lations (8, 11, 12, 14, 26) indicate that the
OH distribution is a complicated function
of the rates at which the rings and inner
satellites produce gas, the distribution of
energies imparted to newly produced mole-
cules, and the OH molecule lifetime in the
Saturn system.
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the May 1995 Ring-Plane Crossing
Amanda S. Bosh and Andrew S. Rivkin

The 22 May 1995 Saturn ring-plane crossing was observed with the Hubble Space
Telescope; the markedly reduced scattered light from the rings at this time allowed study
of the small inner satellites of the Saturn system. Prometheus was further from its
predicted location than expected based on uncertainties in the 1981 ephemerides prop-
agated forward by 15 years. A body found orbiting near or within Saturn’s F ring is either
an F-ring shepherd or a transient clump of dust within the F ring; given its approximate

brightness, the clump theory is more likely.

On22 May 1995, the Earth passed through
the plane of Saturn’s rings, allowing us to
view them in an edge-on configuration.
During this time, the usually bright rings
become faint, making this an ideal time to
study the small inner satellites. These sat-
ellites have poorly defined ephemerides be-
cause they have rarely been observed. Dis-
covered with ground-based telescopes dur-
ing the 1966 and 1980 Saturn ring-plane
crossings (1, 2) and by Voyagers 1 and 2
(3), these satellites include Pan, orbiting
within the Encke gap; Atlas, just outside
the outer edge of the A ring; Prometheus
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and Pandora, the F ring shepherds; Janus
and Epimetheus, the coorbital satellites;
Telesto and Calypso, at Tethys's L, and L
Lagrange points; and Helene, at Dione’s L,
point (4). Only Janus, Epimetheus, Telesto,
Calypso, and Helene have been observed
since 1980 (5, 6), leading to better deter-
minations of libration parameters for these
bodies.

For Atlas, Prometheus, Pandora, Janus,
Epimetheus, Telesto, and Calypso, we ex-
amine the differences between observed
and predicted locations in images of the
Saturn system taken with the Wide Field—
Planetary Camera 2 (WFPC2) (7) on the
Hubble Space Telescope (HST). The Sat-
urn system was observed on 22 May 1995
for 11 hours spanning the time of the Earth
ring-plane crossing (8) and on 22 Novem-



ber 1995 for a 40-min period just after the
solar ring-plane crossing. The wide-field
(WF) mode was chosen over planetary-
camera (PC) mode to maximize the signal-
to-noise ratio of the rings at the minimum
ring brightness and to include both ring
ansae on the chip (8).

To detect faint satellites superimposed
on the rings, we constructed median-sub-
tracted frames (MSFs). We calculated the
median value of each pixel from the three
or four images taken in each HST orbit and
then subtracted this frame from each of the
composite frames to create the MSF, scaling
for changing ring brightness when necessary
(8). Thus, the MSF has none of the repeat-
ing signal sources such as ring signal, yet
retains fast-moving satellites and cosmic-
ray hits. To avoid missing slow-moving ob-
jects, we carefully examined the MSFs for
anomalies at ansae and the raw frames for
signs of any satellite predicted to be at an
ansa.

All known satellites except for Pan, At-
las, and Prometheus were located within 10
pixels (1 arc sec) of their predicted posi-
tions. The three exceptions were expected
to be the most difficult to find because they
are close to the rings, do not have a signif-
icant known inclination, and are among the
smallest and faintest of the known satellites.
To locate Pan, Atlas, and Prometheus, and
any new satellite candidates, we searched
the MSFs using the blink technique and
determined the centers for the sources (9).
To determine the pixel location of the cen-
ter of Saturn, we fitted the positions of
known satellites in the images to ephemeris
values for their offsets from the center of
Saturn (10, 11). With these centers, we
converted pixel locations to distances from
Saturn projected onto the plane of the sky
(12).

We first fit a circular, noninclined orbit
model to the data (projected distances from
Saturn versus time). The fitted parameters
are orbital radius a and mean longitude A,
at reference time t, [defined to be 22 May
1995, 6:00 TDT (terrestrial dynamical
time) at Saturn] with respect to the ascend-
ing node of Saturn’s equator on the Earth’s
equator (J2000.0). We then fit an eccentric
model for known satellites, fitting for a and
\, only, with eccentricity e and longitude of
periapse @, fixed at their known values (5,
10, 13). When compared against orbital
parameters for the known satellites derived
from other observations, the eccentric fits
yield similar a values for Pandora, Epi-
metheus, Janus, Mimas, and Tethys but dif-
ferent a values for Dione, Rhea, Calypso,
Telesto, and Enceladus (14) (Fig. 1); how-
ever, the discrepant satellites are poorly
determined because the coverage within
the orbit was not well distributed.

Our search for moving objects produced
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Fig. 1. Differences (observed — calculated) be-
tween fitted and previously determined values of a
and \,, for all known satellites present in the data
except for Pan, Atlas, and Prometheus.

three candidates that were tracked across
multiple HST orbits (Table 1) (15) plus a
handful of others that were visible on one
HST orbit only (16). The three satellite
candidates, 1995 S1, 1995 S2, and 1995 S3,
are near the known values for Atlas,
Prometheus, and the F ring, respectively.
However, 1995 S1 leads Atlas’s predicted
longitude by 24.7° = 0.2°, whereas the
expected uncertainty in A, (mean motion
uncertainty propagated forward by 15 years)
is of order 15°. Given that we found no
other candidates of similar brightness in
this region, we propose that 1995 Sl is
Atlas. Corroborating evidence is provided
by the observations taken on 22 November
1995, which showing a body orbiting inside
the F ring on the outer edge of the A ring,
leading Atlas’s predicted longitude by 26.5°
+ 0.6° (Fig. 2). On the basis of the May
data, the revised mean motion for Atlas is
598.31282° =+ 0.00005° per day. Unfortu-
nately, Atlas was not seen clearly in data
obtained either in August during the sec-
ond Earth crossing or in November during
the solar crossing (17) because of interfer-
ence from other bright features. When At-
las was at ansa in August, Epimetheus was
contaminating the area. There is a possible
detection in three images near ansa (con-
sistent with a location 25° ahead of the
predicted \;) but no confirming data be-
cause of the proximity of Epimetheus. On
21 November, a bright ring arc was contam-

e R L e REPORTS |

Fig. 2. Detection of Atlas (arrows) near ansa on 22
November 1995. These images of the western
ring ansa were taken at 12:43 UT (top) and 12:52
UT (bottom), after the solar ring-plane crossing. At
this time, we were viewing the unlit face of the
rings. Images have been smoothed and contrast
was enhanced to bring out faint sources; cosmic
rays have been removed. In both images, the out-
ermost bright arc is the F ring. Interior to that is the
Aring, which appears dark but is dimly illuminated
by sunlight reflected off of Saturn. The inner bright
arc is the Cassini division.

inating the area where Atlas was expected
to be.

The object 1995 S2 has the same value
of a as does Prometheus, and observations
in August and November 1995 (17) con-
firm that it is Prometheus. However, 1995
S2 trails the predicted A of Prometheus by
almost 20°, an offset that is six to seven
times greater than its predicted uncertainty.
Several possibilities exist for the discrepan-
cy: it has an unseen coorbital satellite (17,
18), it underwent a collision with the F ring
or other body (18), or the magnitude of the
uncertainty in its mean motion was under-
estimated. If Prometheus has an unseen co-
orbital, its N, will librate over time but
there would be no observable difference in
Ao between May and November (Fig. 3).
This is marginally consistent with the data
if the formal errors of A, are underestimates.
Prometheus was expected to have collided
with the F ring in February 1994 (18) as a

Table 1. Orbit fits to 1995 S1, 1995 S2, and 1995 S3. Eccentric orbit fits are included for 1995 S2
(Prometheus) and 1995 S3 under the assumption it is an F-ring clump. An eccentric orbit fit was not
attempted for 1995 S1 (Atlas) because Atlas does not have a known eccentricity. Longitudes (J2000) A,

and @, are for 22 May 1995, 6:00 TDT at Saturn.

Can- . @, Fitrms Aa AN
didate  Tittype a (km) Ao (deg) € deg (km) (km) (deg)
1995S1 Circular 137,610+ 155 570+02 —  — 954 —70 247
199582 Circular 139545 + 140  85+02 —  — 442
Eccentric’  139.820 « 160  83+02 00024 1507 517 440 —-19.7
Eccentrict  138.625 = 545 92+ 05 0006 173 365
1995S3 Circular 140830 = 105 3334 +01 —  — 508
Eccentrict 140,460 + 105 333.4 + 01 00029 157.64 507 250 —

“Assumes this body is Prometheus; e and w,, held fixed at Prometheus values.

for w, = 57.
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‘tFormal error for fitted e = 0.003 and

+Assumes this body is a clump within the F ring; e and @, held fixed at F ring values (77).
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result of differential apsidal precession. To
create an offset as large as that observed, a
collision in 1994 must have produced a
change in mean motion of 0.04° per day. A
change this large implies that the longi-
tudes in May and November would differ by
almost 8°, which was not observed (Fig. 3).
There is significant uncertainty in the time
of the F ring collision, such that it could
have happened as early as 1991; this would
require a change of 1° between May and
August and between August and Novem-
ber. If we place the collision immediately
after the Voyager 2 encounter instead, this
implies a change of 0.33° between May and
August, and 0.66° between May and No-
vember. A collision with the F ring at this
epoch is not possible on the basis of the
observed orientations of the orbits of
Prometheus and the F ring; a collision with
another body such as a comet would need to
be invoked. .

As a test of the stability of Prometheus’s
No, we fit the May data including w, and e
as free parameters. This model changes the
o offset by 0.9°, bringing it much closer to
the observed August and November values.
The actual uncertainty in A, may be larger
than the formal error shown by the test fit
described above; this may be true for the
August and November values as well. With
a larger uncertainty, on the order of 1°,
several of the theories for the Prometheus
longitude discrepancy fall into the realm of
possibility (Fig. 3): the unseen coorbital, a
collision immediately after the Voyager vis-
its, and a collision with the F ring in 1991.

The satellite candidate 1995 S3 (Fig. 4)
does not have a semimajor axis near any
known satellites; however, it is only 2o

-18 * , r .
SN 10August 21 November
g 19t [\\\ — R
. ==
o Do
g P 22May, ]
3
21+ N
.22 . . \;‘\ . . . .
Apr Jun Aug Oct Dec
Date of observation (1995)

Fig. 3. Variance of Prometheus A, offset. Offset
values include those determined from a least-
squares fit with w,, fixed at the predicted value
(open circles) and another with this value and e
included as free parameters (filled circle). Lines
indicate the expected change in A, offset with time
for a collision with the F ring or another body
shortly after the last Voyager 2 images of
Prometheus were taken (dashed line); a collision
with the F ring on 6 February 1994 as predicted by
Murray and Giuliatti Winter (18) (dot-dashed line);
a collision with the F ring in 1991, the earliest
predicted in (78) (dotted line); and the effects of a
coorbital satellite (solid line).
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from the maximum extent of the F ring and
thus may be a clump of dust or an embedded
satellite within the F ring. If it is not an F
ring clump, then it could be a shepherding
satellite of the F ring, like Prometheus and
Pandora. If we assume 1995 S3 is within the
F ring, we can fit an eccentric orbit model
to the data, holding the values for e and @,
fixed at the values for the F ring (Table 1).
The root-mean-square (rms) residual for the
fit decreases slightly from that of the circu-
lar orbit fit, whereas a decreases until it is
only 275 km larger than that of the ring.

To discern the true nature of 1995 S3,
we need better orbital parameters and pho-
tometric information. Unfortunately, pho-
tometry on these candidates is difficult be-
cause of imperfect ring subtraction and
nearby satellites; therefore, we are not able
to determine brightness as a function of
distance from Saturn. We can state only
that 1995 S3 has about the same brightness
as Atlas; therefore, 1995 S3 must be about
the same size, 20 to 40 km in diameter. It is
unlikely that a satellite of this size was
missed during the Voyager encounters (19);
therefore, 1995 S3 is probably an F ring
clump.

Many bright clumps, both localized and
elongated, were seen within the F ring dur-
ing the two Voyager visits in 1980 and 1981

Ve

Fig. 4. Fourimages of 1995 S3, taken sequentially
over 34 min during one HST orbit (top to bottom).
Each panel is a composite of MSF (left) and raw
data (right). The raw data includes part of Saturn’s
limb, overexposed and bleeding, and the edge-on
rings, visible as a faint line just above the bleeding
area. The MSF includes Epimetheus as well as
1995 S3, both moving toward Saturn.
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(20). These bright spots could have been
dust clumps or small embedded satellites.
The longer clumps disappeared rather
quickly, indicating a loosely held aggregate
of small particles that spreads as a result of
Keplerian shear. A temporary brightening
can occur if a small moonlet (large ring
particle) is pulverized during a collision
with another ring particle: A large cloud of
small particles reflects much more light
than a single particle of equivalent mass
because of the increased surface area and
therefore would appear bright until the par-
ticles spread uniformly around the orbit.
The lifetimes of ring clumps and arcs must
be shorter than the time between Voyager
encounters (about 9 months) because none
of the observed features could be correlated
between the two visits. Here we have data
taken 3 and 6 months apart that we can use
to investigate the lifetimes of these clumps
by searching for correspondence between
1995 S3 and other bodies observed at the
August and November epochs. Of the sat-
ellite candidates observed in August and
November (17), only 1995 S6 is a possible
match: its observed longitude was ahead of
1995 S3’s projected longitude by only 3° in
August. Therefore, this one ring clump may
have persisted for at least 3 months but not
for 6 months.

We have accounted for the lost satellites
Atlas and Prometheus but not for Pan. We
have a tentative detection of Pan near its
predicted position in three images from one
HST orbit taken just after the ring-plane
crossing. This body exhibits the correct pro-
jected velocity for a body within the Encke
gap. We were able to determine image cen-
ters in only two images; in the third image,
the body was too close to Rhea. We cannot
fit an orbit with only two positions, but if
we assume this is Pan, we can fix a and fit
for Ao. We find a value that leads Pan’s
predicted value by 5.52° + 0.08°, implying
a mean motion of 626.04510° + 0.00004°
per day. This value is similar to one Show-
alter found by including a tentative detec-
tion in Voyager 1 data (I).

These observations may be useful in an-
swering questions about the evolution of
Saturn’s rings. Prometheus’s orbit is expect-
ed to be evolving outward as a response to
ring torques, but theory predicts it should be
doing so at a much slower rate than seen
here: over 10 years, the cumulative effects
of ring torques would cause it to lag by 340
km, or 0.05 arc sec as seen from Earth (21).
This lag of only 0.14° is more than two
orders of magnitude smaller than the one
we observed. Atlas should be evolving in
the same manner, but the effect should be
smaller than that for Prometheus. Although
ring torques are not the answer to the mys-
tery of why Prometheus is not nearer its
predicted location, it is clear that the prob-



lems with its ephemeris need to be solved if
we ever hope to detect the long-term evo-
lution of ring and satellite systems.
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Trapped Coronal Magnetogravity Modes
Yu-Qing Lou

Theoretical analyses suggest a physical scenario for the trapping of coronal magneto-
gravity wave modes above the solar transition region. The shortest oscillation period of
coronal magnetogravity modes should be longer than about 1.5 hours. These long-period
modes may be responsible for the unexpected low-frequency (1 to 140 microhertz)
discrete modes recently discovered in interplanetary charged particle fluxes and magnetic
field fluctuations. If the detected modes are caused by these magnetogravity modes rather
than by gravity-mode oscillations in the solar interior, then the solar corona and the
transition region may be probed from an entirely new perspective by helioseismological
technigues. These coronal magnetogravity modes could reveal clues to the heating and

dynamics of the solar corona.

Recently, Thomson et al. (1) reported that
discrete low-frequency (~1 to 140 wHz)
modes were detected in low-energy charged
particle fluxes measured by Ulysses and
Voyager Il spacecraft by extensive time-
series analysis; they also found similar
modes by analyzing earlier magnetic field
data from Interplanetary Monitoring Plat-
form 8 and International Sun-Earth Explor-
er 3 spacecraft. Thomson et al. (I) tenta-
tively suggested that solar interior gravity
modes (g-modes) were propagated into the
remote solar wind as fluctuations in the
interplanetary magnetic field, probably as
large-scale Alfvén waves (2), although evi-
dence for the necessary physical linkage is
apparently lacking at present. It is impor-
tant to properly identify the physical and
dynamic processes that lead to the appear-
ance of these discrete low-frequency modes
in order to extract useful information about
the sun, its atmosphere, magnetic fields,
and wind.

Theoretical models have shown that in-
compressible Alfvén waves decouple from
compressible magnetohydrodynamic (MHD)
waves in spherical geometry with a radial
magnetic field (3—6). Gravity wave motions
necessarily involve compressive effects, so it
is unclear how g-modes trapped deep in the
solar interior can be transformed into
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Alfvén modes propagating in the remote
solar wind. Furthermore, if interior g-
modes were transmitted into interplane-
tary space, their persistent passage through
the photosphere should leave indelible
signatures. But no evidence has been firm-
ly established for photospheric manifesta-
tions of these interior g-modes (7). Here 1
offer an alternative interpretation based
on a simple static atmosphere model with
the appropriate wave properties to show
that discrete magnetogravity modes can be
trapped in the lower solar corona above
the transition region and that these modes
may account for the low-frequency modes
detected (1).

The continuous expansion of the million-
degree magnetized solar corona gives rise to
the solar wind in interplanetary space. Close
to the sun, the solar wind is sufficiently
subsonic that a large coronal hole region
within several solar radii can be treated as
isothermal and static with a radially open
magnetic field. In order to clearly explain
MHD wave properties in a magnetized atmo-
sphere and for pedagogical reasons, it would
be beneficial to first consider the case with-
out a magnetic field. An unmagnetized at-
mosphere can support acoustic waves when
the angular perturbation frequency w is
higher than the local acoustic cutoff fre-
quency, o, = YGMg/(2Cs?) and gravity
waves when o is lower than the local Brunt-
Viisdld buoyancy frequency, Npy, = (y —
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