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Abstract

The Voyager 2 Photopolarimeter experiment has yielded the highest
resolved data of Saturn’s rings, exhibiting a wide variety of features.
The B-ring region between 105000 km and 110000 km distance from
Saturn has been investigated. It has a high matter density and con-
tains no significant features visible by eye. Analysis with statistical
methods has led us to the detection of two significant events. These
features are correlated with the inner 3:2 resonances of the F-ring
shepherd satellites Pandora and Prometheus, and may be evidence of
large ring particles caught in the corotation resonances.



1 Introduction

The Voyager occultation experiments have yielded a great variety of struc-
tures in Saturn’s rings. The photopolarimeter data (PPS, Lane et al. 1982,
Esposito et al. , 1983a) exhibit structures at all length scales until the reso-
lution limit of the data (=~ 100 m).

A number of previous papers relate these observed features to physical
processes, such as resonant effects, self gravity, or ballistic and collisional
transport. Among them, there are compilations about all known resonant
effects given by Lissauer and Cuzzi (1982) and Holberg et al. (1982). More
generally, Esposito et al. (1987) have listed statistically significant events in
the rings by means of a Student’s t-test. They have found 216 features in
the rings.

Following their investigations, we have analyzed the B-ring region be-
tween 105000 km and 110000 km radial distance from Saturn’s center where
no significant features have yet been found. It should be noted that this
region is the longest one in the rings where no significant effects had been
detected in all occultation experiments until now. The observed fluctuat-
ions seem to be noisy and do not change their characteristics throughout the
whole region.

This region is flanked by zones where strong irregular fluctuations have
been observed (e.g. Esposito et al. , 1986). Thus, understanding of the fluc-
tuations in that region could provide a base in order to explain the effects
in the neighboring zones. Additionally, the knowledge of how these small
fluctuations arise in a region with very small perturbations, could give im-
portant hints for the understanding of the behavior of dense ring matter in
similar regions.

Unfortunately, the high matter density in the studied region leads to a
low photon count rate in the occultation experiment, i.e. the signal to noise
ratio in this region is very small. In addition, most of the detected photons
result from light scattered from Saturn’s surface or other parts of the ring,
and not from the occulted star (Esposito et al. , 1983).

Therefore, a crucial point of the analysis is whether the interesting char-
acteristics of the data received at the experiment are due to background or
other observational effects or whether they contain information about the in-
vestigated ring region itself. In the latter case it must be answered whether
there are only random fluctuations or some kind of deterministic behavior,



such as long-range effects.

For this purpose, we use some refined statistical techniques which permit
us to decide whether the data contain more information than only back-
ground effects.

The paper is organized as follows: In section 2 we describe the character
of the analyzed data, section 3 deals with the features detected in the ap-
plied tests and with their correlation to resonances, and the conclusions are
summarized in section 4.

2 The Data

The studied region is located in the central B-ring approximately between
105000 km and 110000 km from Saturn’s center. There are no obvious visible
features in this region. The inside and outside adjoining areas are charac-
terized by the appearance of strong irregular fluctuations. For context see
Figures 2 and 8 in Esposito et al. (1984) and the plots in the atlas of Saturn’s
rings by Collins et al. (1983).

Figure 1 shows a density profile through the B-Ring, where the optical
depth 7 - a measure for the matter density - obtained from the PPS data has
been plotted against the radius.

The Voyager photopolarimeter (PPS) data consists of the measured in-
tensity values of the star ¢ Scorpii occulted by the ring particles as a function
of the distance from Saturn. The denser the ring matter at the position be-
tween space probe and star, the less the detected amount of photon counts.

The relation between measured intensity and the optical depth 7 i.e. the
matter density is given by (Esposito et al. 1983a)

_ Io
T = cosf In;

with

T - optical depth,

I - measured intensity,

1, - intensity of the unocculted star,
B - amount of background photons



- incidence angle relative to the ring plane normal.

In the PPS-experiment, 6 was approximately 61.3 degrees and I, was 39
counts.

The high optical depth in the observed region causes a small signal in-
tensity so that fluctuations make the signal to noise ratio very low. The
measured photon count rate is fluctuating around an average intensity value
of 11 counts. The photon count distribution can be assumed as a Poisso-
nian. The amount of background photons can only estimated. Esposito et
al. (1983a, 1987) inferred a value near 10 which is only slightly smaller than
the average photon count rate.

Figure 2 shows a typical sector within the studied region. The original,
observed photon counts are plotted as a function of the radial distance from
Saturn.

The major part of the measured photon counts is due to scattered light
from other ring regions or from Saturn’s disk. The actual amount of this
background signal is not exactly determined. However, it can be assumed
that such effects are constant over relatively long length scales. Thus, the
structures caused by the fluctuations of the surface density of ring matter
should be distinguished from backscattered light, or at minimum they should
not be influenced very much by slow changes in scattered light.

To avoid systematic errors due to the unknown amount of background
effects we restrict our analysis to the original photon counts. The data are
then a spatial series with a resolution of approximately 100 m.

Figure 3 shows the radial variation of some main statistical short term
parameters (mean value, standard deviation) derived from the data. In our
example, all these values have been computed as the average values over a
sliding interval of 500 points. We find them exhibiting only small changes
within the studied region between 105 000 and 110 000 km .

The systematical search for features in Saturn’s rings by Esposito et al.
(1987) was restricted to a Student’s t-test for the mean photon count values.
The deviations in the mean values are too small over this whole region to
become significant in that test.

It cannot be distinguished by means of the above tests whether the appar-
ent fluctuations are due to the conditions of the experiment or whether they
contain information about the physical behavior of ring matter. Nor can we
distinguish between short range structures (below the resolution limit) and



noise. In order to clarify the nature of the measured data, further tests are
presented in the following section.

3 The Methods and their Results

As mentioned above, we refer in our tests to the raw PPS occultation counts
only, because any calculation of the optical depth gives an additional sys-
tematic uncertainty due to the unknown background effects. We assume
that these effects are slowly varying with the distance, and that they do not
influence the applied tests.

3.1 Chi- Square Test

We have modified a special x? - test developed by Isliker and Kurths (1993)
as a test for stationarity. In our test the photon count intensity distribution
of a short interval is compared with that one of its surrounding. Then the
narrow sample window is scanned over the entire region considered.

The distributions are formed by the numbers of photon counts of different
intensity classes. The x2- values are given by

k
2 _ (M;—Np;)?
= 7',;1 Npi
(2)
with

k -number of classes

M; - number of sample points in the class i

N - number of sample points

p; - relative frequency for the class i in the surrounding

As a measure for the deviation of the sample from its surrounding, we
have displayed x? as a function of the radial distance from Saturn. The
lengths of the test intervals as a well as the classification of the counts have
been varied in order to determine influences of the chosen parameters.
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In our example (Fig. 4 ), the distribution of a 500 points ( 52.6 km )
sample has been compared with the 15000 points long region surrounding it
(including the sample). The sample is located in the center of the surrounding
region. In our example, the photon count values have been divided into 17
classes. The first class contains all counts <7, each count from 7 up to 21
corresponds with class 2 up to 16, and the last class contains all counts > 21.
If the features have sizes on the order of the sample length, the sensitivity
to the relative positions between the feature and the sample window may
be high. We have overlapped the sample windows in order to reduce this
sensitivity. The distance between two adjacent samples is 150 data points,
giving an overlap of 350 points.

Two significant peaks occur for a broad range of the selected test param-
eters, i.e. for sample windows large enough (> 10 km) to avoid the influence
of short range fluctuations and not too large ( < 100 km) that the features
will not vanish in the surrounding noise. This could be an estimate for the
sizes of the features.

The features are located approximately at 106450 km and at 108150 km
radial distance from Saturn. The accuracy of the position estimation is
limited by the window length so that a systematic position error of 50 km
must be taken into account for Figure 4.

Depending on the number of degrees of freedom (number of classes -
1), each x? - value corresponds with a probability that the value can be
reached by chance. In our example, the peaks have y? - values of 70 and 56
respectively. The corresponding probability for a random realization of a x?
- value of 56 is lower than 0.00001, for 70 still much lower. The probability to
have one such event purely by chance in a number of events depends on this
number. In this example, for a sample distance of 150 points, the number of
calculated x? - values in the region is 316. The corresponding probability p
for one random event is lower than 1 — (1 —0.00001)*'® = 0.31% and for two
of such events lower than p?.

3.2 m -Test

We have compared the above results with those of another statistical test,
which has been applied by Colwell et al. (1990) for the detection of small
rings in the Uranian system. The photon count distribution can be approx-
imated as a Poisson distribution, characterized by the mean value p as the



only parameter. The standard deviation o equals /u. In the discrete case,
the probability P; for detecting a counting rate I in a region with the mean
photon count value p is given by

PI(‘[,/’L):M

1!

(3)

Thus, the probabilities Py (C, u) for getting a counting rate > C and
Pp(C, u) for a rate < C' are

C=l i
PH(C7/’L) =1- 1207&

I

C -
PL<07/1’> = Z < I!M

I=0

Now, we define

C=1 _, |
ma(Cop) = n(l = £ <)

and

R
mL<07 M) =n 120 I
(7)
The values my and my, represent the expectation values for the number
of events with a counting rate > C respectively < C in an ensemble with n

Poissonian distributed values. In the purely random case, the expectation
value for the numbers of events with an m - value of about 1 is just 1.



With the m-test, high and low count rates can be considered separately.
Figure 5 shows the mpy-values as a function of the distance from Saturn.
In this example, we have chosen the same parameters as in the chi-square
test. The data have been binned 500 times so that each intensity value C
represents an approximately 52.6 km long region. The distance between two
neighbored samples has been 150 data points. The normalized mean photon
count value p has been derived from the 15000 data points long surrounding.
In order to visualize deviations from the Poissonian distribution which are
characterized by extremely small m - values, we have plotted (Fig. 5) the
my (C,u) - values on a logarithmic scale. Again, two features with extremely
low my, - values occur at the same positions as of the significant features in
the x? - test. The my, -values at the peaks are about 0.001. That means that
photon count rates as at the peak positions can be expected once in thousand
purely random realizations. Again, the probability for the occurrence of two
of such deviations is much smaller. At the locations of the detected features,
there is an increase of the photon count rate by 0.3 - 0.4 counts over a length
of about 30 km.

With the my, test, no comparable features have been detected.

3.3 Correlation with Resonances

To find out the nature of processes forming the detected features we have
tested a correlation with resonances.

For the calculation of the resonant positions we follow e.g. Goldreich and
Tremaine, 1980; Shu, 1984.

The two resonances with the distinctly strongest torques in the region
are the 3:2 resonances of the F-ring shepherd satellites Prometheus and Pan-
dora. Other resonances of these satellites are responsible for several features
in the A-ring. The approximated positions of the inner 3:2 resonances are
for the Lindblad resonances are 108545 km for Pandora and 106771 km for
Prometheus, and for the vertical resonances 107985 km and 106187 km.

The events detected in the tests have positions relative to the resonances
that are very similar for both cases.

The observed features are located very close to the positions of the coro-
tational resonances - just at the resonance position of Prometheus and just
a bit inside that of Pandora between the inner 3:2 Lindblad and the corre-
sponding vertical resonances. Due to the results of the two statistical tests it
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can be excluded with a high probability that the observed features are of ran-
dom origin. Furthermore, the probability that the two distinctly strongest
features appear by chance closely to the two strongest resonances is small too.
Assuming two 700 km long intervals where effects due to the 3:2 resonances
of Prometheus and Pandora could appear, the probability for a random po-
sitioning of the two features in these intervals out of a 5000 km long region
is about 4%. If one takes into account that both features are almost at the
similar positions relative to the resonances, this probability becomes even
smaller.

Typical resonant features can cause depletions in the observed optical
depth at the resonance positions, with density waves propagating radially
outward from the Lindblad resonances and bending waves radially inward
from the vertical ones. The effects due to the vertical resonances are expected
to be small in this case. In these tests, no significant features at the positions
of density or bending waves could be observed. Due to the high background
intensity, even high density fluctuations change the photon count rate only
slightly. Such fluctuations could not been distinguished from noise by means
of the tests described above. Relatively broad depletions can be detected
much easier.

A physical explanation for these effects still must be given. Corotational
resonances are not predicted to have a great influence on the matter density
in the rings. One exception are wave-like features at the 2:1 resonance of
Janus (Goldreich and Tremaine, 1979). Molnar et al. (1994) have explained
a large depletion in the optical depth further outward in the B-ring by the
2:1 corotational resonance of Mimas.

We propose as a possible explanation gravitational stirring of smaller ring
particles due to one or more larger ones trapped at the resonant positions (for
resonant trapping see e.g. Sicardy 1992). In this case, although the larger
ring particles may not be big enough to clear a gap (Henon 1981) they can
produce local density variations and decrease the mean opacity. This would
naturally explain the results of the x? - and m -tests near the corotation
locations.
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3.4 Comparison with Imaging Data

Beside the described tests, a comparison with independently gained data is
of interest. All occultation data suffer from low light intensity in regions
with high density, but this is not the case for light scattering experiments.
These imaging data have a much lower resolution than the PPS data and are
sensitive to surface properties of the ring material.

Figure 6 shows an imaging profile of light reflected at the rings. This
green-filter imaging profile is the result of data analysis performed by Estrada
and Cuzzi (1994). It is based on several narrow angle images by the Voyager-
probes.

In figure 6, the normalized intensity I/F of the reflected light has been
plotted against the radial distance from Saturn. An I/F value of 1 corre-
sponds to an albedo of 1 and a scattering angle of 0 °. The spatial resolution
of the data is about 12 km.

The intensity values in the data show an increasing tendency from 105
000 km up to 109 000 km. This increase may be due to a change of color or
brightness of the ring material.

There seems to be no obvious correlation to the PPS-features, but the
elimination of the long-ranged tendencies in the images leads to a different
result (Figure 7). In this example, the average intensity of the surrounding
region has been subtracted from each data point. The length of this reference
interval is with approximately 1560 km (130 data points) nearly the same
as for the tests for the PPS - data described above. Two broad depletions
can be seen at the resonance positions of Pandora and Prometheus which
are marked with lines. Both features are quite similar, with full widths at
half maximum of 400 - 500 km. The corresponding PPS features are much
narrower, i.e., only the zones of the lowest intensity within these depletions
cause significant changes in the PPS-data. The minima in the optical data
are at 106 480 km and at 108 160 km. These positions are the same as those
of the detected PPS-features, taking into account a resolution of 12 km for
this data and an uncertainty of about 30 km due to the window length in
the PPS-data analysis. Beside this, some wave - like features outside the
Lindblad resonance of Prometheus which could be due to density waves are
slightly visible in the imaging data.

The comparison between the imaging data and the y? test is displayed
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in Figure 8. x?-values < 25 which are not above the noise level and density
enhancements in the optical data (A I/F > 0 ) are not plotted in this picture.
The features in the y? test are in good accordance with the minima of the
broad depletions in the intensity profile of scattered light.

Thus, the optical data seem to reinforce the results of the PPS-data anal-
ysis. The location of the PPS-features are in good accordance with those
shown in the optical data.

4 Conclusion

We have analyzed the B-ring region between 105000 km and 110000 km dis-
tance from Saturn where no significant structures in the Voyager occultation
data were reported until now. The analyzed occultation data are strongly
influenced by background effects, leading to a low signal - to - noise ratio.

With special techniques, two significant features have been found in these
rather homogeneous looking data. Their locations are close to the 3:2 res-
onances of Pandora and Prometheus and thus make a correlation to these
resonances probable. These resonances are those with the distinctly highest
torques of all resonances occurring in the studied region.

The finding of these features supports the conclusion that the studied
PPS data contain physical information about the ring matter beside back-
ground effects. The tests described above have been straightforward, simply
seeking differences from a purely random signal. Perhaps, further analysis
with more sophisticated methods may also be worthwhile. More detailed
investigations could determine whether density or bending waves exist there
at the calculated resonance positions, which could not been detected in this
study. A further comparison with the analysis of data gained from the opti-
cal experiments could be useful in order to make a new systematic analysis
of all ring features in extension of the work of Esposito et al. 1987.

Beside this, the search for a physical explanation for the detected features
is necessary. Our immediate proposal is, that there is a significant proba-
bility that large ring particles or small moonlets can be captured near the
corotational resonance positions. These bodies enhance the velocity disper-
sion of smaller particles near their orbits so that a depletion of the optical
depth can be observed at these positions.
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5

B-Ring density profile.

The x-axis is the radial distance from Saturn, the y-axis the optical
depth.

Part of the studied region

The x-axis is the radial distance from Saturn, the y-axis are the photon
count values of the PPS-data. The resolution is about 100 m.

There are no clearly visible features except for short scale fluctuations.

Part of B-Ring

The x-axis is the radial distance from Saturn, the y-axis are the photon
counts. This picture shows the values of the mean photon count values
n (upper curve) and the standard deviation o (lower curve). Each value
has been computed over 500 data points. There are no clearly visible
features in the region between 105 000 km and 110 000 km.

x?— test of the PPS-data

The x-axis is the radial distance from Saturn, the y-axis are the Y-
values. The photon count distribution of an 500 data points (approx-
imately 52.6 km) region has been compared with that of the 15000
data points surrounding it by an y?— test. The distance between two
displayed points is 150 data points.

There are two significant deviations observed. The y?-values at the
peaks correlate with a probability that each of them is of random origin
of lower than 0.00001. The resonance positions of the 3:2 resonances
of the F-ring shepherds Prometheus and Pandora are marked.

m - test of the PPS-data

The x-axis is the radial distance from Saturn, the y-axis are the m-
values on a logarithmic scale. There are two deviations at the same
positions as in the y2-test. The m-values are a measure for the deviation
of the averaged photon count rate of a 500 data points long sample from
that of its 15000 points long surrounding. The distance between two
samples is 150 data points. There are two large deviations at the same
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Fig. 6

Fig. 7

Fig.8

positions as in the y?-test. The m-values of about 0.001 at these peaks
express that photon count rates as at these positions can be expected
only once in thousand random realizations.

Voyager imaging data.

The x-axis is the radial distance from Saturn. The y-axis shows a
normalized intensity profile I/F of light scattered at the rings. The
nominal resolution is about 12 km.

Detrended imaging data

The x-axis is the radial distance from Saturn, the y-axis shows the local
intensity changes A I/F.

The average value of on approximately 1500 km surrounding has been
subtracted from each data point. The resolution is the same as in Fig.
6. Two broad depletions occur at the resonance positions which are
marked with lines.

Comparison of the chi-square features in the PPS data with the de-
trended optical data. The x-axis is the radial distance from Saturn.
Upper Half: The y-axis are the chi-square values as in Fig. 4. Chi-
square values lower than 25 are not displayed.

Lower Half: Detrended intensity profile as in Fig. 7. The y-axis shows
the local intensity changes A I/F. Intensity enhancements (A I/F >0)
- which are not detectable in the PPS-data are not displayed.
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