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We imaged the jovian ring system at a wavelength of 2.27 pm
with the 10-m W. M. Keck telescope on August 14 and 15, 1997,
when the ring plane was almost edge-on (opening angle 3 =0.17°)
and near opposition (phase angle a =~ 1.1°). The resolution in the
images is 0.6” = 0.025 R;. We obtained the first images of the jovian
halo and gossamer ring in back-scattered light, and the best ground-
based images to date of Jupiter’smain ring. The mainringis radially
confined between 1.70 and 1.82 R; (where 1 Ry = 71398 km), with
a maximum (after inversion) at 1.79 R;, in agreement with the
Voyager findings. The halo extends inward from the main ring (at
1.71 R;) down to 1.40 R;, apparently bounded by the locations of
Lorentz resonances. Roughly 50% of the halo’s intensity originates
from a region within ~700 km from the equatorial plane, although
it is visible up to ~10,000 km above and below the plane. Although
the vertical extent agrees with Voyager findings, the halo’s intensity
relative to that of the main ring in the Keck images is much less
than in forward-scattered Voyager images, which we attribute to a
predominance of micrometer-sized particles, which scatter visible
light preferentially in the forward direction. The gossamer ring is
found to have two components, with steep dropoffs in brightness at
the orbits of Amalthea and Thebe. The first, Amalthea’s gossamer
ring, is visible between the main ring’s periphery and ~2.55 Rj;

it is relatively uniform in brightness and has a vertical thickness
(FWHM) of 0.06 R;, clearly broader than the FWHM of the main
ring (0.045 R;) and the image resolution. The other component,
Thebe’s gossamer ring, is a factor of five fainter than Amalthea’s
ring and about twice as broad vertically (FWHM = 0.12 R;). This
ring extends outward to 3.11 R;, but additional material is visible,
albeit barely, out to ~3.6 R;, near the edge of our images. The
vertical extent of both the Thebe and Amalthea rings decreases
with decreasing distance to the planet.  © 1999 Academic Press
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1. INTRODUCTION

Jupiter’s ring was first detected, although indirectly, by
Pioneer 11, when charged particle detectors experienced su
den drops in the energetic particle fluxes in the region 1.7-
1.8 R; (1 Ry=71,398 km, 1 jovian radius at the 1-bar level;
Smoluchowski 1976) (Filliust al. 1975). The firstimage of the
ring, in back-scattered light, was obtained by Voyager 1, which
was followed by two dozen Voyager 2 images (Owanal.
1979, Jewitt and Danielson 1981, Butsal. 1984, Showalter
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et al. 1985, 1987). The latter spacecraft obtained images bathg appears to consist of three components (Betrad. 1984,
in forward- and back-scattered light. Subsequent to the Voyaditowalteret al. 1985, 1987): a narrownain ring roughly
detections, several researchers succeeded in obtaining groui®0 km wide, with an abrupt outer boundary at 181a more
based measurements of the ring, the earliest of which were gbadual inner boundary at 1.7/, and a normal optical depth
tained by Becklin and Wynn-Williams (1979) at near-infrared ~ few x 10-°. Interior to the main ring lies thlalo, which
wavelengths, Smith and Reitsema (1980) at visible wavelengtbensists of a radially confined torus of faint material, with an
and Neugebaueet al. (1981) both at 0.88m and in the in- inner boundary at-1.4 R;andr =~ 10-%. The halo’s full vertical
frared between 1.6 and 24m. Jewittet al. (1981) published thickness was measured to b€ x 10* km (Showalteret al.
the first groundbaseichageof the main ring ansae at 0.889n, 1985). The third component of the ring system is the extremel
followed in 1991 by near-infrared images of the main ring angnuousgossamer ringr ~ 10~7), which extends from just ex-
associated small satellites Metis and Adrastea by Nicholstarior to the main ring outward to at leasB8 R;, well beyond
and Matthews (1991). Recently, Galileo has imaged the ridgnalthea’s orbit.
in forward-scattered light (Ockert-Bedt al. 1999). As indicated by the optical depths given above, the joviar
In Voyager images the jovian ring was much brighter ining system is extremely faint; its precise structure and the ne
forward- than in back-scattered light, suggesting a large papwe of the ring particles are thus poorly known. Observations it
ulation of micrometer-sized and submicrometer-sized dust. Tleeward-scattered light are sensitive mainly to micrometer-size
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FIG. 1. The jovian ring sytem as imaged by the W. M. Keck telescope at a wave-length ofith27a) and (b) show the west and east side of the ring,
respectively, while (c) shows the sum of the two rings, after the east ring was “flipped” and the background emission subtracted (see text)tylindhetéattdr
image is twice that in the individual images to emphasize the gossamer ring.
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grains, while measurements in back-scattered light give infaypically integrated for 20 s per exposure, although exposure
mation on larger-sized grains and macroscopic bodies. “Specttargeted at the gossamer ring were 60 s long.

of the rings and variations in intensity with phase angle provide We linearized and flat-fielded the data according to standar
clues as to the material composition and the size distributipnocedures (Graharat al. 1994). The absolute calibration of
of the patrticles, both of which constrain the origin of the ringghe images was set by observing the HST IR standard stat
Since the lifetimes of micrometer-sized grains are brief (Burr&J9101 and SJ9182, which have K-bahe=(2.2440.23um)
etal.1980, 1984, 1999), the rings must be young and continuallyagnitudes of 1223+ 0.008 and 11082+ 0.010, respectively
replenished with material, although the precise mechanisms(Berssoret al. 1998). The K-band flux density from a zero-
birth and death are disputed. magnitude star is 646 Jy (1 3y10-26 W m—2 Hz™1). We mea-

To improve our understanding of the jovian ring system, waured the extinction coefficient for each night by observing the
observed the rings during the time that Earth was near the risigndards over a range of airmasses. At one airmass, one coun
plane and near opposition in August 1997. Observations wemresponded to a flux density of 0.161y on August 14, with
also made during the actual ring plane crossing in October 198, extinction coefficient of 0.1 mag/airmass. On August 15 one
but will be described elsewhere. In this geometry, optically thitount/s corresponded to 0.1Gdy, with an extinction coeffi-
rings that are confined to the equatorial plane (main ring, gagent of 0.03 mag/airmass. Observations of the stars suggest o
samer ring) are much brighter than under normal viewing coaalibration uncertainty to be3%.
ditions, when the ring opening angle is on the ordegef 3°. To compare our measurements with previous results and phy:
In addition, the edge-on geometry makes it easier to extract fbal models, we convert from units of Jy/pixel to the dimension-
vertical structure of the halo and any north—south asymmetriésss ratiol /F. Herel is the reflected intensity, andF is the
if present. In this paper we report our first set of observatioriacident solar flux density at Jupiter at the wavelength of ob-
obtained near jovian opposition in August 1997, at a wavelengghrvation. By this definitionl /F =1 for a perfectly diffusing
of 2.27um. “Lambert” surface when viewed at normal incidence. We re-

call that the solar flux density at Jupiter (5.061 AU on these
2 OBSERVATIONS dates),F =1.451x 101 W m=2 Hz 1 =1.451x 10'? Jy at
A =227um (Arvesonet al. 1969). Note that values df/ F are

We observed Jupiter’s ring system on UT 1997 August iadependent of geocentric distance and can be readily compare
and 15 using the 10-m W. M. Keck telescémm Mauna Kea, With those at other wavelengths because the solar spectrum h
Hawaii. The opening angle of the rings wad @ on both days, been removed.
and the planet's phase angle wa87 on August 14 and .28
on August 15. At this opening angle, the projected minor axis 3. RESULTS
of the main ring is<0.3". The seeing was-0.6” on both days
so the rings are effectively seen edge-on. We used the fadil- Images

ity’s near-infrared camera (Matthews and Soifer 1994), whichis p|| frames were rotated during the processing so that Jupiter’
equipped with a 256 256 pixel Santa Bz/a/rbara Research Cofjorth pole was up, and the rings horizontal in the images. We
poration InSb array. The pixel size isl31", corresponding 10 carefully aligned allimages using the predicted positions (offset:
444 km at Jupiter. The observations were carried out with a fi}yy, Jupiter) of the moons Amalthea, Thebe, Metis, or Adrastes
ter centered at a wavelength=2.268 um (2.190-2.34%:m). (3P, Horizons ref. orbit JUP059). Positional tests with pairs of
Sunlight, usgally reflected by Jupiter’s thick cloud Iayers,.|s abroons showed that the ephemerides of all moons (includin
sorbed at 'Fhls wavelength by methane gas above the main C"Nﬂastea) are remarkably good. In moonless frames we em
qleck, making the planet very dark and greatly reducing scattet@gyed the half-power point of the outer edge of the main ring
light near the rings. _ __toalign the images in the east-west direction. We used a simpl
- On UT August 14 we observed the west side of Jupiter§ayssian fit to the main ring to adjust the vertical alignment of
ring, and on August 15 the east side. These days were Caref'é'l'Mmages. After aligning all images, the moons, stars, and an)
chosento avoid interference by reflections from Galilean MOOREmaining bad pixels were removed from the images, prior tc
Observational sequences were designed to take five image%d%{dding the data. Our final image size was 500 pixels.
Jupiter’s ring, each shifted in position by a few arcseconds t0The averaged images from August 14 and August 15 are
gvmd the superposition of bad pixels. In between two sets of fi¥g o\ in Figs. 1a and 1b, respectively. The main ring (red) anc
images, we moved 200-248o0rth or south to measure the skyp g\ (yellow—green—blue) are clearly visible on the images, a:
This was also done in sets of five images, each shifted B840 \ye| a5 the gossamer ring (blue—violet) between 1.8 andRg.5
that stars were deleted when we median-filtered the frames. Mg asymmetries are noted between the east and west ans:
nor in the north—south direction. To improve the signal-to-noise
(S/N), we therefore ‘flipped’ the east ansa from east to west,
1 The W. M. Keck telescope is jointly owned and operated by the Universind averaged the east and west sides together. The extent of t
of California and the California Institute of Technology. halo was determined from vertical scans through this combine
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0.3

— 3.2. Edge-on Profiles

Figure 3 displays edge-on radial profiles extracted fron
the ring image displayed in Fig. 1c. To enhance 8i&l, we
Hanning-smoothedall radial profiles shown (i.e., in Figs. 3a,
3b, and 6a, 6b). The lower solid curve in Fig. 3a shows a profil
integrated over the inner five rows centered on the ring plane, i.€
over 0.73 (=0.03 Ry). This profile thus represents the edge-on
radial profile of the main ring. The upper solid curve is inte-
grated over 5/9(=0.24 R;), and thus represents a profile of the
% level 1 vertically integrated halo plus main ring. The dashed line is the
of peak | (.75 strip after the peak intensity at 1. F3is scaled to the 1.73
6 L e 59 R; intensity in the S.Qstrip.. ' . .

| e e 10% | We note that the intensity in both strips drops dramatically
e ™ going outward between 1.73 and 1.B3, and in the 075’ strip,

r e, 20% 1 it decreases more gradually toward smaller jovian radii. Thi:

L - —— 50% suggests, in agreement with Voyager data, that the main ring

et g e A - confined to a narrow range of radii. However, since we view
) e e TP the ring nearly edge-on, the peak brightness in these profiles

1.2 1.4 1.6 1.8 displaced inward from the brightness maximum measured b
distance (R,) Voyager (1.79R;; Burnset al. 1984, Showalteet al. 1987). The
5.9 strip looks very different than the 0.75trip inward from

FIG. 2. The full extent of the main ring and halo (from the combineqhe ring ansa and suggests that. in projection the halo exten
image, Fig. 1c, before the background was subtracted) at 5, 10, 20, and 50% ' '

of the peak intensity along a vertical scan that crosses the equatorial plang](ward from 1.68R;. Assgmlng tha't the peak intensity at 1.R3
the radial distance is indicated. For each scan, the background was determigedue only to the main ring, the difference between thé &l
and subtracted. For comparison, we indicate the angular resolution or seed@gled 0.75 strips suggests that at least 30% of the vertically

(FWHM) by a dashed line. integrated intensity at.4 <r < 1.68 R; can be attributed to the
halo. We say at least 30% since the halo emission from ne:
the ring plane has been counted as main-ring emission in th

image, where for each scan an average background level w@proach, as has the (minor) contribution of the gossamer rin

estimated from the values at large distance$.¢4 R;) north  The abrupt change in slope at Réin both profiles suggests this
and south of the ring. This background level was subtracted fgrthe inner boundary of the halo. We superposed the locatior
each scan individually. The result is shown in Fig. 2. The fullif the moons Metis and Adrastea, as well as the locations of th

extent of the halo i3-16,000 km €0.22 R;) at the 5% level of Lorentz 2:1 and 3:2 resonances on the figure. These will b

the peak intensity, which is compatible to the value measured#igcussed in more detail in Section 4.

Voyager in forward-scattered light (Buratal. 1984, Showalter ~ Figure 3b shows edge-on profiles across the region of th

et al.1987). gossamer ring. The solid line shows an average over”0.7¢

As shown in Figs. 1a and 1b, scattered light from the plangt0.03 R;), centered narrowly about the equator, while the
dominates the emissions close to Jupiter, and also affects #aghed line shows an average over 3.(:0.13 R;). Note that
rings at larger distances. Since Jupiter is characterized by zom@l intensities of the two scans are practically equal beyon
bands, with a very strongy0.35-0.4R; wide, band centered 2.55 R;, while the broader scan is at about half the intensity
near the equator at this wavelength, it is important to determifeel of the narrower scan at< 2.5 R;. Both profiles show

a “background” radial profile from scans parallel and as clogs®rupt decreases in intensity in the vicinity of 285 the orbit

as possible to the rings. We constructed such a profile from figethe moon Amalthea. Beyond 3. Ry, near Thebe’s orbit, the

rows just north and south of the halo (25-29 pixel8.155— average intensity drops again, a feature which may be more o

0.180R; from the mid-plane), to represent the background &ous in Fig. 4b (discussed below). In this figure a vertical sca

accurately as possible, but such that we do not overlap with tigeshown through the ring, averaged between 2.65 and ;11

halo (Fig. 2). We constructed a “background image” from thigolid line), and 3.15 and 3.6R; (dashed line). This figure, the

profile by setting each row in a 560400 pixel image equal edge-on profile in Fig. 3b, and the image in Fig. 1c, show tha
to the radial background profile. This background image wase ring is still “visible” atr > 3.11 R;, albeit barely above the
subtracted from the averaged “observed” image, the result of

which is shown in Fig. 1c. This figure clearly shows the main

ring, halo, and gossamer ring, without the confusion of Jupiter's, Hanning smoothing is usually used in spectral line observations and consis

scattered light. We used this image in the analysis descrig@@pplying a running 3-pixel boxcar average across the scan, where the 3 pixe
below. are weighted as 0.5, 1, and 0.5.

0.2 -

full vertical width (R,)
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FIG.3. (a) Edge-on radial scans along the ring plane, integrated vertically ovér8.0953 R; (5 rows, lower solid line) and 5= 0.24 R; (39 rows, upper
solid line). The dashed line is the 0!75trip scaled in intensity to that of the 8.8trip at 1.73R;. The orbits of the moons Metis and Adrastea, as well as the
locations of the 2:1 and 3:2 Lorentz resonances, are indicated. (b) Edge-on radial profile along the gossamer rings, averaged vertically-@&68 Ry5
(5 rows, solid line) and 3.17=0.13 R; (21 rows, dashed line). The locations of the orbits of Amalthea and Thebe are indicated.

background. To correspond with the Galileo terminolog$.15—-3.60R;. Similar profiles, although of poor&/N, are ob-
(Ockert-Bellet al. 1999), we will call the part of the gossamettained when averaging over 10-25 pixels at different position:s
ring inward of Amalthea’s orbit the “Amalthea ring®=2.55R;), between 3.15 and 3.6®, which suggests that material is present
and that inward of Thebe’s orbitS3.11 R;) the “Thebe ring.” outto at least 3.6&;. The FWHM of the Amalthea ring is about
The Thebe ring alone is visible between 2.55 and 3Rl half that of the Thebe ring, a feature which can also be seen ii
whereas both rings are superposed in our data<a®.55 R;; the difference between the solid and dashed curves in Fig. 3t
however, because the Thebe ring is much fainter, the intenditgte that the total thickness of the Thebe ring in Fig. 4a s similar
at 1.8-2.55R; is dominated by the Amalthea ring. Similarly,tothat of the outer Amalthearing atintensitis 2 1Jy/arcseé;
inside of 1.8R; the gossamer rings are overshadowed by thieat is to say, the shoulders seen in the Amalthea scan are due
main ring. background Thebe material. We further note that the Amalthe:
One may note in Figs. 1c and 3b that there are several dipsy gets narrower moving inward from Amalthea’s orbit, and
in intensity (in contrast to the abrupt drops at 2.55 andR3)1 so is the total width, i.e., that part of the scan which is due to the
between 2.6 and 3.R;. In addition, theS/N is lower at these Thebe ring. The latter feature is best seen from Fig. 1c, wher:
larger distances, because fewer frames were centered here.thbdaint Thebe ring is clearly wedge-shaped, being broadest ¢
satellite Thebe had to be removed from several of the imagg¥ R; (and presumably even broader aRg, narrowing lin-
in the region 2.6-3.1R;, and we suspect that this may havearly moving inward to~2 R;, where the main ring starts to
influenced the resulting intensity profile. Because a dip in tlewerwhelm the profile.
edge-on profile of an optically thin ring is physically implausi-
ble, and because we suspect that the removal ofThebeianuengiﬁ Ring Inversions
the profile, we ignore these dips in the gossamer ring. e 9
Figure 4 shows vertical scans through the gossamer ring aB.3.1. Inverted image. Since the rings are optically thin and
various radial positions. The solid and dashed lines in Fig. édge-on, we can, by assuming the spatial distribution of the ring
are scans through the Amalthea ring, averaged over 15 pixeldmibe cylindrically symmetric, invert the image in Fig. 1c by
0.1 Ry (solid line is centered at 2.4R;, dashed line is centeredusing an “onion-peel” deconvolution method (Showaéeal.
at 2.05R;), and the dotted line is a scan through the Thebe rid®87). We assume that each row in the image represents ¢
(averaged between 2.65 and 3.R). An elarged view of the edge-on radial profile of the rings. Starting from the outer edge
Thebe ring is shown in Fig. 4b (solid line), where the dashex each row, the intensity of the outermost zone is determine
line shows a vertical scan outside of Thebe’s ring, averaged oaed then subtracted from the radial profile in that row, before
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and Adrastea, as well as the locations of the 2: 1 and 3: 2 Lorenz resonances, are indicated. (b) Radial profile through the gossamer ring, titetiyaseerver
1.368"=0.06 Ry (9 rows). This profile was binned (every two points were combined) and Hanning smoothed to increg4d.tfide locations of the orbits of
Amalthea and Thebe are indicated.

the next inner zone is defined, etc. This method thus works oeach row in the original image (Fig. 1c) was high. The main ring
pixel-by-pixel basis. Because it is akin to differentiation, it cais clearly visible as a narrow band between 1.70 and R82
only be applied successfully because of the very high signal-fgeaking at 1.79R;, near or just interior to the orbit of Metis
noise ratio in the original image (Fig. 1c). The resulting inverted..7922 R;). A change in slope or flattening in the profile is
image is shown in Fig. 5a. This image thus represents the tiisible between 1.74 and 1.Rj. The 0.73 strip, which repre-
radial distribution of the rings, where all line-of-sight effectsents primarily the main ring, shows a gradual inward decline in
have been removed. The very bright main ring is surroundedensity from about 30% of the peak intensity-at.70 R; to
by the much fainter halo. The halo becomes wider or thickessentially zero at 1.4B;. The 5.9 strip, which represents the
inward of 1.71R; (see also the contour map in Fig. 5b). Thenain ring plus the halo, shows an intensity at 1R§@f roughly
halo extends inward to'1.4 R;. Inside of 1.4R; there is a slight ~50% of the peak intensity, but also drops to near zero atR;40
artifact, visible as negative intensities just above the ring planghe difference between the two profiles represents light from the
and positive intensities just below. This is probably caused begrtically extended halo, away from the equatorial plane; thus
imperfect cancellation of the main ring’s bright pixels during theve conclude that the halo’s inner boundary is at 1Rjpand
inversion process. Extending outward from the edge of the mdirat the halo extends outward to 1.R}, brightening all the
ring one can see, although barely, the Amalthea ring. This rimgay. Roughly half of the halo brightness originates from within
is clearly brightest near its outer edge at Rp Unfortunately, ~1000 km of the equatorial plane (0!78trip between 1.4 and
the Thebe ring is too faint to appear in this representation. 1.70 R;), while the halo extends out t810,000 km from the
equatorial plane (Fig. 2).

3.3.2. Radial profiles. In analogy to Fig. 3, Fig. 6 shows Because the original image can be calibrated in units/ &f
radial profiles through the inverted image in Fig. 5a. Agaimnd because the geometry is well known, it is possible to cali:
in Fig. 6a we show profiles integrated vertically over 0.75brate the profiles shown in Fig. 6. The vertical axis is in units
(=0.03 Ry) (lower solid line) and 5.9(=0.24 R;) (middle solid of “normal | /F,” equivalent to thd /F that would be observed
line), where the dashed line is the 0/ &rip scaled to the peak looking directly down through the ring plane, but at the given
intensity of the 5.9 strip. A check on the consistency of thephase angle of.1°. In the main ring, the peak norm&f F is
inversion procedure is provided by the observation that at the6x 10~ (depending on the width of the strip). This compares
innermost radii the intensity in both Keck profiles returns teery favorably to the value of # 10~ measured at 2.Zm
near-zero, in particular for the narrow strip, where 8f&l for anda =2.2°, after correction to normal viewing, by Nicholson
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and Matthews (1991). The value is substantially larger than TABLE |

the main ring’s intensity at visual wavelengths, where normal Satellite Photometry

| /F=15x 10" (Showalteret al. 1987). This confirms the

red color inferred by Showaltet al. from the Voyager images,

and extended to the near-IR by Neugebzeteal. (1981) and rope 318401 13274003 493 004940005 Q105+ 0.003

Nicholson and Matthews (1991). Metis ~ 124+008 143+£01 21.5 0063+0.006 Q21+0.02
The upper solid line in Fig. 6a is the vertically integrated raAdrastea 840.03 164+0.2 8.2 Q10+005 02240.04

dial profile as measured by Voyager (frame 20693.02; Showalter

et al. 1987). We scaled this profile to the 3.&rip Keck inten- aMeasured with a 2.19-2.36m filter, rather than a standard 2.0-2.th K

sity at 1.79R;. All profiles show a sharp drop in intensity just™"

beyond the orbit of Metis. Inside of 1.7, where the Keck pro-

files showed a change in slope or flattening in intensity at 1.74-We estimate an upper limit of 0.05 mJy on hitherto unseel

1.77 R;, the Voyager profile exhibits an enhancement in intemaoonlets within the main ring, and0.02 mJy in the gossamer

sity. The Voyager profile further displays a pronounced increasgg. This suggests that there are no moons in Jupiter's main rini

inintensity inward of 1.7 R;, which can be attributed to the halo.other than Metis and Adrastea, larger tha#.5 km in radius,

The inner edge of the halo, however, was not well defined. Sinaed none larger than 3 km in the gossamer ring (assuming e

the Keck profiles were taken in back-scattered light (at phaskbedo equal to that of Adrastea). A typical rms noise level ir

anglex ~1.1°), and the Voyager profile in forward-scatteredhe separate images is on the order of 3J4.

light (@« =174), we attribute the difference between the halo

profiles to the fact that different groups of particles are high- 4. DISCUSSION

lighted at these very different phase angles. Because the halo is

so bright in forward-scattered light, the particles in the halo afel. Main Ring and Halo

thought to be (sub)mlcrometer—5|zed matgrlgl (Showgeltesﬂ. Since first noticed, the vertical extent of the halo has been use
1987). In a future paper we will use all this information, aug

. 2 o argue that the dynamics of the grains are heavily influenced t
mented by the Galileo data and Keck measurements at dlfferg ctromagnetic forces, implying that the halo consists only o

phase and ”T‘g int_:lin_atio_n angles, to cons_train particle propertigs particles. This, of course, agrees with the interpretation
n frm; Olf size ?AStr'bL;]t'g]n and compos.,non.. h i Fi the halo’s photometry. It is also consistent with results from the
radial scan through the gossamer rings 1S Shown in Fg. f,;, ring’s photometry, which indicates that the size distributior

Tﬁ\ks;Hs;a_nllge:/nt_egrgéeg (iver th? full :E;k:les:l?hat' f:alf PtOW‘B'i these particles follows a power-law distribution ranging from
( e T ) t0 maximize /N. The Intensity submicrometer to particles that are tens of micrometers acro

of the Amaslthea “”9 Increases stead|l_y frorﬁ_ x109at 2R, (Showalteret al.1987). The original belief (Consolmagno 1980,
up to~10 .at?'SRJ’ beyond Z'ER? the mten.sny drops to n(gar'\]ewitt and Danielson 1981) was simply that ring particles go
Zero. _The fngs peak normal/l_: IS appro?qmately 0 1.0_. ' pushed around by electromagnetic forces, which required larc
~60 twpes fainter than the main ring. This is ra.ther' S|m|lar't harge-to-mass ratios to produce significant amplitudes; Burr
the ratl_o foun_d from Voyager data. The Thebe ring is too fa"étt al.(1985) modified this to incorporate resonant forcing at spe
for the inversion process to work. cific locations where grains would undergo unusually large am
plitude motions. Regardless of the precise mechanism, typic:
charges required submicrometer grains in the halo. Based up
We searched for hidden moonlets in the rings by subtrathese theories, the halo must consist only of submicromete
ing our overall ring images (Figs. 1a and 1b) from the individsized dust, and thus these particles, collectively, must produc
ual frames (roughly 100 frames for each ansa). As expectdite back-scattered halo light as observed with the Keck tele
the known moons Amalthea, Thebe, Metis, and Adrastea weseope. The “halo” particles in the equatorial plane, howevel
clearly visible, but no smaller moonlets were found. The meazay consist of a particle size distribution including larger-sizec
sured flux densities and corresponding K magnitudes for Thelbeaterial, just like in the main ring. Because of the low signal-to-
Metis, and Adrastea (Amalthea was partially saturated in theise of most halo data, due to the obscuring main ring, accura
frames) are summarized in Table I. The mean reflectande)( photometric models have not yet been constructed, particular
of each satellite at =2.27 um is also given here, calculatedof any equatorial component.
using the average radii derived from Galileo images (ThomasThe strongest vertical Lorentz resonances, the locations whe
et al. 1998). Comparison with the Galileo (GLL) visible albe-charged dustwill experience resonantforces, are found aRy.71
dos (I /Fyis in the table, from Thomast al. 1998) shows that all (the 3:2 resonance at 122,150 km) and 1Ri@the 2:1 reso-
three moons are quite red in color, especially Metis and Adrasteance at 100,450 km), positions near where we find the halo
Thebe’s albedo at 2.2m is very similar to that of Amalthea outer and inner boundaries, respectively. Numerical simulatior
(px =0.09, Neugebauest al. 1981). The color of Jupiter's ring (Schaffer and Burns 1992, Hamilton 1994, Bugisal. 1996,
is close to that of the two small satellites. Horanyi and Cravens 1996) of charged grains that evolve inwar

Satellite  F, (mJy) Kmag? R (km) I /Fyis I /F2

3.4. Moons
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(perhaps due to Poynting—Robertson drag) through these resdrhe form of the gossamer ring(s) visible in the forward-
nances find that large-amplitude inclinations are induced at thesattered Galileo images allows ready interpretation of our (edge
points. It appears that grains that originate in the main ring and) profiles seen in back-scatterd light (Fig. 3b). The abrupt
evolve inward will be scattered vertically within a region surehanges in ring brightness seen at 2.55 and Riih Fig. 3b
rounding the 3: 2 resonance, whose width is a result of the eccare due to the radially confined rings that are located interior tc
tricity jumps at the horizontal cousin of this resonance and duettee orbits of Amalthea (2.5R;) and Thebe (3.1R;). The radial
different charge-to-mass ratios. While the particles continue poofile of the Amalthea ring (Fig. 6b) shows a clear maximum in
evolve, two effects lead to a loss of halo material aroundR}.4 intensity just inside this moon’s orbit, reminiscent of the bright
Most importantly, material is affected by the powerful 2: 1 vemain ring segment just inside the orbits of Metis and Adrastea
tial Lorentz resonance which is significantly stronger than the The vertical extent of the rings, shown in Figs. 1c and 4,
3:2 resonance responsible for the formation of the jovian haleflects the true thickness of the two gossamer rings. Presun
The resonance spreads ring material into a much broader haltdy each of the two gassamer rings is composed of materic
with lower surface brightness which is difficult to see againgthat orbitally evolved inward after leaving the bounding satel-
Jupiter’s scattered light (see Fig. 6a). In addition, material méie. The difference in thickness is then caused by the differ-
also be affected by the 2: 1 horizontal resonance which causese in inclination angles of the two satellite orbits4°Ofor
a sharp increase in orbital eccentricities, thereby causing a Aimalthea results in a ring with a thickness of 2323800 km
rect loss of ring particles to the atmosphere. The observatiqre0.033 R;), and 11° for Thebe would give a ring of thickness
reported here and by the Galileo team (Ockert-Be#ll. 1999) 8620+ 300 km (0.12 R;; R. A. Jacobson, personal commu-
show that the inner and outer boundaries of the halo do coincitieation, 1997). Taking our image resolution-90.06 R; into
with these resonance locations. Despite the apparent absenaeobunt, these numbers agree well with our measured value
material close to the planet in the Keck and Galileo images, tffeig. 4) of~0.11 R; for the Amalthea ring ane-0.17 R; for the
simulations see some material in this region. The fate of largEnebe ring (note that this number is representative for the avel
grains goes unanswered. age between 2.65 and 3.8, and that the ring will be slightly
broader at 3.1R;, due to the wedge-shaped form of the ring).
Inside the orbit of Amalthea we thus have both the Amalthea
Analyzing the only Voyager image in which the gossameamnd Thebe rings; both rings are also present insideR},. ®ut
ring was found, Showalteat al. (1985) inferred that the ring’s overshadowed by Jupiter’s main ring. The main ring probably
brightness decayed linearly from the outer periphery of Jupitefrmed from material evolving off Metis and Adrastea, an hy-
main ring until it faded into the background, somewhere near pothesis reinforced by the similar colors found for Jupiter’s ring,
beyond Thebe’s orbit; a 20% enhancement seemed to be presésiis, and possibly Adrastea.
at synchronous orbit. The several Galileo images (Ockert-BellWhen uncharged particles evolve inward, after coming off the
et al. 1999) containing the gossamer ring present quite a diffegatellite, their orbital inclination angles are preserved; so whel
ent view, probably because of their different viewing geometrgvolving inward, the vertical extent of the ring should decrease
Although all Voyager and Galileo images of the gossamer ririgffects like this have been nicely shown in simulations of the
were taken from Jupiter’s shadow, the viewing angles of tleebital evolution of asteroidal dust after the break-up of an aster
two spacecraft were different: the Galileo spacecraft was ordyd family (Dermottet al. 1994). As mentioned in Section 3.2,
0.15° out of the ring plane, very similar to the Keck viewingour data do show that the FWHM of the Amalthea ring is some-
angle (017°), whereas Voyager was at.2Ve further note that what larger near this moon’s orbit (2.9%) than closer in. In
Showalteret al. (1985)'s analysis was based on the assumpéddition, in Fig. 1c one can clearly see a wedge-shaped profil
tion that the gossamer ring was thin, i.e., confined to the rinfpr the Thebe ring, being broadest at the largest distances. The!
plane like the main ring. In contrast, both the Keck and Galilezffects are compatible with those expected from orbital evolu-
data (Ockert-Belket al. 1999) show that the gossamer ring igion of dust particles from Amalthea and Thebe. The effect is
quite thick, sufficiently so to have significantly altered Showalteelatively small, since we look through the edge-on ring, and
et al’s radial profiles. hence the outer parts of the ring are always superposed on tt
In the forward-scattered Galileo images, the gossamer riimper parts.
is seen to have several components, which are quite similar tcAs mentioned by Burnet al.(1984), small satellites may sup-
those present in the Keck images: One band, the Amalthea ripty, more ring material than large satellites, since, even thoug!
extends inward from Amalthea and has a nearly uniform intethe surface area increases with radRfs the escape velocity
sity and thickness with radius. Another band, the Thebe ring,dfo0 depends oR, so that a smaller fraction of impact ejecta
of the same character but fainter and thicker and extends inwaeth escape the larger satellites. Although the Amalthea ring i
from Thebe’s orbit. As in the Keck data, there is also a hint ehuch brighter than the Thebe ring, the volume of the Thebe ring
material at greater distances, beyond Thebe. Since the thickriess4x that of the Amalthea ring. The total amount of Thebe
of this material is similar to that of the Thebe ring, the materiajecta may therefore be comparable to that which has come o
may be derived from Thebe. Amalthea. A more complete development of a dynamical mode

4.2. Gossamer Ring
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of material evolving off Amalthea and Thebe, as well as a corBurns, J. A,, L. Schaffer, D. P. Hamilton, and M. R. Showalter 1996. The vertica
parison of the Galileo and Keck images, is given by Buatal. structure of the jovian ringBull. Am. Astron. So@8, 1123-1124.
(1999). Burns, J. A., M. R. Showalter, J. N. Cuzzi, and J. B. Pollack 1980. Physica
processes in Jupiter’s ring: Clues to its origin by Jdeatus44, 339-360.
Burns, J. A., M. R. Showalter, and G. E. Morfill 1984. The ethereal rings of
5. CONCLUSIONS Jupiter and Saturn. IRlanetary RinggR. Greenberg and A. Brahic, Eds.),
o ) ] pp. 200-272. Univ. of Arizona Press, Tucson.
We have ShOV\_/n data_ on the jovian ring system in baCk'SC_@t:Tnsolmagno, G. J. 1980. Electromagnetic scattering lifetimes for dust i
tered light, obtained with the 10-m W. M. Keck telescope in Jupiter's ring Nature285 557-558.
mid-August 1997 when the ring plane was nearly edge-on anémott, S. F,, D. D. Durda, B. A. S. Gustafson, S. Jayaraman, J. C. Liou, an
the planet was near opposition. The data presented here shol,L. Xu 1994. Zodiacal dust bands. isteroids, Comets, Meteors, 1993
for the first time, the halo and gossamer ring in back-scattered®: Milani, M. di Martino, and A. Cellino, Eds.), pp. 127-142. Kluwer
. . . Dordrecht.
light. These data complement the Galileo data, taken in forward-

. . . Fillius, R. W., C. E. Mcllwain, and A. Mogro-Campero 1975. Radiation belts of
scattered light (Ockert-Bedit al. 1999), and form a crucial piece Jupiter: A second lookSciencel 88, 465—467.

In underStandmg the 0”9'” and nature .Of the jovian ring syte.raraham, J. R., K. Matthews, B. T. Soifer, J. Nelson, W. Harrison, G. Jernigar

BUmSEt al. (1999) describe the dynamics of the gossamer rings Lin, G. Neugebauer, G. Smith, and C. Ziomkowski 1994. Infrared obser

particles and how these may evolve off Amalthea and Thebeyations of thez= 3.8 radio galaxy 4C41.17 with the W. M. Keck Telescope.

based upon a comparison of the Keck and Galileo data. A fuAstrophys. J. Leté20, L5-18.

ture paper will present additional Keck data sets, which weramilton, D. P. 1994. A comparison of Lorentz, planetary gravitational, anc

taken during ring plane crossing (Oct. 1997) and during timesSatellite gravitational resonancésarus 109, 221-240.

when the rings were completely open (May and July 199uoranyi, M., and T. E. Cravens 1996. The structure and dynamics of Jupiter’
. ! 'ring. Nature381, 293-295.

August 1998), all at different phase angles. These data can_be

. . . . _ . Jewitt, D. C., and G. E. Danielson 1981. The jovian rikgGeophys. Re$6,
used with the Galileo data to derive size distributions for theggy, "oco : gaeophy

particles _m the various ring components. In_ addition to 227~ Jewitt, D. C., G. E. Danielson, and R. J. Terrile 1981. Groundbased observatio
observations, the Keck observations contain some spectral megtthe jovian ring and inner satellitefsarus 48, 536-539.

surements, which can be used to extract information on partighgithews, K., and B. T. Soifer 1994. The near-infared camera on the W. M
composition. Our ultimate goal is to use these measurementseck Telescope. linfrared Arrays in Astronomy: The Next GeneratiprS.

to develop a model of the jovian ring system which explainsMcClean, Ed.), pp. 239-246. Kluwer, Dordrecht.

all ground-based and spacecraft data, including the PioneerNetigebauer, G., E. E. Becklin, D. Jewitt, R. Terrile, and G. E. Danielson 1981
observations regarding charged particle absorptions and groungPectra of the jovian ring and Amalthestron. J.86, 607-610.

based radio data on Jupiter’s synchrotron radiation. which Sh&iﬁholson, P.D.,and K. Matthews 1991. Near-infrared observations of the jovia

. . . . . ring and small satellitescarus 93, 331-346.
the effects of absorption and pitch-angle scattering of high- g

Ockert-Bell, M. E., J. A. Burns, I. J. Dauber, P. C. Thomas, J. Veverka, M. J. S
energy electrons.

Belton, and K. P. Klaasen 1999. The structure of Jupiter’s ring system a
revealed by the Galileo imaging experimelearus 138 188-213.
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