The confinement of Neptune’s ring
arcs hy the moon Galatea
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Neptune has five narrow ring arcs, spanning about 40 degrees in
longitude, which are apparently confined against the rapid
azimuthal and radial spreading that normally results from
inter-particle collisions. A gravitational resonance based on the
vertical motion of the nearby neptunian moon Galatea was
proposed™” to explain the trapping of the ring particles into a
sequence of arcs. But recent observations™* have indicated that
the arcs are away from the resonance, leaving their stability again
unexplained. Here we report that a resonance based on Galatea’s
eccentricity is responsible for the angular confinement of the
arcs. The mass of the arcs affects the precession of Galatea’s
eccentric orbit, which will enable a mass estimate from future
observations of Galatea’s eccentricity.

In the post-Voyager model’, the moon Galatea produces a set of
equilibrium points rotating at a constant rate (the pattern speed)
that depends on the moon’s mean motion and its vertical frequency
about the planet’s Laplace plane. However, as these corotation sites
are potential maxima, dissipative inter-particle collisions tend to
remove arc particles from the corotation sites, spreading the arcs
azimuthally. Galatea can counterbalance the disruptive collisions by
forcing the arc particles’ orbits to be eccentric, thereby acting as an
external source of energy. Before the recent observations, the arcs
fell almost exactly at the location of the outer 86:84 corotation
inclination resonance (CIR) of Galatea (Table 1, Fig. la,b) and
within the 6 km width of its 43:42 Lindblad resonance (LR1) that
forces the arc particle orbits to be eccentric. The 1998 observations of
Neptune’s arcs, however, yielded new mean motion measurements,
820.1122 = 0.0003 degd ™" (ref. 5) and 820.1135 = 0.0009 degd !
(ref. 4) that differ from the previously inferred one
820.1185 = 0.0004 degd™" (refs 2, 6) by about —5 X 10> degd ™!,
equivalent to an offset of 0.3 km. The new mean motion had in fact
appeared previously in the data fits® obtained by combining
ground-based and Voyager observations but was rejected in favour
of the old value because the former displaces the arcs outside the
CIR islands (Fig. 1c, d) where angular confinement is lost. A closer
analysis of this offset shows that it cannot be accounted for by fine-
tuning the system’s parameters. More precisely, displacing the CIR
from its current location by modifying Neptune’s radius and
quadrupole moment either implies large changes of order 25% in
these parameters or introduces erroneous systematic offsets to the
motion of Neptune’s satellites. Alternatively, the CIR location can
also be displaced by separately decreasing the regression rate of
Galatea’s mode under the action of a massive arc system. However,
the required change, —0.185 deg d™ ', necessitates a mass at least ten

Table 1 Galatea’s resonances

Resonance type Resonance angle Aa (km)
Eccentric corotation 43\ — 420 — wg —-1.99
Lindblad 2 86\ — 84\ — wg — @ -1.97

Lindblad 1 43\ — 420 — @ —-1.94
Parametric 86A — 84Ng — 20 —0.33
Vertical 86\ — 84Ag — 26 — 2 -0.31

Inclined corotation 86\ — 84Ag — 20 —-0.29

Shown are the inventory of resonances associated with Galatea in the arcs’ neighbourhood. The
resonance distance to the arcs, Aa, is referred to the new location® 62,932.85 km and has been
shifted by +0.15km to account for the synodic change in mean motion that is due to Galatea’s
action on the ring-particle'®. The variables A, @, 2, Ag, wg, Qg are respectively the mean
longitude, the longitude of the pericentre and the longitude of the ascending node of a ring-
particle and Galatea.
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times larger than Galatea’s. Finally, the CIR can be widened by
increasing Galatea’s mass; but in this case, the satellite must be at
least three times more massive than the current estimate. This is
inconsistent with the observed eccentric distortions forced on the
arc system by Galatea®.

The nearby corotation eccentricity resonance (CER) would be a
candidate for the arcs’ confinement were it not located 2 km inside
the arcs’ orbit (Table 1). The CER offers 43 potential maxima
where arc particles can be trapped, with an angular extension of
8.37 deg, rotating at the pattern speed ncgr = ng — kg/43 =
820.1481degd ™! where ng and k¢ are, respectively, Galatea’s
mean motion and epicyclic frequency. The CER force, which is
proportional to Galatea’s eccentricity, e, will be stronger than the
CIR, which is proportional to the square of Galatea’s inclination, I.
Both quantities are small: I = 0.0544 = 0.0132 deg with respect to
the invariable plane, and eg = (0.120 = 0.149) X 1073 (ref. 7),
though only I is measurably non-zero. It is possible to shift the
CER exactly at the arcs’ current location by accounting for the arcs’
inertia, which has the effect of pulling on Galatea’s apsidal line
through the coupling of the CER to the Lindblad resonances LR1
and LR2 (Table 1). An estimate of the mass of the ring that would be
required to switch on the resonance can be obtained from the
condition that the CER angle is stationary. Exact resonance requires
that the mismatch between the arcs’ current mean motion®,
n = 820.1122degd ™!, and the CER pattern speed, ncgr, equal
the precession rate of Galatea’s pericentre induced by the massive
ring and denoted @ g ing:

@G ring = 43(n — ncer) (D

Three main effects contribute to @g ing: first, the CER as the
strongest of the three induces a regression of Galatea’s pericentre
given by:

@GR = maM ' for(@)ngeg ! (2

when m is the ring’s mass, M is Neptune’s mass, o = 0.9844 is
the semi-major axes ratio of Galatea and the arcs,
fcEr(0.9844) = —35.65 is the CER strength evaluated with the
observed semi-major axes, and 1 = 839.6615 degd™" (ref. 5) is
Galatea’s mean motion. Second, the LR2 also contributes a
regression of Galatea’s pericentre given by:

@eire = maMfira(e)ngeeg (3

where f1r,(0.9844) = —5941.82 is the LR2 strength. Third, the
secular potential that arises from the averaged motion of Galatea
and the ring causes a precession of the satellite’s pericentre given by:

WGsee = 21) 'maM 'ng(1 — a)? (4)
Substituting equations (2)—(4) into equation (1), the ring’s mass is
given by:
o 43(n — ncgr)Meg
" ngo(feer + frree + 2m) 711 — ) %eq)

This relation implies that for a given ring mass and satellite
eccentricity, arcs can be stabilized in resonance over a continuum
of semi-major axes (Fig. 2). The current uncertainty in Galatea’s
eccentricity allows a wide range of masses for the ring system: from
0.23 mq where mg = 2.1 X 10*' g is Galatea’s mass for eq = 10" %,
0 0.002 m for e = 10~ °. However, as the resonance width, Wegg,
is related to eg through Wepr = 245(6(;/10_4)1/2 km, the arcs’
current semi-major axis width, W, can provide a constraint on
Galatea’s eccentricity and therefore the ring’s mass by equating W,
and Wgr. Unfortunately, the arcs’ true spread in semi-major axis is
poorly known. We choose the nominal value W, = 0.4 km corre-
sponding to that of the CIR resonance model and the corresponding
kinematic fit%. This yields e = 2.5 X 10~ and a ring mass of 0.006
mg. In Fig. le, f, a particle of mass 0.002 m g is shown to librate in
the 43:42 CER for e = 10 °—a detailed analysis (EN. and C.P, to

)
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Figure 1 The motions of arc particles around Neptune. Numerical integration of the
motion of an arc particle interacting with Galatea (mass 2.1 x 102" g, eccentricity 10°,
inclination 0.052 deg, mean motion® 839.6615degd ™", corresponding to a geometric
semi-major axis of 61,952.60 km). a, ¢, e, Aa denotes the geometric semi-major axis of
the arc particle referred to the location given by the latest set of observations according to
ref. 5, 62,932.85km. b, d, f, The corotation inclination and eccentricity resonance (CIR
and CER) angles are respectively 86A — 84A g — 2024 — 180deg and

43\ — 420 — @ . a, b, The old model of angular confinement of the CIR of width
0.45km. The arcs were thought to be 0.3 km closer to Galatea than the latest
observations indicate. The libration of the CIR angle ensures that the collective motion of

be published elsewhere) shows that the previous formulae over-
estimate the arcs’ mass. Decreasing the arcs’ mass below the
threshold value results in the increase of the CER libration ampli-
tude until the arc particle is no longer librating. Unlike the CIR, the
CER can be shifted easily to the arcs’ position because the pericentre
regression rate it forces on Galatea is proportional to e; ' which can
be large even for a small mass ring. The CIR-induced nodal
regression rate on the other hand scales as II;' = 1 resulting in a
negligible shift of the resonance location.

The angular confinement by the CER can now explain the angular
length of the arc Fraternité®, approximately 10 deg, as the result of
occupying a single corotation site. This feature remained unex-
plained in the CIR model because the arc was found to extend over 2
to 3 consecutive corotation sites of width 4.18 deg despite the
presence of unstable equilibria within it. This observation, together
with the inability of the CIR to be shifted substantially from its
nominal location, raises the question: is the CIR effect needed at all
to explain the arc structure? The answer lies in the spacings of some
of the smaller arcs®: the location of arc Egalité 2, of length about
3 deg, 10deg away from the centre of Fraternité, and 3 deg away
from the centre of Egalité 1, of length about 1 deg, does not match
the 8.37-deg spacings of the CER. However, the coupling of the CIR
and CER potentials at the current location modifies the shape of the
CER potential by introducing additional equilibria with smaller
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the arc particles has the appearance of an arc centred on the corotation equilibrium site.
¢, d, The revised evolution of the arcs after the new observations put the arcs 0.3 km
outside the location of the CIR. In this case the CIR angle is circulating through 360 deg
and angular confinement is lost. e, f, The evolution of a massive arc system with mass
ratio to Galatea of 0.002 and located at the arcs’ current position. In this case the CER
angle librates around 0 deg, ensuring confinement. In addition, the vertical resonance that
is almost coincident with the CIR (Table 1) forces a small inclination, 0.019 deg, on the
arcs with respect to Neptune’s invariable plane'®. This value differs from the provisional
Voyager value of 0.062 deg which is more likely to be due to errors in identifying the
orientation of Neptune's polg?®.
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Figure 2 The effect of ring mass on the resonance location. The ring’s mass required to
shift the 43:42 corotation eccentricity resonance (CER), scaled to Galatea’s mass

2.1 x 10" g, is given by the level curves of equation (5) as a function of the semi-major
axis referred to the current position of the arcs Aa, and Galatea’s eccentricity . As
equation (5) is approximately linear as a function of the eccentricity, a small arc mass is
sufficient to shift the CER.
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spacings that match the observation of the smaller arcs. Conversely,
we note that if the arcs’ current mean motion did not differ from
that of the CIR, that is, if there were no observed offset, the CER is
still the only resonance that can both confine the arcs and explain
the longer radial structures; the required mass for shifting the CER
to the CIR location can be found in Fig. 2.

The ring mass we determined, 0.002m1 g assuming eg = 107,
corresponds to a parent 10-km-radius satellite with a density similar
to Galatea’s. We note that many of our results can be reproduced in
the case of a massless arc system if a second satellite shares its orbit.
A similar model was put forward shortly after the discovery of the
ring arc system but prior to Voyager’s more detailed observations'®.
A closer inspection of this two-satellite model however shows that
the second satellite would produce a single continuous arc at each
equilibrium point (L, or Ls), leaving the sequence of small arcs
unexplained. A satellite co-orbital to the arcs of mass 0.002m¢
would activate the CER, which in turn modifies the satellite’s
potential near L, and L5 to allow a structure similar to the arcs.
However, Voyager data exclude’ undetected satellites of radius
larger than 6 km implying that the mass required for the angular
confinement of the arcs is not contained in a single body. Modelling
the breakup of an arc parent satellite'™'" should henceforth include
the dynamical effects described in this paper in order to ascertain
the angular distribution of mass and solve the problem of radial
stability of the arcs. If the torques exerted by Galatea on the arcs
work like those in Saturn’s rings'>"?, the rate of radial migration of
the arcs is 2.4kmyr ', disrupting the arcs in less than a year.
However, the satellite’s torque is less likely to cause a significant
drift in the arcs’ radial position if the rings’ mass is concentrated in a
few clumps.

The value estimated here for Galatea’s eccentricity, about 10~°, is
consistent with the requirement that the arcs have a small mass,
regardless of the physical model responsible for their angular
confinement. The fact that the current spread in semi-major axis
of the arcs leads to such a small eccentricity is encouraging, because
we expect that the decay timescale of Galatea’s eccentricity due to
the tides raised by Neptune' is of the order of 10° years, implying a
rapid circularization of the orbit over the age of the Solar System.
More precise measurements of Galatea’s orbital elements, as well as
models of the tidal evolution of the inner neptunian satellites
together with the ring—Galatea interaction', are needed to fully
validate the resonance model presented here and determine the
origin of the small residual eccentricity in Galatea’s orbit responsible
for the arcs’ confinement. O
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An exciton is an electron—hole bound pair in a semiconductor. In
the low-density limit, it is a composite Bose quasi-particle, akin
to the hydrogen atom'. Just as in dilute atomic gases>, reducing
the temperature or increasing the exciton density increases the
occupation numbers of the low-energy states leading to quantum
degeneracy and eventually to Bose—Einstein condensation
(BEC)'. Because the exciton mass is small—even smaller than
the free electron mass—exciton BEC should occur at tempera-
tures of about 1K, many orders of magnitude higher than for
atoms. However, it is in practice difficult to reach BEC con-
ditions, as the temperature of excitons can considerably exceed
that of the semiconductor lattice. The search for exciton BEC has
concentrated on long-lived excitons: the exciton lifetime against
electron—hole recombination therefore should exceed the charac-
teristic timescale for the cooling of initially hot photo-generated
excitons*'°, Until now, all experiments on atom condensation
were performed on atomic gases confined in the potential traps.
Inspired by these experiments, and using specially designed
semiconductor nanostructures, we have collected quasi-two-
dimensional excitons in an in-plane potential trap. Our photo-
luminescence measurements show that the quasi-two-dimen-
sional excitons indeed condense at the bottom of the traps,
giving rise to a statistically degenerate Bose gas.

More than three decades ago Keldysh and Kozlov' showed that in
the dilute limit, nag <1 (ag is the exciton Bohr radius, n the
exciton density and D the dimensionality), excitons behave as
weakly interacting Bose particles and are expected to undergo the
Bose—Einstein condensation (BEC). Because the exciton mass, M, is
very small, the three-dimensional critical temperature for exciton
BEC, T3P = 0.527kg "27wh*M~'(n/g)** (g s the spin degeneracy of
the exciton state, kg is the Boltzmann constant), should reach
several Kelvins at experimentally accessible exciton densities, that
is, about six orders of magnitude higher than the critical tempera-
ture for atom BEC. The theoretical predictions for exciton BEC and
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