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Abstract

We present the first Earth-based images of several of the individual faint rings of Uranus, as observed with the adaptive optics system on
the W.M. Keck Il telescope on four consecutive days in October 2003. We derive reflectivities based on multiple measurements of 8 minor
moons of Uranus as well as Ariel and Miranda in filters centered at wavelengths of 1.25(J), 1.63(H), and 2.1(Kp) um. These observations
have a phase angle of 184L.96. We find that the small satellites are somewhat less bright than in observations made by the HST at smaller
phase angles, confirming an opposition surge effect. We calculate albedoes for the ring groups and for each ring separately. We §ind that the
ring particles, as well as the particles in the three other ring groups, have albedoes near 0.043 at these phase angles. The equivalent depths ¢
some of the individual rings are different than predicted based upon ring widths from occultation measurements (assuming a constant particle
ring brightness); in particular thering is fainter and the ring brighter than expected. Our results indicate thahe ratio ofe ring intensity
at apoapse vs. periapse, is close.®30.16. This agrees well with a model that has a filling factor fordmimg of 0.06 (Karkoschka, 2001,

Icarus 151, 78-83). We also determine values of the north to south brightness ratio for the individual rings and find that in most cases they
are close to unity.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction apoapse. There are three other ring groups interior te the
ring, consisting of narrow rings with widths between 2 and
Observations of the uranian system, both from the Earth 12 km. The shepherding moons Cordelia and Ophelia con-
and from the Voyager 2 spacecraft in 19¢&mith et al., fine thee ring (Porco and Goldreich, 1987and other unde-
1986; Stone and Miner, 1986have revealed a number of tected shepherd moons may confine the other rings. Voyager
satellites as well as an extensive ring system. The Uranusobservations, in combination with stellar occultation data,
ring system consists of groups of narrow annuli in the plan- indicate that the rings consist of primarity cm size parti-
et's equatorial plane, interior te- 2Ry . The outermost cles(French et al., 1991 heir spectra are flat at visible and
ring ranges in width from 20 km at periapse to 96 km at pegr-infrared wavelengths, and their albedoes are quite low.
The small angular separation between Uranus and its
" Data presented herein were obtained at the W.M. Keck Observatory, [INgS (42,000 km< 4”), as well as between the rings them-
which is operated as a scientific partnership among the California Institute selves € 2700 km or 02" between groupsg< 1000 km or
of Technology, t_h(_e Uniyersity of California and the National_ Aeronautics () 08’ between individual rings) makes it difficult to discern
and Sp_ace Admlnlstratlon. The Observatory was made possible by the 9N 4etails of the ring structure from ground-based telescopes.
erous financial support of the W.M. Keck Foundation. . . .
" Corresponding author. Uranus’ faint rings and close moons are difficult to detect
E-mail addresssgibbard@igpp.uclinl.or¢S.G. Gibbard). at visible wavelengths due to scattered light from the planet,
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but can be more easily observed at wavelengths near 2 pmjrable 1
where the planet appears dark due to strong methane abUranus ring observations
sorption.Baines et al. (1998and Sromovsky et al. (2000)  Date (UT)  Time (UT) Wavelength  Exposuretime (s) FWHM

published ground-based images of Uranus and its rings iN5 oct2003  9:06 Kp 300 051
which thee ring with its asymmetric brightness distribution 5 0ct2003  9:33 J 180 .045
was easily observed, but due to the relatively low spatial res- 5 Oct2003  9:38 H 300 043
; ; 1 60ct2003 5:35 J 180 .049
olution (typically~ 0.5” from the ground) none of the other ,
. . 60ct2003  9:07 Kp 300 045
rings could be seeikarkoschka (2001g)ublished photom- ¢ 52003 9:33 H 300 045

etry of the uranian moons and ring system from Hubble
Space Telescope images, including ¢heng and the three
inner ring groups at visible to near-infrared wavelengths. ~ Table 2

de Pater et al. (200pyesented Keck adaptive optics (AQ)  Filter characteristics

observations of the uranian system, which were taken soonFilter name Central wavelength (um) Wavelength range (um)
after the AO system became a facility instrument. Since J 125 117-133
their field of view was 4", they mosaicked Uranus to form H 1.63 148-178

a complete picture of the planet and its rings. Their im- KP 212 195-230

ages Clear|y revealed the ring and the three inner ring Filter't.races. and furthgr information are availablehdtp://alamoana.keck.
groups. During their observations, the observers noted that"aVai-edu/inst/nirc2/filters. html
extended objects can introduce artifacts in an AO system . ] )
with a quad-cell Shack-Hartmann sensor, as described in _1he images were reduced using standard infrared tech-
detail in their paper. In response to this, the Keck AQ Niques: they were flatfielded using tv_wllght and _dome fla_lts,
team implemented a procedure which optimizes the AO sys- Pad pixels were removed (replaced with the median of neigh-
tem for extended object&an Dam and Macintosh, 2003; _borlng pixels), and the sl_<y was subtracted using a separate
van Dam et al., 2004) image of the sky taken just prior or after the Uranus ex-
We report here on observations of Uranus from Keck in Posure itself Figure 1shows images of the Uranus syst.em
October 2003, which show that use of the newly-optimized for October 5 and 6 2003. On these dates we took single
AO system led to greatly improved Strehl ratios, and hence /0Ng exposures (600 s) of the uranian ring system, which
better image quality. During these observations we achievedProduced the clearest ring separation of any of our images.
a Strehl ratio of 0.5 and a spatial resolution ©f0.05". These were the images used for the modeling of the ring sys-
This is sufficient to resolve (for the first time from an Earth- €M (discussed below). Since the disk of Uranus decreases in
based image) individual annuli including the, v, 5, and brightness frqm Jto Kp_d_u_e to strong methane ab_sorptlon at
5 rings. We present photometry of the individual uranian <P. @nd the ring reflectivities do not vary much with wave-
rings, as well as the satellites Miranda, Ariel, and eight '€ngth, the rings are more easily seen at Kp band. Several of
smaller moons, and compare our findings to the results Ofthe uranian moons are also visible, particularly at Kp band

Karkoschka (2001andde Pater et al. (2002) (Iabele_d inFig. ;). Thee ring .is easily separ.ated from the
other rings within our resolution; the three rings groups are

also clearly resolved. The and 8 rings are just resolved

at a separation of.07’, and thes, n, andy rings are also

resolved at separations of08” and 010’. The 456 rings,

. although clearly extended, are unresolved. Numerous bright
We observed Uranus with the 10-m W.M. Keck Il tele-  featyres are visible on the disk of Uranus near the South Po-

scopé on Mauna Kea, Hawaii, on October 3-6 2003 (UT). |5r bright band and at high northern latitudes, as previously

Images were obtained using the NIRC2 camera, a 2024 (gported byKarkoschka (1998and Hammel et al. (2001)

1024 Aladdin-3 InSb arra§.We obtained a typical spatial  There are also features near the equator, at latitudes where

resolution of 0.043-0.051 arcsec on nearby stars (which cor-g,cp activity has never been detected before. The dynamics

responds to about 700 km at Uranus) at all wavelengths 5nd wind velocity profiles of these features are the subject of
observed. Our ring observations are summarizethivie 1 a paper byHammel et al. (2004)

characteristics of the filters are shownTiable 2

2. Observations

1 The Keck telescope is jointly owned and operated by the University of 3- Satéllite photometry
California and the California Institute of Technology.

2 Designed by Keith Matthews and Tom Soifer, both of Caltech. The Photometry of adaptive optics images requires an assess-
instrument was built by Keith Matthews and engineer Sean Lin of Caltech, ment of the amount of |ight from the observed object that is

with help from James Larkin, lan McLean, and others at UCLA (detector trated in th t s80(th imat di
electronics and related software), and Al Conrad, Bob Goodrich, and Allan concentrated in the centermo (the approximate radius

Honey at Keck Observatory (software). Support in Waimea was provided Of control for the Keck adaptive optics system) and the resid-
by Jim Bell, Randy Campbell, and Drew Medeiros. ual light that is spread into a ‘halo’ that extends out to an arc-


http://alamoana.keck.hawaii.edu/inst/nirc2/filters.html
http://alamoana.keck.hawaii.edu/inst/nirc2/filters.html
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Fig. 1. Images of Uranus taken on 5 and 6 October 2003 (UT) in three near-infrared broadband filters. The Kp (2.1 pm) images are shown unaltered; in the J
(1.25) and H (1.63) band images the planet’s intensity (out to its physical radius) has been reduced by a factor of 30 so that the rings and déaaiét’sf the p

disk can be shown in the same image. Scattered light from the planet is important at J and H band, but at Kp band methane absorption sharply retuces the lig
from the planet so that details of the ring structure and the satellites (labeled in the images) can be seen.

second or more. In a crowded field with considerable scat- missing flux from the object. In order to do this, we used a
tered light from Uranus, it is important to use a small pho- ‘bootstrap’ procedure as follows: a photometric standard star
tometric aperture, while at the same time accounting for the was observed in “open loop” (non-AQ) mode (this star was
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Fig. 1. Continued.

too bright to be observed in AO mode) and the total counts we multiplied by the ratio of the area of a single pixel (here
for the star were calculated. This was used for the conver- 10~ arcseé or 16,900 km) to the area of the satellite.
sion of data counts to actual flux. We also observed a point We assumed that each satellite had the average cross-section
spread function (PSF) star in AO mode. Using apertures of given in Karkoschka (2001a, 2001B)Ve have searched for
1.5” (which contains essentially all the flux from the PSF) evidence of variation in satellite brightness due to the differ-
and 05” we calculated the ratio of the total flux from the ent orbital phase and therefore different cross-section of the
PSF to the ratio contained within3) (for our data thisra-  satellites. Several of the satellites (most notably Juliet and
tio was 1.2). For photometry of the large satellites of Uranus Belinda) are believed to have an oblong shape which could
(Ariel and Miranda), we determined the number of counts lead to different integrated/F when viewed at different
within an aperture of &, then multiplied this by the factor  phases of their orbits. Although we did not detect any such
1.2 to get the total counts. We then used variable apertures ornvariation, our observations of Juliet were only near the north-
Ariel and Miranda ranging from 0.15 ta®/, and calculated  ernring ansa, and for Belinda near the northern and southern
the ratio of the fraction of light within the smaller apertures ansae. In cases where the satellites were closer to Uranus we
to the ratio at ®”. This provided us the conversion factor were not able to determine reflectivity due to scattered light
for counts on the smaller moons at the decreased aperturdrom the planet. Therefore we were unlikely to see a signifi-
size. This ratio was found to be fairly consistent from image cant variation in/ / F due to a change in cross-section.
to image for a small aperture size of 0.20 arcsec (ratio of 1.5  Table 4 gives averages and error estimates for the re-
for an aperture of @ vs. 02”). We therefore used this aper- flectivities of the satellites based on the assumptions made
ture size and ratio for the other satellites of Uranus. In casesabove. In cases where satellites were observed at least three
where the brighter satellites Puck and Portia were locatedtimes at a given wavelength, the errors bars were constructed
close to the planet and there was considerable scattered lightfrom the standard deviation of the measurements, added
we estimated the contribution of the scattered light using an in quadrature to the estimated photometric error (5%). For
aperture of the same size in an area that had a similar back-satellites with only one or two observations at a given wave-
ground flux (this was necessary for some satellites at H andlength, errors were estimated as the sum in quadrature of the
J band, but not at Kp where scattered light from the planet photometric error and the estimated noise. Noise was esti-
is minimal). For the fainter satellites we did not attempt to mated for each image as the average of the noise in apertures
calculate a brightness for satellites close to the planet. at intervals of 20 at a distance of1from the planet. Sep-
Satellite integrated /F values are given iffable 3 In arate estimates were made using apertures of seahd
order to convert oud /F numbers to satellite reflectivities  0.5”. The noise estimate for the larger aperture was used for
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Table 3
Moon integrated / F
Date (UT) A Phase Avriel Miranda Puck Portia Juliet Cressida Belinda Rosalind Desdemona
Oct. 35:44 J B4 - 207 - Q043 - - 0010 - - -
Oct. 3 9:09 J 85 - - - - 0026 - - - - -
Oct. 4 5:18 J 188 - - Q75 - - - 0019 - - -
Oct. 4 7:20 J 188 - - - 0032 - - - - - -
Oct. 4 9:55 J 189 - - Q063 - Q17 - 0021 - - -
Oct. 5 5:18 J 92 - 214 0063  — - - - - - -
Oct. 5 7:20 J 12 - 229 0066 Q030 Q026  — - - - -
Oct. 5 9:33 J 02 - - - 0033 Q021 Q008 - 0012 - -
Oct. 6 5:35 J 05 174 - - - - - - - - -
Oct. 6 6:56 J 196 - - - 0036 Q020 — 0016 - - -
Oct. 35:22 H 184 - 166 - Qo037 - - 0020 - - -
Oct. 39:32 H 185 - - - - 020 - - 0010 - -
Oct. 4 5:03 H 188 - - Q72 - - - 0011 Qo011 - -
Oct. 4 7:03 H 188 - - 0077 Q038 Q020 — 0013 - - -
Oct. 4 9:39 H 189 - - - 0027 Q025 - 0016 - - 00078
Oct. 5 5:02 H 192 - 178 0078 - - - - - - -
Oct. 5 7:00 H 192 - 181 0078 Q038 - - 0013 - - 00034
Oct. 5 9:17 H 192 - - - 0029 Q022 Q0088 - 0010 - -
Oct. 6 5:20 H 196 133 - - - - - - w15 Q018 -
Oct. 6 7:11 H 196 - - 0083 - 0021 Q0057 - - - -
Oct. 6 9:47 H 196 - - - 0031 Q016 - 0011 - - -
Oct. 35:53 Kp 184 - 150 - Q052 - - 0016 Q012 - -
Oct. 39:40 Kp 185 - - Q72 - Q032 - - - - 12
Oct. 4 5:24 Kp 188 - - 0069 Q045  — 0017 Q017 Q012 Q017 -
Oct. 4 7:28 Kp 188 - - - 0047 Q032 Q016 - 0015 Q019 -
Oct.410:01 Kp 189 - - 0085 - 0027 - 0017 - - 0016
Oct. 5 5:22 Kp 192 - 155 0076 - - - - - - -
Oct. 5 7:28 Kp 192 - 160 0070 Q045 Q031 - 0010 - - -
Oct. 5 9:06 Kp 192 - 145 0070 Q043 - 0011 - 0018 - -
Oct. 6 5:40 Kp 195 1225 - - - - - w14 Q0094 - -
Oct. 6 7:17 Kp 196 - - 0078 Q054 Q038 Q017 - - - -
Oct. 6 9:07 Kp 196 - - 0081 Q047 Q031 Q018 Q013 - 0013 -
Ariel and Miranda, while the estimate for the smaller aper- 0.020 0.050 3 ‘
ture was used for the other satellites. 0.015 * 0.040 .

Since our observations were made at a phase angle oﬁ? ' *E 0.030
1.84-1.96, they are complementary to the low phase § o0.010 - B
angle measurements<(0.1°) made at these wavelengths 2 T 0020
by Karkoschka (2001a)Karkoschka found the brightness 0005} anus disk 0.010} Ring particles
of the satellites to be higher at phase angles n€ar 0 0.000 - 0.000

which indicates an “opposition surge.” In combination with
Karkoschka’s data, our results confirm the decrease in reflec-
tivity at larger phase angles. We find that the reflectivities of
the large satellites Ariel and Miranda are not constant across
wavelength, but instead show a decrease from J band to Kp.
The decreased flux of the larger uranian satellites at Kp has
previously been attributed to water i¢Brown and Cruik-
shank, 1983)A marginal detection of water ice on Puck was
made byKarkoschka (2001apased on a dip in its spectrum
at 2.03 pm. Within error bars we do not observe this effect
in our broadband filters for any of the small satellites we
observed.

The uranian rings show very little if any measurable color
variation across this wavelength range (see Sedtlmiow),
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Fig. 2. Reflectivity vs. wavelength for the disk of Uranus (averaged over
5 and 6 October), ring particles, Miranda, and Ariel. Near-infrared values
are from this work; the horizontal bars represent the wavelength range of

indicating an absence of exposed water ice on the surface ofthe broadband filters. Values at 0.55 um are extrapolated farkoschka

the ring particles. The reflectivity of the planet itseHid. 2,

(20014, Fig. 6)o values expected for a phase angle of1.9
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(]
e TS i) first panel) is a strongly decreasing function of wavelength.
S 8 p aly g g
ol 3 Our values for the disk reflectivity (0.016 at J, 0.0095 at H,
'gr N and 0.00016 at Kp) agree very well with those founddey
sl e o Pater et al. (2002(0.015 at J, 0.0090 at H, and 0.00016 at
é Kp).
o —
o N
a =
5] o
4. Rings
[ee]
o
=}
4.1. Ring patrticle reflectivities
o |®~ <
c|lodd
g 3838 Determining the amount of light that comes from each of
12 % § g the rings is complicated by the effects of the hon-symmetric
s88 and time-varying PSF and the light scattered from the planet
- and the bright ring. In order to account for these effects we
woR|S& constructed a model of the planet and ring system. This con-
A N O | =
é 223 % sisted of a (spherical) planet with constant brightAésgual
gldddlla to the averagd /F of Uranus), and the nine rings; §, y,
83 ‘é ® n, B, @, 4,5, and 6. Each ring was represented as a single-
R = pixel-wide ellipse at its appropriate distance from Uranus.
B H o g Since most pixels have only a fraction of the ellipse passing
g § § § 5 through them, we assigned to each pixel a value equal to the
Al e fraction of the ellipse that occupies it. Each ring was then as-
o = p p g
C|RSB|s signed a brightness that could be varied to get the best fit to
°ece= the data. Another free parameter was the azimuthal gradient
g in brightness in the ring. The other rings were assumed to
o g g g
SN 8 be azimuthally invariant; this assumption was tested as de-
cooo|y
- 3 3 3 o scribed below in Sectiod.2 The ring+ planet model (the
3|25 o planet is important here as a source of scattered light) was
883| ¢ then convolved with the PSF of a reference star at the appro-
Nnaal® priate wavelength.
55| 2 The best fit parameter we chose to compare our model to
SO 9|9 olira’ ;
s|ec5|8 was an average shcc_a of the_data cqnstructed by (_jeprOJect—
£ g 3 § % ing the data on a radius-longitude grid and averaging across
L1888 |= the ring system. The actual comparison was made to the
§ difference between the data and a 30-pixel smoothed im-
§ = § 3 age, which helps to remove the effects of scattered light.
ggg|® The same procedure was applied to the ring model. Since
<|dF L8 the effects of scattered light from thering are minimized
& § 'é 'é ‘l; at periapse, the slice was constructed using an average pro-
g jection of £5° from the northern and southern ansae of the
x ~oo| S rings. This model slice was compared to the data slice and
5 383|4a the values of all ten model parameters were varied (using the
AR downhill simplex method described Rress et al., 1992in-
b= g 338|g til a best fit was reached. The procedure was similar to that
P coo|g used inde Pater et al. (2002 omparisons of the data and
= % & 3 model slices are shown Figs. 3a—3dThe model values for
;:J_J g9 d g ring I/ F are given inTable 5
@ 3 j 3 A In order to convert the ring/F in our model into actual
§ T|Id5N|6 ring particle brightnesses, we considered the visible area of
£(< (B8N
g @ -
§ c|~=FE 'g 3 Due to the smoothing and subtracting procedure discussed below, the
2 §> §_ % : g results are quite insensitive to the shape of the planet or the value of the
SR I 5 planet’s, reflectivity; for example, a change in the planéy$ of 100%
0 8| D|NOA| T ) . -
o0& a2 = produces a 1% change in the ring brightness, small compared to the error
EZ|Z|S Tl in the observations.
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Fig. 3. Comparison of averaged ring brightness (averaged dvat e northern and southern ansae) to model brightness. Details of the averaging and
modeling procedure are discussed in the text. (a) Data from 5 October, northern ansa. (b) 5 October, southern ansa. (c) 6 October, northerrcais, (d) 6 O
southern ansa.

Lar‘slneui rings modeled F the rings. The area of the rings that is visible at a given time
. is a function of the subsolar latitude and the phase angle

Ring _ Wavelength  J H K of observationKarkoschka (2001b, Fig. &)ives fractional

North . L, 3 visible areas for the rings of Uranus. For our observations

€ 41x10 41x10 40x 10" : . :

5 145 10-3 19% 10-3 10x10-3 at a sub-Earth latitude of 18819.6, the visible fractions

y 57x104  73x104  45x 104 are approximately: 0.3 for the ring; 0.55 foraf; 0.5 for

7 1.1 % 10-3 8.0x 104 9.5x 104 nyé; and 0.65 for 456. Multiplying these factors by the areas

B 1.2x10°3 11x10°3 15x 1073 given in Table 1 oKarkoschka (2001hWwhich are based on

o 12x1073  96x10%  13x1073 equivalent depths frofirench et al. (1986)ives the visible

4 43 x 10:1 49x 107: 4.7 x 1Tj ring areas. We then construct a particle reflectivity by mul-

2 ggi 18_4 ;gi 18:4 g:(l)iig:“ tiplying the modeled ring//F by the ratio of the modeled

ring area to the actual visible area.

South L, ) L, Table 6shows the average ring particle reflectivities de-

; i?sz 1873 gi 18:3 ;22&1 rived from the modeled /F given in Table 5 Since we

y 90x 104  61x104  44x10-% found no significant difference in ring albedo at the wave-

n 16x10-3 1.0x 10-3 11x10-3 lengths we observed, these values are based on an average

B 12x10°3 11x10°3 1.0x 1073 of the J, H, and K measurements. The ratio of the bright-

o 12x 1073 1.2x 1073 10x1073 ness of the rings at the southern vs. the northern ansa is also

4 32x10%  38x10%  35x10°% shown inTable 6

2 ;;i 18:2 ?‘éi ig:i ;g i i}r_i Our reflectivities for the: ring particles and for the parti-

cles of the three ring groups ¢ing = 0.043,ny5 = 0.041,
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Ring (group) Reflectivity

A (km) A’ (km)

South/north ratio

¢ 0.043+ 0.002
846 0.050+ 0.008
y 0.019+ 0.004
1+ ne 0.081+0.016
Syn 0.041+ 0.005
B 0.051+ 0.004
o 0.033 0.004
apf 0.044+ 0.003
4 0.053+0.014
5 0,017+ 0.004
6 0.065+0.018
456 0039+ 0.006

950
499
657
252

1408
668
427

1095
141
181
Q82
404

950
569+ 0.91
367+0.77
370+ 0.74

1345+ 1.64
7.73+£0.60
347+0.42

1124+0.76
158+0.42
244+ 0.57
061+0.17
371+0.57

32+0.16

103+0.21
107+£0.29
126+0.21

10+ 0.04
10+0.18

078+0.19
092+0.11
1034+0.30

Note A = equivalent depth (fronfFrench et al., 1986 A’ = equivalent
depth assuming that all rings have theng particle reflectivity.

tween 0.04 and 0.05 at phase angles of D33°, while
Voyager data at larger phase angles indicated a much lower
reflectivity of 0.02. Figure 6 froniKarkoschka, 2001adi-
cates that, according to his model of the variation of the ring
brightness with phase angle, at a phase angle tofi€ ring
particle reflectivity should be 0.044. The values we find for
the e ring and the three ring groups are in good agreement
with this. de Pater et al. (2002eported the following H-
band reflectivities at a phase angle of 2.82ring = 0.042,
ny8 =0.042,ap = 0.041, 456= 0.033. These values are in
excellent agreement with our observations. Both our obser-
vations and those of de Pater et al. suggest that the 456 ring
group may have a somewhat lower particle reflectivity than
the others, although this finding does not reach the level of
statistical significance.

We have also determined the particle brightness of the in-
dividual rings {Table §. Using the equivalent depth values

af = 0.044, 456= 0.039) can be compared to values re- given by French et al. (1986)the results that we find for
ported by previous observers. Since the rings appear to bethe individual rings are quite variable (although by averag-

gray (this paperig. 2, Karkoschka, 2001a; de Pater et al.,

ing over ring groups we find values that are quite close to the

2002, we will compare values without reference to spe- value for thee ring). These variations in brightness between
cific wavelengths, considering only the effects of different the individual rings include a lowered value of thering

phase angleKarkoschka (2001&pund reflectivities of be-

and an increase in thgring. A smaller discrepancy is also
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Fig. 4. Comparison of averaged ring brightness on October 6 at Kp to two
models. The first model is the best-fit model showirig. 3, the second is
a model in which the individual rings are assumed to all have the same ring
particle brightness, equal to the average ring brightness of the ring group. used by many observers is thatldfipke (1981)However,
Equivalent depths frorfirench et al. (198&)ave been assumed to calculate ~ Karkoschka (2001b)sed a model byrvine (1966)that bet-
the ring particle brightness. ter accounts for the observed increase in brightness caused
by reduced ring particle shadowing at opposition. Using this
found foro and g rings, thep ring being brighter than ex-  model he predicts that the ratiowill increase from 2 to 5
pected andr somewhat fainter. The 5 ring also has a greatly as Uranus approaches ring plane crossing in 2007.
decreased brightness compared to the 4 and 6 rings, but we Svitek and Danielson (1987pund values of; near 2.4
do not consider this to be significant, as these rings are notfor Voyager 2 observation&arkoschka (2001bgives val-
resolved. ues ofg >~ 2.5 for HST measurements at phase angles be-
If we make the assumption that all the ring particles have tween 0.03 and 3. Combining these data with a Voyager
the same albedo as thering, then some of the ring equiv- measurement at a phase angle df @it larger phase angles
alent depths are considerably different than those given byg is highly diagnostic of the filling factoD) Karkoschka
French et al. (1986)Table 6gives values for the equivalent concludes that a value d» = 0.06 is the best fit to all the
depths of the rings based on the assumption that all ringsdata. If we use Karkoschka'’s result with= 0.06, we would
have thee reflectivity of 0.043. We again assume the frac- expecty = 3.2 for our data at a sub-Earth latitude-e18.9°
tional visible areas given bigarkoschka (2001b)~igure 4 (Karkoschka, 2001b, Fig. 5)n an analysis of six ring im-
shows a comparison of the best-fit Kp model for October 6 ages Table 3, two each at J, H, and Kp, we find the average
and a model that assumes all the rings have an albedo equalalue of the south to north ratio to be23t 0.16, in excel-
to their ring group averages. From this it can be seen thatlent agreement with Karkoschka’s prediction. We note that
the equal-reflectivity model is not a good fit for either the the north/south ratio is not exactly the samejasince the
3y n group or thexs group, although for the unresolved 456 periapsis of the ring was not located exactly at the north-
group there is little difference in the best-fit and the equal re- ernmost edge of the ringsigble 7; therefore the actual
flectivity models. Therefore it seems that either the individ- value ofg may be somewhat larger than this.
ual rings do not have the ring group averages (whichwe con-  The brightness ratios of the other rings may also vary as
sider to be less likely), or that the visible ring areas or equiv- a function of ring width, which for some of the rings may be
alent depths are not correct. Given the uncertainty inherent ina simple function of longitude. For example, thex, 8, and
trying to derive the albedo of particles in an optically-thick & rings show a simple correlation between the width and or-
ring (Dones et al., 1993)as well as the uncertainly in our bital phase, with a maximum width occurring near apoapsis
modeling, it is perhaps not surprising that our results for the (French etal., 19911 he gamma ring also shows width vari-
individual rings show a discrepancy with previous models. ations, but there is no obvious relation to the orbital phase. In
Further observations at different ring opening angles may our model we varied the brightness of theng with orbital

improve our understanding of the ring particle albedo. phase, but considered the other rings to be of equal bright-
ness at all phases. To test the validity of this assumption we
4.2. Ring brightness as a function of orbital phase also modeled the data at the southern ansdahte 7shows,

at the time of our observations the periapses ofethg, 4,

The € ring exhibits a large variation in width, ranging and 5 rings were in the northern ansa, while éheng’s pe-
from 96 km at apoapse to only 20 km at periapse. Becauseriapsis was in the south.
the optical depth of the ring is greater than 1 at periapse and  The results indicateTable § that the rings (with the ex-
less than 1 at apoapse, the ratio of the brightness at apoapseeption of thee ring) do not show any significant variation
to the brightness at periapsg,is not merely the ratio of the  in brightness from north to south except for a possible in-
ring widths. The value of is important as a diagnostic of crease in brightness of thering (which is not known to
the “filling factor” D, the fractional volume of the ring occu-  have a simple orbital phase variation in brightness). This in-
pied by ring particles. Determining the value Bffrom the dicates, first, that our modeling is not compromised by the
observed; requires a model of the ring particles; the model assumption of a constant ring brightness; and second, that
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variations in the widths of the and g rings (assuming that  obtained at the W.M. Keck Observatory, which is operated
these widths are the same as those measured by Voyager ias a scientific partnership among the California Institute of
1986) do not lead to variations in ring brightness. One ex- Technology, the University of California and the National
planation for the lack of variation in brightness is that these Aeronautics and Space Administration. The Observatory
rings have a lower optical depth than theng; thus thereis ~ was made possible by the generous financial support of the
little particle shadowing and little effect on ring brightness W.M. Keck Foundation. The authors extend special thanks
of a widening or narrowing of the ring. Another possibil- of those of Hawaii ancestry on whose sacred mountain we
ity is that there has been a change in ring width since the are privileged to be guests. Without their generous hospi-
occultation measurements were made. Further observationgality, none of the observations presented would have been
are obviously needed to clarify this point. possible.
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