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Abstract

We presen Adaptiv e Optics obsenations of Neptune's ring systemat 1.6 and 2.2 m,
taken with the 10-m W.M. Keck Il telescope in July 2002and October 2003. We recovered
the full Adams and Le Verrier rings for the rst time since the Voyager era (1989), and
show that the overall appearanceof theserings did not change much, except for the ring
arcs. Both the location and intensity of all arcs changeddrastically relative to trailing arc
Fraternit §, which hasa mean orbital motion of 820.11188 0.0001deg/day, equalto that of
Nicholson et al.'s (1995) solution 2. Our data suggestthat all arcs may have decayed over
the last decade,while Libert®, in 2003, may be on the verge of disappearing completely.
The obsened changesin the relative intensities and locations of all arcs further indicate
that material is migrating betweenresonancesites; leading arc Courage, for example, has
jumped» 8*, or, when adopting Namouni and Porco's (2002) CER (corotation eccettricit y
resonance)theory, it advanced by one full corotation potential maximum. Overall, our
obsenations reveal a system that is surprisingly dynamic, and no comprehensie theory

exists as of yet that can explain all the obsened intricacies.
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1. Intro duction

In 1984, three telescopes in South America recorded a partial occultation of a star
near Neptune; sincethe occultation was recordedonly on ingress,it was attributed to the
existenceof a partial ring or ring arc (Hubbard, 1986; Hubbard et al. 1986; Manfroid et
al. 1986). The existenceof ring arcs around Neptune was con rmed during subsequeh
years via other occultation experiments (e.g., Nicholson et al. 1990, 1995; Sicardy et al.
1991), and by the Voyager |l spacecraft(Smith et al. 1989). The Voyager data established
that the Neptunian arcsare concerirations of particles embeddedwithin the narrow Adams
ring, the outermost of v e tenuousrings discoveredby Voyager. These v erings include the
relatively bright Adams and Le Verrier rings, the faint Lassellring (an outward extension
of the Le Verrier ring), the Arago ring (the bright outer edgeof the Lassellring), and the
innermost ring, the faint Galle ring. Within the Adams ring Voyager identi ed four ring
arcs, con ned to a longitude range of 40%, thus con rming the ground-basedoccultation

experimerts (Smith et al. 1989;Porco, 1991;Shawalter and Cuzzi, 1992;Porcoet al. 1995).

Nicholsonet al. (1995) analyzedthe Voyagerimagestogether with » 25 stellar occul-
tations by the Neptune system which were obsened from Earth-based telescopes between
1984 and 1988. All obsenations combined indicated a mean orbital motion of the arcs of
either 820.11948 0.0006deg/day (solution 1) or 820.11188 0.0006deg/day (solution 2).
Solution 1 appearedto be consistert with the existenceof a 42:43 resonancebetweenthe
ring and nearby satellite Galatea, which agreedwith Goldreich et al.'s (1986) model for
longitudinal con nement of the ring arcs. Such a resonancewas attributed to a corota-
tional inclination resonance(CIR) and/or the outer Lindblad resonancebetweenthe ring

and Galatea (Porco, 1991).

SinceVoyager, the ring arcswere imagedwith the Near Infrared Camera Multi-Ob ject
Spectrograph (NICMOS) on the Hubble SpaceTelescog (HST) (Dumas et al. 1999) and

from the ground with the Canada-Fance-Hawaii Telescog (CFHT) (Sicardy et al. 1999),



both in 1998. None of the continuous rings has beenunambiguously recovered in HST or
groundbasedimages. Dumas et al. (2002) derived a mean motion of 820.11228 0.0003
deg/day for the arcs from the HST data, and Sicardy et al. (1999) derived a value of
820.11358 0.0009deg/day from the CFHT data. Both valuesare very closeto Nicholson
et al. 's (1995) solution 2, but clearly discrepart from their solution 1. This nding called
into questionthe theory that the ring arcsare con ned by the CIR resonancewith Galatea.
Namouni and Porco (2002) suggestinstead that a resonancebasedupon Galatea's coro-
tational eccerricit y resonance(CER) may be responsible for the con nement of the arcs.
This resonanceo®ers43 potential “sites' distributed uniformly around the ring orbit where

arcs might form, ead site having an angular extension of 8.37*.

2. Observ ations

We obsened Neptune and its ring/satellite systemon UT 27 and 28 July 2002, and
again on UT 3{6 October 2003, with the 10-m W.M. Keck Il telescopge on Mauna Kea,
Hawaii, and its facility instrument NIRC2 (Near-Infrared Camera) coupledto the Adaptiv e
Optics (AO) system (Wizinowich et al. 2000). Neptune's geccertric distance was 29.1 AU
in 2002,and 29.6 AU in 2003. The phaseanglevaried from 0.15{0.18" in 2002to 1.64{1.69
in 2003, while the ring opening angle was j 27:7* during both epochs. We usedNIRC2 in
high angular resolution mode, 0.01%pixel size, which translates to 210 km/pixel in 2002,
and 213 km/pixel in 2003. In 2002, we imagedthe Neptunian systemin K°(1.95{2.30t m),
in which most of the Sun's light, usually re°ected by Neptune's hazelayers, is absorbed by
methane and hydrogen gas, greatly reducing scattered light around the planet. In 2003, we
obsened the ring systemboth in K®and (on Oct. 5) in H (1.48{1.781 m). In this paper we
focus on the spatial brightness distribution. To enhancethe signal-to-noise (SNR) on the
rings, we combined the K®and H band data after normalization to the K° band intensities.
We typically took sequence®f 5 or 6 1-minute exposures,interspersedby the samenumber

of sky frames. A detailed observinglog is preseried in Table 1. All imageswere processed



using standard near-infrared data reduction techniques (°at- elded, sky-subtracted, with
bad pixels replaced by the median of surrounding pixels). Photometric calibrations were

performed on star HD 22686in 2002,and HD 201941in 2003 (Elias et al. 1982).

The quality of AO data is usually expressedthrough the Strehl ratio (SR), and the
angular resolution (FWHM, full width at half maximum). The SR is the ratio of the peak
intensity of the obsened point spreadfunction (PSF) to the theoretical maximum for the
telescope aperture. Use of an extended object such as Neptune for AO wavefront sensing
may result in a lower SR than usually found for AO obsenations of stars (e.g., de Pater et
al. 2002). This is causedby the fact that extended objects can introduce artifacts in an
AO systemwith a quad-cell Shak-Hartmann sensor,as rst noted (for the extreme caseof
Uranus) in de Pater et al. (2002). The Keck AO team implemented a procedure, suggested
by our group, to mitigate this e®ectprior to the 2003 obsenations. This led to greatly
improved Strehl ratios on extended sources. (Seevan Dam et al. 2003 and 2004 for more

discussion.)

We estimated the SR in our data from individual images. We determined the PSF
core from imagesof the satellites Galatea, Larissa and Proteus while using Neptune itself
for wavefront sensing. We used separateimagesof stars to determine the °ux in the PSF
wings. The SR thus derived most closely resenbles the Strehl ratio in our actual Neptune
obsenations. We nd a Strehl ratio SR= 0.3 in 2002;in 2003we nd SR = 0.5 at K?,
and SR = 0.3-0.4at H. The FWHM in our images,as measuredfrom the satellite Proteus,
which was presert in many of our images, is typically between0.0458°and 0.055%for both

our H and K° band data.

All imageswere aligned with respect to Neptune to enhancedetectability of the con-
tinuousrings. We estimate the accuracy of alignment to be better than one pixel. Methods
which usedone of the inner satellites, such as Proteus, for alignment failed becauseof in-

accuraciesin their ephemerides(e.g, Marchis et al. 2004; Jacobsonet al. 2004). After



alignment, the data were combined per day, the results of which are shown in Figs. 1a,
b and c for 28 July 2002 (K9, 03 October 2003 (K9, and 05 October 2003 (H), respec-
tively. A 1-minute exposure of Neptune itself is showvn on the inserts, shaving detailed
structure in its clouds and haze-coer. The atmospheric structure will be discussedin a
future paper (seee.g., Max et al. 2003, Gibbard et al. 2003 and Martin et al. 2004 for
discussiongregarding previous AO obsenations of Neptune's atmosphere). The imageshave
beenhigh-pass Itered by subtracting the sameimage median-smathed with a width of 50
pixels. This procedure removes di®usescattered light, and brings out small-scalefeatures
(Neptune is highly saturated in this presenation). Sincethe moons and rings are narrow
‘nite structures, the only light that hasbeenlost in this processis that of the (PSF) halo.
The error on the nal photometry, however, has beenminimized by the techniquesapplied
to estimate this halo contribution (Section 3.3). In Fig. 1 we indicated the Adams and Le
Verrier rings, as well as the moons Proteus, Larissa, Galatea, and Despina on ead panel.
The moonstrace out a sequenceof small arcs on theseimagesby virtue of their individual

Keplerian orbital motions.

In order to investigate Neptune's ring arcs quartitativ ely, we needto combine images
to enhancethe SNR, sincethe ring arcs can hardly be seenon single 1-minute exposures.
Combining 5{6 consecutive imagesresults in too much smearing, as is evident from the
satellite arcsin Fig. 1. We therefore deprojected ead individual 1-min frame, and before
co-adding shifted ead onein longitude to correct for the Keplerian motion of the ring arcs.
Sincethis procedureis certral to our analysis, we chedked ead step carefully. For example,
we cheded our ring deprojection procedureby inserting an arti cial Galatea from the JPL
ephemeris (NEP022I; Owen et al. 1991) in our original image, at 10 degreeintervals
along its orbit. Our deprojection procedureresulted in a straight line for arti cial Galatea

as a function of azimuth, where the satellite was visible every 10* in longitude. After

(1 http://ringmaster.arc.nasa.go v/



deprojection all imageswere shifted sothat Galatea remained xed in position throughout
ead day. The di®erertial motion between Galatea and the ring arcs over the course of
the obsenations intro ducesa longitudinal smearin the imagesof » 1*, comparableto the
angular resolution of our instrument. Sincethe ring arcsoccupieda wide range of locations
in azimuth over the courseof our obsenations, we believe that any variations in intensity

sudch asmight be causedby di®erert foreshorteninge®ectsn viewing geometry are minimal.

3. Results and Discussion
3.1 Glohal Appearance of the Ring System

The imagesin Fig. 1 reveal a ring system quite similar to that imaged at visible
wavelengthsby the Voyager spacecraft(e.g., Smith et al. 1989;Porco et al. 1995). This is
the rst time that the full Le Verrier and Adams rings have been seenunambiguously in
groundbasedobsenations, with Galatea orbiting Neptune just interior to the Adams ring
(Fig. 1a), and Despinajust interior to the Le Verrier ring (Fig. 1b,c). The Le Verrier ring is
relatively constart in brightnessasa function of azimuth, while the Adams ring is brightest
near the ring arcs; 180° away from the ring arcs the Adams ring seemsto be faintest. To
measurethe azimuthal variation quartitativ ely, we created a longitudinal scan along the
Adams ring from the nal deprojected image from 03 October 2003,shown in Fig. 2. This
scan was obtained by integrating the data in the radial direction over approximately the
FWHM of the ring arcs, 0.06°°0n this day. Although integration over the FWHM of the
rings resultsin the highest SNR it doesnot encompasghe full visible thicknessof the rings.
This requires integration over a width including the full PSF, i.e., encompassingalso the
PSF halo. The di®erencebetweenthe two numbersis a simple scaling factor. The y-axis
on our gures incorporates this correction factor (see Section 3.3) and thus represerts the
full vertically-integrated intensity of the rings in units of microJy per degree(of longitude).
To facilitate comparisonwith other data, we also calculated the equivalent width, EW, in

R
meters: EW = (I =F)dr, wherel is the obsened intensity, ¥F is the solar °ux density as

8



re°ected from Saturn at the particular wavelength, and r is distance acrossthe arcs. The
corversion factor of 1 t Jy/pixel is equalto an | =F of 359 km?2. The intensity in scalein

EW is indicated along the right hand side of the graph.

The ring brightnessin Fig. 2is slightly suppressedvherethe ring is closestto Neptune;
theseregionsare indicated on the gure. As shown in Fig. 1, scattered light from Neptune
is problematic near the planet. Although our median Ttering processdid an excellen job
recovering the rings even closeto Neptune, the scattered light contribution was slightly
overestimated, and hencethe absolute intensity levels at these longitudes are ignored in
this study. The ring brightnessvaries by a factor of » 3 in azimuth, being maximal near
the arcs and minimal » 180* away from the arcs. This is very similar to the maximal
brightness variations derived from the Voyager data (Showalter and Cuzzi, 1992; Porco et

al. 1995).

A radial prole through the ring systemis displayed in Fig. 3. Data were averaged
in azimuth for ead day, excluding satellites and ring arcs. Proles for July 2002 and
October 2003 are showvn in the top two panels, with a combined pro le at the bottom. A
Voyagerpro le at a phaseangle of 135" is superposedin all panels. The brightnesscortrast
betweenthe Le Verrier and Adams rings is very similar in the Keck and Voyager data, in
spite of the very di®erert wavelengthsand phaseangles. This provides further support for
the suggestion,basedon the Voyager phase curves, that both rings have similar particle

properties (Showalter and Cuzzi, 1992;Porco et al. 1995).

The Voyager spacecraftdetected the faint Galle ring at a radial distance of » 41,000
km. Our data, both in 2002and 2003, may showv an enhancemen in intensity at this same
radial distance. Unfortunately, scatteredlight from Neptune makesit ditcult to detectthe
Galle ring reliably. It is possiblethat the elewvated intensity levels at the location of the
Arago and Lassellrings are causedby the presenceof theserings, but the SNR is too low

to justify more than hinting at a possibledetection.



3.2 Relative Changesin the Ring Arcs

Deprojection and subsequenh shifting of the ring images (Section 2) reveal the ring
arcs at high signal-to-noise, displayed in Fig. 4a for ead epoch individually. In Figs. 4b
and ¢ we shaw longitudinal scans. These scanswere obtained from Fig. 4a by integrating
the data in the radial direction over approximately the FWHM of the arcs: 0.1%°in July
2002,and 0.06°%in October 2003. The FWHM in the two yearsdi®erdue to the substartial
improvemerts in the AO system, discussedn Section2. Scansat full longitudinal resolution
(» 1*) are shawn in Fig. 4b. Although the proles were obtained by integrating radially
over the FWHM of the arcs, the intensity scaleon the left represen the integral over the
full radial extent of the rings. As in Figure 2, we show the scalein equivalent width on the
right. We superposeda Voyager (1989) pro le, scaledto the approximate infrared intensity
of arc Fraternit §. Fig. 4c shaws the samescanssmoothed to a resolution of 3*, superposed
on the NICMOS (1998) data. In the latter gure, the scanshave beennormalized to the
approximate intensity of the Fraternit § arc in October 2003. On both graphswe labeledthe
approximate location of the various arcs, and indicated the positions of the two subregions,
1 and 2, of arc Egalit§. The zero-degreein longitude was chosento coincide with the
certer of arc Fraternit §. At the Earth received midtime of our obsenation at 6:37:48UTC
on 05 October 2003, this correspnds to an inertial longitude of 0.5+, measuredfrom the
ascendingnode of Neptune's ring plane relative to the J2000 Mean Earth Equator. This
location coincides with the longitude of Fraternit® as predicted by orbit solution #2 of

Nicholson et al. (1995; seeSection 3.4).

A comparisonof Voyager(1989), NICMOS (1998) and Keck (2002,2003)pro les in Fig.
4c shows that the relative intensity of most ring arcs has changeddramatically. Compared
to arc Fraternit §, Egalit® has changed both in relative brightness and longitudinal extent
(FWHM) since the Voyager °yby. In 2002 Egalit® was » 17% brighter than Fraternit §

(» 3%), while in 2003its intensity decreasedto » 7% below that of Fraternit® (» 2%), a
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relative changeof » 24% (5% in total. In both Keck epochs, asin 1998, Egalit® was wider
in longitude (» 30% in FWHM) than in 1989. From Fig. 4b it appearsthat the relative
brightness between ring arcs Egalit®$ 1 and 2 is inverted from what Voyager obsened in
1989. We note that while Egalit® hasincreasedin overall longitudinal extent, the width in

azimuth (FWHM) of Fraternit§ is only 75%that obsened by Voyager.

Arc Libert® hascontiinued to decreasen intensity sincethe NICMOS obsenations. In
1998,NICMOS showed that Lib ert®'s intensity had decreasedoughly by » 25% compared
to the Voyager era (relative to Fraternit®), and the arc was obsened » 3* ahead of its
longitude. In 2002, our data suggestthat Lib ert§ may consistof two narrow arcs, separated
by » 4.5, with the leading arc at the original Voyagerlocation. After smoothing the pro e
to the approximate angular resolution of the NICMOS data (Fig. 4c), the two arcsresenble
the double-hump structure obsened by NICMOS, but the longitudinal width (FWHM)
and location of the Keck pro les suggestthe structures di®er. In 1998,the NICMOS pro le
consistsof arcsLib ert§ and Courage(Dumas et al. 1999), whereasin 2002the Keck double-
hump curveis just Libert®. In 2003,Lib ert® appearsagainasonearc at the original Voyager

(1989) location, at just » 30% of its original brightness (relative to Fraternit §).

Courage, usually a low-intensity arc, °ared in intensity to becomenearly as bright as
Libert® when NICMOS obsened it in 1998; this °aring was attributed at the time to a
possibleexchange of material betweenthe two arcs. In 2003,both Courage'sand Libert§'s
intensities had decreasedo levelscomparableto those of Courage'sintensity in 1989. Most
interesting is Courage's apparert » 8" shift in the leading direction, as comparedto the
Voyager era. In terms of Namouni and Porco's (2002) CER model, with 43 potential
resonancesites, the arc appearsto have 'moved over' in longitude to a potential maximum
adjacert to its previouslocation. If it alsowas+8* aheadin its orbit in 2002,it was hidden

by bright Galatea, which was very closeto the ring arcs at that time (Figs. 1a, 4a).

3.3 Absolute Photometry
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We have shanvn above that the ring arcs' relative intensities changeddramatically over
time. We now investigate if there have been changesin the absolute intensity of the ring
arcs to seeif the entire ring arc system may be slowly disappearing, or merely the two
leading arcs. Sincethe individual arcs are visible after deprojection and shifting/adding,
we usedGalatea as a standard calibrator in the deprojected images. The °ux density of the
satellite Galateawas rst determined from our original images,using standard photometric
calibrators (Section 2). We note that photometry of adaptive optics imagesrequires an
assessmenof the amourt of light from the obsened object that is concerrated in the
centermost 0.3" (the approximate radius of control for the Keck adaptive optics system)
and the residual light that is spreadinto a "halo' that extendsout to an arcsecondor more.

We usedthe procedureas outlined by Gibbard et al. (2004) to capture all Galatea's light.

Galatea's °ux density was then usedto calibrate the ring arcsin Fig. 4a. Galatea
is unresolhved in our data, as are the ring arcsin the radial direction. We determined the
number of counts for Galatea and the ring arcs by choosing boxes around the objects with
the sameradial width, and going o®the object by the samedistancein longitude. Knowing
Galatea's total °ux density (including lost halo light), we thus determine the correct total
°ux density for the ring arcs. All our results are summarized in Table 2. Our derived
intensities and re°ectivities for Galatea are in excellert agreemem with those derived by
Dumas et al. (2002). Karkosdika (2003) examined the re°ectivities of Neptune's inner
satellites from Voyager data (0.55 ' m), and determined a geometric albedo of 0.079 for
Galatea. Thus we con rm that Galatea is indeed relatively neutral in color, with a slight

red excess(seeKarkasdka, 2003, for further discussions).

We rst examine the absolute intensities of the combined ring arcs Fraternit§ and
Egalit®, listed in row 3 of Table 2. We corrected these °ux densities for the wavelength
variation due to the incident solar °ux, assumingthe rings are neutral in color, i.e., have a

constart albedobetweenl.6 and 2.3 m (row 4, Table 2). The results suggestno signi cant
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changebetween2002and 2003,and perhapsa » 25%increasein (scaled)intensity between
1998 and 2002/2003. Assuming a ring arc normal optical depth of 0.1 (Porco et al. 1995),
we nd aring re°ectivit y for Fraternit & and Egalit in 2003 of 0.082{0.088at H{K ° bands
(Table2), in excellert agreemen with the NICMOS overall ring arc geometricalbedo. Based
upon the Voyager measuremeh of 0.0558 0.004 at visible wavelengths (T able 2; Porco et
al. 1995)we nd that the ring arcsare quite red, in cortrast to nearby Galatea. A red color
is typical for dusty rings, sud as Jupiter's ring (e.g., de Pater et al. 1999)and Saturn's G
ring (de Pater et al. 2004).

The °ux density from the entire ring arc system for the years 1998 and 2003 (row 6,
Table 1) suggeststhat the total °ux density of the ring arc system remained unchanged
over the last 4 years. Hence,over this period, the decay of leading arcsLib ert§ and Courage

seemsto be balancedby a brightening of trailing arcs Fraternit § and Egalit$.

To comparethe ring arc intensities to the 1989 spacecraftdata, we selecteda Voyager
data set at a phaseangle of 8* (closeto badkscattered light). We assumethat the overall
brightnessof the Le Verrier ring hasremained constart, and that the colorsof all rings/arcs
are the same. This assumption is supported by our obsenation that the ratio in peak
intensities of the Adams (without ring arcs) and Le Verrier rings is similar in the Voyager
and Keck data. In the Voyager data the ratio of the intensity averagedover the Fraternit
and Egalit® arcsto that of the Le Verrier ring is 5.7 8 0.8. For the October 2003Keck data
we nd aratio of 2.8 8 0.6. Therefore, given our assumptions,arcs Fraternit § and Egalit®
seemto have decayed over the decadeprior to 1998. If true, thesering arcs may slowly

disappear over the coming decade(s).
3.4 Mean Orbital Motions of Arcs and Galatea

On all days, the position (certroid) of arc Fraternit § coincidesexactly with that pre-

dicted by Nicholson et al. 's (1995) solution 2, which yields an average mean motion of
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820.11188 0.0001deg/day. The certroid of arc Egalit® is just ahead of the position pre-
dicted for Voyager (sub-)arc Egalit® 2, and appearsto be closerto the position of (sub-)arc
Egalit® 1. This apparernt change in brightness structure has probably led Dumas et al.
(1999, 2002) to propose a mean motion for the arc system (820.11228 0.0003deg/day)

slightly di®erert from Nicholsonet al. 's solution 2.

In 2002, the satellite Galatea is 7.2 § 0.5 ahead of the nominal longitude predicted
from the Voyager-basedephemeri$?), where the uncertainty is based purely on our own
measuremets. In October 2003we nd that Galateais 8.2 § 0.5* ahead of its nominal
position. From this we compute an averagemeanmotion for Galatea of 839661368 0:00007
deg/day, a value that is in generalagreemem with the CFHT (839.66138 0.0005deg/day;
Sicardy et al. 1999)and NICMOS (839.66158 0.0004deg/day; Dumaset al. 2002)obsena-
tions, and that falls within the uncertainty of the original Voyager-basedorbital parameters
(839.65988 0.0025deg/day; Owen et al. 1991). Marchis et al. (2004) have independertly
derived accurate positions from all our 2002 and 2003Keck AO data for Proteus, Larissa,
Galatea and Despina; thesedata have beenusedby Jacobsonand Owen (2004) in a larger

study to derive an averagemeanorbital motion of 839.6613(0 0.00003deg/day for Galatea.

Our inferred mean motions for the ring arcs and Galatea con rm that the arcs are
not at the location of the outer 86:84 corotation inclination resonance(CIR) of Galatea
(Porco, 1991). The arcs may be trapp ed instead in Galatea's 43:42 corotation eccertricit y
resonance(CER). Although, as pointed out by Namouni and Porco (2002), the CER by
itself cannot explain the exact obserned mean orbital motion, the CER theory can explain
the precisevalue if the ring arcs' inertia is taken into accourt. Depending on the arcs'
mass, Galatea's apsidal precessionrate can be changed sud asto shift the CER exactly

onto the arcs' current location. As mentioned before,the CER alone would lead to 43 sites

[2 The predicted position of Galatea uses JPL ephemeris NEP022 (http://ringmaster.arc.nasa.go V/),
based on orbital elements (with a mean orbital motion of 839.6598 deg/day) derived from Voyager

data by Owen et al. (1991).
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where the arcs can be located, eac 8.37 in extent, while the CIR generates86 sites, eath
4.18%in extent. While both the mean motion of the arcs and the full longitudinal extent of
arcs Fraternit § (» 10%) and Libert® (» 8%) may favor the CER model for con nemen, the
possible existence of the narrow twin-arcs Libert® in 2002 and the longitudinal extent of
Courage(» 2.8%) suggestthat the CIR may still play a signi cant role, as noted previously
by Namouni and Porco (2002). We further note that the overall width of arc Egalit® (»

11.5%) is too large comparedto the width of one resonancesite in the CER model.

4. Conclusion

We preseried Keck Adaptiv e Optics obsenations of Neptune's ring system from July
2002and October 2003. Thesedata shav the complete Adams and Le Verrier rings for the
‘rst time sincethe Voyager era. The intensity ratio betweenthe two rings and azimuthal

brightnessvariation within the rings are very similar to those seenin the Voyager data.

Most noteworthy in our datasets are the dramatic changesin the ring arcs. While
arc Fraternit § appearsto follow a well-de ned mean orbital motion at 820.11188 0.0001
deg/day, all other arcs shift in location and intensity relative to Fraternit®. In particular
the leading arcs Lib ert§ and Courage are seerely diminished in intensity as compared to
the Voyager obsenations. Voyager (sub-)arcs Egalit® 1 and 2 appear to have reversedin
relative intensity, perhapsthe result of material migrating between resonancesites. Both
the 1998 NICMOS and 2002/2003 Keck data indicate that arc Libert® changesresonance
sites; if the twin-arc structure seenin 2002is real, it might represen suc a resonanceshift
in progress. In 2003, Courage was obsened » 8* aheadin its orbit, i.e., within the CER

resonancetheory, it had moved over one full resonancesite (out of 43 sites).

Occupancy of a given resonancesite re°ects a balance betweeninterparticle collisions
that damp random motions and evacuate the site, and dynamical excitation by Galatea

that keepsparticles bound to the site (Goldreich et al. 1986). Erosion of a tiny moonlet
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embeddedwithin the most stable arc, Fraternit , might provide a sourcepopulation of arc
particles. We note that the red color of the ring arcs, asderivedin this paper and by Dumas
et al. (2002), is consistert with ring arcs being composedof dust, the natural product of
moon erosion. If indeedthe ertire arc systemis deca/ing over as short a timescaleas» 10
years, as our data suggest,the loss mecanism must, at presen, be acting faster than the
regeneration medhanism. No quartitativ e theory has yet been devisedthat can describe

such rapid dynamical ewvolution.

The meanorbital motion of 820.11188 0.0001deg/day that we derived for arc Frater-
nit® is equal to Nicholson et al. 's (1995) solution 2. This nding supports Namouni and
Porco's (2002) theory that the ring arcsmay be con ned by the 43:42co-rotation eccertric-
ity resonance(CER), which is basedupon Galatea's orbital eccertricit y. Our data further
helped re ne Galatea's meanorbital motion to 839.661308 0.00003deg/day (Jacobsonand
Owen, 2004). The high precision with which the mean motions of both the ring arcs and
Galatea has now been determined can be considereda rst step towards future seartes
for small deviations in the satellite's ephemeris,such as might be causedby a gravitational

interaction between Galatea and the ring arcs.

Based upon our ndings with regard to the ring arcs, we encouragecortin ued obser-
vations of Neptune's ring systemto track any future changes.Will indeed someor all ring
arcs decay away over time? Or will the full arc system bounce badk into existence? Or

might it be possiblethat somearcs re-appear at a completely new location?

Acknowledgements

We thank David Le Mignant and Marcos van Dam for implemerting improvemerts for
observingextendedobjects with the Keck Adaptiv e Optics system. We thank C. Dumas for
providing the NICMOS data. This researt was funded in part by the Miller Institute for

Basic Researt in Scienceat the University of California in Berkeley The data preseried in

16



this paper were obtained at the W. M. Keck Obsenatory, which is operated as a scierti ¢

partnership among the California Institute of Tednology, the University of California and
the National Aeronautics and SpaceAdministration. The Obsenatory was made possible
by the generous nancial support of the W. M. Keck Foundation. This particular study
was partially supported by the National ScienceFoundation and Tednology Center for
Adaptiv e Optics, managedby the University of California at Sarta Cruz under cooperative
agreememn No. AST-9876783,and under the auspicesof the U.S. Department of Energy, Na-
tional Nuclear Security Administration by the University of California, LawrenceLivermore

National Laboratory under contract No. W-7405-Eng-48.

The authors wish to recognizeand acknowledge the very signi cant cultural role and
reverencethat the summit of Mauna Kea has always had within the indigenous Hawaiian
community. We are most fortunate to have the opportunity to conduct obsenations of

Neptune from this Hawaiian volcano.

references

de Pater, I., Martin, S., and Showalter, M.R., 2004. Keck 2 * m Obsenations of
Saturn's E and G Rings during Earth's ring plane crossingin August
1995. Icarus, in press.

de Pater, I., Gibbard, S.G., Macintosh, B., Roe, H.G., Gavel, D., and Max, C.E.,
2002. Keck Adaptiv e Optics Imagesof Uranus and its Rings. Icarus, 160,
359-374.

de Pater, ., Showalter, M.R., Burns, J.A., Nicholson, P.D., Liu, M.C., Hamilton,
D.P., and Graham, J.R., 1999. Keck infrared obsenations of Jupiter's
ring systemnear Earth's 1997ring plane crossing. Icarus, 138 214-223.

Dumas, C., Terrile, R.J., Smith, B.A., Scneider, G., Beclin, E.E., 1999. Stability of

Neptune's ring arcsin question. Nature 400, 733-735.

17



Dumas, C., Terrile, R.J., Smith, B.A., and Sdneider, G., 2002. Astrometry and
near-infrared photometry of Neptune's inner satellites and ring arcs. As-
trophys. J. 123,1776-1783.

Elias, J.H., Frogel, J.A., Matthews, K., and Neugebauer,G., 1982. Infrared standard
stars. Astron. J. 87 1029-1034.

Gibbard, S.G., de Pater, I., and Hammel, H.B., 2004. Near-infrared Adaptiv e Optics
Imaging of the Satellites and Individual Rings of Uranus from the W.M.

Keck Obsenatory. Icarus, in press.

Gibbard, S.G., de Pater, I., Roe, H.G., Martin, S., Macintosh, B.A., and Max,
C.E., 2003. Determination of Neptune cloud heights from high-spatial-
resolution near-infrared spectra. Icarus, 166, 359-374.

Goldreich, P., Tremaine, S., and Borderies, N., 1986. Towards a theory for Neptune's
arc rings. Astron. J. 92,490-494.

Hubbard, W.B., 1986.1981N1- A Neptune arc? Science2311276-1278.

Hubbard, W.B., Brahic, A., Sicardy, B., Elicer, L.R., Roques,F., and Vilas, F., 1986.
Ocecultation detection of a neptunian ring-lik e arc. Nature 319, 636-640.
Jacobson,R.A., and Owen, Jr, W.M., 2004. The orbits of the inner Neptunian satel-
lites from Voyager, Earthbasedand Hubble SpaceTelescog obsenations.

Astron. J., submitted.

Karkosdika, E., 2003. Sizes,shapes and albedos of the inner satellites of Neptune.
Icarus 162, 400-407.

Manfroid, J., Haefner, R., and Bouchet, P., 1986. New evidencefor a ring around
Neptune. Astron. Astrophys. 157,L3-L5

Marchis, F., R. Urata, R., de Pater, I., Gibbard, S.G., Hammel, H.B., and Berthier,
J., 2004. Neptunian Satellites obsered with Keck AO system. (in press).
AAS-DDA meeting, Nantes, April 2004.

18



Martin, S.C.,dePater, I., Roe, H.G., Gibbard, S.G., Macintosh, B.A., and Max, C.E.,
2004. Near-IR Adaptiv e Optics imaging of Neptune's upper atmosphere
in 2001. Icarus, submitted.

Max, C.E., Macintosh, B.A., Gibbard, S.G., Gavel, D.T., Roe,H.G., dePater, I., Ghez,
A.M., Acton, D.S., Lai, O., P. Stomski, P., and Wizinowich, P.L., 2003.
Cloud Structures on Neptune Obserned with Keck Telescog Adaptive
Optics. Astron. J., 125, 364-375.

Namouni, F., and Porco, C., 2002. The con nemert of Neptune's ring arcs by the
moon Galatea. Nature 417,45-47.

Nicholson, P.D., Mosqueira, |., and Matthews, K., 1995. Stellar occultation obsena-
tions of Neptune's rings. Icarus 113, 295-330.

Nicholson, P.D. and Cooke, M.L. and Matthews, K. and Elias, J.H. and Gilmore, G.,
1990. Five stellar occultations by Neptune - Further obsenations of ring
arcs Icarus, 87, 1-39.

Owen W.M. Jr., Vaughaub, R.M., and Synnott, S.P., 1991. Orbits of the six new
satellites of Neptune. Astron. J. 101,1511-1515.

Porco, C.C., 1991. An explanation of Neptune's arcs. Science253, 995

Porco, C.C., Nicholson, P.D., Cuzzi, J.N., Lissauer, J.J., and Esposito, L.W., 1995.
Neptune's ring system. In Neptune, Ed. D.P. Cruikshank. Univ. of
Arizona Press, Tucson,AZ. pp. 703-804.

Roddier, F., Roddier, C., Brahic, A., Dumas, C., Graves, J.E., Northcott, M.J., and
Owen, T., 1997. First ground-basedadaptive optics obsenations of Nep-
tune and Proteus. Planet. SpaceSci. 45, 1031-1036.

Shawalter, M. R., and Cuzzi, J.N., 1992. Physical properties of Neptune'sring system.
Bull. Amer. Astron. Scc. 24, 1029.

19



Sicardy, B. and Roques,F. and Brahic, A., 1991. Neptune'srings, 1983-1989:Ground-
basedstellar occultation obsenations. | - Ring-like arc detections. Icarus,
89, 220-243.

Sicardy, B., Roddier, F., Roddier, C., Perozzi, E., Graves,J.E., Guyon, O., Northcott,
M.J., 1999. Images of Neptune's ring arcs obtained by a ground-based
telescope. Nature 400731-733.

Smith, B.A., + 64 authors, 1989, Voyager 2 at Neptune: imaging scienceresults,
Science246, 1422-1449.

van Dam, M.A., and Macintosh, B.A., 2003. Characterization of adaptive optics at
Keck Obsenatory, SPIE 5169, 1-10.

van Dam, M.A., Le Mignant D., and Macintosh, B.A., 2004. "P erformance of the
Keck Obsenatory adaptive optics system. Applied Optics, submitted.

Wizinowich, P.L., + 17 authors, 2000. First Light Adaptive Optics Imagesfrom the
Keck Il Telesco: A New Era of High Angular Resolution Imagery. PASP
112, Issue 769, pp. 315-3109.

20



Figure Captions

Fig. 1. a) Averageimage of the 28 July 2002data (2.12* m, 33 min. total integration
time), revealing satellites, ring arcs and the complete Adams and Le Verrier rings. The
imageshave beenhigh-pass Ttered by subtracting the sameimage median-smathed with
a width of 50 pixels. This procedureremovesdi®usescattered light, and brings out small-
scalefeatures (Neptune is highly saturated in this presenation). A 1-minute exposure of

Neptune itself at K°is shavn in the insert.

b) Averagehigh-pass Itered image of the 03 October 2003data (2.12* m, 30 min total

integration time). The insert shavs a 1-minute exposure of Neptune itself at K %band.

c) Averagehigh-pass Itered image of the 05 October 2003data (1.63* m, 23 min total

integration time). The insert shows a 1-minute exposure of Neptune itself at H-band.

Fig. 2. Longitudinal scanalongthe Adams ring, obtained from the deprojected image
of 03 October 2003. The scanhasbeenintegrated in the radial direction over the full extent
of the rings, asdiscussedn the text. Zero longitude was chosento coincide with the certer

of arc Fraternit §. Equivalent width (in m) is showvn on the right.

Fig. 3. Radial proles through the rings. These pro les were obtained by averaging
over azimuth on ead day, away from satellites and ring arcs. The radial pro les for the
2002 and 2003 epochs are showvn in the upper panels, and the combined scanis shawvn in

the lower panel.

Fig. 4. a) Deprojected images of the ring arcs from 28 July 2002 (upper panel;
33 minute integration time) and all data in October combined (lower panel; 80 minute
integration time). The image dimensionsare » 100* in longitude and » 1:1£ 10* km in
radial distance. SinceGalatea (upper panel) is much brighter than the ring arcs, this moon,
aswell asits PSF pattern, are saturated on this display. The PSF pattern around this moon

causesGalatea's odd shape.
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b) Scansin longitude through the ring arcs from July 2002 and October 2003 at full
angular resolution (FWHM is » 1%), together with a Voyagerpro le (scaledin intensity to
match Fraternit §) at a phaseangle of 135". The Keck data were integrated radially over
the FWHM of the rings, and the intensity scalewas adapted to represen the integral over
the full radial extent of the rings (seeFig. 2). Equivalent width (in m) is showvn on the

right. Zero longitude was chosento coincide with the certer of arc Fraternit §.

c) Longitudinal scansthrough the ring arcs as seenby Keck, Voyager (1989) and
NICMOS (1998). The Keck and Voyager pro les were smoothed to a resolution of 3*. All
intensities are scaledto that of Fraternit® in October 2003. Equivalent width (in m) is

shawvn on the right. Zero longitude was chosento coincidewith the certer of arc Fraternit §.
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