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Analysis of regular structure in the inner Cassini Division of Saturn has been con- 
ducted using Voyager imaging (ISS), radio occultation (RSS), and stellar occultation 
(PPS) data, with the following results: (1) Virtually identical structure is observed in 
several Voyager images as was observed in the Voyager 1 RSS scan and identified by E. 
Marouf and G. Tyler (1986, Nature 323, 31-35) as the gravitational wakes of two 10-km- 
radius satellites orbiting within the division. Results of our analysis of  this structure 
indicate that the regular optical depth variation observed by the RSS scan and the 
Voyager images is the same structure and that it is essentially azimuthaHy symmetric. We 
believe that this rules out the possibility that any large moonlets are responsible for the 
observed structure. Alternative possible causes of one set of the observed structure are 
discussed. (2) A comparison of a certain smaller-scale structure observed in the RSS scan 
with that seen in the same radial region at different longitudes in the Voyager 2 PPS scan 
may indicate the presence of a small ( - l -km-radius)  moonlet orbiting within a minor gap 
of the division. 

1. INTRODUCTION 

The Cassini Division of Saturn, a 4000- 
km-wide region of low optical depth sepa- 
rating the A and B Rings, contains several 
20- to 40-km-wide, essentially empty gaps 
which do not have any apparent dynamical 
cause. Specifically, their lack of association 
with orbital resonances with major satel- 
lites of Saturn suggests that the gaps may 
be caused by the gravitational influence of a 
family of embedded moonlets (Lissauer et  
al. 1981, H6non 1981). Other explanations 
have also been advanced (Wiesel 1982); 
however, we will concentrate primarily on 
the effects of small embedded moonlets on 
ring structure. 

A moonlet embedded in the rings at ra- 
dius at can gravitationally clear a gap that 
has a width which is related to the mass M~ 
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of the moonlet. The edges of the gap will 
fall at radii at -+ s where the torque by the 
moonlet on the surrounding ring material, 
which tends to cause ring material to move 
away from the moonlet radially, is equal to 
the viscous torque, which would tend to fill 
the gap with ring material. Although the 
theory of gravitational torques ("shepherd- 
ing") is still incomplete, we may obtain 
crude estimates for the width 2s of a gap 
which may be cleared by a satellite of given 
mass M~ by setting the azimuthally aver- 
aged viscous torque equal to the azimuth- 
ally averaged gravitational torque (Lissauer 
et  al. 1981), 

/ 8 G 2  / 1'3 2/t 
s = ~81¢rvasl~3] M s ,  (1) 

where G is the gravitational constant, v is 
the kinematic viscosity, and f~ is the orbital 
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frequency. More recent work (Borderies et 

al. 1984, Showaiter et  al. 1986) suggests 
that the shepherding process may be even 
more efficient, requiring considerably 
smaller masses. Of course, inferred moon- 
let radii will only change by the cube root of 
this difference. 

Since the gaps in the Cassini Division all 
have widths of order 10 km, with the excep- 
tion of the 250- to 400-km Huygens Gap and 
the -200-km "outer rift" (Lissauer et  al. 

1981), simple application of Eq. (1), assum- 
ing v - I cm 2 sec -I (Lissauer et  al. 1981), 
predicts that the moonlets residing in the 
gaps would have radii of about 2 km, as- 
suming unit density, making direct detec- 
tion of them in Voyager images difficult. 
However, it has been demonstrated that an 
embedded moonlet can create longitudi- 
nally extended disturbances in the nearby 
ring material which are relatively easy to 
detect (Cuzzi and Scargle 1985, Showalter 
et al. 1986, Maroufet al.  1986). The gravita- 
tionally induced disturbances, or "wakes ,"  
manifest themselves in regular sinusoidal 
"edge waves" and associated fluctuations 
in optical depth away from edges. Certain 
aspects of these perturbations can be used 
to determine the mass and location of the 
moonlet. 

An embedded moonlet can produce a 
wavy appearance on the inner and outer 
edges of the gap containing the moonlet. 
This wavy edge has an azimuthal wave- 
length which is proportional to the moon- 
let's radial distance from the gap edge, and 
can be approximated by (Cuzzi and Scargle 
1985) 

ho ~ 3zr s. (2) 

These patterns are fixed in the frame rotat- 
ing with the responsible moonlet. Due to 
differential rotation, the wave pattern on 
the interior gap edge will lead the moonlet 
and, likewise, the moonlet will lead the 
wave pattern on the exterior gap edge. The 
form of the wavy edge is due to the coher- 
ent orbital motion of the particles in ellipti- 
cal orbits with eccentricity given roughly by 

M s a 2 

where Mp is the mass of the planet and a is 
the radial location. Since the radial ampli- 
tude of the wavy edge is ae ,  an estimate of 
Ms may be obtained. 

Naturally, these orbital disturbances, 
which are seen as wavy structure at a gap 
edge, also occur at a range of radii in the 
surrounding ring material. However, noth- 
ing observable is produced away from the 
edge until the differential orbital velocities 
cause the induced oscillations to go out of 
phase, resulting in regular variations in op- 
tical depth emanating away from the gap 
edge. These optical depth fluctuations may 
be modeled by 

r0(a) 
r(r, 0) = (1 + txg(a,  as ,  0))' (4) 

where/x = M J M p ,  ~'o is the local mean opti- 
cal depth, and g is an oscillating function 
depending only on known geometrical pa- 
rameters (Showaiter et  al. 1986). Equation 
(4) can be fitted to the observed optical 
depth profile, providing another method for 
estimating the mass of the moonlet Ms. 

The wavelength of these variations, or 
wakes, can be used to determine the moon- 
let's location. The radial wavelength hr at 
any point in the wake train is roughly given 
by (Showalter et  al. 1986) 

hr 3rras~S2 ( 1 -  I~ltan ot ) 101 , (5) 

where 6 = (a - aO/a~,  0 is the difference in 
longitude between the moonlet and the 
scan, and a is the angle between the radial 
direction and the scan direction. A fit to the 
observed pattern provides a location (as, 0) 
for the moonlet. 

The methods described above have been 
applied extensively to the wake seen near 
the Encke Gap of Saturn, providing strong 
evidence that an approximately 10-km-ra- 
dius moonlet orbits close to the center of 
the gap. More recently, Marouf and Tyler 
(1986; henceforth MT) have applied these 
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models to certain structure observed in the 
Cassini Division by the Voyager Radio Oc- 
cultation (RSS) experiment, and identified 
that structure as the wakes of two 10-km- 
radius moonlets. In this paper, the results 
of a careful search of Voyager images of 
this region of the Cassini Division for wake 
patterns and wavy edges are presented, and 
the above methods are applied to features 
found in the division. 

Although simple wake theory is not fully 
understood, as pointed out by all previous 
authors, its predictions are qualitatively 
correct regarding wavy edge and wake 
wavelengths and amplitudes in the case of 
the Encke Gap. Since it is this simple and 
effective current version of wake theory 
which has been used by all prior workers, 
including MT, to infer moonlets from ob- 
served structure, we will, in this paper, 
continue to apply it to see whether it re- 
mains consistent with structure newly ana- 
lyzed here. The ultimate validity of this 
simple wake theory is not an issue--only 
whether it can be applied uniformly well to 
a diverse set of complementary observa- 
tions. 

The results of our analysis are mixed; 
first, contrary to the findings of MT, we find 
that the structure seen in the RSS data is, 
apparently, azimuthally symmetric; i.e., we 
see essentially identical structure at a vari- 
ety of longitudes both close to, and distant 
from, the locations of the moonlets previ- 
ously postulated even though the wave- 
length of a moonlet wake is highly depen- 
dent on azimuthal distance from the 
moonlet (Eq. (5)). In addition, no wavy 
edges are seen in images obtained at longi- 
tudes relative to the MT moonlets where 
they should not only be detectable but 
probably easily visible. 

Our results do not rule out the presence 
of similar moonlets at longitudes remote 
from all of our observations, or of smaller 
moonlets which may be widely distributed 
in relative abundance. In Section 3.3, we 
speculate that some small-scale structure 
observed by the RSS scan may be the wake 

of one such smaller moonlet. While this ob- 
ject may be too small to maintain its gap 
alone, it may be only one of many similar 
moonlets orbiting there. 

2. DATA DESCRIPTION AND REDUCTION 

For this study, six high-resolution Voy- 
ager images of the Cassini Division were 
chosen. Of these, two are in transmitted 
light (views of the unlit face of the rings) 
and were taken by Voyager 1, and four are 
in reflected light (views of the lit face) and 
were taken by Voyager 2. A composite of 
the four Voyager 2 images (Fig. I) suggests 
that two ring edges in the Cassini Division, 
aside from those of the B Ring and the Huy- 
gens Ringlet (Porco 1983), are slightly ellip- 
tical while the remainder appear to be cir- 
cular to within the limits of image 
resolution. To remove camera pointing er- 
rors and place all images in a common ra- 
dial reference system, all radii in the six 
images are related to the edge of a ringlet 
located at a distance of 118,290 km from 
Saturn (as determined by RSS observa- 
tions) which appears to have a nonvarying 
radius in the composite image. 

To determine the validity of this choice 
of benchmark, the uncertainties in the loca- 
tions of several edge features were calcu- 
lated from the observed edge locations (de- 
fined as the azimuthaily averaged radius of 
the half-power point) in each image and the 
corresponding radial ring plane resolutions. 
For the purpose of assigning errors to radial 
values taken from the images, an average 
uncertainty for each image was also calcu- 
lated from the observed edge locations. 
This uncertainty includes an additional er- 
ror for the Voyager i images since they pro- 
vide only the brightness of the transmitted 
light and there is a strongly nonlinear rela- 
tionship between transmitted brightness 
and optical depth. 

The results of this analysis (see Table 1) 
show that the choice of the ringlet edge at 
118,290 km (designated Edge 5; see para- 
graph on nomenclature below) as a bench- 
mark introduces errors which are within the 
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FIG. I. Composite of four Voyager 2 images of the inner Cassini Division (FDS counts 43989.46, 
43993.06, 43994.10, and 43999.37) used in this study. Note the m = 2 B Ring edge, the m = I Huygens 
Ringlet, and the apparent m = 1 edges of Band I (reprinted from Smith et al. Copyright 1982 by the 
AAAS). 

resolutions of  the images,  indicating that 
our approach  to correct ing for camera  
pointing errors  is successful.  

In addition to this image dataset ,  results 
of  two other  Voyager  exper iments  were 
used in this study. These  are the Voyager  1 
Radio Science (RSS) radio occultat ion ex- 
per iment  (Tyler e t  a l .  1983) and the Voy- 
ager 2 Photopolar imeter  (PPS) stellar occul- 
tation exper iment  (Lane  e t  al .  1982). The 
PPS scan is used less extensively in this 
s tudy due to its relatively high level of  noise 
at the low optical depths  which character-  
ize this region of  the Cassini Division. 

We now establish some convent ions  of  
nomencla ture  for ease of  reference.  The 
four main bands in the Cassini Division, 
with widths of  about  300 km and separated 
by gaps of  widths of  about  20-40 km, will 
be referred to as Bands 1 through 4 in order  
of  increasing distance f rom Saturn (Fig. 2). 

In addition to these features,  there are three 
nar rower  ringlets in the division. The inner- 
most  of  these is the eccentr ic  and optically 
thick Huygens  Ringlet at 1.95Rs (Porco 
1983) which lies in the Huygens  Gap be- 
tween the outer  edge of  the B Ring and the 
inner edge of  Band I. Moving outward,  the 
next is a very faint, narrow,  and apparent ly  
azimuthally " c l u m p y "  ringlet just  interior 
to the inner edge of  Band l which will be 
referred to as R117909, from its mean ra- 
dius in ki lometers.  This ringlet can be seen 
only in the PPS scan or upon close inspec- 
tion of  the high-resolution images referred 
to in this paper.  The third narrow ringlet, 
which lies be tween Bands ! and 2 and is not 
" c l u m p y "  or " k i n k y , "  will be referred to 
as Rl18251. Ring edges are numbered l 
through l0 starting with the inner edge of 
Band l and working outward to the outer  
edge of Band 4. The edges of  R118251 are 
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TABLE I 

EDGE LOCATION ANALYSIS 

Image (scan) Edge 1 Edge 2 Edge 3 Edge 4 Edge 5" Edge 7 err h o'~ ' o'J 

34931.06 
34934.33 
43989.46 
43993.06 
43994.10 
43999.37 

17,939 118,202 118,245 118,275 118,290 118,634 5.7 3.7 9.1 
17,938 118,200 118,242 118,273 118,290 118,636 4.3 1.8 6.8 
17,937 !18,206 118,240 118,273 118,290 118,637 5.8 1.7 6.0 
17,936 118,192 118,240 118,267 118,290 118,638 4.7 1.5 4.9 
17,934 118,202 118,239 i18,271 118,290 118,636 4.4 1.4 4.6 
17,941 118,190 118,241 118,267 118.290 118,639 2.7 1.6 3.1 

~" 117,938 118,196 118,241 118,270 118,290 118,637 
Aa t 2.5 6.0 1.5 3.0 0.0 1.6 
PPS 117,938 118,187 118,240 118,266 118,290 118,635 
RSS 117,940 118,189 118,231 118,260 118.290 118,636 
~'e 117,939 118,189 118,236 118,264 118.290 118,636 
Aae 1.4 3.8 4.6 3.8 0.0 1.0 

1.0 1.0 
1.0 1.0 

Note. All values are in kilometers. 
a Edge 5 is assumed to be located at the RSS value of  118,290 km. 
h o'r = radial ring plane resolution. 
c o'c = uncertainty for each image introduced from choice of benchmark, calculated from 

o'c(i) 2 = (I /M) 2~t  (aj.i - tij) 2, where aj.i is the observed location of  each fea tu re j  = 1, M 
(excluding Edges 1 and 2 due to their observed eccentricities) in each image i = I, N. 

a trt = total uncertainty incorporating (a), (b), and uncertainty due to radiative transfer 
model (applies to images taken in transmitted light). 

" ~ = mean edge location from ~ = 5~i~a (aj.,/o'r(ih)/E~v~t(l/o',(i)z). 
r Aa = edge location uncertainty from Aa(j) 2 = 5~i~t ((aj., - ffj)Z/o'r(i)2)/~i~ (I/o-r(i)~), 
e Including RSS and PPS scans as well as images. 

included in this scheme. All other  features 
will be referred to in a manner  indicative of  
their locations. 

3. DATA ANALYSIS 

3. I. RADIAL STRUCTURE 

3.1.1. Radial  Structure o f  Band  I 

The six Voyager  images, the PPS scan, 
and the RSS scan were examined for any 
wake-like features.  The PPS and RSS scans 
are well suited to this because they provide 
radial optical depth profiles directly in 
which wake features are easily detected. 
Unfortunately,  the level of  noise in the PPS 
scan of  the low-optical-depth Cassini Divi- 
sion is so high that it could not be used for 
this purpose.  The RSS scan, however,  re- 
veals quite prominent and regular optical 
depth fluctuations in Bands 1 and 2 (MT; 
see Fig. 3). As noted earlier, application of 

the moonlet wake model to these features 
implies that the structure in Band I is the 
wake of  an approximately 10-km-radius 
moonlet orbiting between Edges 4 and 5 at 
about 118,269 km from Saturn, trailing the 
RSS scan by 14.8 °. Similarly, the structure 
in Band 2 may be ascribed to a moonlet 
located between Edges 2 and 3 at about 
118,213 km, 9.7 ° ahead of  the RSS scan. 

In order  to examine the Voyager  images 
for wakes, radial brightness scans were 
generated by azimuthally averaging bright- 
ness values over  a prespecified range in ra- 
dius (Fig. 4). These scans reveal that all six 
images detect  some regular structure in 
Band I; less obvious,  although clearly 
present,  regular structure in Band 2 is seen 
in two images. 

We first consider the structure detected 
in Band 1. Four  of  the six images and the 
RSS scan reveal a pattern with the same 
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FIG. 2. RSS scan of the entire Cassini Division ranging from the outer edge of the B Ring at a radius 
of i 17,540 km, to the inner edge of the A Ring at 122,050 kin. Some features of interest: the Huygens 
Gap (117,540 km to 117,940 km) which contains the Huygens Ringlet at 117,848 kin, Bands I through 4, 
centered at 118,060, 118,440, 118,780, and 119,410 kin, respectively, and the Outer Rift ranging from 
119,850 to 120,050 km. Edges 1 through 5 and 7 are indicated by integers. The locations of MT's two 
moonlets are 118,213 and 118,269 km. Optical depth values have been divided by 2 (Cuzzi et al. 1984)• 
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FIG. 3. (a) RSS scan of Band 1 showing region of regular optical depth variation. Optical depth 
maxima are indicated by closed circles and minima are indicated by open circles. (b) RSS scan of Band 
2. The regular fluctuations lie between 118,350 and 118,450 kin. 
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FXG. 4. (a) Brightness  scan of Band 1 taken from image FDS 34934.33, showing regular br ightness  
fluctuations.  (b) Brightness  scan  of  Band 1 taken from image FDS 43999.37. 

number of extrema and with very similar 
locations (Fig. 5). The images include the 
two Voyager I images (FDS 34931.06, FDS 
34934.33) and the Voyager 2 images FDS 
43993.06 and FDS 43999.37. Perhaps due to 
their lower resolution, the remaining two 
images (FDS 43989.46, FDS 43994.10) have 
fewer extrema than the other four images 
and the RSS scan, although they are very 
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F I G .  5. P l o t  o f  a l l  B a n d  1 e x t r e m a  l o c a t i o n s  f o r  i m -  

ages and RSS scan. Closed circles indicate brightness 
(optical depth) max ima  and open circles indicate min- 
ima. The vertical ordering is in increasing longitude 
"after precess ion to the epoch of  the RSS scan at the 
free rate corresponding to the mean  centerline radius 
of  Band 1. Typical uncertaint ies  are plotted for one 
ex t remum.  

similar to each other in terms of numbers of 
extrema and locations. The general trend of 
decreasing wavelength with increasing ra- 
dius is common to all images and the RSS 
scan. The similarity of Band I structure in 
images FDS 34931.06, FDS 34934.33, FDS 
43993.06, and FDS 43999.37 to that of the 
RSS scan shown by Fig. 5 indicates azi- 
muthal symmetry. 

The radial structure of wake patterns is 
highly dependent on azimuthal distance 
from the responsible moonlet (Showalter et 

al. 1986, MT). If the patterns in the images 
and the RSS profile of Band 1 are all caused 
by a moonlet orbiting at 118,269 km, the 
images and the RSS scan, which reveal 
quite similar structure, must lie very close 
in longitude in a system which rotates at the 
orbital rate of the moonlet. Taking into ac- 
count the oblateness of Saturn, a precise 
orbital rate Os at orbital radius a~ can be 
determined from Saturn's mass, equatorial 
radius, and gravitational moments (Lis- 
sauer and Cuzzi 1982). Upon precessing the 
image longitudes to the epoch of the RSS 
scan at the rate f~ = 752.°0 day -], we find 
that only image FDS 43999.37 lies close to 
the RSS longitude while the other five im- 
ages are widely distributed (Fig. 6), which 
makes the possibility that they are all 
caused by a single moonlet orbiting at 
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43994.10 

OUIER ORBITAL RATE 

34934.33 
43993.06 

FIG. 6. Image locations after precession to Space- 
craft Event Time (SCET) of RSS scan (1980 
318.2046225694) at orbital rate of MT outer moonlet 
(752.°0 day- % The direction of orbital motion is coun- 
terclockwise. 

118,269 km extremely unlikely. In addition, 
the close proximity of image FDS 43999.37 
(0s - 2 ° ± 30) ~ to the predicted location of 
the outer moonlet should make it a good 
candidate for strong wavy edges. However, 
we were unable to detect any wavy edges 
using the method of Cuzzi and Scargle 
(1985), in spite of the high resolution of the 
image (2.7 km/pixel in the radial direction). 
It should be pointed out that although FDS 
43999.37 lies close to the predicted location 
of the moonlet and RSS scan after precess- 
ing, uncertainties in the moonlet's orbital 
frequency and the large time difference be- 
tween the two observations could place 
FDS 43999.37 on either side of the RSS 
scan. However, the radial location of the 
structure observed in this image and its 
trend in wavelength indicate that it would 
be ahead of the moonlet in longitude (see 
below), leading one to expect edge waves 
to be found on Edges 2 through 4, with the 

Due to the absolute error of -10  km in RSS radii 
(MT), precessing the Voyager 2 images to the RSS 
epoch results in an azimuthal uncertainty of -30  °. Pre- 
cessing the Voyager 1 images to the RSS epoch, which 
are on the order of a day apart, results in an uncer- 
tainty of less than ! °. 

greatest amplitudes occurring on Edge 4 
(see Section 3.2). 

Because the structure in all images is so 
similar, straightforward application of the 
moonlet wake model (Eq. (5)) to the Band 1 
extrema locations in all six images suggests 
that each image leads a moonlet by about 
15 ° , i.e., the same difference in longitude as 
inferred from the RSS scan. This in itself 
would seem an unlikely coincidence for 
such a randomly chosen set of observa- 
tions. Furthermore, if each image were this 
close to a moonlet, the wavelengths and ra- 
dial locations of the wake patterns would all 
vary detectably across the longitudinal ex- 
tent of the images (with the possible excep- 
tion of 43999.37; see Table II). In fact, no 
such variation is seen in any of the six im- 
ages. 

To summarize, virtually identical radial 
structure is seen in the RSS scan and four 
of the six images, in spite of the fact that the 
observations are widely spaced in the frame 
of a moonlet at the implied orbital radius. 
This situation is inconsistent with the 
strong azimuthal variation which is charac- 
teristic of the moonlet wake theory. Also, 

TABLE li 

EXPECTED RADIAL VARIATIONS OF EXTREMA 

Image FDS count AOi a 0s b Ah, c (km) t r / (km) 

34931.06 15 15 13.6 5,7 
34934.33 11 15 11.5 4.3 
43989.46 8 15" 9.5 5.8 
43993.06 7 15 8.7 4.7 
43994.10 5 15" 6.8 4.4 
43999.37 2 16 3.2 2.7 

° Coverage in longitude of Band l for each image 
(degrees). 

b Longitudinal distance from the moonlet inferred 
from each image using wake model of Eq. (5). 

c The expec ted  change in wavelength of the wake 
across A0i in the image frame due to the strong depen- 
dence of hr on 0s. 

a Radial ring plane resolution. 
Assumes the RSS longitudinal distance from the 

moonlet since these two images have too low a resolu- 
tion to display a wake pattern which can be fairly "an- 
alyzed." 



188 FLYNN AND CUZZI 

all six images are close enough to the moon- 
let location inferred by application of wake 
theory to their structure to exhibit variation 
in wavelength across the image, which is 
not observed. Finally, the presence and 
structure of a moonlet wake and the in- 
ferred proximity of the responsible moon- 
let(s) almost necessitate the presence of 
substantial wavy edges, which are not ob- 
served (see Section 3.2). Therefore, we be- 
lieve that the Band I structure discussed in 
this paper is not due to embedded moonlets 
at all, but is, essentially, azimuthaily sym- 
metric structure observed at different 
times, longitudes, and viewing geometries. 

3.1.2. Photometric Modeling 

To demonstrate this in more detail, we 
apply a standard radiative transfer model to 
the RSS scan optical depths to obtain pre- 
dicted values of ring brightness, or I/F, for 
the illumination and viewing geometry of 
each image using the appropriate single- 
scattering albedo and phase function of a 
typical ring particle (see, e.g., Cuzzi et al. 
1984, Appendix). This radiative transfer 
model calculates the brightness due to sin- 
gly scattered light of a homogeneous layer 
of well-separated particles with normal op- 
tical depth z. 

In applying this model, we used the opti- 
cal depths observed by the RSS experi- 
ment, as scaled for the known wavelength- 
dependent scattering efficiency of the 
particles. The scaling factor rv~lrass was 
determined using the RSS scan and an opti- 
cal depth profile taken from Voyager im- 
ages (Cuzzi et al. 1984) by 

1 N 
"rvis j~=l rvis(R(J)) (6) 
rRSS = N = rRss(R(j))" 

Since the two optical depth profiles are of 
differing resolutions, linear interpolation 
was used to obtain values of the lower-reso- 
lution rvi~ profile at appropriate radii. The 
above ratio was found to be 0.5 for the re- 
gion of the Cassini Division being consid- 
ered. 

When the optical depth profile of Band 1 
obtained from the RSS scan is used to cal- 
culate I/F values for the viewing geome- 
tries of the four Voyager 2 images, and 
these values are appropriately smoothed to 
the resolution of each image, the results 
strongly resemble the image brightness 
scans, especially for FDS 43999.37 (Fig. 7) 
and FDS 43993.06. Small differences in rel- 
ative amplitude could easily be ascribed to 
small variations in particle albedo or phase 
function. Applying this method to the 
lower-resolution Voyager 2 images FDS 
43989.46 and FDS 43994.10 with suitably 
increased smoothing, we find that the re- 
sulting model profiles lose some of the 
lower-contrast extrema, suggesting that the 
lower number of extrema observed in these 
images may be an effect of resolution and 
viewing geometry. These results further 
support the hypothesis that the structure in 
Band 1 is more or less azimuthally symmet- 
ric with the profile measured at highest ra- 
dial resolution by the RSS scan. 

Although the locations of brightness ex- 
trema in the Voyager l images FDS 
34934.33 and FDS 34931.06 agree well with 
the RSS optical depth extrema, there is 
poor agreement between the observed con- 
trast of the images and the predictions of 
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FIG. 7. Standard radiative transfer model prediction 
of Band 1 brightness profile for viewing geometry of 
image 43999.37 using optical depths obtained from 
RSS scan. 
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FIG. 8. Predicted dependence of  brightness on opti- 
cal depth for the viewing geometry of image FDS 
34934.33. 

contrast by the above simple radiative 
transfer model. It is important to realize 
that the brightness variation curve pre- 
dicted for this observing geometry is 
strongly peaked at a ~" close to the average 
for this region (Fig. 8), and small uncertain- 
ties in the scaling factor Tvis/'TRSS c a n  
strongly effect not only the contrast, but 
even the sense, of the brightness extrema. 
For example, brightness maxima could be 
either optical depth minima or optical depth 
maxima, or an even more complicated com- 
bination could result. Because the range of 
z in Band 1 is so close to the peak of the 
curve shown in Fig. 8, the predictions of 
our simple model show almost no contrast 
at all. In addition, for images FDS 43931.06 
and FDS 34934.33, the locations of bright- 
ness maxima agree very well with the RSS 
optical depth maxima locations, and the 
same is true for brightness minima and opti- 
cal depth minima. These observations sug- 
gest that the peak of the actual brightness- 
optical depth curve must occur at an optical 
depth (say r - 0.2) higher than that pre- 
dicted by our simple radiative transfer 
model. In this illumination and viewing ge- 
ometry, model predictions are extremely 
sensitive not only to the above uncertain- 
ties but also to various potential nonideal 
aspects of the ring vertical structure, such 

as panicle packing effects. Consequently, 
although we are not able to model these I/F 
variations in a satisfactory manner we do 
not think these discrepancies affect our ba- 
sic conclusions. Future analysis with our 
improved radiative transfer model (Dones, 
personal communication 1988) will be of 
great interest. 

3.1.3. Radial Structure of  Band 2 

In the case of Band 2, the images FDS 
43993.06 and FDS 43999.37 clearly show 
regular radial brightness fluctuations in the 
range between 118,350 and 118,450 km in 
radius, while the remaining four images re- 
veal little or no regular structure in this re- 
gion. The regular structures found in im- 
ages FDS 43993.06 and FDS 43999.37 occur 
in the same region of Band 2 and contain 
approximately the same number of extrema 
as do the regular optical variations found in 
the RSS scan (Fig. 9), which may be inter- 
preted as the wake of a moonlet orbiting at 
as = 118,213 km. We note that the shorter- 
wavelength structure seen in the RSS scan 
between 118,340 and 118,380 km (Fig. 3b) 
could easily have been lost due to marginal 
resolution of the image scan. These similar- 
ities, while not as striking as in the case of 
Band l, suggest that the type of analysis 
performed on the regular structure of Band 
l might be relevant in Band 2 as well. 

If the Band 2 structure found in the RSS 

B A N D  2 

E X T R E M A  L O C A T I O N S  

• ' • • • • RSS 

• ' • • • • • • 43999.37 

• • • • • • 43993.06 

118.36 118.4 118.44 
RADIUS, 103 km 

FIG. 9. Same as Fig. 5 except that the extrema loca- 
tions plotted are for Band 2. Uncertainties are the 
same as those plotted in Fig. 5. 
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scan and the images FDS 43993.06 and FDS 
43999.37 were caused by a single moonlet,  
then, after precessing these three observa- 
tions to a common epoch at the moonlet 's  
orbital rate, we would expect  the two im- 
ages to lie very  near e a c h  o t h e r  in longitude 
since their Band 2 structures are virtually 
identical. In addition, we would expect  the 
two images to lie roughly near the RSS scan 
because of  their crude similarity in average 
wavelength to the RSS values, and 
downrange from the moonlet  due to the fact 
that a moonlet  wake exterior  to a moonlet  
trails the moonlet  in longitude. Figure I0 
shows that after precession at the corre- 
sponding moonlet  orbital rate (as = 118,213 
km, II = 752.°6 day-J),  none of  the predic- 
tions are borne out. While FDS 43993.06 is 
near the RSS scan and the moonlet,  the im- 
age FDS 43999.37 falls - 1 8 0  ° -+- 30 away. 

Overall, the similarity of  radial structure 
in the region at the three longitudes and the 
complete lack of  wavy edges in any of  the 
six images (described in detail in Section 
3.2) tend to rule out the hypothesis of  a 
single moonlet  or moonlets as large as 10 
km in radius as the cause of  the observed 
Band 2 structure. 

3.2.  AZIMUTHAL STRUCTURE 

Moonlets having the masses inferred 
from the RSS Band 1 and 2 structure would 
cause wavy edges with amplitudes ae  com- 
parable to the widths of  the gaps in which 
they reside, based on simple theory and 
analogy with the Encke moonlet ' s  observed 
behavior  (Cuzzi and Scargle 1985). To 
show that this is true, we multiply Eq. (3) 
by the edge location a to relate the ampli- 
tude ae  to the moonlet  mass M~. In the case 
of  image FDS 43999.37, if it were trailing 
the outer  RSS moonlet  by the distance 0 - 
15 ° predicted from wake theory,  it would be 
unlikely for the wavy edges to have damped 
appreciably. For  example,  Encke Gap 
wavy edges with amplitudes in good agree- 
ment with current  wake theory are easily 
seen = 15 ° away from the moonlet and per- 
sist, with decreasing amplitude, for fully 

 93. y 
INNER ORBITAL RATE 

FIG. 10. Same as Fig. 6 except that the MT inner 
orbital rate was used for precession (752% day-~). 

270 ° from the moonlet.  Although this per- 
sistence is, in fact, not well understood and 
an area of  ongoing study, we do not believe 
that the properties of  the rings differ so 
greatly between the Encke Gap and the 
Cassini Division to allow wavy edges to 
persist 270 ° in one case and fully damp in 
less than 15 ° in another.  Also, such rapid 
damping would remove the wake pattern 
which is itself the product  of  persistent or- 
bital eccentrici ty of  the ring material. With 
these arguments in mind, letting a = 
118,288 km (the location of  Edge 5) and 
as -- 118,269 km, and using MT's  l o w e r  

limit estimate of  M ~ / M p  = 10 -l~, we get an 
amplitude ae  ~ 46 km. This is larger than 
the gap itself, which is a nonphysical situa- 
tion. The narrow gap width would not be 
stable and would continue to widen. In fact, 
as noted earlier the size of  the gap requires 
only a 2-km moonlet ,  which would be about 
100 times less massive than the moonlet in- 
ferred from the RSS scan, assuming unit 
density. The associated wavelength of  this 
wavy edge (from Eq. (2)) would be - 1 7 9  
km, or -0.01, which would allow about 20 
wavelengths to fit in the azimuthal range of  
the image while still being well above its 
resolution. If wave damping length is best 
measured in wavelengths and not in de- 
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grees, the Cassini Division wavy edges m a y  

damp in one-seventh of the azimuthal dis- 
tance or ---40 ° since the wavelength here of 
-0.°1 is approximately equal to one-seventh 
of the wavelength observed on the Encke 
Gap edge, still a much greater distance than 
the inferred -15  ° distance between FDS 
43999.37 and the moonlet. Certainly, such a 
wavy edge would be visible in the image. 
Worse yet, if the image were leading the 
moonlet, as the moonlet wake model would 
suggest, then Edge 4 at a = 118,265 km 
would be perturbed even more strongly, 
having an absurd value of a e  - 1000 km. 
Similarly, if the image FDS 43993.06 is 
leading (trailing) MT's inner moonlet we get 
a e  - 13 km (11 km), while allowing about 
70 wavelengths of h - 0°.1 to fit on the im- 
age. Wavy edges of this amplitude and 
wavelength would be easily detected. As a 
comparison, edge waves found in the 
Encke Gap by Cuzzi and Scargle (1985) had 
an amplitude of - 2  km, which was visible 
in a Voyager image with a resolution com- 
parable to that of image FDS 43999.37, with 
no computer enhancement required. 

The six Voyager images used in this 
study were examined for edge waves of 
even smaller amplitude, following a proce- 
dure identical to that of Cuzzi and Scargle 
(1985). Azimuthal brightness scans were 
taken of Edges 1 through 10, the outer edge 
of the B Ring, and the edges of the Huygens 
Ringlet. These scans were obtained by radi- 
ally averaging brightness values over an ap- 
proximately two-pixel-wide scan parallel to 
the gap edge which resolved the entire 
frame into approximately 800 azimuthal 
bins. These scans were then spectrally ana- 
lyzed by taking fast Fourier transforms to 
obtain any evidence of periodic features at 
relevant spatial frequencies. The spectra 
were studied carefully for the presence of 
signals above the noise level. Nothing was 
found which firmly established the pres- 
ence of wavy edges; in fact nothing was 
found of strength comparable to the many 
detections of wavy edges in the Encke Gap 
by Cuzzi and Scargle (1985), some of which 

were invisible in Voyager images. A few 
signals of marginally detectable strength 
were found to be an effect of pixellation in 
the Voyager imaging system. This lack of 
wavy edges has two important implica- 
tions. In the case of image FDS 43999.37, 
its location after precession at the corre- 
sponding orbital rate is near enough in lon- 
gitude to the outer moonlet that, given the 
mass inferred from the RSS optical depth 
extrema, Eq. (3) implies that waviness 
should appear on any of Edges 2 through 5, 
with the strongest signal being on Edge 4 or 
Edge 5. None was found. Similarly, after 
precession at the inner moonlet rate, image 
FDS 43993.06 fell near enough to this 
moonlet that waviness could have been de- 
tected there as well. Again, none was 
found. In addition to the negative results of 
the wavy edge analysis of images FDS 
43999.37 and FDS 43993.06, which lie clos- 
est to the predicted moonlet longitudes, the 
lack of wavy edges in any of the other im- 
ages is inconsistent with an assertion that 
the structure found in Bands 1 and 2 in 
those images is related to any other similar 
moonlets, which would need to be corre- 
spondingly close in order to produce a 
wake pattern which matches the observed 
band structure. Again, we must conclude 
that the observations of regular structure in 
Bands I and 2 are simply not consistent 
with a moonlet wake interpretation. 

3.3. SMALLER MOONLETS 

The negative results of the analysis of the 
regular structure observed in Bands 1 and 
2, while discouraging, certainly do not rule 
out the possibility that moonlets exist in the 
Cassini Division. It may be that we just are 
not looking closely enough. According to 
current theory (e.g., Lissauer e t  a l .  1981, 
Henon 1981), the sizes of the gaps separat- 
ing the four bands of the division suggest 
that any moonlets maintaining them could 
be about 2 orders of magnitude smaller in 
mass than moonlets inferred from the RSS 
optical depth extrema. Moonlets of this size 
(-2-km radius) would still produce sub- 
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stantial wake patterns,  although the corre- 
sponding wavy edges would be only mar- 
ginally detectable.  That no evidence for 
such moonlets has been found may also be 
due to the small fraction of  the circumfer- 
ence of  the Cassini Division that has been 
observed at a sufficiently high resolution 
( -14%) .  Fur thermore ,  whether  or not even 
smaller moonlets might be capable of  main- 
taining the many small gaps in the Cassini 
Division, they may still exist there and may 
play a role in the smaller-scale morphology 
of  the division. Would such possibly more 
numerous,  smaller moonlets be detectable? 
Assuming a gap width of 40 km, a moonlet 
orbiting in the center  of  the gap with a ra- 
dius smaller than about 2 km would pro- 
duce a wavy edge with an amplitude less 
than 1 km. Such a wavy edge would be mar- 
ginally detectable at best even in the high- 
est-resolution Voyager  images of  the Cas- 
sini Division and could account  for the lack 
of  wavy edges found in the images. How- 
ever,  chances are that a wake pattern of  
such a moonlet  would be visible in the RSS 
scan, provided that the moonlet is close 
enough to the scan in longitude that the 
wavelengths of  the wake pattern are greater 
than the radial resolution of  the scan. Al- 
though the wavelength of  a wake pattern 
increases with increasing radial distance 
from the moonlet,  the amplitude of  the 
wake simultaneously decreases.  Recall that 
the MT moonlets are n o t  in the gaps closest 
to the structure to which they are ascribed, 
but in fact must be one gap further away in 
order  for the wake radial wavelength hr to 
be as large as observed.  The large distance 
required for the MT moonlets,  then, led to 
their large masses. For  a minimal 2-km-ra- 
dius body, it may be that at a great enough 
radial distance from the moonlet  for the 
wavelength to be resolvable, the amplitude 
may decrease to the point at which the 
wake pattern is not detectable in the RSS 
scan. For  a wake pattern to be resolvable 
by the RSS scan at, say, 5 km from the ring 
edge and 25 km from the moonlet,  the scan 
would have to be less than 3 ° in longitude 

from the moonlet.  The chance of  the scan 
falling within a 6 ° range around a moonlet 
is, of  course,  less than 2%. However ,  the 
chance of  falling within detectable range of  
a small moonlet  would be significantly in- 
creased if there were a family of  small 
moonlets orbiting in each 40-km gap. 

The radio scan does reveal some regular 
optical depth fluctuations near the outer  
edge of  Band I which consist of  nine ex- 
trema with decreasing amplitude and in- 
creasing wavelength with increasing dis- 
tance from the ring edge (Fig. 11). A 
comparison of  this structure with the same 
region of  the PPS scan indicates the likeli- 
hood for azimuthal variation, unlike the 
case with the larger-scale structure in 
Bands 1 and 2. Although the noise level of  
the PPS scan is high for the Cassini Divi- 
sion, this scan does indicate general trends 
in optical depth with relatively higher confi- 
dence. Figure 11 shows that the trend in 
optical depth within 20 km interior to Edge 
2 is quite different for the two scans. The 
scale of  the individual fluctuations ob- 
served in the RSS scan is less than 5 km and 
would not be resolved by the Voyager im- 
ages used in this study, or addressed effec- 
tively by the PPS data, due to the high noise 
level at this smaller effective resolution. 

The best fit of  a moonlet  wake model to 
this structure observed by the RSS scan 
near Edge 2 implies a small moonlet  orbit- 
ing in the gap between Edges 2 and 3. To 
produce the observed structure, the moon- 
let would be trailing the RSS scan by 0.42 -± 
0.01 ° and would have an orbital radius of  
! 18198.1 ± 0.3 km, or would be about 9 km 
away from Edge 2. The mass predicted for 
this moonlet  is roughly 8.1 --+ 5.3 × 10 ~5 g or 
1.4 ± 0.9 × I0 -14 Mp. Assuming a mass 
density of  I g cm -3, this mass translates to a 
moonlet radius of  roughly - 1  km. The 
results of  this analysis, following the ap- 
proach of  Showalter  et al.  (1986), are illus- 
trated in Fig. 12. 

Returning to the idea of  a family of  small 
embedded moonlets,  how many moonlets,  
such as the one just described, would be 



INNER CASSINI DIVISION STRUCTURE 193 

a 
. . . .  , . . . .  . ,  . . . ~ . .  . ~ . - - ~  

! RSS RADIO ~ ] 
.6: OCCULTATION SCAN ~/ 

i . . . . . . . . . . . . . . . . . . . . . . . .  ; 

118.12 118.16 118.2 
RADIUS, 10 3 km 

, ] - - "  - -  : 

: PPS STELLAR h i 
i OCCULTATION RI .' 

. . . . . . . .  t + . ~ 1 ~ .  . ~ - L -  . . . . . . . .  

118.12 118.16 118.2 
RADIUS, 103 km 

FIG. I 1. (a) RSS scan of  outer  Band 1 showing regular s tructure from 118,170 km to Edge 2. (b) PPS 
scan o f  same region shown  in (a). 
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obtained for mr~f = 3, implying a~ = 118,198 km, and 0~ = 0.°4. 



194 FLYNN AND CUZZI 

required to maintain the 40-km gap between 
Edges 2 and 3? From Eq. (l), the size of  the 
gap implies a mass of  roughly 5 x 1016 g, or 
about l0 moonlets of  the size estimated 
above.  Such a population of  moonlets 
would improve the probability that the RSS 
scan falls a mere fraction of  a degree from 
one of  them. With this number of moonlets,  
one might expect  the RSS scan to detect 
more than just  the wake of  one moonlet.  
However ,  recalling that the wavelength of  a 
wake pattern varies inversely with the azi- 
muthal distance from the moonlet,  increas- 
ing this distance by a factor  of  3 to just over  
l ° would reduce the wavelengths of  the 
wake pattern by the same factor, putting 
most of  the wake below the 1-kin resolution 
of  the RSS scan, and making it undetect- 
able. Of course,  current  work on sheperd- 
ing theory (Goldreich and Porco 1987) sug- 
gests that this process is much more 
efficient than previously thought, thus re- 
quiring a smaller number of  l-km objects. 

While the results of  our  analysis of  this 
structure are intriguing, the evidence that 
the RSS scan provides is rather scanty and 
there is no confirming observation of  the 
wake as is the case with the Encke Gap 
moonlet.  It is mainly for these reasons that 
we cannot  pursue this possible moonlet evi- 
dence any farther. 

3.4.  ELLIPTICAL EDGES OF BAND l 

As was mentioned in Section 1, Edges l 
and 2 appear  slightly eccentric in a compos- 
ite of  four Voyager  2 images of  the Cassini 
Division (Fig. l). In this section, we deter- 
mine the eccentricities and orientations of 
these two edges by fitting sine waves to the 
edge locations and longitudes observed in 
the Voyager  images, the RSS scan, and the 
PPS scan. To perform these fits, an appro- 
priate first guess at the rate of  precession of  
the edges must be made. Analysis by Porco 
(1983) of  the nearly Huygens Ringlet found 
it to be mainly a simple Keplerian ellipse 
(azimuthal wavenumber  m = l) precessing 
at the rate due to Saturn 's  oblateness corre- 

sponding to m -- l (free precession). The 
precession rate, or pattern speed, is in gen- 
eral, 

l~p = f~ - K / m ,  (7) 

where [l is the orbital f requency and K is 
the epicyclic f requency (Lissauer and 
Cuzzi 1982). Since the Huygens Ringlet is 
predominantly freely precessing, it is logi- 
cal to explore whether  Edges I and 2 are 
also freely precessing. The results of  our 
fits are shown in Fig. 13. Edges l and 2 do 
seem to be well fit by simple rn = l ellipses 
precessing at the free rate. In this context ,  
the edges have eccentricities of  order  10 -5 
and pericenters at 65 ° and 197 ° (in the 
EME50 coordinate system; see Showalter  
e t  a l .  1986), respectively,  at the epoch of  
the RSS scan. Although the edges of  certain 
narrow, eccentric ringlets of  Saturn and 
Uranus, which precess as rigid units, have 
been shown by Porco e t  a l .  (1987) to have 
small misalignments of  their pericenters,  or 
apsidal shifts, on the order  of  1 °, there is no 
evidence that Band l and its Edges 1 and 2 
precess as a rigid unit. A fixed apsidal shift 
of - 1 3 2  ° would be much larger than any 
known at present,  and it may be that the 
large difference in pericenter  locations be- 
tween Edges 1 and 2 is not fixed in time. 
However ,  assuming rigid free precession 
and using the free rate corresponding to the 
mean radius of  Band 1 (118,064 km) pro- 
vides m = l fits to Edges I and 2 which are 
essentially indistinguishable from the fits 
obtained above by assuming differential 
free precession, indicating that rigid preces- 
sion cannot be ruled out for Band I. 

As a comparison to our  results using the 
m = l free precession rate to fit Edges I and 
2, we precess these edges at the rates corre- 
sponding to higher values of  m. The fits ob- 
tained for a double lobed pattern (m = 2) 
are shown in Fig. 14. These fits, although 
not implausible, are substantially less rea- 
sonable than those for m = 1 and fits 
for higher values of  m are even less defen- 
sible. 
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FZG. 13. (a) Sine wave fit of  Edge 1 radii at longitudes precessed to the epoch of the RSS scan at the 
m = 1 free precession rate (5 ° day-~) corresponding to the mean radius of Edge 1 (117,937 km). Best-fit 
values: mean radius a = 117,936.9 km, eccentricity e = 0.000025, and longitude of pericenter is 65 °. (b) 
Sine wave fit of  Edge 2 precessed at the free rate for Edge 2 (also very close to 5 ° day-Z). Best-fit 
values: a = 118,196.3 km, e = 0.000074, and longitude of pericenter is 197 °. 

3 .5 .  POSSIBLE E X P L A N A T I O N S  OF 

B A N D  1 S T R U C T U R E  

Although we believe that the larger-scale 
radial structure in Bands 1 and 2 is probably 
not related to embedded moonlets, the 
question of the true cause of this structure 
remains unanswered. It has been shown by 
MT that the two sets of optical depth fluctu- 
ations are not easily distinguishable from 
bending or density waves even though, 

they also note, the resonance locations pre- 
dicted from the observed wavelengths do 
not correspond to those of any known exte- 
rior satellites. 

Our own, similar analysis of the Band 1 
extrema confirms the result of Marouf and 
Tyler regarding the RSS observation of 
Band 1 and provides very similar results for 
the four Voyager images which resolve all 
13 extrema. For any steady disturbance of 
angular wavenumber m to be stabilized by 
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FIG. 14. (a) Sine wave fit of Edge I radii at longitudes precessed to the epoch of the RSS scan at the 
m = 2 free precession rate (379?5 day-~) corresponding to the mean centerline radius of Band !. Best-fit 
values: a = 117,937.4 kin, and e = 0.000020. (b) Sine wave fit of Edge 2 precessed at the same rate as in 
(a). Best-fit values: a = 118,193.2 km, and e = 0.000053. 
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FIG. 15. Best  fit o f h  = K(m,  ~, a)/(a - ao) to Band 1 
ex t rema observed  in the RSS scan. Best-fit values of  
a0, K, and RMS error  can be found in Table II1. 

ring self-gravity,  its pattern speed and ra- 
dial wavelength are related functions of  m. 
The relationships are determined from the 
dispersion relations most  often associated 
with spiral density waves ,  but are of  more 
general application. For  example ,  we have 
used this dependence  in Eq. (7) of  Section 
3.4 to calculate the rate at which to precess  
patterns of  different m values. Similarly, 
we can fit a function of  the form 

K(m, Y, a) 
X - (8) 

a - a0 

to the observed  wavelengths ,  where K(m, 
~, a), which is a weak function over  the 
small range in a involved,  takes on different 
forms depending on the value of  m (dis- 
cussed below), and a is the local radius. 
Such a fit allows the radius a0 of  resonance 
to be determined directly, and, if the azi- 
muthal wavenumber  m of  the pattern is 
known,  the local ring surface mass density 
Y to be determined as well (Cuzzi et al. 
1984). Our  best  fit of  this sort is shown in 
Fig. 15. 

The best-fit resonance locations resulting 
f rom this analysis (Table III)  are closely 
distributed around the apoapse  radius of  
the optically thick Huygens  Ringlet 
(I 17,860 km). Therefore ,  we first explore a 

possible dynamical  connect ion between the 
Huygens  Ringlet and the structure in Band 
1. Subsequent ly ,  we consider  al ternative 
dynamical  causes  of  unknown origin. 

The mainly  m = 1 nature of  the Huygens  
Ringlet location and pat tern speed (Porco 
1983), its good positional agreement  with 
the location a0 derived f rom the wavelength 
fits (Fig. 15), and the apparent  m = 1 struc- 
ture of  Edges 1 and 2 suggest that it might 
be associated with an m = 1 perturbat ion on 
Band I. Assuming that the Band 1 structure 
is the result of  an m = I disturbance,  we 
can calculate a value for the local surface 
mass density ~ from the observed  wave-  
lengths. For  m = I, 

8 7 r 2 ~ a  6 

K(m, E, a) ~ 21 J2MpR2p (9) 

(Cuzzi et al. 1984), and combining this with 
Eq. (8), we get 

y = 21 J2MpR~AaX 
8 ~ 2 a  6 , (10) 

where J2 is Sa turn ' s  second gravitational 
moment ,  Mp and Rp are Sa turn ' s  mass  and 
equatorial  radius, Aa = a - a0 is the radial 
distance to the resonance  location a0, and h 
and a are the local wavelength and radius. 

T A B L E  Iil 

P R E D I C T E D  R E S O N A N C E  L O C A T I O N S  F O R  

B A N D  1 S T R U C T U R E  

Image (scan) ao ~ (km) K(m,  2,  a p  (km 2) cr"(km) 

34931.06 117,856. 2934. 3.1 
34934.33 117,853. 3080. 1.5 
43993.06 117,864. 2836. 3.5 
43999.37 117,874. 2572. 2.3 

RSS 117,878. 2610. 1.0 

° Predicted resonance  locations from fits of  h = 
K(m,  ~, a)/a - ao to observed  values  of  (a, X) in Band 
I, where h and a are the local wavelength  and radius, 
respectively.  The  apoapse  radius of  the m = 1 compo-  
nent  o f  Huygens  Ringlet is 117,860 km (Porco et al. 
1984). 

h Fitting parameter .  See Eqs.  (9) and (1 i) for its defi- 
nition. 

c RMS error  of  each fit. 
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In this way,  we obtain an average value X 
0.94 +-- 0.06 g cm -2 for Band 1. 

If, on the other  hand, we assume values 
of  m > 1, we use the alternative form for 
K(m,  E, a) given by Cuzzi et al. (1984), 

4,tr2y_,a 4 
K ( m ,  "2,, a) ~ (I I) 

3 ( m -  l)Mp' 

and, using our  observed parameters ,  we ob- 
tain 

~ 3(m - 1)MpAa3. - 63(m - 1) g cm -2. 
47rZa 4 

(12) 

Even for m = 2, the surface density 
would be considerably larger than values 
obtained in other  regions of  Saturn 's  rings 
which are also much more optically thick. 
In addition, one might expect  such pertur- 
bations of  larger m to also manifest them- 
selves along Edges I and 2, contrary to our 
finding that Edges 1 and 2 are best fit by 
m = 1 ellipses. 

For  one comparison with the mass densi- 
ties derived above,  we use the following 
rough method of  estimating a reasonable 
mass density for Band 1 based on a compar- 
ison of  optical depth and statistically ob- 
tained particle size estimates for the inner 
and outer  regions of  the Cassini Division. 
Showalter  and Nicholson (1988) calculate a 
particle size parameter  Q for various radial 
regions of  Saturn 's  rings which is propor- 
tional to the square of  the "e f fec t ive"  (for 
likely size distributions, the largest) local 
particle size. Therefore ,  the change in ef- 
fective particle size from one locality to an- 
other  is (QJQ2) v2. Since particle mass is 
proportional to the cube of  the largest typi- 
cal particle size (assuming constant particle 
density), the change in particle size (Q~/ 
Q2) I/2 is also the change in particle mass per 
unit particle area. If we combine this factor 
with the total change in particle area from 
one radial location to another,  which is just  
the ratio of  optical depths rl/r2, then a 
rough estimate of  the change in surface 
mass density can be obtained, given by 

Xt zl (Ql~ ta 
x2. (13) 

Scaling in this fashion from a value of  
-~ 10 g cm -2 obtained from analysis of  the 

Iapetus 1 :0  resonance in the outer  Cassini 
Division (Cuzzi et al. 1984), we obtain a 
value of  X - 5 g cm -2 for Band 1, which is 
in much bet ter  agreement with our m = 1 
value of  X, - 1 g cm -2 calculated from ob- 
servations than with values of X for any 
higher value of  rn. Fur thermore ,  a value of  
X - l g cm -2 is in the range of  mass density 
values determined in regions of  the C ring 
which have properties similar to those of  
the inner Cassini Division (Rosen and Lis- 
sauer 1988). 

The above comparisons suggest that the 
value of  surface mass density of  Band l cal- 
culated for m = 1 is much more reasonable,  
supporting the case for an m = 1 distur- 
bance possibly associated with the Huy- 
gens Ringlet and essentially ruling out any 
presently unknown resonances of  higher m. 

Another  possibility is that the Band 1 op- 
tical depth fluctuations are not caused by a 
gravitational resonance,  but are the result 
of the viscous stresses induced by neigh- 
boring particle streamlines on each other. 
Even in this process,  the mass or optical 
depth fluctuations occur  on a spatial scale 
determined by ring self-gravity; that is, 
they may be estimated with slight varia- 
tions of Eqs. (10) and (12) above. This phe- 
nomenon,  variously called "pulsational 
overstabi l i ty"  (Papaloizou and Lin 1988) or 
"dynamical  instability" (Borderies et al. 
1984, French et al. 1988, Goldreich and 
Porco 1987), has been shown to be capable 
of producing stable oscillations of  various 
modes in rings considerably narrower than 
Band 1. However ,  in this case the resulting 
wavelengths would not be expected to vary 
systematically with radius, and we have 
shown that h ~ I/(a - ao) fits the observed 
wave pattern very well (Fig. 15). 

Although the regular optical depth fluctu- 
ations in Band 1 seem best fit by an m = l 
density wave,  the actual source of  the dis- 



198 FLYNN AND CUZZI 

turbance is not clear. As was noted previ- 
ously, the predicted resonance location lies 
very near the apoapse radius of the Huy- 
gens Ringlet. Naively assuming this ringlet 
itself to be responsible for what is ob- 
served, one might expect to find a similar 
situation immediately surrounding the 
Maxwell Ringlet in the C Ring. Unfortu- 
nately, no similar structure is, in fact, found 
there in either images or the RSS scan. 
Consequently, we cannot firmly identify 
the ringlet itself as the cause of the Band 1 
structure. 

4. SUMMARY 

Contrary to previous results, we find that 
the regular radial structure in Band 1, and 
perhaps that in Band 2 as well, is not due to 
embedded moonlets since it does not be- 
have according to the wake theory used to 
infer the moonlets in the first place. First, 
the similarities in wavelength, radial loca- 
tion, and amplitude of the structure seen in 
the various observations suggest that they 
are all the same structure observed at dif- 
ferent longitudes in the frame of any moon- 
let orbiting within either gap. When the im- 
age locations are precessed at rates 
corresponding to the orbits of the inferred 
moonlets, their resulting wide distribution 
in longitude suggests that the radial struc- 
tures observed cannot be due to any two 
embedded moonlets. Second, even if we 
postulate that all the observations are quite 
close to their own, separate, responsible 
moonlets (each the same distance 0s, from 
the observed wake; an unlikely coinci- 
dence), the theoretical variation in wave- 
length or position of the observed extrema 
is not seen across any of the frames. Third, 
no wavy edges have been detected in any of 
these images, even those of extremely high 
resolution. These observations, we feel, 
rule out the possibility that even an ex- 
tremely ad hoc distribution of moonlets 
could be responsible for the Band I and 2 
regular radial structure. 

From examination of possible alterna- 
tives to the embedded moonlet hypothesis 

as the cause of the observed structure, we 
find evidence that the Band 1 structure, at 
least, may actually be a density wave-like 
disturbance. As described in detail in Sec- 
tions 3.4 and 3.5, the m = 1 nature of Edges 
1 and 2, the proximity of the inferred reso- 
nance location to the apoapse radius of the 
mainly m -- ! Huygens Ringlet, and the rea- 
sonable value of surface mass density ( -  l g 
cm -2) obtained only by assuming m = 1 
suggest that the Band 1 structure could be 
due to m = 1 perturbations by the nearby 
Huygens Ringlet. However, because simi- 
lar structure is not seen in the vicinity of the 
eccentric Maxwell Ringlet, a truly satisfac- 
tory explanation is elusive. 

The second major result presented in this 
paper is the possible detection in the RSS 
scan of a wake-like feature which could be 
caused by a small (~l-km-radius) moonlet 
orbiting in the gap just exterior to Band I. 
The best fit of a moonlet wake model to the 
observed optical depth extrema suggests an 
approximately l-km-radius moonlet orbit- 
ing about 9 km outside Edge 2, and lagging 
the RSS scan by less than 1 ° of longitude. 
While such a moonlet would be about an 
order of magnitude too small in mass to 
maintain the -40-km gap in which it re- 
sides, it could possibly be only one of many 
such moonlets orbiting there. A family of 
moonlets would also make it more probable 
for the RSS scan to fall so close to one of 
them in longitude. A family of moonlets is 
merely one possible explanation for the ex- 
istence of the gap since there is no further 
evidence in support of this hypothesis. 
However, we note that Cuzzi and Scargle 
(1985) pointed out one anomaly in an Encke 
Gap wavy edge that they suggested might 
be caused by a small moonlet, distinct from 
the major 10-km-radius object which domi- 
nates the gap. Also, the various kinks in the 
Encke Gap ringlet (and perhaps in R117909) 
might be easily ascribed to local perturba- 
tions by a tribe of otherwise undetectable 
kilometer-sized objects. Cuzzi and Burns 
(1988) have also discussed such a popula- 
tion in the vicinity of the F Ring. 
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