the broader compo-
nent of the F ring is evidently optically thin
in most or all the Voyager images (28),
stellar (21) and radio (27) occultation pro-
files show that it has an opaque core about
1 km wide. A significant optical depth at
low incidence or emission angles is also
implied by the self-shadowing in the No-
vember HST images.

An alternative source for the edge-on
brightness of the rings, consistent with the
flat radial profiles, is a tenuous sheet of
material between the F ring and the outer
edge of the A ring, =1 km thick and with a
normal optical depth 7 = p ..~ 1.4 X
10~% (here, w is the cosine of the emission
angle in August 1995). Evidence for such
material has been found in Voyager images
(15), from which a normal optical depth in
the range 107* to 107° was estimated.
However, an optical depth this large ap-
pears to be incompatible with the Novem-
ber HST images (30), and on this basis, we
discount such a sheet as a significant con-
tributor to the edge-on ring brightness.

Satellites and ring arcs. Ring-plane
crossings provide an opportunity to observe
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Saturn’s faint inner satellites, which are usu-
ally concealed by scattered light from the
bright main rings (31). Janus (mean radius,
R = 89 km) and Epimetheus (R = 60 km)
are “horseshoe” or coorbital satellites, ex-
changing their positions relative to Saturn
every 4 years (32). They have been observed
once since the Voyager 2 encounter (33).
Pandora (R = 42 km) and Prometheus (R =
50 km) orbit on either side of the F ring,
apparently radially confining, or “shepherd-
ing,” this narrow, complex ring.

Prometheus, Pandora, Janus, and
Epimetheus are responsible for driving nu-
merous density waves observed in the main
rings, which in turn result in a significant
transfer of angular momentum from the
rings to the satellites (34). A direct mea-
surement of the resulting secular decelera-
tion of one or more of the satellites could
provide a powerful constraint on the age of
the A ring, currently suspected to be no
more than ~10% years (35). Because of its
mass and proximity to the rings,
Prometheus is thought to be evolving most
rapidly and thus offers the best opportunity
for such a measurement; an accurate deter-
mination of its orbital longitude was a pri-
mary goal of our observations.

Janus, Epimetheus, and Pandora were
readily identified in our August and No-
vember images at their predicted positions
(32, 36), but Prometheus lagged behind its
predicted position by ~19°, confirming
HST observations from May 1995 (37). It
was identified by its brightness, which is
similar to that of Pandora, and by its orbital
radius. Bosh and Rivkin (2, 37) also report-
ed the discovery of a faint object, designat-
ed 1995 S1, ~25° ahead of Atlas’s expected
position in May 1995. This discrepancy is
comparable to the expected error in Atlas’s
ephemeris (36). We have so far been unable
to identify Atlas convincingly in our imag-
es, at least in part because of interference
from brighter satellites or ring features. Pan
does not appear to be detectable either.

Identification and measurement of the
small satellites from the images required
subtraction of the ring background. Pairs of
consecutive frames taken with the same
camera and exposure time were differenced
and the resulting images examined visually
for pairs of positive and negative images,
displaced parallel to the ring plane (38).
After determining centroids for all satellite
images, we corrected the pixel coordinates
for optical distortion in the WFPC2 (39)
and used the positions of all visible refer-
ence satellites (usually Tethys, Dione, and
Rhea) to locate the center of Saturn in each
frame (40).

The positions of Mimas, Janus,
Epimetheus, Pandora, and Prometheus rel-
ative to Saturn were fitted to eccentric,
zero-inclination Keplerian orbits, with the
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eccentricities fixed at previously deter-
mined values (32, 36, 41) and the longi-
tudes of pericenter predicted using preces-
sion rates calculated from Saturn’s zonal
gravity coefficients (Table 1). The free pa-
rameters in each fit were the semimajor axis
a and mean longitude at epoch A\y; we cal-
culated the mean angular velocity n from a
using Saturn’s mass and the zonal gravity
coefficients J, and J, (42). Because of the
near edge-on appearance of the orbits, we
fitted the separation of each body from
Saturn’s center in kilometers, rather than
the individual right ascension and declina-
tion offsets. For this reason, our fits are
insensitive to small orbital inclinations rel-
ative to Saturn’s equatorial plane. With the
exception of Prometheus, the fitted orbits
for the satellites agree with their previously
determined orbital elements (33, 36, 41).
Differences in the longitudes at epoch of
~1° or 50 to 100, probably reflect small
errors in the Voyager mean motions and are
in fact comparable to the anticipated errors
after an elapsed time of 15 years.

A comparison of the fitted and predicted
mean longitudes of Prometheus on 10 Au-
gust and 21 November shows lags of 18.74°
+ 0.10° and 18.82° =+ 0.04°, respectively,
similar to the 19.7° = 0.2° measured on 22
May (2). If the current orbital phase lag had
originated as a result of an impulsive change
in Prometheus’s mean motion after the
Voyager 2 encounter in 1981, then we
would expect the lag to be increasing by at
least 0.11° per month, but its mean motion
in 1995 was essentially unchanged from
that in 1980 and 1981 (43).

We have considered a number of possi-

Table 1. Satellite and ring arc orbital fits. The quoted uncertainties are formal
1o fit errors, but partial orbit coverage means that strong parameter correla-
tions are likely. The semimajor axis a and mean motion are calculated self-
J,, and J,, (42). Longitudes at epoch A, and of

consistently, from GM

Saturn?

ble explanations for the lag in longitude. A
gross error in the Voyager ephemeris ap-
pears unlikely because the other small sat-
ellites show much smaller discrepancies,
and the Voyager ephemeris successfully fits
seven 1966 Earth-based observations of
Prometheus (32). The predicted lag due to
the back-reaction from density-wave
torques (34) in the 14 years since the Voy-
ager 2 encounter is ~0.2° ~1% of that
observed. Furthermore, if the lag results
from any secular effect, Prometheus’s semi-
major axis will equal that of the F ring only
~10* years in the future; this time scale
seems implausibly short. A recent collision
with a moonlet in the F ring has been
suggested (44). The most recent 19-year
cycle of collisions began in 1990 or later
and may still be under way. Because the lag
must accumulate within the last 5 years, it
should have grown by at least 1° between
August and November, which is inconsis-
tent with the HST observations. A recent
cometary impact is a possibility, but scaling
from the impact record on Rhea (45), we
estimate that a 0.2-km-diameter impactor
strikes Prometheus once every 107=! years;
the probability of such an impact in the last
14 years is ~107C.

The simplest scenario consistent with
the observed lags involves a horseshoe en-
counter with a small coorbital satellite (44).
In such a model, the hypothetical compan-
ion moon spends about half its time with
semimajor axis a,, = ap + da,, and half with
a,, = ap — da,, where a is the semimajor
axis of Prometheus. The periodic changes in
a_ occur near the times of closest approach

m
between Prometheus and the moon. The

pericenter are measured from the ascending node of Saturn’s equatorial

1966, 1980-1981, and 1995 data for
Prometheus suggest a full libration (that is,
two encounters, one raising Prometheus’s
orbit shortly after the Voyager encounters,
the other lowering it shortly before the
ring-plane crossings) with a period of ~30
years. However, this implies a rather large
size for the hypothetical coorbital, compa-
rable to that of Atlas (46); such an object
should have been seen by Voyager (47).

The August HST images revealed at
least 19 unidentified moving objects. Trial
orbits with mean motions similar to those of
Pandora or Prometheus permitted us to link
most of these images with three different
objects, designated 1995 S5 through S7
(48), on circular orbits (Table 1 and Fig. 5).
These three objects are visible in all images
in which they were predicted to appear
before the ring-plane crossing, except when
concealed by a nearby bright satellite. Their
images are elongated in the plane of the
rings in a manner consistent with the trail-
ing of point sources over the durations of
the exposures. On the basis of circular orbit
fits, 1995 S5 and S6 lie between the orbits
of Prometheus and the F ring, and 1995 S7
is at about the same distance as Prometheus.
Comparing the integrated brightnesses of
1995 S5 through S7 with those of the small
satellites seen in the HST images and al-
lowing for the substantial measurement un-
certainties, we derive equivalent radii of 25
+ 8km (1995 S5) and 18 = 5 km (1995 S6
and S7). These radii are larger than those of
Pan or Atlas, and the objects should have
been seen by Voyager if they are indeed
moons (47, 49).

Although 1995 S6 and S7 remained ap-

plane on the Earth’s equator of J2000, at epoch 10.5 August 1995 TDT
(terrestrial dynamic time) or epoch 21.5 November 1995 TDT (at Saturn).
Changesinaand A, are (observed — predicted) values at epoch. Values of Aa
for the new objects are relative to the F ring.

Satelite Semimajor Mean motion Longitude Eccen- Longitude of rms resid- No. of Aa ANy
axis (km) (deg/day) at epoch tricity pericenter ual (km) data (km) (deg)
10 August 1995
Mimas 185,414 = 70 382.37 = 0.19 177.11 = 0.05 0.0201 335.7 290 21 —-122 -0.47
Janus 151,317 £ 120 519.0 0.6 34.92 = 0.19 0.0066 108.0 382 7 —145 -0.33
Epimetheus 151,194 = 40 519.62 £ 0.18 175.02 = 0.06 0.0126 223.0 244 25 —-219 0.76
Pandora 141,582 + 130 5736 *0.8 95.68 = 0.18 0.0044 6.9 418 15 —-131 -0.56
Prometheus 139,423 + 70 587.0 £04 339.23 £ 0.10 0.0024 236.4 308 12 46 —-18.74
1995 S5* 139,682 + 370 5854 £25 1295 =06 0.0 - 406 17 —-527 -
1995 S6* 139,742 + 360 585.0 *26 246.0 *0.5 0.0 - 332 10 —467 -
1995 S7* 139,303 + 440 587.8 =27 324.4 *0.6 0.0 - 443 10 —-906 -
1995 S5+ 139,860 + 130 5842 *0.8 1299 =017 0.0029 14.4 a17 17 —349 -
1995 S6+ 139,938 = 70 583.8 *0.5 246.25 + 0.07 0.0029 14.4 316 10 —271 -
1995 S7+ 139,113 = 260 589.0 = 1.7 3241 *0.3 0.0029 14.4 402 10 —-1096 -
21 November 1995
Mimas 185,612 = 40 381.76 £ 0.12 282.61 = 0.03 0.0201 78.8 131 8 76 0.06
Janus 151,742 = 30 516.80 = 0.16 134.02 = 0.03 0.0066 319.0 121 8 280 0.18
Epimetheus 151,230 = 110 5194 *=0.6 298.97 = 0.11 0.0126 74.0 325 6 -183 0.94
Pandora 141,854 = 70 5720 *0.4 52.34 + 0.06 0.0044 274.7 212 8 141 -1.17
Prometheus 139,302 = 60 587.8 *£0.3 349.93 = 0.04 0.0024 160.4 142 8 —-75 -18.82
*A circular orbit was fitted, but the quoted uncertainties allow for eccentricities of up to 0.003 and arbitrary pericenter longitudes. 1These fits assume the F ring’s eccentricity and
pericenter.
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proximately constant in brightness, the
brightness of 1995 S5 diminished sharply as
it approached either ansa of its orbit (50),
indicating that it is extremely elongated in
the direction of its orbital motion. There-
fore, 1995 S5 (and likewise 1995 S6 and S7,
which were never seen very near the ansa)
is probably an elongated clump of debris, or
arc, that is moderately opaque. Given pos-
sible systematic errors in the fitted semima-
jor axes, it is likely that all three objects
actually orbit within the F ring (51), and so,
we performed a second set of noncircular
orbital fits (Table 1) using the F ring’s
eccentricity and pericenter (52).

We have been unable to identify 1995
S5 through S7 in the November images, but
several very elongated features are visible,
apparently within the F ring. The brightest
of these (Fig. 6) has a full width at half-
maximum (FWHM) flux of ~10°, three
times that expected for a trailed point
source in the F ring, and an overall length
of almost 30°; it appears on the east ansa in
images from three successive HST orbits. A
fainter arc, with a FWHM of ~7°, is seen
on the west ansa on the two previous HST
orbits. Orbital fits to the indistinct leading
and trailing edges of these two features yield
average daily mean motions of 589° * 6°
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Fig. 5. Measured positions 1995 S5 (@), 1995 S6 (1),
and 1995 S7 () on 10 August 1995, superimposed
on the best-fitting circular orbits (Table 1). East is to
the left. Dotted lines indicate the central time for each
HST orbital window, at 96 min intervals, while the
dashed line shows the predicted time of ring plane
crossing; none of these faint objects was visible more
than 2 hours after this time. The shaded band repre-
sents Saturn’s disk. Janus, Epimetheus, and the ma-
jor satellites are omitted for clarity.

and 584° = 4°, respectively, consistent with
either Prometheus or the F ring (52). Their
central longitudes at epoch 21.5 November
1995 were 244° and 136°, respectively. In a
composite longitudinal profile of the F ring
(Fig. 7), these two bright arcs stand out
clearly, along with at least four fainter
clumps. This profile bears a striking resem-
blance to composite profiles of the F ring
derived from Voyager images (53).
Although mean motion uncertainties
preclude straightforward linking of the Au-
gust and November observations, there is
no correlation between the extrapolated
positions of 1995 S5 through S7 and those
of the arcs seen in November (Fig. 7) if we
assume a mean motion equal to that of the
F ring. Murray and Giuliatti Winter (44)
have considered the possibility that 1995
S7 is the coorbital satellite responsible for
Prometheus’s lag. If 1995 S7 is coorbital
with Prometheus, as suggested by its fitted
mean motion, then it should have trailed
the larger satellite by ~15° in November,
but no such object is seen (Fig. 7). It is
possible that the features are correlated but
are located somewhere between Prome-

Epimetheus *
Y

'
' Proietheus e

Fig. 6. Sequence of template-subtracted PC
frames of the east ansa obtained on 21 November
1995 at (A) 13:48, (B) 15:24, and (C) 17:01 UT,
showing the appearance and orbital motion of the
brightest F ring arc. This ~30° long arc precedes
by ~40° a fainter arc that is only clearly visible in
the last frame, as it nears the ansa. Also visible are
Epimetheus (near elongation in the first frame and
south of the rings on the second) and Prometheus
(approaching Saturn’s limb in the first frame). Mi-
mas peeks in at the edge of the last frame. The
two bright objects behind and below the rings are
the binary star GSC 5249-01240. The remaining
streaks and speckles are due to cosmic rays.
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theus and the F ring, or even outside of the
F ring (54).

The semimajor axes of 1995 S5 through
S7 could be determined with much higher
precision if the observations in August could
be linked with one or more of the objects
seen in May (2). Substantial uncertainties in
the mean motions for all of these objects
combined with the 80-day interval between
observations lead to multiple potential solu-
tions, but a systematic check of all possible
linkages did yield one particularly interesting
match: 1995 S3 and S6 may be linked to-
gether with a mean motion of 582.091° *+
0.002° per day, consistent with the F ring’s
mean motion (52). However, the individu-
ally fitted semimajor axes of these two ob-
jects differ by 520 = 150 km, for an assumed
eccentricity equal to that of the F ring.

The E and G rings. The broad E ring,
which extends from near the orbit of Mimas
to beyond the orbit of Dione, or roughly
from 3 to 8 Saturn radii (Rg), was discov-
ered during the 1966 crossing and charac-
terized more fully in 1980 and 1981 (55,
56). As inferred from its unusual blue spec-
trum (57) and a rather steep forward-scat-
tering lobe in its phase function, this ring is
composed almost entirely of 1-pm grains of
water ice (58). Its peak normal optical
depth 7 =~ 1.5 X 107°.

Figure 8 shows the E and G rings as they
appeared to HST on 9 August and 28 No-
vember 1995. The shape of the E ring’s
radial profile in August is nearly identical at
all wavelengths, implying a spatially uni-
form particle size distribution. Even with
the improved signal-to-noise ratio compared
with that of previous ground-based observa-
tions, the ring is lost in the noise at 7.5Rq to
8Rg. No secondary peaks in brightness are
detected near the orbits of moons other than
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Fig. 7. Longitudinal profile of radially integrated //F
for the F ring, derived by combining data from 20
PC frames taken over a period of 7 hours on 21
November 1995. The two ring arcs seen most
readily in the images (compare with Fig. 6) are
prominent at longitudes of 244° and 136°. Pandora
and Prometheus, whose motion relative to the F
ring is small over 7 hours, appear as peaks at 52°
and 350°. Also shown are the predicted longitudes
of the objects 1995 S3 and 1995 S5 through S7.
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Fig. 8. Composite images of the E
and G rings taken on 9 August (top) -
(west ansa) and 28 November (bot-
tom) (east ansa). Each image spans
aradial width of 350,000 km (2.19Rg
to 8.0Rg) and a height of 60,000 km.
The original WF images were record-
ed at a scale of 0.20 arc sec (~1300
km) per pixel. Images taken through

several fitters have been normalized, median-filtered, and then high-pass filtered to reduce the strong
background gradient of scattered light from Saturn. The diagonal features in the lower left corners are
diffraction spikes from the planet, which was just out of the field. A few residual flat-field artifacts are visible
in the lower image, most noticeably just above the G ring. North is up in the top panel and down in the

bottom panel.
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Fig. 9. The measured vertical thickness (FWHM)
of the edge-on E ring as a function of distance
from Saturn using data from 9 August at 0.30,
0.45, 0.54 and 0.67 um. (Note that the projected
thickness in edge-on viewing is not quite the same
as local ring thickness.) The apparent thickness is
a minimum of 8000 km at the radius of Enceladus,
outside of which the ring flares to ~15,000 km at
and beyond 6 Rg. The FWHM is independent of
wavelength over the range of our data. The points
at ~170,000 km are dominated by the much thin-
ner G ring.

Enceladus, contrary to some predictions
(59). The measured vertical FWHM in each
of the four HST bandpasses shows a gener-
ally increasing thickness with radius, inter-
rupted by a pronounced dip near the orbit of
Enceladus (Fig. 9). No variation of thickness
with wavelength is observable. These results
are generally consistent with the conclusions
of (56), except that our maximum measured
thickness, at ~7Rg, is ~15,000 km rather
than 40,000 km.

Although a pronounced blue slope is still
evident in the E ring’s spectrum (Fig. 10), it
is less steep than the 1980 data had suggest-
ed. A comparison of the HST and Keck
2.26-pm data (60) shows that this slope
extends well into the infrared. The some-
what flatter spectrum is more compatible
with a power-law size distribution, but the
sharply peaked forward-scattering phase
function seen in Voyager measurements still
requires a narrow size distribution. The HST
spectrum is also consistent with such a dis-
tribution, if centered around a radius of 0.3
to 3 wm. The E ring’s spatial distribution
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Fig. 10. (A) Measured peak vertically integrated
brightness of the E ring in (@) August and (O)
November 1995. (A) Extremely blue spectrum
measured by Larson at the 1980 ring-plane cross-
ing (57), scaled to the HST point at 0.55 pm. (B)
Radially integrated brightness of the G ring in (@)
August and (O) November 1995. The average lev-
el of the August data has been scaled to that of the
November data to correct for contamination by
the E ring in August. (O) The sole Voyager bright-
ness measurement at low phase angle (63).

appears to be generally consistent with re-
cent dynamical models (59, 61), although
the ring is thicker than these models predict.

The narrower and even more tenuous G
ring (1 =~ 107%) was discovered by Pioneer
11 (62) and is visible in two Voyager images
(63), from which its radial range was deter-
mined to be 166,000 to 173,000 km. It was
first seen from Earth in near-infrared images
in 1995 (60). The Pioneer 11 signatures
suggested the presence of a core of macro-
scopic (centimeter-size) particles capable of
absorbing 100-MeV protons (62). The
phase function derived from Voyager imag-
ing data, on the other hand, implies a very
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steep size distribution, dominated by submi-
crometer-size particles (63).

The G ring appears as a short, much
fainter extension of the bright rings in the
August HST images (Fig. 8), terminating
abruptly at a radius of 172,000 * 2000 km
(2.85Rg). In November, it was resolved as a
ring of roughly uniform radial and azimuth-
al brightness, with a full radial width of
8000 = 2000 km. The half-flux points are
at 166,000 and 170,000 km, each accurate
to £1000 km, consistent with (63). At a
scale of 1300 km per pixel, the G ring’s
thickness is unresolved in the August imag-
es. The ring is spectrally neutral, or perhaps
slightly red (Fig. 10), suggesting that parti-
cles in this ring are somewhat larger than
those found in the E ring. The measured
brightness at 2.26 wm is consistent with a
modest red slope (60) but inconsistent with
the Voyager-derived phase function (63),
which would imply a blue color.
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