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Abstract

We present Adaptiv e Optics observations of Neptune's ring system at 1.6 and 2.2 ¹ m,

taken with the 10-m W.M. Keck I I 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 these rings did not change much, except for the ring

arcs. Both the location and intensity of all arcs changeddrastically relative to trailing arc

Fraternit ¶e, which hasa meanorbital motion of 820.1118§ 0.0001deg/day, equal to that of

Nicholson et al.'s (1995) solution 2. Our data suggestthat all arcs may have decayed over

the last decade,while Lib ert¶e, in 2003, may be on the verge of disappearing completely.

The observed changesin the relative intensities and locations of all arcs further indicate

that material is migrating between resonancesites; leading arc Courage, for example, has

jumped » 8±, or, when adopting Namouni and Porco's (2002) CER (corotation eccentricit y

resonance)theory, it advanced by one full corotation potential maximum. Overall, our

observations reveal a system that is surprisingly dynamic, and no comprehensive theory

exists as of yet that can explain all the observed intricacies.

Keywords: Planetary rings, Neptune, infrared observations.
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1. In tro duction

In 1984, three telescopes in South America recorded a partial occultation of a star

near Neptune; since the 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 subsequent

years via other occultation experiments (e.g., Nicholson et al. 1990, 1995; Sicardy et al.

1991), and by the Voyager I I spacecraft(Smith et al. 1989). The Voyager data established

that the Neptunian arcsare concentrations of particles embeddedwithin the narrow Adams

ring, the outermost of ¯v e tenuousrings discoveredby Voyager. These¯v e rings include the

relatively bright Adams and Le Verrier rings, the faint Lassell ring (an outward extension

of the Le Verrier ring), the Arago ring (the bright outer edgeof the Lassell ring), 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

experiments (Smith et al. 1989;Porco, 1991;Showalter and Cuzzi, 1992;Porco et al. 1995).

Nicholson et al. (1995) analyzed the Voyager imagestogether with » 25 stellar occul-

tations by the Neptune system which were observed from Earth-based telescopes between

1984 and 1988. All observations combined indicated a mean orbital motion of the arcs of

either 820.1194§ 0.0006deg/day (solution 1) or 820.1118§ 0.0006deg/day (solution 2).

Solution 1 appeared to be consistent with the existenceof a 42:43 resonancebetween the

ring and nearby satellite Galatea, which agreed with 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 resonancebetween the ring

and Galatea (Porco, 1991).

SinceVoyager, the ring arcs were imagedwith the Near Infrared CameraMulti-Ob ject

Spectrograph (NICMOS) on the Hubble SpaceTelescope (HST) (Dumas et al. 1999) and

from the ground with the Canada-France-Hawaii Telescope (CFHT) (Sicardy et al. 1999),
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both in 1998. None of the continuous rings has been unambiguously recovered in HST or

groundbasedimages. Dumas et al. (2002) derived a mean motion of 820.1122§ 0.0003

deg/day for the arcs from the HST data, and Sicardy et al. (1999) derived a value of

820.1135§ 0.0009deg/day from the CFHT data. Both valuesare very closeto Nicholson

et al. 's (1995) solution 2, but clearly discrepant from their solution 1. This ¯nding called

into question the theory that the ring arcsare con¯ned by the CIR resonancewith Galatea.

Namouni and Porco (2002) suggestinstead that a resonancebased upon Galatea's coro-

tational eccentricit 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, each site having an angular extensionof 8.37±.

2. Observ ations

We observed Neptune and its ring/satellite system on UT 27 and 28 July 2002, and

again on UT 3{6 October 2003, with the 10-m W.M. Keck I I telescope on Mauna Kea,

Hawaii, and its facilit y instrument NIRC2 (Near-Infrared Camera) coupled to the Adaptiv e

Optics (AO) system (Wizinowich et al. 2000). Neptune's geocentric distance was 29.1 AU

in 2002,and 29.6AU in 2003. The phaseanglevaried from 0.15{0.18± in 2002to 1.64{1.69±

in 2003,while the ring opening angle was ¡ 27:7± during both epochs. We usedNIRC2 in

high angular resolution mode, 0.0100pixel size, which translates to 210 km/pixel in 2002,

and 213km/pixel in 2003. In 2002,we imagedthe Neptunian systemin K 0 (1.95{2.30 ¹ m),

in which most of the Sun's light, usually re°ected by Neptune's hazelayers, is absorbed by

methaneand hydrogen gas,greatly reducing scattered light around the planet. In 2003,we

observed the ring systemboth in K 0 and (on Oct. 5) in H (1.48{1.78 ¹ m). In this paper we

focus on the spatial brightness distribution. To enhancethe signal-to-noise(SNR) on the

rings, we combined the K 0 and H band data after normalization to the K 0 band intensities.

We typically took sequencesof 5 or 6 1-minute exposures,interspersedby the samenumber

of sky frames. A detailed observing log is presented in Table 1. All imageswere processed
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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 observed point spread function (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 observations of stars (e.g., de Pater et

al. 2002). This is causedby the fact that extended objects can intro duce artifacts in an

AO systemwith a quad-cell Shack-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 observations. This led to greatly

improved Strehl ratios on extended sources. (Seevan Dam et al. 2003and 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 resembles the Strehl ratio in our actual Neptune

observations. We ¯nd a Strehl ratio SR= 0.3 in 2002; in 2003 we ¯nd SR = 0.5 at K 0,

and SR = 0.3-0.4at H. The FWHM in our images,as measuredfrom the satellite Proteus,

which was present in many of our images,is typically between0.04500and 0.05500for both

our H and K0 band data.

All imageswere aligned with respect to Neptune to enhancedetectabilit y of the con-

tinuous rings. We estimate the accuracyof alignment to be better than onepixel. Methods

which used one 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
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alignment, the data were combined per day, the results of which are shown in Figs. 1a,

b and c for 28 July 2002 (K 0), 03 October 2003 (K 0), and 05 October 2003 (H), respec-

tiv ely. A 1-minute exposure of Neptune itself is shown on the inserts, showing detailed

structure in its clouds and haze-cover. 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

discussionsregarding previousAO observations of Neptune's atmosphere). The imageshave

beenhigh-pass¯ltered by subtracting the sameimagemedian-smoothed with a width of 50

pixels. This procedure removes di®usescattered light, and brings out small-scalefeatures

(Neptune is highly saturated in this presentation). Since the moons and rings are narrow

¯nite structures, the only light that has beenlost 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 each panel.

The moons trace out a sequenceof small arcs on theseimagesby virtue of their individual

Keplerian orbital motions.

In order to investigate Neptune's ring arcs quantitativ ely, we needto combine images

to enhancethe SNR, since the ring arcs can hardly be seenon single 1-minute exposures.

Combining 5{6 consecutive images results in too much smearing, as is evident from the

satellite arcs in Fig. 1. We therefore deprojected each individual 1-min frame, and before

co-addingshifted each one in longitude to correct for the Keplerian motion of the ring arcs.

Sincethis procedureis central to our analysis,we checked each step carefully. For example,

we checked our ring deprojection procedureby inserting an arti¯cial Galatea from the JPL

ephemeris (NEP022[1] ; Owen et al. 1991) in our original image, at 10 degree intervals

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/
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deprojection all imageswere shifted so that Galatea remained ¯xed in position throughout

each day. The di®erential motion between Galatea and the ring arcs over the course of

the observations intro ducesa longitudinal smear in the imagesof » 1±, comparable to the

angular resolution of our instrument. Sincethe ring arcsoccupieda wide rangeof locations

in azimuth over the courseof our observations, we believe that any variations in intensity

such asmight be causedby di®erent foreshorteninge®ectsin viewing geometryare minimal.

3. Results and Discussion

3.1 Global Appearance of the Ring System

The images in 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

groundbasedobservations, 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 constant 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 quantitativ 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, 0.0600on this day. Although integration over the FWHM of the

rings results in the highest SNR it doesnot encompassthe full visible thicknessof the rings.

This requires integration over a width including the full PSF, i.e., encompassingalso the

PSF halo. The di®erencebetween the two numbers is a simple scaling factor. The y-axis

on our ¯gures incorporates this correction factor (seeSection 3.3) and thus represents the

full vertically-in tegrated 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

meters: EW =
R

(I =F)dr , where I is the observed intensity, ¼F is the solar °ux density as
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re°ected from Saturn at the particular wavelength, and r is distance acrossthe arcs. The

conversion factor of 1 ¹ Jy/pixel is equal to an I =F of 359 km2. The intensity in scale in

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

The ring brightnessin Fig. 2 is slightly suppressedwherethe 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 ¯ltering processdid an excellent job

recovering the rings even close to Neptune, the scattered light contribution was slightly

overestimated, and hence the absolute intensity levels at these longitudes are ignored in

this study. The ring brightness varies 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 pro¯le through the ring system is displayed in Fig. 3. Data were averaged

in azimuth for each day, excluding satellites and ring arcs. Pro¯les for July 2002 and

October 2003are shown in the top two panels, with a combined pro¯le at the bottom. A

Voyagerpro¯le at a phaseangleof 135± is superposedin all panels. The brightnesscontrast

between the Le Verrier and Adams rings is very similar in the Keck and Voyager data, in

spite of the very di®erent wavelengthsand phaseangles. This provides further support for

the suggestion,basedon the Voyager phasecurves, 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 show an enhancement in intensity at this same

radial distance. Unfortunately, scattered light from Neptune makesit di±cult to detect the

Galle ring reliably. It is possible that the elevated intensity levels at the location of the

Arago and Lassell rings are causedby the presenceof these rings, but the SNR is too low

to justify more than hinting at a possibledetection.
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3.2 Relative Changesin the Ring Arcs

Deprojection and subsequent shifting of the ring images (Section 2) reveal the ring

arcs at high signal-to-noise,displayed in Fig. 4a for each epoch individually . In Figs. 4b

and c we show longitudinal scans. Thesescanswere obtained from Fig. 4a by integrating

the data in the radial direction over approximately the FWHM of the arcs: 0.100 in July

2002,and 0.0600in October 2003. The FWHM in the two yearsdi®er due to the substantial

improvements in the AO system,discussedin Section2. Scansat full longitudinal resolution

(» 1±) are shown in Fig. 4b. Although the pro¯les were obtained by integrating radially

over the FWHM of the arcs, the intensity scaleon the left represent 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 ¶e. Fig. 4c shows the samescanssmoothed to a resolution of 3±, superposed

on the NICMOS (1998) data. In the latter ¯gure, the scanshave been normalized to the

approximate intensity of the Fraternit ¶e 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¶e. The zero-degreein longitude was chosen to coincide with the

center of arc Fraternit ¶e. At the Earth received midtime of our observation at 6:37:48UTC

on 05 October 2003, this corresponds 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 ¶e 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 ¶e, Egalit¶e has changed both in relative brightness and longitudinal extent

(FWHM) since the Voyager °yb y. In 2002 Egalit¶e was » 17% brighter than Fraternit ¶e

(» 3¾), while in 2003 its intensity decreasedto » 7% below that of Fraternit ¶e (» 2¾), a
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relative changeof » 24% (5¾) in total. In both Keck epochs, as in 1998,Egalit¶e was wider

in longitude (» 30% in FWHM) than in 1989. From Fig. 4b it appears that the relative

brightness between ring arcs Egalit¶e 1 and 2 is inverted from what Voyager observed in

1989. We note that while Egalit¶e has increasedin overall longitudinal extent, the width in

azimuth (FWHM) of Fraternit ¶e is only 75% that observed by Voyager.

Arc Lib ert¶e has continued to decreasein intensity sincethe NICMOS observations. In

1998,NICMOS showed that Lib ert¶e's intensity had decreasedroughly by » 25% compared

to the Voyager era (relativ e to Fraternit ¶e), and the arc was observed » 3± ahead of its

longitude. In 2002,our data suggestthat Lib ert¶e may consistof two narrow arcs, separated

by » 4.5±, with the leading arc at the original Voyager location. After smoothing the pro¯le

to the approximate angular resolution of the NICMOS data (Fig. 4c), the two arcsresemble

the double-hump structure observed 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¶e and Courage(Dumas et al. 1999),whereasin 2002the Keck double-

hump curve is just Lib ert¶e. In 2003,Lib ert¶e appearsagainasonearc at the original Voyager

(1989) location, at just » 30% of its original brightness(relativ e to Fraternit ¶e).

Courage,usually a low-intensity arc, °ared in intensity to becomenearly as bright as

Lib ert¶e when NICMOS observed it in 1998; this °aring was attributed at the time to a

possibleexchangeof material betweenthe two arcs. In 2003,both Courage'sand Lib ert¶e's

intensities had decreasedto levelscomparableto thoseof Courage'sintensity in 1989. Most

interesting is Courage's apparent » 8± shift in the leading direction, as compared to 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

adjacent to its previous location. If it alsowas+8 ± aheadin its orbit in 2002,it washidden

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

3.3 AbsolutePhotometry
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We have shown 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. Since the individual arcs are visible after deprojection and shifting/adding,

we usedGalatea asa standard calibrator in the deprojected images. The °ux density of the

satellite Galatea was¯rst determined from our original images,using standard photometric

calibrators (Section 2). We note that photometry of adaptive optics images requires an

assessment of the amount of light from the observed object that is concentrated 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 used to calibrate the ring arcs in Fig. 4a. Galatea

is unresolved in our data, as are the ring arcs in the radial direction. We determined the

number of counts for Galatea and the ring arcs by choosing boxesaround the objects with

the sameradial width, and going o®the object by the samedistance in 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 excellent agreement with those derived by

Dumas et al. (2002). Karkoschka (2003) examined the re°ectivities of Neptune's inner

satellites from Voyager data (0.55 ¹ 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(seeKarkaschka, 2003, for further discussions).

We ¯rst examine the absolute intensities of the combined ring arcs Fraternit ¶e and

Egalit¶e, 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

constant albedobetween1.6 and 2.3 ¹ m (row 4, Table 2). The results suggestno signi¯cant
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changebetween2002and 2003,and perhapsa » 25%increasein (scaled) intensity between

1998and 2002/2003. Assuming a ring arc normal optical depth of 0.1 (Porco et al. 1995),

we ¯nd a ring re°ectivit y for Fraternit ¶e and Egalit¶e in 2003of 0.082{0.088at H{K 0 bands

(Table2), in excellent agreement with the NICMOS overall ring arc geometricalbedo. Based

upon the Voyager measurement of 0.055§ 0.004at visible wavelengths (Table 2; Porco et

al. 1995)we ¯nd that the ring arcsare quite red, in contrast to nearby Galatea. A red color

is typical for dusty rings, such 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¶e and Courage

seemsto be balancedby a brightening of trailing arcs Fraternit ¶e and Egalit¶e.

To comparethe ring arc intensities to the 1989spacecraftdata, we selecteda Voyager

data set at a phaseangle of 8± (close to backscattered light). We assumethat the overall

brightnessof the Le Verrier ring hasremainedconstant, and that the colorsof all rings/arcs

are the same. This assumption is supported by our observation 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 ¶e

and Egalit¶e arcs to that of the Le Verrier ring is 5.7 § 0.8. For the October 2003Keck data

we ¯nd a ratio of 2.8 § 0.6. Therefore, given our assumptions,arcs Fraternit ¶e and Egalit¶e

seemto have decayed over the decadeprior to 1998. If true, these ring arcs may slowly

disappear over the coming decade(s).

3.4 Mean Orbital Motions of Arcs and Galatea

On all days, the position (centroid) of arc Fraternit ¶e coincidesexactly with that pre-

dicted by Nicholson et al. 's (1995) solution 2, which yields an average mean motion of
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820.1118§ 0.0001deg/day. The centroid of arc Egalit¶e is just ahead of the position pre-

dicted for Voyager (sub-)arc Egalit¶e 2, and appearsto be closerto the position of (sub-)arc

Egalit¶e 1. This apparent change in brightness structure has probably led Dumas et al.

(1999, 2002) to propose a mean motion for the arc system (820.1122§ 0.0003deg/day)

slightly di®erent from Nicholson et al. 's solution 2.

In 2002, the satellite Galatea is 7.2 § 0.5± ahead of the nominal longitude predicted

from the Voyager-basedephemeris[2] ), where the uncertainty is basedpurely on our own

measurements. In October 2003 we ¯nd that Galatea is 8.2 § 0.5± ahead of its nominal

position. From this we compute an averagemeanmotion for Galatea of 839:66136§ 0:00007

deg/day, a value that is in generalagreement with the CFHT (839.6613§ 0.0005deg/day;

Sicardy et al. 1999)and NICMOS (839.6615§ 0.0004deg/day; Dumaset al. 2002)observa-

tions, and that falls within the uncertainty of the original Voyager-basedorbital parameters

(839.6598§ 0.0025deg/day; Owen et al. 1991). Marchis et al. (2004) have independently

derived accurate positions from all our 2002and 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 839.66130§ 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 trapped instead in Galatea's 43:42corotation eccentricit y

resonance(CER). Although, as pointed out by Namouni and Porco (2002), the CER by

itself cannot explain the exact observed mean orbital motion, the CER theory can explain

the precise value if the ring arcs' inertia is taken into account. Depending on the arcs'

mass, Galatea's apsidal precessionrate can be changed such as to 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/da y) derived from Voyager
data by Owen et al. (1991).
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where the arcs can be located, each 8.37± in extent, while the CIR generates86 sites, each

4.18±in extent. While both the mean motion of the arcs and the full longitudinal extent of

arcs Fraternit ¶e (» 10±) and Lib ert¶e (» 8±) may favor the CER model for con¯nement, the

possibleexistenceof the narrow twin-arcs Lib ert¶e 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¶e (»

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

4. Conclusion

We presented Keck Adaptiv e Optics observations of Neptune's ring system from July

2002and October 2003. Thesedata show the complete Adams and Le Verrier rings for the

¯rst time since the Voyager era. The intensity ratio between the 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 ¶e appears to follow a well-de¯ned mean orbital motion at 820.1118§ 0.0001

deg/day, all other arcs shift in location and intensity relative to Fraternit ¶e. In particular

the leading arcs Lib ert¶e and Courage are severely diminished in intensity as compared to

the Voyager observations. Voyager (sub-)arcs Egalit¶e 1 and 2 appear to have reversed in

relative intensity, perhaps the result of material migrating between resonancesites. Both

the 1998 NICMOS and 2002/2003 Keck data indicate that arc Lib ert¶e changesresonance

sites; if the twin-arc structure seenin 2002is real, it might represent such a resonanceshift

in progress. In 2003, Courage was observed » 8± ahead in 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 balancebetween interparticle 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 ¶e, might provide a sourcepopulation of arc

particles. We note that the red color of the ring arcs,asderived in this paper and by Dumas

et al. (2002), is consistent with ring arcs being composedof dust, the natural product of

moon erosion. If indeed the entire arc system is decaying over as short a timescaleas » 10

years, as our data suggest,the loss mechanism must, at present, be acting faster than the

regeneration mechanism. No quantitativ e theory has yet been devised that can describe

such rapid dynamical evolution.

The meanorbital motion of 820.1118§ 0.0001deg/day that we derived for arc Frater-

nit ¶e 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 eccentric-

it y resonance(CER), which is basedupon Galatea's orbital eccentricit y. Our data further

helped re¯ne Galatea's meanorbital motion to 839.66130§ 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 searches

for small deviations in the satellite's ephemeris,such as might be causedby a gravitational

interaction betweenGalatea and the ring arcs.

Based upon our ¯ndings with regard to the ring arcs, we encouragecontinued obser-

vations of Neptune's ring system to track any future changes.Will indeed someor all ring

arcs decay away over time? Or will the full arc system bounce back into existence? Or

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

Fig. 1. a) Averageimage of the 28 July 2002data (2.12 ¹ m, 33 min. total integration

time), revealing satellites, ring arcs and the complete Adams and Le Verrier rings. The

imageshave beenhigh-pass¯ltered by subtracting the sameimage median-smoothed with

a width of 50 pixels. This procedureremovesdi®usescattered light, and brings out small-

scalefeatures (Neptune is highly saturated in this presentation). A 1-minute exposure of

Neptune itself at K 0 is shown in the insert.

b) Averagehigh-pass¯ltered imageof the 03 October 2003data (2.12 ¹ m, 30 min total

integration time). The insert shows a 1-minute exposureof Neptune itself at K 0-band.

c) Averagehigh-pass¯ltered imageof the 05 October 2003data (1.63 ¹ m, 23 min total

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

Fig. 2. Longitudinal scanalong the Adams ring, obtained from the deprojected image

of 03 October 2003. The scanhasbeenintegrated in the radial direction over the full extent

of the rings, as discussedin the text. Zero longitude was chosento coincidewith the center

of arc Fraternit ¶e. Equivalent width (in m) is shown on the right.

Fig. 3. Radial pro¯les through the rings. These pro¯les were obtained by averaging

over azimuth on each day, away from satellites and ring arcs. The radial pro¯les for the

2002 and 2003 epochs are shown in the upper panels, and the combined scan is shown 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 £ 104 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 Voyager pro¯le (scaledin intensity to

match Fraternit ¶e) at a phaseangle of 135±. The Keck data were integrated radially over

the FWHM of the rings, and the intensity scalewas adapted to represent the integral over

the full radial extent of the rings (seeFig. 2). Equivalent width (in m) is shown on the

right. Zero longitude was chosento coincide with the center of arc Fraternit ¶e.

c) Longitudinal scans through the ring arcs as seen by Keck, Voyager (1989) and

NICMOS (1998). The Keck and Voyager pro¯les were smoothed to a resolution of 3±. All

intensities are scaled to that of Fraternit ¶e in October 2003. Equivalent width (in m) is

shown on the right. Zero longitude waschosento coincidewith the center of arc Fraternit ¶e.

22



���������

�
	
���
 �

�
��	�

������

�

��������

�

������ 

!
"#$ #���� 

!

��

%

��& "#' �

%
(#�(��  )�)�* � '

+

,--,./�

%

,0(1, (-23,45-067- 5-648:9- 51 64

,--,./�

%

,0(1, (1 43,45-067- 5-648:9- 51 64

,--,./�

%

,0(1, (733,45-067- 5-648:9- 51 66

,--,./�

%

, 6(11 ( 273,45-007- 5-648:9- 51;0

,--,./�

%

, 6(1, (1,4,45-007- 5-648:9- 51;0

,--,./�

%

, 6(1, (7-3,45-007- 5-648:9- 51;3

,--,./�

%

, 6(1, (;73,45-007- 5-648:9- 51;3

,--,./�

%

, 6(17 (1 -3,45-007- 5-648:9- 51;;

,--7<= " 5-7 (-0(1 -;,45;;,7- 5-008:91 5377

,--7<= " 5-7 (-0(,0;,45;;,7- 5-008:91 5377

,--7<= " 5-7 (-0( 2-;,45;;,7- 5-008:91 5377

,--7<= " 5-7 (-0(;;;,45;;,7- 5-008:91 5377

,--7<= " 5-7 (-6(-,;,45;;,7- 5-008:91 5377

,--7<= " 5-7 (-6(1 0;,45;;77- 5-008:91 537 2

,--7<= " 5- 2(-3 (1 -;,45;337- 5-008:91 53 24

,--7<= " 5- 2(-3 (,;;,45;337- 5-008:91 53 24

,--7<= " 5- 2(-6(1;;,45;3 67- 5-008:91 53;-

,--7<= " 5- 2(-6(7-;,45;3 67- 5-008:91 53;-

,--7<= " 5-;(-3 (1 -;,45; 617- 5-00>1 533;

,--7<= " 5-;(-3 (,0;,45; 617- 5-00>1 533;

,--7<= " 5-;(-3 (7;;,45; 6,7- 5-00>1 533;

,--7<= " 5-;(-3 (;1;,45; 6,7- 5-00>1 533;

,--7<= " 5-;(-6(-37,45; 677- 5-00>1 5333

,--7<= " 5-3 (-3 (-7;,45;437- 5-008:91 53 6-

,--7<= " 5-3 (-3 (1 6;,45;437- 5-008:91 53 6-

,--7<= " 5-3 (-0(7,;,45;407- 5-008:91 53 61

,--7<= " 5-3 (-0( 24;,45;407- 5-008:91 53 61

�
?

!

� &=� "��='� �"� =�

@

�

�

?

#��� &=� "��='� �"� =�

@

)�����

!

�����1
A

��  /"��  "�

!

��"� & ��  >

B

1 526

C

1 506

D

�

E

&�8
9

B

1 54;

C

, 57-

D

�

E

@

"#���  

!

&

F

� �  

!

� 

!

��G��
H

,0I0

+

5



���������
��� ��
 	
����������	
�
 	
���� �	���	� ����	
��
 �

�
����

8�=
,--,8�=
,--78�=
,--7����<�1 446

�

� &

%

�

!

��1 464��

, 51,

D

�, 51,

D

�1 537

D

�1 560

D

�- 5;

D

�

��� �"� ��/�'� �� "

%

B

D

.

%

E��

; 5-

�

- 56; 5,

�

-530 51

�

1;

�

,

��� �"� ��

���

 

-5-43

�

- 5-1;- 5-42

�

- 5-11- 5-66

�

-5-1,- 5-63

�

- 5-3-5-04

)�=�

B

�

!
"

E�#

�/�'� �� "

%

B

D

.

%

E

7 57

�

- 507 53

�

-5;; 54

�

-547 5;

�

- 5;

�= ���'
$

��=�

B

�

!
"

E

�/�'� �� "

%

B

D

.

%

E

7 52

�

- 507 53

�

-5;7 54

�

-53, 50

�

- 52

)�=�

B

�

!
"

E
�

���

%

- 5-66

�

- 5-1,- 5-6,

�

-5-17-5-67

�

-5-1,-5-;;

�&"���&�= ���'

#

��=�/�'� �� "

%

B

D

.

%

E

25,

�

-537 53

�

- 53

�

'�"��� &�'/���� "�� 5

B

,--,

E

5

�

'�"��� &�$ &�= &()*+,

B

1 44;

E

� '8��
 &�= #
�

B

,--7

E

5

�

)��/ =��"��  "����  =�/'��1 -

-

F

#&" &�� "��== ���*� �"� & ��� &� 5

 

�

�
�� �= ��=/��"�'���/��  

!

�04
���'�/�� &�����"� �5

#

� &�*�  �'��  

!

��=��� �"�� � "

.

�� '"

!

��� "

.

� 5�#�,--78�=
' �"��  =�/'��

/

-52

D

.

%

�/�'� �� "

%

�� &�"#�

B

* �=


!

� &/ '

E

)' �����  

!

� "���� 5

$

)��/��  

!

� �/"���= &� &�� &�"#���  

!

�

0

G��= ���'"#�1 537� '1 560

D

�' �"��== &�'�  

!

" &"#��/ 

9

�����= "� �� "

%

B

'� ��'�'"#� &*��� ��'

�/�'� �� "���*

%

� �= " &�� &�1 5;-� '1 5, 6

0

���

F

�= "� ���

%

E

0

� '��

F

"/ �

9

�

!

� &=� "��=� ' #��� &=� "��='� �"� =�= &�

F

���'" &"#&�� & <= " 57

0

,--7 5

%

)��/��'(1;
���'� ��� �"� "

@

,;

+

�  �1��/"#

@

 &���� &

F

"�= ��'�

F

"#2

?

- I1

B

$ &�= &()*+,1 44;

E

5�#�����<�����= "� �� "

%

� �� &�"#�

� "� ����  

!

��=�

%

�"��5

&

��/�'� �� "

%

&� �����=�= &�*�  �' 5�#�,--78�=
' �"��  =�/'��

/

- 5;

D

.

%

�/�'� �� "

%

�� &�"#�

B

* �=


!

� &/ '

E

)' �����  

!

� "���� 5



Proteus

Le Verrier ring

Galatea

Ring arcs

Despina Larissa

Adams ring

28 July 2002 K'-Band

Despina

Larissa

Galatea

Ring arcs

Le Verrier ring

Adams ring

03 October 2003
K'-Band

05 October 2003

Proteus

Despina

Larissa

Galatea

H-Band

ring arcs

Adams ring

Le Verrier ring

a

b

c



Equivalent Width (m)



0

20

40

60

80

Radial distance (km)

0

20

40

60

80

Radial distance (km)



Ju
ly

 2
00

2

O
ct

ob
er

 2
00

3

F
ra

te
rn

ite
   

  E
ga

lit
e 

   
  L

ib
er

te
   

   
   

   
  C

ou
ra

ge

G
al

at
ea

A
da

m
s 

rin
g

A
da

m
s 

rin
g

Le
 V

er
rie

r 
rin

g

Le
 V

er
rie

r 
rin

g

a

b
c

Equivalent Width (m)

Equivalent Width (m)


