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ABSTRACT

Context. Neptune’s incomplete ring arcs have been stable since their discovery in 1984 although these structures should be destroyed
in a few months through differential Keplerian motion. Regular imaging data are needed to address the question of the arc stability.
Aims. We present the first NACO observations of Neptune’s ring arcs taken at 2.2 um (Ks band) with the Very Large Telescope in
August 2007, and propose a model for the arc stability based on co-orbital motion.

Methods. The images were aligned using the ephemerides of the satellites Proteus and Triton and were suitably co-added to enhance
ring or satellite signals. Resonance theory and N-body simulations were used to model the arcs’ confinement.

Results. We derive accurate mean motion values for the arcs and Galatea and confirm the mismatch between the arcs’ position and
the location of the 42:43 corotation inclination resonance. We propose a new confinement mechanism where small co-orbital satellites
in equilibrium trap ring arc material. We constrain the masses and locations of these hypothetical co-orbital bodies.
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1. Introduction

Four arcs (Courage, Liberté, Egalité, Fraternité) confined in a
40 degrees azimuthal range are embedded in the much fainter
continuous Adams ring around Neptune (Smith et al. 1989).
These incomplete rings have been stable since their discovery
in 1984 (Hubbard et al. 1986), while they should be destroyed
in a few months through differential Keplerian motion. The arcs
are close to but not within a 42:43 corotation inclination res-
onance (CIR) forced by Galatea (Dumas et al. 1999; Sicardy
et al. 1999), which was thought to be responsible for the az-
imuthal confinement of the arc system (Goldreich et al. 1986;
Porco 1991). Moreover, adaptive-optics images obtained in 2002
and 2003 with the Keck telescope showed that the brightness
and longitudes of the arcs changed significantly (de Pater et al.
2005). Different theories were able to solve, at least partly, the
question of the arcs’ stability. If the arcs have a sufficient fraction
of the mass of Galatea, a 42:43 corotation eccentricity resonance
(CER) can match the current arcs’ semi-major axis and stabi-
lize the system (Namouni & Porco 2002). Alternatively, small
co-orbital satellites might also be able to confine the dusty arc
material. These hypothetical co-orbital bodies would be in a sta-
ble stationary configuration equivalent to the Lagrangian points
(Renner & Sicardy 2004).

* Collected at the European Southern Observatory, Paranal, Chile —
079.C-0682.

Article published by EDP Sciences

Here we report photometric and astrometric measurements
of the arcs obtained with the VLT adaptive-optics fed camera
NACO on 2007 August 30 and 31. From the accurate determi-
nation of the mean motions, we confirm the mismatch between
the position of the arcs and the location of the 42:43 CIR and
provide an insight into the mechanisms responsible for the dust
confinement.

2. Observations

We used the high-angular resolution adaptive-optics fed camera
NACO (Lenzen et al. 2003; Rousset et al. 2003) at the European
Southern Observatory (ESO) Very Large Telescope (VLT) to
image the Neptunian system of moons and ring arcs on 2007
August 30 and 31, see Fig. 1. We used the intermediate plate-
scale S27 with a pixel size of about 27 milli-arcsecond (mas) on
sky, corresponding to ~570 km at Neptune’s geocentric distance
0f 29.07 AU (Table 1). For comparison, the smallest arc Courage
has a total length of about 3000 km (Porco et al. 1995). Images
were acquired in the Ks broad-band filter centred on 2.2 um,
which corresponds to a strong absorption in the methane spec-
trum, hence reducing the scattered light from Neptune itself.
Data in the H band (1.87 um) had also been taken, but can-
not be used here as Neptune’s scattered light is too strong in
this colour. The images were processed in the usual manner for
near-infrared images: bad pixel correction, sky-substraction, and
flat-fielding. Images were aligned using the ephemerides of the
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Table 1. Data information.
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2007 August 30

2007 August 31

Reference frame label

Ref. frame UT time (hr:min:sec)

K1
02:48:51

K2a/K2b
00:11:02/02:15:22

MID 54342.11726 54 343.00767/54 343.09400
Geocentric distance (AU) 29.074 29.079
Heliocentric distance (AU) 30.045 30.045
Phase angle (deg) 0.54 0.57

B (deg) -28.246 -28.246
P (deg) 340.972 340.990
U (deg) 295.473 295.448
Number of images 74 112
Individual exposure time (s) 90 90
Scale (mas/pixel) 27.05 £0.16 27.05 +£0.63
Scale (km/pixel) 570+ 3 570 =13
rms (mas) 10.07 10.35

Notes. Reference images labelled K1, K2a, and K2b are used for the addition of Ks band single frames to show up the ring arcs or faint satel-
lites. The geocentric, heliocentric distances, and the phase angle given are from the Rings Node of NASA’s Planetary Data System (http://
pds-rings.seti.org). The angles B, P, U are the ring opening angle to Earth, Neptune’s pole orientation, and the longitude of Earth measured
in the ring plane from the J2000 ascending node of Neptune’s equatorial plane, respectively. For each night of data we computed the image scale,
given in mas/pixel and km/pixel. Finally, the rms value is the error estimate of the satellite positions with respect to the ephemerides (Jacobson

2009).

Fig. 1. Top: single 1.5 min exposure of Neptune in the K's band (2.2 um),
2007 August 31 (UT start time 01:40:11), revealing the satellites
Proteus (P), Galatea (G), Larissa (L) and Despina (D). The frame is
5.5 arcsec wide. North is up and east is left. Botrom: image of Neptune’s
ring and moon system obtained by co-adding 70 individual frames of
the 2007 August 30 data (2.2 um, 105 min total exposure time, between
UT 01:07:39 and 06:19:28). The figure is 9 x 7.5 arcsec?. North is up
and east is left.
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satellites Triton and Proteus (Jacobson 2009). An example of the
frames is presented in Fig. 1.

To centre the images, we first determined an approximate
location of the centre of the planet using a jitter information
recorded during the observations. We used the ephemerides of
Jacobson (2009) to compare the expected relative positions of
Triton and Proteus with their observed relative positions in the
NACO images, and estimate the position of Neptune’s centre.
Then the images were filtered by subtracting the median image
of all the frames. This procedure removes the diffuse scattered
light around Neptune, and thus allows one to improve the de-
termination of the satellite photocentres. Two iterations of the
last two steps are necessary to achieve a sub-pixel accuracy for
the satellite positions. Finally, the pixel size and orientation on
sky were determined from a comparison of the expected rela-
tive positions of Triton and Proteus with their observed relative
positions in pixels in the images. The adjusted parameters are
the scale of the images (mas/pixel, cf. Table 1), the position an-
gle P, of the celestial north direction with respect to the frame
columns (P, = 0.40 £+ 0.03 deg), and the position of Neptune’s
centre. From Table 1, the accuracy on the planet’s centre posi-
tion is about 0.37 pixels, that is, ~10 mas. Then each image was
reprojected onto Neptune’s equatorial plane. Afterwards, single
frames were rotated and co-added to increase the signal from
the ring arcs or a given satellite, taking into account its orbital

motion!.

3. Results
3.1. Photometry

Brightness longitudinal profiles of the ring arcs are presented
in Fig. 2. On 2007 August 30, 40 frames taken between
UT 02:48:06 and 05:37:35 were co-added (after correction for
the orbital motion) to produce the left panel (total exposure
time 60 min). Similarly, 73 frames taken on 2007 August 31
between UT 00:10:17 and 06:09:39 were co-added to produce

! For this last step, three angles B, P, U are tabulated (Table 1).
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Fig. 2. Top: projected and co-added images of Neptune’s equatorial plane, 2007 August 30 (60 min total exposure time) on the left, August 31
(109.5 min exposure time) on the right, revealing material at the Fraternité and Egalité locations, the satellites Proteus (P), Larissa (L), Galatea (G),
Despina (D), and the Le Verrier ring. Image dimension: 16.4 arcsec?. Bottom: corresponding brightness longitudinal profiles obtained from the
images on top (converted into equivalent width). The angular resolution corresponds to 2 deg. The X-axis origin is the longitude Lg, of the centre
of arc Fraternité, from J2000 ascending node (respectively Ly, = 341.62 and 349.01 deg).

the right panel. The profiles were obtained by subtracting the
sky background and Neptune’s scattered light from the arcs sig-
nal. To perform this operation, we integrated the ring region in
the radial direction over 10 pixels. We selected circular annuli
on both sides of the ring arcs, summed the pixels in the radial
direction, and fitted a two-degree polynomial as a function of
the longitude. The radial width of these inner and outer circu-
lar rings are ~5 and 30 pixels, respectively, depending on the
observing night. The average of the two polynomial fits was
subtracted from the arcs’ flux. The brightness longitudinal pro-
files are given in equivalent width, that is, the width of a per-
fect Lambert diffuser that would reflect sunlight at the distance
of Neptune. Following earlier studies of Neptune’s rings (Smith
et al. 1989; Porco et al. 1995), the equivalent width is defined
by E(1) = u fl(/l)/F(/l)dr, where 1(A) is the observed flux re-
flected from the arcs, 7F(A) is the incident solar flux, A is the
wavelength, and p is the cosine of the emission angle with re-
spect to the ring-plane normal.

We detected the arcs Fraternité and Egalité, with flux densi-
ties and longitudinal extensions similar to those of the previous
Keck observations (de Pater et al. 2005). Taking into account the
small changes in distance and phase angle, the equivalent width

of the arc Fraternité is Er, = 71 + 10 m compared with ~65 m
in October 2003 (de Pater et al. 2005). We note that Egalité is
~20% fainter than Fraternité in our data. According to de Pater
et al. (2005), Egalité was 17% brighter than Fraternité in 2002
while its intensity decreased to 7% below that of Fraternité in
2003. Therefore the decrease in intensity might be as high as
~44% between 2002 and 2007. Moreover, the arcs Fraternité and
Egalité are poorly separated in our data. New observations with a
higher signal-to-noise ratio might reveal whether this lower sep-
aration is real or caused by instrumental problems. The satellite
Galatea is much brighter than the ring arcs and roughly at the
same longitude as Egalité the first night of data, preventing the
detection of this arc. For the same reason, the fainter arcs Liberté
and Courage are not detectable.

A radial profile of the Le Verrier ring, obtained by combin-
ing pixels in azimuth away from the satellites, is presented in
Fig. 3. The ring is detected at a radial distance ~53 000 km from
Neptune’s centre, as given in Porco et al. (1995). The other bump
at ~62 000 km is caused by Galatea and ring arcs, and the long
trend arises from the scattered light of Neptune. We note that
the Le Verrier ring is only detectable on the first night of data
(30 August 2007).
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Table 2. Astrometry and K's magnitudes of Neptune’s inner satellites.

Ref. frame Mean motion r L 2.2 um
(deg day™") (x10? km) (deg) magnitude
Larissa K2a 649.05408 + 0.00009  72.60 +0.80  75.52+0.64 204 +0.2
Galatea K2a 839.66123 £ 0.00008  61.80 £0.62  20.73 +0.58 209 +0.3
Despina K2a 1075.73297 £ 0.00013  51.82+0.81 68.05+0.89 21.0+0.3
Thalassa K2b 1155.75861 £ 0.00015  50.48 +0.87 358.33 +0.90 23.1+0.6

Notes. The orbital radius r and longitude L (with origin at the J2000 ascending node) are measured in the equatorial plane of Neptune at the
time of the reference frames K1, K2a, or K2b (cf. Table 1). The reference longitudes used to derive the mean motions are the values of Owen
(1991) at epoch JD 2447757.0 = 1989 August 18, 12h at Neptune. Aperture photometry was used to measure the satellite magnitudes. The
K zero-magnitude point (my = 22.98 and 23.15 on August 30 and 31, respectively) was calibrated using a reference star (HD 204778, mg = 9.37).

100

80

Le Verrier

(&)
[}

Galatea

N P
o (@)
L e B B A A

Intensity (arbitrary)

0

-20
3x10*

wwwwwwwww | |
4x10*  5x10%  Bx10*  7x10°
Distance to Neptune's centre (km)

Fig. 3. Radial profile obtained by combining pixels over 80 degrees in
azimuth, away from satellites, on 2007 August 30. The total exposure
time is 72 min. The Le Verrier ring is detected at a radial distance of
53000 km. The other bump at ~62 000 km is caused by Galatea and
ring arcs, and the long trend arises from the scattered light of Neptune.
The Le Verrier ring is not detectable on the second night of data.

Table 2 lists the Ks magnitudes of Neptune’s inner satellites
(Larissa, Galatea, Despina, and Thalassa), also providing de-
tails about the photometric calibration. Aperture photometry of
~15 pixels was used to integrate the flux of the satellites Larissa,
Galatea, Despina, and 7 pixels for Thalassa. To our knowledge,
this is the first ground-based detection of Thalassa, which has
a small size (estimated diameter of 40 km from Voyager data;
Thomas & Veverka 1991) and is located very close to Neptune
(at about only two planetary radii). Therefore the magnitude de-
rived for this moon (23.1 +0.6) is probably not very meaningful.
The magnitude of Proteus is mg(Proteus) = 18.6 £ 0.2 on the
image K2a (Table 1), using an aperture radius of 30 pixels. We
note that Proteus, Larissa, and Galatea present a ~+0.2 mag dif-
ference with the 1.87 um measurements of Dumas et al. (1999).
Finally, we measured on the reference frame K1 (Table 1) a mag-
nitude for Triton mg(Triton) = 12.4 + 0.1. This is consistent
with earlier photometric observations with the IRCAM infrared
camera at the 3.8-m UKIRT telescope on Mauna Kea, which led
to mg(Triton) = 12.27 + 0.04 (Kesten et al. 1998), taking into
account the effect of distance.

3.2. Astrometry and mean motions

The astrometry of Larissa, Galatea, Despina, Thalassa is sum-
marized in Table 2, which gives for each satellite the orbital
radius r and longitude L, measured in the ring plane from the
J2000 ascending node of Neptune’s equatorial plane. From the
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satellite positions and Voyager data (Owen 1991; Porco et al.
1995) we computed the average mean motions. We recall here
that Proteus and Triton were used to determine the origin, scale,
and orientation of the images (Sect. 2). From the method used,
these two satellites are by definition at the positions based on
Jacobson’s solution (2009) and are therefore not listed in Table 2.
For Thalassa, which is close to Neptune and faint in our images,
we note a difference of +0.00263 + 0.00015 deg day~! with re-
spect to the value given in Jacobson (2004).

On the stacked image with respect to the reference frame
K2a (see Table 1), we derived a longitude of 349.01 + 0.60 deg
for the arc Fraternité. Using the position of the middle of
this arc measured from Voyager data (251.88 deg at epoch
JD 2447757.0) as given in Porco et al. (1995), this yields the fol-
lowing average mean motion for the arcs: narcs = 820.11213 +
0.00008 deg day~!. From Galatea measurements (Table 2)
we computed an average mean motion ng = 839.66123 =+
0.00008 deg day‘l. We used this measurement to compare narcs
with the mean motion of the 42:43 CIR, initially thought to con-
fine dust within the ring to form stable arcs (Goldreich et al.
1986; Porco 1991). The 42:43 CIR with Galatea creates 86
equally spaced corotation sites around Neptune, with a mean
motion given by ncr = (42ng + Qg)/43, where Qg is Galatea’s
nodal precession rate. Using Qg = —0.714836 deg day™' (Owen
1991), ncir = 820.11760 + 0.00008 deg day~' where the un-
certainty is caused by that on Galatea’s mean motion. This
value is similar to the previous arc mean motion measurements
(Nicholson et al. 1995; Sicardy et al. 1999; Dumas et al. 1999,
2002; de Pater et al. 2005), showing that the arcs are not at the
location of the 42:43 CIR with Galatea. The drift in mean mo-
tion is An = ncr — nares = 5.5 £ 0.1 x 1073 deg day™!, equiv-
alent to a mismatch Aa ~ 300 + 5 m in semi-major axis, the
half-width of the CIR being 250 + 100 m (Porco 1991; Owen
1991; Foryta & Sicardy 1996). Note that this mismatch is the
same as was reported in Sicardy et al. (1999), but with higher
accuracy. This drift translates into a 36 + 0.7 deg difference for
the arcs’ longitude over the 18 years between the Voyager and
VLT data. Therefore, the stability of the arcs cannot be explained
with the CIR model. The next section details another possible
mechanism relying on corotation resonances (more precisely,
co-orbital equilibrium configurations), in addition to the exist-
ing model of Namouni and Porco (2002).

4. Confinement models
4.1. Corotation eccentricity resonance

As suggested by Namouni and Porco (2002), the 42:43 CER
(resonant argument Wepr = 431 — 421G — @wg) can match the
current arcs’ semi-major axis and stabilize the system, if the
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arcs have a sufficient fraction of the mass of Galatea. This res-
onance creates 43 potential maxima, each of length 8.37 deg,
which does not completely account for the angular lengths of
the arcs. The ring mass determined to shift the CER to the arcs’
position, ~0.002 Galatea’s mass, assumes an eccentricity of 107°
for Galatea and would correspond to a small satellite of 10 km
in radius (for a density of ~1 g cm~3). The mass required in this
model cannot be contained in a single body since Voyager data
excluded undetected satellites of radius larger than 6 km (Smith
et al. 1989; Porco et al. 1995). The exact origin of the small
residual orbital eccentricity of Galatea, consistent with a forcing
by Adams ring’s small mass, has to be determined too.

4.2. Co-orbital moonlets

We propose here an alternative model for Neptune’s arcs stabil-
ity. It basically assumes that the Adams ring is a collection of a
few moonlets (four in our case) that maintain stable co-orbital
relative positions akin to the Lagrangian L4/Ls points (Renner &
Sicardy 2004). The observed arcs would then be composed of
dust trapped between those co-orbital satellites. This generalizes
Lissauer’s original shepherding model (Lissauer 1985) and is an
adaption of Sicardy & Lissauer (1992). In such a model, Adams
ring would be in an intermediate situation between a fully col-
lisional ring with only small particles, and a fully accreted sys-
tem where only one satellite survives, after swallowing up all the
ring material. The possible origin of these moonlets is discussed
in more detail in Sect. 5.

4.2.1. Family of stable stationary configurations

There is an infinity of stationary configurations for co-orbital
moonlets compatible with the observed azimuthal lengths of
Neptune’s arcs. However, we show here how the observed inter-
arc regions lead to a limited space of possible mass ratios be-
tween the satellites, achieving equilibrium.

New results on the existence of stationary configurations for
N co-orbital satellites with small and arbitrary masses (revolv-
ing on circular and planar orbits around a planet) were derived in
Renner and Sicardy (2004). The existence of solutions depends
on the parity of N: if N is odd, then there always exists a set
of mass values that achieves stationarity for any arbitrary angu-
lar separation between the satellites. However, strictly positive
masses restrict this existence to sub-domains of angular separa-
tions. If N is even, additional conditions are required to achieve
stationarity. The case N = 3 can be completely treated analyt-
ically for small arbitrary satellite masses, giving all the possi-
ble solutions and their linear stability. For N > 4 a numerical
scheme allows us to derive the possible stable stationary config-
urations for given satellite masses: by adding a non-conservative
term in the equations of motion, which brings energy in the ro-
tating frame of the co-orbital satellites (i.e. increases the Jacobi
constant), the satellites converge towards the linearly stable equi-
libria®. Integrating these perturbed equations and exploring ran-
dom initial coordinates with random masses then provides the
domains of stable stationary points. These domains correspond
to configurations where the co-orbitals are either positioned near
the L4 and Ls points of the most massive satellite, or are grouped
near one of these two points.

2 The solution converges towards a local maximum of the Jacobi con-
stant, and it has been shown that these local maxima actually correspond
to the linearly stable configurations (Moeckel 1994).

Planet

min max
my/m;  0.000005  0.029997
msy/m;  0.003899  0.027438
my/m;  0.000036  0.029998

Fig. 4. Subset of stationary configurations for N = 4 satellites, akin to
the Lagrangian L,/Ls points. The satellite S is the most massive. We
assume that the mass ratios m;/m, of the satellites S; (i = 2,3,4) with
respect to S are lower than 0.03, and that the angular separations are
compatible with the observed inter-arc regions (@3, = 11+3 deg, Oy3 =
12.5 £3 deg and @4, = 23.5 + 3 deg). We obtain a continuum of masses
(see table) in equilibrium where the co-orbital satellites are close to the
L4/Ls point of S: S, at a longitude with respect to S| between 43 and
56.75°, S5 between 51.28 and 70.74° and S 4 between 65.66 and 80.1°.

We applied the method above to N = 4 satellites (where the
satellite N = 1 is by convention the most massive) with random
initial mass ratios m;/m; (i = 2,3,4) lower than three percent,
and stored the stable solutions with angular separations satisfy-
ing @3 = 11 £3 deg, 43 = 12.5+3 deg and D4y = 23.5+3 deg
(where ®@;; is the azimuthal separation between the satellites i
and j), that is, configurations compatible with the observed inter-
arc regions (Porco 1991; Dumas et al. 2002; de Pater et al. 2005).
We obtained a continuum of mass values with angular configu-
rations where the co-orbitals are near the L, (or Ls) point of the
most massive satellite. Thus, three small co-orbital bodies near
the L4/Ls point of a more massive Lagrangian satellite (mass
ratios lower than three percent®) are close to a stable stationary
configuration and may librate around that equilibrium. The re-
sults are summarized in Fig. 4.

4.2.2. Full numerical integrations

To study the arcs’ dynamics, we used the Mercury integrator
package (Chambers 1999) with the Burlish-Stoer algorithm and
simulated the motion of Galatea, four co-orbital satellites ini-
tially in equilibrium (selecting a given stationary configuration
from the previous section), and four arc (test) particles of Adams
ring. State vectors were converted to geometric orbital elements
using the algorithm given by Renner and Sicardy (2006). Unlike

3 Increasing this value increases the average relative angular positions

of the solutions, which could lead to configurations incompatible with
the observed inter-arc regions.
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Fig. 5. Motion of four co-orbital satellites and four test particles (arcs)
around Neptune, without Galatea. The figure shows the orbital ra-
dius (km) vs. longitude (deg) in a frame rotating with the most mas-
sive Lagrangian satellite Sy (diameter =10.4 km, assuming a density
of 1 gcm’3). The other satellites S ,, S 3, and S4 have diameters of 2.2,
2.8, and 2.3 km, respectively. Integration time is 150 years. The co-
orbital bodies are in a stable stationary configuration. The system of
co-orbital satellites and arcs is ~0.25 km outside the CIR, as given by
the observations.

osculating elements, the geometric elements are not contam-
inated by the short-period terms caused by planetary oblate-
ness. Typical results are presented in Figs. 5-9. We used the
physical parameters of Neptune (mass, radius, oblateness) given
by Owen (1991) from the analysis of Voyager data. Galatea
(Mg = 1.94x10'® kg) is initially on a circular and inclined (ig =
0.0544 deg) orbit with a semi-major axis ag = 61 952.606 km.

The four co-orbital satellites have the following masses:
m; = 6 x 10" kg, ma/m; = 0.009078, m3/m; = 0.019537,
and mg/m; = 0.010995. Assuming a density of 1 gcm™, this
corresponds to a radius ~5.2 km for m; and between 1.1 and
1.4 km for the other co-orbital bodies. This is compatible with
the Voyager data that exclude undetected satellites of radius
larger than 6 km (Smith et al. 1989; Porco et al. 1995). The
initial geometric semi-major axis is a = 62932.7 km, that is,
0.25 km outside the 42:43 CIR (resonant argument Wcr =
2[434 — 421 — Qgl, see Fig. 7). With initial angular separa-
tions @y = 48.31 deg, ®3; = 59.38 deg, @4y = 72.19 deg with
respect to my, they are initially in a stable stationary configu-
ration (see previous section). The test particles are at the same
semi-major axis. The system of co-orbital satellites and arc parti-
cles is located inside the 42:43 Lindblad eccentricity resonance
(LER) with Galatea, which corresponds to a librating resonant
argument W) gr = 431 — 421G — @, see Fig. 7.

The particle/satellite orbital radii in a frame rotating with
the most massive Lagrangian satellite S| (mass m;) are shown
in Figs. 5, 6, and 8, and the time evolution of the orbital el-
ements of the arc particles is given in Fig. 9. The system is
numerically stable under the effects of Galatea’s perturbations:
the moonlets have a slow libration motion around their equilib-
rium configuration. In order of increasing longitude, the sec-
ond and third test particles remain closely confined between
the satellites during the total integration time span (one thou-
sand years). The fourth, external particle librates with a sig-
nificant amplitude of about 20 degrees, while the first exhibits
close encounters with the co-orbital moons after about 200 years.
However, this particle remains bound to the Adams ring region.
The eccentricity amplitude resulting from these close encoun-
ters is ~2 x 1074, that is, about half of the forced eccentricity
due to the LER resonance with Galatea. This value is retrieved
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Fig. 6. Same as Fig 5, including Galatea’s perturbations. The top and
middle figures correspond to an integration time of 20 and 40 years,
respectively. The full radial excursion of about 60 km is the result of
the forced eccentricity due to the 42:43 Lindblad resonance (LER) with
Galatea. The moonlets have a slow libration motion around their equi-
librium configuration. For the arc particles, we note small azimuthal
modulations of density caused by the proximity of the CIR. At the bot-
tom, the resulting azimuthal density profiles of the arcs are given. These
profiles are obtained from the time cumulated single particle evolutions
(0—20 years in solid line, 20—40 years dashed-dotted).

through the impulse approximation (Julian & Toomre 1966):
2
de = 2247°(2), where ms = m; = 6 x 10" kg, Mp is
A4p X
Neptune’s mass, a is the semi-major axis of the co-orbital sys-
tem, and x is the minimum particle/satellite distance during a
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Fig.7. Resonant arguments (deg) vs. time (years) for the co-orbital
satellite Sy and for the simulation shown in Fig. 6. The system of co-
orbital satellites and arcs is inside the 42:43 LER with Galatea (bottom),
but outside the CIR (top), with a drift in mean motion compatible with
the observations (ncig — nares = 5.5 + 0.1 X 1073 deg day ™).

close approach, here assumed to be about twice the Hill radius
of the satellite (to avoid chaotic motions or physical collisions).

Therefore, considering only gravitational interactions, two
arcs can be strongly maintained at least one thousand years with
a four co-orbitals’ model (and four arcs on shorter time scales of
at least few tens of years). Small dust particles can escape con-
finement more quickly, taking into account dissipative forces (ra-
diation pressure, Poynting-Robertson drag). We note in Figs. 6
and 8 small azimuthal modulations of density caused by the
proximity of the CIR. The total mass of the co-orbital system
(~3 x 10™*Myg) is too small to shift the 42:43 CER at the arcs’
current position as envisaged in Namouni and Porco (2002).

The model proposed here naturally explains the observed az-
imuthal lengths of the arcs, as the result of the equilibrium con-
figuration between the small co-orbital moonlets. The method to
derive the possible linearly stable stationary configurations for a
given set of N masses, as proposed in Renner & Sicardy (2004),
is outlined in the previous section.

5. Discussion
5.1. Formation processes

The origin of the arc system could be the breakup of a parent
satellite or the accretion of ring material within the Roche zone
of the planet. The latter is outside the Adams ring for a den-
sity of 1 gem™ (Esposito 2002), allowing a mixture of colli-
sional rings and accreted moonlets. The Galatea secular torque
(Goldreich et al. 1986) could help to set a few ring moonlets in
stable stationary configurations, providing the energy generated
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Fig. 8. Motion of four co-orbital satellites (fop) and four arc particles
(bottom) over 10° years, including Galatea’s perturbations. The satel-
lites have a libration motion around the linearly stable equilibrium. The
test particles remain closely confined between the satellites, as long as
no close encounters with the co-orbital moons occur (here after about
200 years, see Fig. 9).

by the Lindblad resonance is higher than that dissipated through
collisions. The change rate of energy (per unit mass) ¢ for par-
ticles around corotation points, averaged over one libration pe-
riod T¢, is given by (Sicardy 1991)

3ns 1 dr

/ = - —_— a—dt,
¢ dnoal Te Jr. da

where ng is the satellite’s mean motion, a the semi-major axis,
ao the average orbital radius, o the arc surface density, and
dI"/da the torque density, that is, the torque exerted by the satel-
lite per unit radius. Because of the presence of the term a in
front of dI'/da, the energy received is proportional to the gra-
dient d°I'/da® of the torque density. Therefore the energy is
positive, that is, the arc is stable, if the gradient of the torque
density across the arc is negative. The torque density peak is
positive if the resonance is outside the satellite (outer Lindblad
resonance) and negative if it is inside (inner Lindblad reso-
nance), that is, the torque tends to push particles away from
the satellite (Meyer-Vernet & Sicardy 1987). As a consequence,
the gradient of the torque density tends to be negative (posi-
tive) just outside an outer (inner) Lindblad resonance, and pos-
itive (negative) just inside. Thus, to be trapped, an arc should
remain just outside (inside) the outer (inner) Lindblad reso-
nance radius. This is the case for Neptune’s ring arcs which
are located 2 km outside the 42:43 LER with Galatea (Porco
1991). Assuming that the torque I" obeys the standard formula
(Goldreich & Tremaine 1982), Sicardy & Lissauer (1992) have
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Fig. 9. Time evolution of the orbital elements of the arc particles for the
simulation shown in Fig. 8. Top: semi-major axis (km). For clarity, the
semi-major axis of the first particle (resp. the third and fourth) has been
shifted by —10 (resp. by +10 and +20) km. The downward points are
due to encounters with Galatea. Middle: mean longitudes (deg) with re-
spect to satellite S ;. Bottom: eccentricity of the first particle, which ex-
hibits stronger perturbations from close encounters with the co-orbital
satellites, though it remains bound to the Adams ring region.

shown that most of the energy given by 42:43 LER with Galatea
is actually used to excite the orbital eccentricity of the parti-
cles, and not to confine them in a libration region. However, the
standard torque formula may not be applicable for Neptune’s
arcs since it assumes that Lindblad resonances m + 1:m over-
lap and that the particle orbital phases are randomized between
successive encounters. Furthermore, using the energy equation
above to assess the stability of the arcs against collisions depends
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on physical parameters that are poorly known (self-gravitation,
pressure, viscosity, etc.). Thus, the presence of arcs around
Neptune would imply that the energy provided by the Lindblad
resonance is sufficient to form and maintain a few co-orbital bod-
ies in equilibrium.

The exact origin of the proposed configuration of co-orbital
bodies is still unknown. If accretion plays a significant role, we
propose that such a mechanism is hierarchical: a (previously ac-
creted) satellite could gather some ring material around its Ly
or Ls Lagrangian point. Then larger co-orbital particles would
form close to Ls/Ls until a stationary configuration is reached
(see Sect. 4.2). The ring arcs observed would be the residual
material confined in between these small satellites. Simulations
of self-gravitating and colliding particles (see, e.g., Rein & Liu
2012) need to be performed to study the formation mechanisms
of small satellites close to the Roche zone of a planet. Once the
system of co-orbital bodies is in a stationary configuration, the
secular torque and therefore the ring orbital migration are re-
duced (Sicardy & Lissauer 1992).

5.2. Model improvements

Close encounters with the co-orbital moonlets make particles
escape from the arcs into the diffuse part of the Adams ring;
however, this is not sufficient to explain the density contrast be-
tween these two ring regions. Subkilometer-sized particles are
also necessary to reproduce the dust ratios observed and the
clumpy structure of the arc system (Porco et al. 1995; Salo &
Hénninen 1998). Part of the arc material could originate from
debris knocked off the hypothetical co-orbital moonlets. The ob-
served changes in the relative intensities and locations of the
arcs (de Pater et al. 2005) could result, in part, from the libra-
tion motion of the co-orbital satellites around the equilibrium
configuration. Dissipative effects such as collisions need to be
included in the dynamical models. Indeed, with typical relative
velocities of ~1 ms~!, the orbital elements of the arc particles
can be significantly modified. A coupling with the CER model
might also be investigated: the arcs would remain stable dur-
ing longer time scales, if confined by co-orbital bodies massive
enough to displace the CER with Galatea to the arcs’ semi-major
axis (Namouni & Porco 2002).

5.3. Dynamical evolution

The dynamical evolution of Neptune’s partial rings is un-
known: the existence of a system of small co-orbital satellites
might be part of an incomplete process of satellite formation.
Alternatively, Neptune’s arcs are transitory, resulting in a new
ring if the equilibrium configuration breaks down. A new re-
port on observations of Neptune’s ring arcs obtained by the
Hubble Space Telescope during 2004-2009 (Showalter et al.
2013) shows that the leading two arcs (Courage, Liberté) have
now vanished, while the trailing two (Egalité, Fraternité) appear
to have remained quite stable. Though submitted to confinement
mechanisms, the arcs evolve rapidly.

6. Conclusions

We have analyzed high-angular resolution near-infrared im-
ages of Neptune’s ring arcs obtained in 2007 at the ESO VLT
with the adaptive-optics fed camera NACO. We detected the
arcs Fraternité and Egalité, derived more accurate mean motion
values for the arcs and Galatea, and confirmed the mismatch
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between the arcs’ mean motion and the angular velocity asso-
ciated with the 42:43 CIR with Galatea. Additional data, in par-
ticular with Galatea far from the arc system (Showalter et al.
2013), are needed to follow the global time evolution of the
system. In return, this will help to build a more comprehensive
theory for the arcs’ confinement. In our model, the stability of
Neptune’s arcs results from the co-orbital relative equilibria of a
few moonlets, making the Adams ring an intermediate structure
between a fully collisional disk composed of only small particles
and a fully accreted satellite. The main advantage of this model
is that it naturally explains the observed arc azimuthal lengths
as the result of the relative angular positions of the satellites in
equilibrium.
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