
With an observed detection every 20 days,
the F ring appears to be the solar system’s most
sensitive detector of meteoroids in the 10-cm
size range. Given the number of rings known,
this may seem surprising. Several ring proper-
ties work together to make this so. First, the F
ring is both narrow and optically thin, so an
injection of a few cubic meters of dust is an
observable event. A similar amount of material
injected into a broader but faint ring such as the
C ring or Cassini division would pass unno-
ticed. Second, with typical optical depths of
;0.1, the ring is optically thick enough to
represent a substantial target for impactors;
most analogous rings, such as Saturn’s E and G
rings, are fainter by many orders of magnitude.
Third, because the ring is narrow, an ejected
dust grain is less likely to recollide with a large
particle during each passage through the ring
plane; as a result, the lifetime of a burst event is
enhanced. In reality, narrow ringlets embedded
in the Maxwell and Titan gaps of the C ring
may serve as comparable detectors but were not
as well observed by Voyager.

The flux of meteoroids has importance for
the formation of the ring systems and the
lifetimes of satellites. Results for the F ring
raise the possibility that, by better calibrating
our “detector,” we could place new and im-
portant constraints on the flux of meteoroids
in this intermediate size range. Further obser-
vations by the Hubble Space Telescope or the
Cassini Orbiter should make this possible.
Furthermore, a closer look at the F ring
should reveal the more frequent, smaller
bursts that were presumably overlooked in
this analysis, possibly yielding the slope of
meteoroid influx throughout the 1- to 100-cm
range. It may also be possible to detect an
asymmetry in the longitudes where bursts
originate, as would be predicted by some
models of meteoroid bombardment (20); this
asymmetry, in turn, could shed light on
whether the projectiles are approaching Sat-
urn on cometary or Centaur-like orbits, with
implications for their dynamical origin.
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Neptune’s Partial Rings: Action
of Galatea on Self-Gravitating

Arc Particles
Heikki Salo* and Jyrki Hänninen

Numerical simulations of Neptune’s arcs show that self-gravity between mac-
roscopic arc particles can prevent interparticle impacts and thereby stabilize
their resonant confinement by Galatea, a satellite of Neptune. Stable subki-
lometer arc particles provide a source for replenishing the observed dust and
explain the clumpy substructure seen in arcs. A few confining kilometer-sized
particles between the major arc components can account for the observed arc
widths spanning several resonance sites. The modeled distribution of dust is
consistent with observations and helps to explain how embedded satellites may
affect the structure and evolution of planetary ring systems.

Voyager 2 detected partial rings (arcs) around
Neptune in August 1989 (1), confirming ear-
lier Earth-based stellar occultation observa-
tions (2). The observed dusty material is con-
centrated in four 4°- to 10°-wide arcs (3),
with a total azimuthal span of 40°. The arcs,
with optical depths of about ta ; 0.1 are
embedded in a diffuse Adams ring (td ;
0.003) at a mean distance a 5 62,932 km
from Neptune. Arcs contain unresolved
clumps of bright objects, containing dust (ra-
dius r , 100 mm) and larger (r . 100 mm)
particles (4). The dust contributes 50 to 95%
of the total t of the arcs (5). The radial width
of the arcs is Wa ' 15 km, and they show
radial distortion with amplitudes of about 30
km, while for the diffuse ring, Wd ' 50 km.

The geometry and kinematic behavior of
the arcs was explained by the resonant forc-
ing due to the satellite Galatea, which orbits
about 980 km inside the arcs (6). Its 42:43
corotation-inclination resonance (CIR) gener-
ates 2mc 5 86 evenly spaced corotation sites
around the ring (7). The guiding centers

(mean positions) of particles librate around
these sites, which correspond to local maxi-
ma in the gravitational potential (8). The
nearby (;1.5 km inward of CIR) 42:43 outer
Lindblad resonance (OLR) forces particles to
have closed orbits in the reference frame of
Galatea and is responsible for the observed
radial distortions of the arcs.

Strictly speaking, the resonance model is
only valid for macroscopic particles. Besides
Galatea’s perturbations dust grains are affect-
ed by radiation forces. The grains with r ,
100 mm are removed from CIR sites and
possibly also from the diffuse ring in less
than 100 years, because of solar radiation
pressure (9). However, larger grains in CIR
sites are shielded from the secular effects of
Poynting-Robertson (PR) drag, whereas out-
side the sites, PR drag will drive them toward
OLR which will increase their eccentricities
(9). For example, icy grains will reach e ;
Wd/a, corresponding to the width of Adams
ring, on time scales TAdams ; 3 3 103 (r/100
mm) years. These short time scales suggest
that the dust observed in CIR sites, and in the
diffuse ring, is continuously replenished by
impacts between macroscopic arc particles,
which are unaffected by radiation forces. This
scenario does not stabilize the arcs, however,
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because impacts between macroscopic arc
particles in turn destroy their resonance lock-
ing with Galatea. Namely, the width of the
CIR zone Da ' 0.3 km ,, Wa, which indi-
cates large eccentricity gradients in the arcs
and consequently large relative velocities,
vcoll ' 1 m/s between particles. Our previous
numerical simulations showed that typical
post-collisional tangential velocity incre-
ments dvtan .. dvmin ' 2 cm/s, which is the
minimum required for an escape from a CIR
site (10). The time scale for destabilization of
the large arc particles is thus comparable to
the average time between their mutual im-
pacts, Tcoll ' 20 Tper/tm, where tm is the
optical depth of macroscopic particles and
Tper ' 0.001 years is the orbital period. Even
if tm ,, ta, Tcoll is only a few years. Once
free from resonance locking, macroscopic
particles and most of the impact debris leave
the original CIR site on time scales compa-
rable to the CIR libration period, about Tsite

. 3000 Tper. Without additional confinement
the time scale for complete azimuthal ran-
domization is only about an order of magni-
tude larger than Tsite.

A model consistent with the above con-
siderations would assume a single large par-
ticle (with radius RL ; 0.1 to 1 km) in each
site occupied by arcs. During their radial
excursions they would be hit by dust and
small meter-sized particles from the diffuse
ring. These impacts would not endanger the
stability of the large arc particle, but would
create dust debris that migrates from the CIR

sites to the diffuse ring, and then either dis-
perses due to PR drag or reaccretes on the
large arc particles. However, this model does
not explain why the main arc components
have widths spanning several CIR sites. It
also fails to account for the overall density
contrast between the diffuse ring and the arcs.
Namely, by assuming a steady state in the
production of dust debris in arc sites and the
dispersal of diffuse ring, we obtained ta/td '
Tsite/TAdamsWd/Wa 360°/4.18° , 1 for r .
100 mm. Rapid reaccretion of dust back
from the diffuse ring to arc particles would
enhance the density contrast. However, our
calculations indicate that the typical reac-
cretion time scale Tcapt ' 3 3 103 (1
km/RL)2 years is comparable to the above
estimate for TAdams if RL ' 1 km. Thus,
reaccretion cannot solve the contrast prob-
lem, although dust recycling would length-
en the total lifetime of the system. Enhanc-
ing the contrast requires an additional con-
fining mechanism that will increase the
time dust spends in the arc region.

Here, we concentrate on macroscopic par-
ticles unaffected by radiation forces. Our
treatment is also valid for large dust grains
(r . 100 mm) for the studied time spans.
Self-gravity of individual large arc particles,
which has been overlooked in previous treat-
ments, provides a mechanism that can pre-
vent their mutual collisions, and also helps to
confine the arc region in general. An impor-
tant counter-intuitive feature of the orbital
dynamics of particles sharing a common
mean motion is the apparently repulsive na-
ture of mutual gravity between particles. The
motion is at all times dominated by the plan-
et’s gravitational field, coupling the changes
in mean motion and mean distance from the
planet. For example, consider a particle pair
where the other particle is momentarily at a
slightly smaller mean distance and approach-
ing the outer particle. It gains angular mo-
mentum due to the force exerted by the outer

one, which in a Keplerian force field implies
increase of its mean distance. This prevents
the collision by slowing down the inner par-
ticle and eventually reversing the roles of
inner and outer particle. An approximation
for the motion of N co-orbital particles yields
(11, 12)

d~dni
sg)/dt 5 3n0

2 O
j 5 1
j Þ i

N

mjsin(lij)

(8?sin(lij /2)?–3 – 1), i51, . . . N (1)

where dni
sg denotes the deviation of the par-

ticle’s mean motion from the common mean
value n0, while lij 5 li – lj, where l values
are the particles’ mean longitudes, and m
values denote masses of particles relative to
the planet [this expression is accurate to
O(m)]. The second term on the right-hand
side follows from the indirect terms due to
fixing the center of the coordinate system to
the central body. For N 5 2 particles, d(dni)/
dt 5 0 for lij 5 60° or 180°: the former
corresponds to the stable equilateral solution
(13), while the latter is unstable. Stable sta-
tionary configurations, where particles are
concentrated on the same side of the common
mean orbit exist for N # 8 particles (12).

To determine how self-gravity between
particles locked in Galatea’s resonance sites
can affect their dynamics, Eq. 1 was com-
bined with the CIR forcing term

d~dni
c)/dt5–6mcn0

2eIm
2sin (2mcli) (2)

where li is the deviation from the center of
the resonance site, Im is the relative inclina-
tion of Galatea with respect to arcs, and « '
3.3 3 10–6 is the resonance strength (9).
Provided that mi values are small enough,
there exists stationary solutions for which
d(dni

sg 1 dni
c)/dt vanish simultaneously for

all i. Around these relative positions, the
motion can be approximated with Eqs. 1 and
2. This predicts: (i) Several particles with

Fig. 1. Numerical integration of four 100-m
radii particles located in Galatea’s resonance
site. The longitude of particles (in a system
corotating with the CIR site) is displayed versus
time. In (A), the gravitating (internal density of
particles r 5 900 kg/m3) and nongravitating
(r 5 0) cases are compared; in the latter case,
mutual impacts rapidly eject all except one
particle from the site. (B) demonstrates the
long-term stability of the gravitating case. In-
tegrations employed a Runge–Kutta-4 integra-
tor in a rotating cylindrical coordinate system.
The orbital elements of arcs and Galatea are
the same as in (10).

Fig. 2. (A) displays a possible schematic con-
figuration of macroscopic particles in Neptune
arc sites. Icy particles with R 5 0.1 and 1 km are
assumed, and their locations are chosen in the
manner that qualitatively reproduces the three
main arcs. For example, the widest arc is con-
fined by two 1-km particles located at reso-
nance sites 3 3 4.18° apart, and the two inte-
rior sites are both occupied by a pair of 100-m
particles (mean positions are marked by verti-
cal bars). Dust originates from the surfaces of
100-m particles as described in the text. Alto-
gether, 400 dust grains were launched, and
their time-averaged distribution in a simulation
lasting 105 Tper is shown. (B) [data from (4)]
displays the observations [symbols denote lo-
cations of uncompletely removed camera re-
seau (r) and background stars (asterisks)]. Note
that in our model, the intepretation of the
correspondence between ring edges and CIR sites differs (16) from that in (6). The insert in (A)
displays dust particle radial excursions in a coordinate system corotating with Galatea.
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R , Rcr can remain resonance-locked in a
single site on noncolliding orbits. For N 5 2
similar-sized icy particles, Rcr . 2 km, while
for N 5 10, Rcr . 0.5 km. For a large particle
to allow small test particles in the same site, Rcr

. 1.4 km. Numerical integrations of full dy-
namical equations confirm these qualitative
predictions (Fig. 1), although because of OLR
perturbations, the actual Rcr’s are about 50%
smaller. These estimates assume (10) Im 5
0.0495°; for other values of Im, Rcr } Im

2/3. (ii)
Adjacent resonance sites can hold particles: our
simplified treatment predicts that N 5 2 simi-
lar-sized particles, started k 3 4.18° apart, re-
main resonance locked with Galatea, if R , Rcr

5 3.2, 4.8, and 6.1 km for k 5 1, 2, and 3,
respectively. Full integrations indicate about
15% smaller limits for Rcr. The resonance lock-
ing survives even if the large particles librate
(,1°) around the site centers. (iii) Particles
escaping a resonance site can stay confined by
massive particles occupying adjacent sites, as
the tangential velocity increments of escaped
particles are reverted in close gravitational en-
counters with massive particles. Formally, Eq.
1 does not give any upper limit for the maximal
approach velocity that can be reverted. Howev-
er, Eq. 1 breaks down when the implied mini-
mum longitude of approach becomes compara-
ble to b 3 fHILL, where fHILL 5 (m/3)1/3

denotes the Hill sphere of the massive particle;
for closer encounters, the approaching particle
can cross the longitude of the large particle and
be ejected. Our integrations show that b . 10
provides stability in the case of several tens of
close encounters with massive particles. This
corresponds to maximal dvtan . 10 (R/1 km)
cm/s.

On the basis of the above consideration,
we propose the following schematic dynam-
ical configuration for Neptune’s arcs: (i)
Most of the sites in the arc region contain
macroscopic particles in the radius range 0.1
to 1 km. A given site can either hold several
subkilometer particles in noncolliding orbits
or just a single particle with R ' 1 km. (ii)
Dust is produced in impacts of meter-sized
stray particles on the arc particles. The stray
particles are distributed throughout the dif-
fuse Adams ring. Typical impact velocities
are of the order of a few meters per second,
large enough to produce dust debris (14).
Postcollisional velocities of the dust are typ-
ically 10 cm/s, while the meter-sized bodies
could rebound from the collisions with larger
velocity. (iii) Primary sources of observed
dust are the subkilometer particles, located in
the sites on arc segments. In impacts with
kilometer-sized particles, most of the debris
returns to their surfaces, because of larger
escape velocity [vesc ' 70 (R/1 km) cm/s].
The main role of kilometer-sized particles is
to separate different arc segments, by partial-
ly confining the dust escaping from the arcs.
(iv) The clumpy substructure seen in some

arcs results from the dust ejected from several
subkilometer particles sharing the same site.
The observed spacing ;0.5° is consistent
with source particles in the radius range of a
few hundred meters.

Our model for dust production assumes
that the macroscopic arc particles are covered
by dust. The stray particles, with nominal
radii of 1 m, are assumed to move in circular
orbits. The relative impact velocity and angle
depend on the phase of the arc particle, vcoll

ranging from 2 to 6 m/s. The Holsapple-
Schmidt scaling relationship with empirical
data for low-speed impacts on pumice targets
is used to calculate the dust ejection veloci-
ties (15). With these assumptions, most of the
dust debris resulting in impacts with 100-m
particles leaves the original site with veloci-
ties ,10 cm/s. However, because of kilome-
ter-sized particles, this debris remains con-
fined to the arc region. The model dust dis-
tribution is similar to the observed distribu-
tion of dust (Fig. 2). Moreover, although the
dust particles are not confined to single sites
but bounce between kilometer-sized parti-
cles, they still show the OLR signature as
required by the observations.

Over longer time scales of Tarcs . 103

years, a typical dust particle escapes from the
arc region to the diffuse ring by repeated
encounters with kilometer-sized particles.
With the previous estimate for TAdams, this
leads to ta/td ' Tarcs/TAdams Wd/Wa 360°/40°
' 10. Inclusion of the reaccretion on large
particles (for the configuration of Fig. 2, Tcapt

' 500 years) increases the density contrast
by a factor of ;5. These estimates are con-
sistent with the observed ta/td ' 30. Note,
however that our estimate of Tarcs ignores
radiation forces and thus refers only to the
largest dust grains (r . 100 mm). The implied
overall density contrast could be smaller, if
smaller dust grains are more evenly distrib-
uted. Indeed, observations (2) suggest that
large grains (r . 100 mm) are overabundant
in the arcs as compared to the diffuse ring.
However, the confinement could be made
more effective by increasing the sizes of the
particles separating the arc segments or by
reducing the dust ejection velocities (15). Our
confinement mechanism due to kilometer-
sized particles works even if Im is smaller
than the nominal value of 0.0495°.

The model we propose for the distribution
of macroscopic particles in Neptune ring arcs is
stable against particle impacts. Self-gravity be-
tween individual arc particles prevents impacts
between subkilometer particles sharing a com-
mon site and offers an explanation for the bright
clumps in the arcs. Dust ejected from these
particles, although readily leaving the original
site, becomes confined by the gravity of addi-
tional kilometer-sized particles separating dif-
ferent arcs. Because these confining particles
are not necessarily located on the nearest adja-

cent sites, arcs can extend over several site
widths. The long time scale for dust to remain
in the arc region causes the observed density
contrast between arc and diffuse ring. Although
we offer a plausible steady-state model for the
current arc system, the origin of the proposed
distribution of macroscopic particles is open.
However, it seems likely that many possible
processes (for example satellite disruption or
accretion near the Roche zone) responsible for
the formation of the resonance-locked ring
would involve a wide distribution of particle
sizes. Interaction between large (for instance,
100 m to 1 km) and the more abundant small
(for instance, meter-sized) particles could stabi-
lize some large particles into resonance sites at
the expense of smaller ones, which would end
up in the diffuse ring or be ejected from the
system.
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