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ABSTRACT

Interferometric observations of Saturn and the rings have been ob-~
tained at 3.71 and 1,30 cm wavelengths. The observations have been an-
alyzed by both model fitting and aperture synthesis techniques, They
show that the rings have a very low brightness temperature, but atten~
uate the thermal emission from the planet significantly where they
cross in front of it, The latter effect, when combined with the es~
timate of the ring brightness temperature, permits the optical depths
of the rings to be estimated; The fits of the interferometric data to
Saturn models in which the A and B rings are combined into a single
ring are given in Table (i). The 3.71 cm observations were made at two

TABLE (i)~ SUMMARY OF COMBINED A AND B RING RESULTS

A(cm) Year Observed B TBRing/TBPlanet Optical Depth
3,71 1973~1974 -26,5 0,031 + 0,007 0,97 % 0.16+
3.71 1976 -20,8 0,043 = 0,007 0.39 + 0,10

*
1.30 1976 -15.,3 0,040 + 0,008 0.54 + 0,10

+ only the B ring blocked the planet
* includes effect of offset in planetary position from AENA value

epochs and the relative areas of the A and B rings that obscured the
planet were different, The apparently inconsistent optical depth re~
sults of the two 3,71 cm data sets, then, indicate that the A ring op-
tical‘depth is significantly less than that of the B ring, The rel-
ative areas of the A and B rings are the same for the 1976 1.30 cm

and 3.71 cm observations and their optical depth results may be
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directly compared. They indicate that the ring optical depths are the
same at the two wavelengths, These optical depths are quite similar to
those estimated at visible wavelengths, The ring brightness tempera~
tures, which are shown in the table normalized by the brightness temper-
ature of the planet to remove any errors in the absolute calibration of
the data, are also the same at the two wavelengths, No variation in
the brightness temperature of the rings with tilt angle (B) was de-
tected, A significant amount of radiation from the C ring was detected
by the 3,71 cm observations, and the ring was also found to attenuate
the planetary emission significantly, Unfortunately,.the 1,30 cm ob~
seryations were not sensitive enough to detect the C ring, The bright-
ness temperature and optical depth results for the individual rings
that are implied by all of the 3,71 cm observations are given in Table
(ii). Limb-darkening of the planetary emission was simulated by soly-

TABLE (ii)- SUMMARY OF 3,71 CM RESULTS FOR INDIVIDUAL RINGS

Ring TBRing/TBPlanet Optical Depth
A 0.030 £ 0.012 0.2 + 0,2
B 0.050 + 0.010 0.9 £ 0,2
C 0.040 + 0,014 0.1 £ 0,1

ing for the best fitting planetary radius, No limb-darkening was de~
tected at 3,71 cm, but an apparently significant amount was detected
at 1,30 cm, The results at the two wavelengths are significantly

different and indicate that the planet is more limb-dark at 1.30 cm
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than at 3,71 cm, This finding is interesting since it is contrary to
what was predicted by atmospheric models which fit the Saturn microwave
spectrum. The aperture synthesis analysis is independent of the model
fitting and can be used to confirm its results and search for new
features not included in the models, The aperture synthesis maps con-
firm the model fitting results and require no new brightness structures,
In particular, no azimuthal variations of the brightness temperature of
the rings were detected. The aperture synthesis maps also indicated
that the true position of Saturn may be offset from the values given in

the American Ephemeris and Nautical Almanac by about 0,3 arcsec. Con-

sideration of simple physical models of the rings has shown that the
radiation from the rings at centimeter wavelengths is almost entirely
thermal emission from the planet that is scattered to the Earth by the
ring particles, The models indicate that the ring particles are very
good scatterers and very poor emitters at microwave wavelengths, and
this conclusion sets constraints upon the size and composition of the
ring particles, The similarity between the optical depths of the rings
at visible and centimeter wavelengths probably indicates that the
particles are much larger (> 1 meter) than the centimeter wavelengths,
The large sizes and excellent scattering properties of the particles
indicate that they are composed of either a highly reflective or trans-
parent materjal, At this time water ice is the most 1likely candidate,
since it has been detected in the rings spectroscopically and is known

to be highly transparent to microwaves at the low temperatures found

at Saturn's rings.
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I. INTRODUCTION
I do not know what to say in a case so surprising,

so unlooked for, and so novel. The shortness of

time, the unexpected nature of the event, the weak-

ness of my understanding, and the fear of being

mistaken, have greatly confounded me.!

Galileo Galilei, 1612

The rings of Saturn have been known to astronomers since
1610, when Galileo made his first telescopic observation of the
planet and discovered "two lesser stars" surrounding it. However,
it took nearly 50 years of careful observation before their
true form as a "thin flat ring" surrounding the planet was realized
by Huygens. Since that time, the rings have been studied extensively
at visible wavelengths by observers with better and better
telescopes. The powerful techniques of radar and radio astronomy
have been applied to the rings only recently, but they have done
a great deal to shape the modern impression of them.

The detection of a substantial radar echo from the rings
(Goldstein and Morris, 1973) was as great a surprise to astronomers
as Galileo's first observation of them. It was all the more
surprising since the radio brightness temperature of the rings

was known to be far below their expected physical temperature.

The combination of a high radar cross section and a very low

lQuoted in Alexander, A.F.0'D., The Planet Saturn (London,

Faber and Faber, 1962), p. 86.



ring brightness temperature was very puzzling and considered to
be something of a paradox. It was soon realized, however, that
both the high radar cross section and the low radio brightness
temperatures could probably be explained if the ring particles
were very good scatterers of microwave radiation and, consequently,
very poor absorbers. The excellent scattering properties were clearly
needed to explain the radar cross section, and the poor absorption
properties meant that the ring particles could not emit thermal
radiation efficiently. Thus, the basic solution of the radar and
radio observations was understood. However, the full physical
mechanism of the high radar cross section has yet to be explained.

The realization that the ring particles were very good
scatterers had an interesting consequence for the radio observations;
in the limit in which the particles absorbed no radiation, the
brightness temperature of the rings would be entirely due to
radiation that was thermally emitted by Saturn and scattered
to the Earth by the ring particles., When the first detections and
low upper limits were set on the brightness temperature of the
rings, it became apparent that most, if.not all, of the radiation
received was scattered planetary emission. The rings of Saturn,
then, present radio astronomers with a unique natural scattering
experiment to determine the nature of the ring particles.

In order to exploit this natural scattering experiment,
the rings must be observed with an instrument that is able to

separate their small amount of radiation from the larger amount



of radiation emitted by the planet itself, This separation
requires the high resolution that only an interferometer can provide
at radio wavelengths. One of the many difficulties of the

use of an interferometer is that the data that are obtained are
removed from the true appearance of the source by a Fourier
transform. One method which is used to interpret the data is to
fit models of the source's brightness structure to them. This
method has been used to great advantage in the study of planets
since, for the most part, the geometrical structure of the planet
is known. The method has also been used in the study of Saturn's
rings since it does not require an extensive amount of data and the
geometrical structure of the rings is known. However, since

the rings have been surprising in the past, it would not be too
difficult to imagine a situation in which the models that were fit
to the planet and rings were incorrect. This is particularly

true of models which are fit in an attempt to find new brightness
structures on the rings, such as an azimuthal variation in their
brightness. Since the radiation from the rings is primarily
diffusely scattered planetary emission, an azimuthal variation of
it would have important implications for the scattering phase
function of the particles as well as for any variations in the
density of the particles in the ring. Thus, it is important to
investigate the radiation from the rings in a manner that is as

free from assumptions concerning the ring brightness structure as

possible.



The Fourier transform relation between an interferometer's
response to a source and the source's brightness structure can
be utilized to produce a map of the source which contains very
few assumptions. The technique used to make this map is known as
aperture synthesis, and it consists of making many observations
of the source with an interferometer and Fourier transforming
the data to make the map. This technique and the model fitting
technique are complementary in many ways and, when used together,
are an effective way to gain information concerning the brightness
structure of a radio source. In this work, the two techniques
are used to study the brightness structure of the Saturn system.
It is clear that the ring particles possess some unusual
scattering properties which will one day yield much information
about their size and composition. At the present time, however,
too little is known about the rings and their microwave properties
to exploit what is known to its full advantage. This work, then,
is an attempt to extend the knowledge of the microwave properties
of the rings by making detailed interferometric observations of
them at two wavelengths. Some qualitative conclusions about the
ring particles are possible based on this work and the work of
others. However, the lesson of Galileo and Huygens is that more
careful observations of the rings may be necessary before the full,

elegant solution is known.



II. INTERFEROMETRIC OBSERVATIONS OF SATURN

AT A WAVELENGTH OF 3.71 CM

a) Introduction

Interferometric observations of Saturn were made at the Owens
Valley Radio Observatory at a frequency of 8085 MHz (3.71 cm wave-
length) in 1973, 1974 and 1976, 1In all, about 200 hours were spent
observing the planet. The observations were made in two separate
campaigns and represent two independent sets of interferometric data.
The stronger of the two data sets was obtained in May and June of
1976, when the saturnocentric declination of the Earth (B) averaged
-20.8 degrees. The other data set was obtained in August of 1973
and January of 1974. The 1973 and 1974 runs may be considered
together, since B was -26.5 degrees for both runs.

The 1976 data set is stronger than the 1973-1974 data set,
because, in general, the signal to noise ratio is better and
the observations were made on many more interferometer baselines.

In particular, more short baselines, which are the most sensitive

to large features like the rings, were employed. 1In addition to

these considerations, greater care was taken in the phase calibration
of the 1976 observations after efforts to make an aperture synthesis
map out of the 1973-1974 data demonstrated that such care was necessary.
In general, the analysis performed on the 1973-1974 data set before

the 1976 data set was obtained was a great help in the design of the

1976 experiment and largely accounts for the improved results.



Although the data obtained in 1976 are superior, they do not
make careful consideration of the 1973-1974 data set unnecessary. The
1973-1974 data set can add two important features to the final results
obtained in this study of the 3.7l cm radiation from Saturn. First
of all, the 1973-1974 data are a completely independent data set,
and therefore, results obtained from them may be used to check the
consistency of results obtained from the 1976 data set. Secondly,
since the appearance of Saturn was different in 1973~1974 than it
was in 1976, the two independent data sets can be used to extract
information about how the brightness of the rings and the planet change
with ring tilt angle. Thus, the two data sets are each important to
a full understanding of all aspects of the 3.71 cm radiation from
the Saturn system.

b) The 1976 Observations

The 1976 Owens Valley Radio Observatory observations were made
on 13 interferometer baselines and resulted in the u-v coverage
shown in Figure 1. Observations on the shortest baseline were made
during 21-23 May 1976, using only the two 90' antennas. All other
observations were made during 16-29 June 1976, using the two 90'
antennas and the 130' antenna as a three element interferometer.

The receivers were degenerate parametric amplifiers, and the overall
System temperature was measured to be about 140°K., All observations
were made with parallel, linearly polarized feeds oriented either

parallel to the central meridian of Saturn (PA = -70) or perpendicular
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Figure 1 ~ u-v coverage of 1976 OVRO observations. u and v are
the interferometer spacings, expressed in wavelengths, projected onto
the planet Saturn. The v axis is at a position angle of -7° so that
it coincides with the central meridian of Saturn. The intersection

of the axes is the point u = 0, v =

The v axis increases to the

left in increments of 10,000 wavelengths for Saturn as seen at the
standard distance of 8 AU. The v axis increases to the top of the
figure and is at the same scale. The visibility function at a point
u,v is equal to its complex conjugate at -u,-v. Therefore, both
values are plotted in the figure since there is information about the

source at both locations.



to it (PA = 83°). Antenna pointing was under the control of the
observatory's computer, and it was found to be better than 0.5 arcmin.
Typically, four 7-minute Saturn integrations (two in each polarization)
were followed by two 5-minute integrations on a calibrator (one in
each polarization). Thus, the instrumental gain and phase were
calibrated about once every 50 minutes. The interferometer baselines
were determined by observing a group of point sources scattered
about the sky and comparing their phases. The same group of calibrators
was used for all baselines to minimize any possible systematic
differences.. The baseline which gave the smallest residual phase
changes between sources was the one adopted for the final data
reduction. After the data were reduced to fringe amplitudes and
phases, a correction was applied to the amplitudes to compensate for
the change in antenna gain with increasing zenith angle.

0J287 was chosen as the principle calibrator for the Saturn
data. This choice was made because it was less than 50 minutes of
right ascension east of Saturn and at almost exactly the same decli-
nation. It was hoped that this proximity would minimize any
systematic errors having to do with the position of the sources
in the sky, such as pointing errors or residual baseline errors.
In addition, this proximity meant that little time was wasted in
moving the antennas from the source to the calibrator. A principal
drawbéck of the use of 0J287 as a calibrator is its well known and

widely studied variability. The variability of 0J287 meant that its



flux density had to be determined and monitored in the course of
the observing run.

The flux density of 0J287 was measured relative to the flux
density scale shown in Table 1. This scale is based upon CTA21, a
non-variable source which is assumed to have a flux of 1.75 Jansky.
This value was derived by interpolation of the values of Pauliny-Toth
and Kellermann (1968) at 5000MHz and Kellermann and Pauliny-Toth (1973)
at 10700 MHz. The flux densities of the other sources, 3C48 and 3C138,
were determined by comparison to CTA21. Although many observations
were made of these sources, only those adjacent to an observation of
CTA21 which were taken in winds less than 10 mph were used to deter-
mine their flux densities. 1In addition, because the receiver gain of
the 130' antenna was subject to large drifts during the day, only
the observations made on the baseline between the 90' antennas were
included. The resulting flux density scale is compared to other inter-
polated values of Kellermann and Pauliny-Toth (1973) and Pauliny-Toth
and Kellermann (1968) and to the measurements of Altschuler and Wardle
(1976) in Table 1.

0J287 was monitored during the observing run by comparing its
flux density to one of the calibrators (most often 3C138). As in the
case of the other sources, only observations of 0J287 made on the 90'
antennas' baseline adjacent to another calibrator, and in less than 10
mph winds were used in its flux determination. The individual 0J287
observations are shown in Figure 2 along with observations made by Dent

(private communication) during the same time period at 7875 MHz. Both
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TABLE 1

FLUX SCALE USED FOR 8085 MHz SATURN CBSERVATIONS

COMPARED WITH OTHER MEASUREMENTS

Source Flux Density (Jansky)¥*

This Study Interpolation ‘ Altschuler and
Betweenn 5 GHzS and 10.7 GHzT Wardle (1976)

3C48 3.6 3.41 3.30
CTA21 1.75 1.75 1.73
3C138 2.7 2.86 2,48

§
5 GHz flux density from Pauliny-Toth and Kellermann (1968).
.l..
10.7 GHz flux density from Kellermann and Pauliny-Toth (1973).

* - - -
1 Jansky = 10 26 WM 2 Hz l.
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the Owens Valley observations and the observations of Dent show a
significant decrease in the flux density of 0J287 between the May and
June portions of the observing run. It is possible that 0J287 changed
during the June run as well, although the change indicated by the

June data is probably not significant. Therefore, it is assumed

that the flux density of 0J287 remained constant during each portion of
the observing run. A value of 2.4 Jansky is adopted for the May portion
and a value of 2.1 Jansky is adopted for the June portion. These
values are the only ones used to determine the instrumental gain.

The absolute calibration of the Saturn data is, therefore, only
dependent upon the determination of the flux density of 0J287. The
instrumental phase is determined principally by observations of 0J287,
although it has been supplemented by observations of other calibrators
each day before and after 0J287 was available.

It is important to determine whether the flux density of 0J287
varied during the time that the Saturn observations were made, since a
variation in the flyx density of the calibrator will affect the relative
calibration of the observations on different baselines. In the case
of the relative calibration of the May and June portions of the
observing run, an undetected variation in the flux density of the cali~-
brator would have had serious consequences since it would have raised
Or lowered the observations that resolved the source the least relative
to all of the other observations. This would have caused the contri-
bution to the vigibility function attributed to large components of

the Saturn system, such as the rings, to be estimated incorrectly,
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since they are the most affected by the shape of the visibility
function at short spacings. Thus, careful monitoring of 0J287 is
important not only for the absolute calibration of the data, but
for the relative calibration and subsequent analysis as well.

¢) The 1973~1974 Observations

The 1973-1974 observations were made at the Owens Valley on five
interferometer baselines and resulted in the u~V coverage shown in
Figure 3, Observations on the three east-west baselines were made
during 26 July-5 August 1973 using the two 90' antennas and the
130" antenna as a three element interferometer. The observations on
the two north-south baselines were made during 17-22 January 1974,
using the two 90' antennas.

The receivers and observing procedures were the same as those
used in 1976. The observations were made using parallel, linearly
polarized feeds oriented either parallel (PA = -6°) or perpendicular
(PA = 84°) to the central meridian of Saturn. Ten-minute records
were taken on Saturn and the system was calibrated approximately once
each hcur. The principal calibrator used for these observations
was 3C138, and it was assumed to have a flux density of 2.7 Jansky to
make it consistent with the 1976 observations. The data were reduced
and calibrated using the standard reduction programs of the Owens
Valley Radio Observatory.

fwo principal differences exist between the 1973-1974 observations
and the 1976 observations in addition to those already mentioned.

First, the 1973-1974 observations were made before the 90' telescopes
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u and v

are the interferometer spacings, expressed in wavelengths, projected

onto the planet Saturn.

The v axis is at a position angle of -6° so

that it coincides with the central meridian of Saturn. The intersec.

tion of the axes is the point u =

0, v

= 0. The u axis increases to

the left in increments of 10,000 wavelengths for Saturn as seen at the

standard distance of 8 AU.
figure
u,v is
values
source

and is at the same scale.

at both locationms.

The v axis increases to the top of the

The visibility function at a point

equal to its complex conjugate at -u,-v.
are plotted in the figure since there is information about the

Therefore, both
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were put under computer control. This meant that the pointing correc~
tions for the 90' antennas had to be put in manually before each
record, and they are expected to be inferior to the computer controlled
pointing of the 1976 observations. Second, the corrections for the
zenith angle dependence on antenna gain were not the same as those used
for the 1976 data set. Again, although they are adequate for this

work and not grossly different from the corrections applied to the

1976 data, they are expected to be inferior. Because of these two
differences in the reduction of the 1973-1974 data, it is expécted

that this data set is more prone to systematic errors in fringe ampli-

tude than the 1976 data set.
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III. ANALYSIS OF THE OWENS VALLEY 3.71 CM

OBSERVATIONS BY MODEL FITTING TECHNIQUES

a) Introduction

Observations of a radio source with an interferometer sample
the complex, two-dimensional Fourier transform of the source's
brightness distribution. In cases where the source's geometrical
structure is known, the source May be modeled, and the observations
can be used to determine the relative brightness temperatures of the
model components. In this study, model fitting is used to determine
the brightness temperatures of the planet, the A and B rings and the
portion of the planet which is blocked by the rings. The brightness
temperature of the region of the planet that is blocked by the rings
is determined separately, since it is essentially due to planetary
emission that is attenuated by the rings. These features have all
been shown to be necessary to reproduce the measured visibility
function at this wavelength by previous workers (Muhleman et al.
1976; Briggs, 1974; Cuzzi and Dent, 1975). In addition, the effects
of a hypothetical C ring and limb-darkening of the planet have
been included in subsequent models in order to test whether they are
present. In all cases, the planet, rings and region of blockage
have been modeled as uniformly bright, and limb-darkening has been

approximated by changing the size of the uniformly bright planet.
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b) Model Fitting Procedures

In order to fit models of the Saturn system brightness structure
to the data, it is necessary to know the absolute sizes and positions
of each of the regions as they appeared on the sky at the time of
the observations. The dimensions of the regions have been mostly
taken from the review of Cook et al. (1973), and they are summarized
in Table 2. The distance to the planet and its geocentric position

were taken from the American Ephemeris and Nautical Almanac. The

dimensions of the planet and rings that are given in the ALIIA are
also shown in Table 2.

A principal difference between the dimensions of Cook et al.
(1973) and those used in the model is the correction of the true
polar radius of Saturn to the apparent polar radius at the time of

the observations.. The apparent polar radius is given by

RP = 'VQOSZB R_P2 + sinzB RE2

A
which is the apparent polar radius for a planet of true polar and

equatorial radii, R, and RE’ as viewed from a planetocentric decli-

p
nation, B, This effect significantly changes the size of the planet
and the blocked region and affects estimates of their relative
brightness., The other difference between the model and the dimensions
of Cook et al. (1973) is that the Cassini division between the A and B

rings‘has been ignored. The boundary between the rings in the model

has been placed in the middle of the division, which has been ignored
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TABLE 2
MODEL DISK AND RING DIMENSIONS

(IN ARCSEC AT 8 A.U.)

Cook et.al., (1973) American Ephemeris
and Nautical Almanac

(adopted for models)

PLANET RADTI
True Equatorial 10,31 10.42
True Polar 9.25 9.32

Apparent Polar:

OVRO 1973-1974 B= -26,5 9.47

OVRO 1976 B= ~20,.8 9,39

HCRO 1976 B= -15,3 9,33
RING RADIT
Inner C Ring 12,52 12,87
Inner B Ring 15.75 15.60
Outer B Ring 20.11 20,17
Outer B and Inner A
adopted for models 20,53
Inner A Ring 20.95 20,65

Outer A Ring 23,63 23.46
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because the observations lack the spatial resolution necessary to
make meaningful statements about it.

The ultimate goal of the model fitting procedure is to find a
model which fits all of the data to their accuracy. This implies that
the data which go into a least squares model fit should be weighted by
their errors. In this study, the data errors have been estimated from
the scatter of the data. It was felt that this method would come the
closest to estimating the true errors because it includes systematic
errors that vary from day to day as well as the normal statistical
errors. A flat portion of the visibility vs. hour angle curve was
chosen and the error (lg) of the data was taken to be 1/3 of the peak-
to-peak scatter of points. These errors have been tabulated in Table
3. All of the data points on a given baseline were taken to have the
same error.

The errors on the amplitude and phase of the visibility function
have been estimated independently since they are separately calibrated
and should be mostly independent. This independence implies that the
amplitudes and phases of the visibility function, rather than its real
and imaginary parts, should be fit to the data since the errors on the
real and imaginary parts are correlated. Unfortunately, a fit to the
data amplitudes and phases is not linear in the parameters that are to
be determined. Therefore, instead of using a non~linear least squares
procedure to fit amplitudes and phases, the real and imaginary parts

have been fit and the data weighting has been modified to include the
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TABLE 3

Baseline Amplitude Phase Average Number
Error (Jy) Error (lobes) AmplitudeT of Points
Jy)
1973-1974
1200 'EW 0.060 0.07 0.963 150
2300'EW 0.044 0.07 0.241 146
3500'EW 0.021 0.08 0.137 132
800'N-400'E 0.060 0.02 1.457 36
1600'N-800'E 0.016 0.04 0.090 76
1976

200'EW 0.047 0.03 2.282 18
1400 'EW 0.030 0.03 0.890 47
800 'EW 0.047 0.03 1.728 66
800'N-400'E 0.047 0.03 1.772 65
1600'N-1600"'E 0.030 0.03 0,226 51
2300'EwW 0.030 0.03 0.251 48
2900 'EW 0.023 0.04 0.233 31
3100'EW 0.030 0.04 0.196 65
1900'EW 0.030 0.04 0.407 54
3700'EW 0.023 0.04 0.160 47
3500 'EW 0.023 0.04 0.141 30
800'N~3500'E 0.023 0.04 0.184 63
1600'N-1600"'E 0.023 0.04 0.142 50

T Plux density at standard distance of 8 AU.



21

effects of the correlations between them. This procedure is equiva-
lent to rotating the real and imaginary axes by the phase of each data
point and writing the equations of condition in this new rotated space.
Now, the errors on the new "real’ and new "imaginary" parts are taken
to be the amplitude error and the phase error times the average ampli-
tude on the particular baseline. Since these errors are uncorrelated,
the model fitting procedure has achieved the desired result of fitting
uncorrelated data with a linear least squares scheme.

A further consideration has been applied to the weighting of the
1973-1974 data set. In this case, the three baselines of 1973 data
have far more individual data points to be fit than do the 1974 base-
lines. If the weighting were done only on the basis of the individual
data point errors, then the 1973 east-west baselines would dominate
the model fit and the crucial north-south baselines of 1974 would be
largely ignored. It would not be correct to force the model to neglect
some baselines simply because others contain an overwhelming number of
data points. The observations made on each bageline sample a separate
region of the u~vplane and contain unique information about the
source's brightness structure. Thus, upweighting heavily sampled base-
lines has the effect of downweighting the information contained in the
less well sampled baselines and the brightness structure will not be
as well determined as it would have been if all information had been
considered equally. To correct this effect the observations on a

glven baseline have been downweighted by the number of observations
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on that baseline. This correction makes each baseline equally impor-
tant in determining the best fit models. The 1976 data set has not
had this factor applied since each baseline has an approximately equal

number of observations.

c¢) Results of Model Fitting

The results of the model fitting to the 1973-1974 and 1976
Saturn data sets are presented in three parts. In part one, only
models with the planet, the blocked region and the A and B rings are
considered. These are the principal features of the brightness
structure of the microwave emission from Saturn. In part two,
the C ring is examined to see whether it has a detectable brightness
or blocks the planetary emission to any degree. In part three, the
effect of limb-darkening of the planetary emission is considered by
solving for the best planetary radius. Siunce limb-darkening changes
the apparent size of the planet, a solution for the radius of the
planet allows an estimate of the degree to which limb-darkening is

present.

(i) Models Consisting of the Planet,
the Blocked Region and the A & B Rings

The results of the A and B ring models are shown in Table 4.
In Model 1 the A and B rings are considered to be a single,
uniformily bright ring and the data are used to solve for its bright-
ness temperature and the brightness temperatures of the unblocked

planet and the blocked region. The brightness temperatures of the



23

IIPBY VNAV Y3ITa ¥STq Te272dIT1d 3o 3r8uy pIros

x A asiap

£318UBq ¥NTd T3POK

o~
~<
-

+8uta a73ulse ojuf paufquod s3ujl g puB ¥y x

a8 1 691 (S10°0 ¥ 810°0) (ZT0°0 5 2906°0) (19070 7 TET0) (800°0 ¥ 000°T) z

L'z TUE 'z F €11 S'Lx 1Ty 9°T % %781
({0070 ¥ £€%0°0) (L00°0 7 £€70°0) (170°0 7 622°0) (800°0 7 000°T) T

- A 691 ¥ T ¥ 6L T F 6L §'LF LY vTF €281

9L6T
21 S~ (€T0°0 ¥ %00°0) (ST0°0 7 %90°0) (1€0°0 F 951°0) (0T0°0 ¥ 000°T)

T°ZF 9'0 gz % 8701 'S F €79 LT 7 %7897 z
- ¥ €91 (L00°0 ¥ 1€£0°0) (L00°0 ¥ 1€0°0) (1€0°0 ¥ £51°0) (0T0°0 ¥ 000°T) 1

- ¥T'TF €6 AN S I z's ¥ 8°ST LT % €°891

vL6T~EL6T
(usazad) 3ury 4 + v 4q
1 T2poW 03
aAT18TSY STENPISaY Supy v Sury o paydord 3=UBid IeuB1q
uf juswaaozduy +MmHQH mH mH mH mh T3POR

(Wo T/ ¢) STIQOW ONIY 9 ONV V 40 SLTASIY

% 418V1



24

A and B rings are solved for separately in Model 2. 1In order to make
the results as free as possible from errors in the absolute calibration
of the data, the model parameters are also shown in Table 4 normalized
by the brightness temperature of the unblocked planet. Absolute
calibration errors should affect all of the brightness temperatures

by the same factor so that the relative values should be unaffected.

As can be seen in Table 4, both models are consistent with what
has been found previously at 3.71 cm (Muhleman et al., 1976; Cuzzi
and Dent, 1975; Briggs, 1974). The unblocked portion of Saturn is the
brightest feature in the models, and the blocked region has only about
one-fifth of its brightness temperature. The rings are dimmer still
and have a brightness temperature which is only a few percent
of that of the planet.

When the results of the fits to the 1973-1974 and 1976 data
sets are considered more quantitatively and compared, some interest-
ing similarities and differences are found. A rather disturbing
difference between the two solutions is that the 1976 planet bright-
ness temperature is about 8% higher than the 1973-1974 solution. If
this difference were due only to some residual absolute calibration
error between the two data sets, then that calibration error should
show up in the unresolved fluxes of the models as well. Since the dif-
ferepce in the unresolved flux is only 3%, the planet brightness tem-

perature difference may be due to errors in the relative calibration
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of the observations within a single data set, correlations with other
parameters in the models or other, unmodeled, structures,or a true
variation in the brightness temperature of Saturn.

The possibility that the brightness temperature of the planet
changed by 8% with a change in sub-Earth latitude of only 6° can only
be explained if Saturn is considerably pole dark. Although such a
possibility is unlikely, these data are not able to exclude it,

The extent to which the other possibilities occur is difficult to
evaluate. In any event, they are expected to have similar effects on
the results. These possibilities would introduce errors into the
other parameters in the model and make comparisons between the results
of the two data sets difficult. Therefore, since it is unlikely

that the full 8% difference is real, some caution should be used when
comparisons between the results of the two data sets are made.

The normalized brightness temperature of the blocked region
seems to change significantly from 0.153 4+ 0.031 in 1973-1974 to
0.229 + 0.041 in 1976. This difference should be viewed with special
caution since it is expected to be affected more by uncertainties in
the planet brightness temperature than in the ring brightness
temperature. This is because the correlation coefficient between
the blocked and unblocked planet brightness temperatures in the 1976
model fit is -0.66 and is more than twice the size of any other
correlation.

There are good reasons to expect that the normalized brightness

temperature of the blocked region will change as the tilt of the rings
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changes, First, if the A and B rings had the same optical thickness
and only served to attenuate the emission from the planet, then the
amount of attenuation would be a function of tilt angle (B, the comple-
ment of the angle of incidence) since the optical depth along the line-

of-sight through a plane-parallel slab is

To/sin B Y

"line of sight

where L is the normal incidence optical depth. Second, the region
blocked by the A and B rings is about 307 covered by the A ring in
1976, while in 1973-1974 the blockage is almost completely caused by
the B ring. If the A ring is less opaque than the B ring, as expected,
then the blocked region should appear relatively brighter in 1976.

In order to determine whether the change in the line-of-sight
optical depth is responsible for the change in the normalized bright-
ness temperature of the blocked region, it is necessary to estimate
the optical depth implied by the brightness temperature observed.

The simplest way to do this is to assume that the rings contribute
no flux of their own and that the brightness temperature of the blocked
region is due only to attenuation of the emission from the disk. 1In

this way, the optical depth may be estimated from

"srockep _ _T'r/SinE
bLANET
where TBLOCKED and TbLANET are the brightness temperatures of the blocked



and unblocked portions of the planet (i.e. columns 2 and 3 in Table 4)
and TR is the normal optical depth of the rings. The optical depths
estimated this way, given in Table 5, are 0.84 & 0.09 in 1973-1974

and 0.52 £ 0.05 in 1976. Thus, this simple estimate of the optical
depths indicates that the brightness temperature change is not simply
due to a change in the line-of-sight optical depth.

Unfortunately, it is not possible to solve for the brightness
temperatures of the regions blocked by the A and the B ring separately.
These regions appear almost the same to the model fit because of
their similar position and shape, and the high degree of correlation
between them makes physically plausible solutions impossible. There-
fore, an indirect approach is necessary to determine whether the A
and B rings block the planetary emission by different amounts.

The change in normalized brightness temperature of the blocked
region may be explained if the A ring is much less optically thick
than the B ring. If the blocked region brightness temperature is
taken to be the average brightness temperature of the portion blocked
by the B ring and that blocked by the A ring weighted by their
relative areas, then it is given by

TBLOCKED i —TA/SlnB JrB/31nB

fA e + fB e (1
1%LANET

where fA and fB are the fractions of the blocked area covered by the

A and B rings and'FA and TB are the normal optical depths of the A

and B rings., Since the 1973-1974 data were taken when the B ring
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TABLE 5

3.71 cm RING OPTICAL DEPTHS FROM A AND B RING MODELS

Normal Optical Depth

TB Rings TB Rings
T;bﬁigﬁgf = 0.00 T;”Figﬁgf = 0.04 = 0,01
A + B Ring
1973-1974 0.84 + 0.09 0.97 + 0.16
1976 0.52 * 0.05 0.59 £ 0.10
A and B Separated
B Ring 0.84 = 0.09 0.97 £ 0.16
A Ring 0.24 + 0.09% 0.29 = 0.13%

e

* Uncertainty does not include uncertainty on B ring optical depth.



29

did practically all of the blocking, the 1973-1974 optical depth can
be taken to be that of the B ring and used to find the A ring optical
thickness from the 1976 value. Thus, adopting the estimate of

0.84 + 0.09 for the B ring optical depth, the A ring optical depth can
be found from equation (1). This gives an estimate of 0.24 * 0.09

for the optical depth of the A ring. Thus, it appears that the A ring
is less optically thick than the B ring, as might have been expected
from their relative optical thicknesses at visible wavelengths. It

is apparent, though, that the planet brightness temperature difference
between the 1973-1974 and 1976 data sets may have some effect on this
optical depth determination and therefore, the results should be
viewed cautiously.

The optical thicknesses derived so far are almost certainly
underestimates. This is because they neglect the contribution of the
rings to the brightness temperature of the blocked region. The
brightness temperature of the blocked region is properly given by the
sum of the attenuated planet brightness temperature and the brightness

temperature of the rings so that

TBLOCKED _ -rg/sinB TRINGS
—_ .= e +

TPLANET TPLANET

should be used to compute the ring optical depth. If the rings are
taken to have the same brightness temperature where they cross the
planet that they have away from the planet, then, adopting a normal-

ized ring brightness of 0.04 * 0.0l1, the optical depths can be cor-
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rected for this effect. These corrected optical depths, which are
also shown in Table %, are higher than the optical depths with no

ring brightness temperature correction and are likely to be closer to

the true values, They do, however, carry the uncertainty in the
assumption that the rings have the same brightness temperature in

front of the planet that they do away from it. The final results for
the optical depths of the combined A and B rings are 0.97 = 0.16 for

the 1973-1974 data set and 0.59 # 0.10 in 1976, Since these, again,

are not consistent with a single optical thickness, the rings are

allowed to have different optical thicknesses to fit the observed bright-
ness temperature change. The B ring optical depth is found from the

1973-1974 data to be 0.97 * 0.16 and this value is used with the 1976

results to derive a value for the A ring of 0.29 t 0.13. Thus, the
correction for ring brightness temperature does not change the essen-
tial conclusion that the A ring is significantly less optically thick
than the B ring at centimeter wavelengths.

The normalized brightness temperature of the combined A and B
ring does not appear to change significantly since the results,
0.031 + 0.007 for the 1973-1974 data and 0.043 + 0.007 for the 1976
data, overlap. These results formally mean that there is no
change in the ring brightness temperature as the ring tilt changes.
Unlike the blocked region, it is possible to solve for the brightness
tempefatures of the A and B rings independently and this has been

done in Model 2. The results for the brightness temperatures of the
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planet and the blocked region are almost exactly the same as those of

Model 1 and therefore, they require no further discussion. The ring
results are different from those of Model 1 and suggest that the B
ring has a significantly higher brightness temperature than the A
ring. The 1973-1974 solutions are very nearly the same as those

of 1976, and this is a strong indication that there is no change in
the brightness temperature of the rings between the tilts of 26.5 and

20.8. Thus, the conclusion drawn from Model 1 is suppofted by the

results of Model 2.

The models which contain the A and B rings, the region where the
rings block the planet, and the unblocked planet have shown all of
the major features of the microwave emission from Saturn and probably
provide an adequate fit to the data. The rings have a very low
brightness temperature which is, on the average, only 4 * 1% of the
brightness temperature of the unblocked planet. This brightness
temperature did not change by more than about 1% of the planet bright~
ness temperature with the change of ring tilt that occurred between 1973
and 1976. 1In addition, Model 2 suggests that the B ring brightness
temperature is greater than the A ring's by a factor of about 3
(based on the 1976 model results). The blocked region changes
brightness temperature between 1973-1974 and 1976 in a manner that
cannot be explained by a single optical thickness for the rings.
This brightness temperature change is best explained by allowing the
A ring to be less optically thick than the B ring. If a ring bright-

ness temperature of 4 + 1% of the planet brightness temperature is
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allowed for, then the optical thicknesses required by all of the data

are 0.97 +£ 016 for the B ring and 029 + 0.13 for the A ring.

Although all of these results are consistent with the measure-
ments of previous observers and the results expected on theoretical
grounds, they should be viewed with some caution because of the dif-
ference in the planet brightness temperature between the 1973-1974 and
1976 data sets. It is possible that correlations between this para-
meter and the various ring-related parameters will adversely affect
the ring results, although the consistency of the results would seem
to refute this claim. It is also possible that unmodeled parameters,
some of which are to be considered in the following sections, may

affect the ring results or cause the difference in the planet bright-

ness temperature. All of these possibilities must be kept in mind when

interpreting the results and comparing them to the work of others.
(ii) Models Including the C Ring

In this section, models including the C ring are fit to the 1973-
1974 and 1976 data sets in order to determine whether the C ring has
a detectable brightness temperature or blocks the emission from the
planet in a significant way. The results of the C ring model fits
are given in Table 6 in terms of brightness temperatures and bright-
ness temperatures normalized by the brightness temperature of the
unblocked planet. The brightness temperature of the C ring, the region
of the\planet blocked by the C ring and the regions defined in Model 1
are solved for in Model 3. The brightness temperatures of the C ring,

the region of the planet blocked by the C ring and the regions defined
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in Model 2 are solved for in Model 4. Both Model 3 and Model 4

when fit to both the 1973-1974 and 1976 data sets show that the C
ring has a significant brightness temperature which is comparable to
that of the other rings. They also show that the C ring attenuates
the planetary emission by a significant amount where the rings cross
the planet.

Since the C ring has not been examined previously, it is neces-
sary to take care to show that the C ring results are truly signifi-
cant and improve the fit of the models to the data. An examination
of the results and their errors shows that the estimated C ring
brightness temperature is 2 to 3 times its error, Similarly, the
brightness of the blocked region is about one sigma different from
the unblocked region in 1973-1974 and about three sigma different in
1976, In most cases, these would be sufficient grounds to believe
that the C ring results are real. However, it was felt that the cor-
relations between the C ring regions and the other regions in the
model fit might cause the C ring regions to take on a falsely signi-
ficant brightness temperature. Therefore, some Monte Carlo calcula-
tions were done in order to determine whether the other parameters
in the model fit could come together and produce an erroneous result,
It was found, assuming that the noise on the amplitudes and phases of
the visibility function was normally distributed, that no ficticious
values for the C ring parameters in excess of one sigma were produced.
Further, by comparing the results of the models with and without the

C ring, it can be seen that the values of the other parameters, with
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the possible exception of the brightness temperature of the portion of
the planet blocked by the A and B rings, do not change greatly. These
parameters would be expected to change if the C ring results were
erroneous and due only to correlations with them. Finally, the
presence of the C ring improves the sum of the squares of the residuals
of the model fit, as seen in column 9 of Table 6. This improvement
should be viewed somewhat skeptically since even the introduction of
irrelevant parameters is expected to improve the residuals. However,
in view of the sizes of the C ring parameters relative to their errors,
the consistency of the model results for the 1973-1974 and 1976 data
sets and the consistency of the C ring model results with those of the
models without the C ring, this improvement in the residuals is most
likely significant and the C ring results are probably real.

The ring brightness temperature results of Models 3 and 4 are
consistent with the results of Models 1 and 2. These results are all
consistent with the ring brightness temperature being constant with
changing ring tilt and indicate that this brightness temperature
cannot change more than about 1% of the planet brightness temperature
between the tilt angles of 20.8 and 26.5 degrees. All of the rings
have approximately the same brightness temperature, although an inter-
esting, but formally insignificant, difference between the individual
rings is seen in Model 4. In both the 1973-1974 and 1976 models, the
B ring‘has the largest brightness temperature at about 5% of the
planet brightness temperature, and is followed by the C and the A

rings, at about 4% and 3%. The difference in brightness temperature
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between the A and B rings in this model is no longer as great as it
was when the C ring was not included, although the new results are
still within one sigma of the old ones. This difference in results
may reflect some correlation with the unmodeled C ring in Models 1
and 2. At any rate, the results of Model 4 are expected to be closer
to the true answer since the C ring is a significant feature of the
microwave radiation from Saturn.

The model results for the regions blocked by the C ring and by
the A and B rings are not as nicely consistent as the ring
results., When the C ring is added in Models 3 and 4, the brightness
temperature of the region blocked by the A and B rings changes sig-
nificantly in 1976 and substantially in 1973-1974. This is not too
surprising since the two blocked regions are highly correlated in
the model fit. The correlation coefficients are -0.72 for the 1973~
1974 data set and ~0.69 for the 1976 data set, and they are the
largest correlations in the model fit. The correlations are in the
sense that if one brightness temperature is overestimated, then the
other will be underestimated. Thus, the inconsistency between the
two data sets is disconcerting because it suggests that these cor-
relations have been active and that, therefore, comparisons between
the two data sets are somewhat risky. These potential dangers must
be kept in mind when interpreting the brightness temperatures of the
blockgd regions in terms of optical depths.

The optical depths implied by the results of Model 3 are sum-
marized in Table 7. The calculations which led to these numbers are

the same as those used to calculate the optical depths in Table 5 and



37

TABLE 7

3.71 cm OPTICAL DEPTH OF MODELS INCLUDING C RING

BUNES 00 BB 04 10,01
TBPlanet : TBPlanet ’ :
C Ring
1973-1974 0.04 = 0.02 0.06 = 0.03
1976 0.20 = 0.07 0.22 + 0.08
A + B Ring
1973-1974 0.74 = 0.11 0.84 = 0.17
1976 0.37 + 0.05 0.41 £ 0.07
A and B Separated
B Ring 0.74 = 0,11 0.84 + 0.17
A Ring 0.07 = 0.07% 0.10 £ 0.09%

* Uncertainty does not include uncertainty in B ring optical depth.
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the ring brightness temperature corrections have used the same result
of 0.04 + 0.01 for the normalized ring brightness temperature. It is
interesting to compare the optical depths in Tables 5 and 7 since they
reflect the degree to which the opacity results are affected by the
introduction of the C ring. The estimates of the optical depths

of the A and B rings are lowered when the C ring is added, and a
larger difference between the A and B ring optical depths is required
to explain the difference in the combined ring optical depth. The
latter effect may not be a real one and might be caused by the
correlation between the brightness temperature of the region of the
planet blocked by the C ring and that of the region of the planet
blocked by the A and B rings. The C ring optical depths in 1973-
1974 and 1976 are formally different. However, this difference

may not be all that significant in view of the correlations that

appear to be taking place. If the results are interpreted literally,
they indicate that a single optical thickness C ring will not account
for the observed blockage. But if they are taken in the light of the
possible correlations, the best that can be said is that it signifi-
cantly blocks the planetary emission and has an optical thickness of
about one-tenth.

Models 3 and 4 show that the C ring is a significant feature in
the brightness structure of the microwave radiation from Saturn. The
C ring has a brightness temperature that is comparable to that of

the A and B rings and may lie somewhere between them. The addition
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of the C ring to the Saturn models has caused the A ring to appear
brighter relative to the B ring than it did in the previous models
that did not include the C ring. This result is expected to be
closer to the truth than the previous one since correlations with the
unmodeled C ring might have caused the large difference in brightness
temperature between the A and B rings. None of the rings show any
significant change in brightness temperature as the ring tilt changes.
The C ring significantly attenuates the emission from the planet.
Although it is difficult to get an accurate figure for its optical
depth, because of the correlations with the region blocked by the A
and B rings, it is fair to say that the microwave optical depth is
consistent with the visible value of about one-tenth. The optical
depth estimates for the A and B rings change when the C ring is
included in the model fit. Some of this change is in the sense ex-
pected when the C ring is included. However, the inconsistent opti-
cal depths for the C ring may make the difference between the optical
depths of the A and B rings larger than it is. If both model

fits with and without the C ring are considered in the estimation of
the optical depths and if a normalized ring brightness temperature

of 0.041 0.01 is assumed, then the most probable values of the

ring optical depths are 0.9 1 0.2 for the B ring and 0.2 + 0.2 for

the A ring.
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(iii) Models to Test for the
Presence of Limb-Darkening
In this section a detection of the limb-darkening of the planet
is attempted, and its effects upon the other parameters in the models
are considered. Briggs (1974) and others have pointed out previously
that correlations between unmodeled limbédarkening and the other
parameters in the model could produce erroneous results, particularly
where the blocked region of the planet is concerned. It is, there-
fore, important to ascertain whether limb-darkening seriously
affects the results relating to the rings. A measurement of limb-
darkening also has important implications for the atﬁosphere of
Saturn since limb-darkening contains information about the
temperature structure of the atmosphere and the distribution
of opacity sources, particularly ammonia. For these reasons,
models including the effects of limb-darkening have been fit to the

data sets.

Limb-darkening has been approximated by changing the size of the
planet in the model fits. This approximation is easily done and has
the important effect of moving the zeros of the visibility function in
the manner expected from limb-darkening. The limb-darkening that
best describes different sized disks is shown in Figure 4. To
define this curve, a disk that was limb-darkened according to the

equaticn

I _ 1 +D - Du ,

(1)
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LIMB DARKENING COEFFICIENT AS A FUNCTION

OF EFFECTIVE DISK RADIUS
3.7t CM DATA SET

097 098 099 100 1.0l .02 1,03
EFFECTIVE DISK RADIUS

Figure 4 - Results of least squares fit of effective disk
radius to limb-darkened disks for the 3.71 cm data sets. The
lines shown on the figure only represent an approximation of the
measured values and are not a best fit to them in any sense.
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where p is the cosine of the angle of incidence and D is the limb-
darkening coefficient, was fit by least squares to a different sized,
uniformly bright, disk of the same flux. It was found that the use
of either the 1973-1974 or 1976 data sets produced the same depend-
ence, although this is not necessarily true of all possible sets of
interferometric data. As can be seen from the figure, limb-dark
disks, with D < 0, map into slightly smaller disks and limb-bright
disks, with D > 0, map into larger disks. No limb-darkening at all
gives a disk of the proper size. Thus, if limb-darkening is present,
it should be detectable by solving for the disk radius that produces
the lowest residuals.

Since the radius of Saturn is known imperfectly, there is a range

of values of the best fitting disk radius, which shall be called

the effective disk radius, that will be consistent with

the estimated errors in the determination of the disk radii. This
might seen to be a weakness of the method chosen to approximate limb-
darkening, but since limb-darkening and planet size appear to be
similar, it is a weakness that would be present in any limb-darkening
determination., Cook et al, (1973) estimate that the error on the

value for the equatorial radius of Saturn is about 0.3% and state that
the error on the polar radius is probably greater, Thus, any effective
disk ;adius that is different from the nominal value by on the order of
0.5% or less is within the errors on the nominal value of the disk

radius and cannot be used to infer the presence of limb-darkening.
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The effective disk radius has been estimated from the 1973-
1974 and 1976 data sets by the method known as brute force
least squares. This is a convenient way to do least squares
model fits which contain one non-linear parameter. In this
case, the non-linear parameter is the effective disk radius.
The Saturn data were fit to models with different disk radii
and the residuals to the model fits were determined. These
residuals are then fit to a parabola of the form:

2
S = CO + C1 XR + C2 XR
where S is the sum of the squares of the residuals, XR is the effect-~
ive disk radius and the C's are constants to be determined. It

ol
follows, by finding the minimum of this curve, that XR’ the best

estimate of XR’ is

o<
i—l

2 2 . .
It can also be shown that the variance of X_, © is given by

R

02 - 2 1
X S pATA c, »
where 02 is the variance of the data set. The variance of the

DATA

data set is usually taken to be the mean square residuals to the model
fit, although this probably leads to an underestimate of the errors.
As the effective disk radius is varied, the other parameters in

the model fit are allowed to vary so that the minimum residuals for a
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particular effective disk radius are found. The other parameters

vary linearly with effective disk radius near the minimum,  and this
variation is used to correct their errors and correlations for the
effect of the effective disk radius parameter. The correction applied
to the covariance matrix, P, of the model fit without the variation of

disk radius to find the new covariance matrix, P', is given by

dXi dx, 2
P'. = P,., 4+ =—— —%+ 0O .
ij ij dXR dXR XR

where Xi and Xj are the ith and jth parameters in the model. These
corrections are the same as those determined in consider covariance
calculations and as in the case of consider covariance, they increase
the errors on the parameters since the effect of an error in the disk
radius is considered in their esgtimation,

This method was applied to the 1973-1974 and 1976 data sets and
the sum of the squares of the residuals are shown in Figure 5 as a
function of the effective disk radius. As can be seen immediately
from the residuals, the minimum occurs at about 1.01 for the 1973-
1974 data set and 1.00 for the 1976 data set. For the parameters of
Model 4, the effective disk radius results are 1.010 + 0.005 for
1973-1974 and 1.000 + 0.004 for the 1976 data set. These numbers
are formally significantly different and the 1973-1974 results, if
taken literally, indicate that the planet is significantly limb-bright.
However, in view of the 1976 result, which comes from a stronger data

set that is expected to have fewer systematic errors, the 1973-1974
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result is probably not significant. Thus, the best estimate of the
effective disk radius, which comes from the 1976 data set, indicates
that the planet is not significantly limb-dark. If Figure 4 is used
to estimate the limb-darkening coefficient, D, and a conservative
value of 1.00 + 0.0l is assumed for the effective disk radius, then
the best estimate of D is 0.0 + 0.1.

The results of the model fits including the effective disk radius
parameter are given in Table 8. Models 5 and 6 contain the same
parameters as Models 3 and 4 and a comparison of these models for
the 1976 data set shows, as expected, that the brightness temperatures
of the various regions do not change. The 1973-1974 data set shows
a slight, but less than one sigma, change in the brightness tempera-
ture values which is due to the different effective disk radius.

This small change indicates that the brightness temperatures are not
too dependent upon the effective disk radius since a radius that is
two sigma different from the nominal value has caused changes in

them that are less than one sigma. This is expected since the cor-
relation coefficients between the effective disk radius and the model
brightness temperatures are always less than 0.4 and are far from the
largest in the model fits. Thus, the results of the previous model
fits are not seriously affected by errors in the effective disk radius
and therefore, are not sensitive to limb-darkening on the planet.
That no significant limb-darkening was detected also indicates that

it does not seriously affect the other parameters.
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The addition of limb-darkening to the models does not signifi-
cantly affect the previous model fitting results and a solution for
limb-darkening shows that it is not significantly present. The con-
clusion that limb-darkening does not affect the ring results is only
strictly true for these data sets. It can be imagined that models
fit to the data from only one or two interferometric baselines might
be significantly affected by limb-darkening. The lack of a signifi-
cant change in the size of the effective disk from the nominal size
in the 1976 data set places interesting limits upon the amount of
limb-darkening of Saturn at 3.71 cm and also indicates that the ring

results are probably not affected by planetary limb-darkening.
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IV, ANALYSTS OF THE 1976 OWENS VALLEY 3,71 cm
OBSERVATIONS BY APERTURE SYNTHESIS TECHNIQUES

a) Introduetion

—

In the previous section, models of the radio brightness
structure of Saturn and the ring system were discussed, This model
fitting analysis is possible since the major features of éhe bright-
neés structure of Saturn are known and can be specified by a few
parameters which may be fit to the observations, Unfortunately, in
‘order to fit such a model to the data, it is necessary to make
.assumptions about some aspects of the brightness structure which
are important to determine,

In the model fitting analysis; the principal assumptions made were
the sizes of the model components and their uniform brightness, Of
these, the most important to test is the assumption of uniform bright-
ness, since it is unknown if the brighéness of the planet or the
the rings is uniform. Any non-uniformity would have important impli-
cations for the atmosphere and rings of Saturn. Since the nature of
any non-uniform brightness is unknown, it is difficult to model
satisfactorily and know if any detection by the model fitting process
is real, Thus, it is of great importance to determine the brightness
structure of the Saturn system in a way that is independent of any
model,

In this section, the interferometric observations obtained at the
Owens Valley Radio Observatory in 1976 are used to produce a map of the

radio emission from Saturn. The technique used to make the map is
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known as aperture synthesis, and it produces a map of a radio source
that is free from any assumptions about the source's brightness
distribution, Unfortunately, the observations made in 1973 and 1974
were not designed for use in an aperture synthesis experiment and
therefore, only the 1976 observations have been used in the aperture
synthesis analysis.

Aperture synthesis makes use of the Fourier transform relation
between the radio brightness structure of a source and the résponse of
a radio interferometer to it, FEach observation of a souyce with an
interferometer is a sample of the complex, two dimensional, Fourier
transform of the source's brightness distribution, If this Fourier
transform is sufficiently well sampled, by making observations on many
interferometer baselines, it may be inverted to produce a map of
the radio source, This map will have a spatial resolution on the order
of 1/D, where D is the longest interferometer baseline measured in
wavelengths, which makes it similar to a map made with a single radio
telescope that is D wavelengths across. It will also contain no
assumptions about the source's brightness structure, Therefore, since
aperture synthesis is independent of any model of the brightness
structure of the Saturn system, it offers a means to search for
unrecognized structures as well as a means to confirm the results of
the deel fitting analysis,

b) égerture Szpthesig‘ngcedupgg

(1) The Principal Aperture Synthesis Formulas

Since some readers may be unfamiliar with interferometry and,
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in particular, aperture synthesis mapping of radio sources, this
section wlll be devoted to a discussion of the production and handling
of aperture synthesis maps, Very extensive recent reviews of the
subject are given by Brouw (1975) and Fomalont and Wright (1974),
For the present purposes, however; 1t is necessary only to review the
principal aperture synthesis formulas and the steps involved in
producing an aperture synthesis map.

Ar interferometer responds to the Fourier transform of the
source's brightness structure, This Fourier transform is called the

vigibility function, V, and it 1is given by

: P +1i27 (uxtvy)
V(u,v) = f/ I(x,y) e dx dy . (D

oo oo
In equation (1), the x and y variables are in units of radians and
make up a left-handed cartesian cooxdinate system on the sky relative
to an arbitrary position which is often taken to be the centroid of
the emission from the source, TIn the case of Saturn, the map center
has been defined to be the position of the center of mass of the

planet given by the American Ephemeris and Nautical Almanac. The x

and y axes are usually taken to be in the direction of increasing

right ascension and declination. However, for the Saturn

maps these axes have been rotated by 7 degrees so that they correspond
with the major and minor axes of the ring system. The variables u and
V are the projection of the interferometer baseline, in units of wave-
lengths, onto the x~y coordinate system at the time of a given

observation, For a given separation of the antennas, u and v change
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continuously during the day as the baseline-source geometyy changes.,
I(x,y) is the intensity of the source at the position x,y, but it is
not the true intensity since, in general, it is modified by the
antenna pattern of the primary elements of the interferometer, However,
in the maps to be discussed here, this modification is not important
since Saturn is much smaller than the primary element beam.
’
Tt is clear from equation (1) that the brightness structure,

I(x,y), may be obtained by Fourier transforming the interferometer's

measurements of V(u,v):

I(x,y) = ~[~ -]‘ V(u,v) e~12ﬂ(ux+vy) du dv . (2)

Unfortunately, it is not possible to perform the transformation of
equation (2) since it is not possible to obtain measurements of the
visibility function at all points u,v. All practical interferometers
sample only pieces of the u-v plane and the resulting maps of the
source are affected by this sampling. If a sampling function, S(u,v),
is defined such that S is equal to 1 where an observation is made and
equal to 0 elsewhere, then the map obtained by the interferometer

sampling according to S is I'(x,y) and given by

I' (x,7) =f f S(u,v) V(a,v) e PETEEWY) gy qe (@)

A different way to view the effect of S upon the map is to use the con~-

volution theorem which states:



53

P
FEg) = FO*F

where é;rrepresents the operation of taking a Fourier transform, *

represents a convolution and f and g are two functions, Application

of this theorem to (3) leads to

I'(x,y) = ~/° ~/~ S(u,v) e~12ﬂ(ux+vy)du dv | * I(x,y) .

If B(x,y) is defined according to

B(x,y) = v/‘ v/‘ S(u,v) e—iZﬂ(ux+vy) du dv ,

then (3) may be written as

I'(x,y) = B(x,y) * I(x,y) #)
and it is seen that the map obtained by an interferometer sampling
according to S(u,v) is given by a convolution of the true map, I, with
the Fourier transform of the sampling function, S. This is an exact
analogy to a map produced by a conventional radio telescope where
the map made is just the true brightness convolved by the antenna beam
pattern., Thus, the function B fills the role of the beam pattern of
a conventional, filled aperture, telescope and is, therefore, referred
to as the synthesized beam of the aperture synthesis telescope.

The synthesized beam is often characterized by high sidelobe
levelg that accompany the uneven sampling of the u-v plane by an
interferometer. This is particularly true for sources at low
declinations, such as planets, since a single interferometer does

not sample a very large portion of the u-v plane of a source at a low



54

declination. In the case of the 1976 Owens Valley data, the u-v cover-
age of Saturn obtained by the 13 interferometer spacings is shown in
Figure 1. Figure 6 shows the synthesized beam which is a Fourier transform
of the sampling. The synthesized beam contains a pair of negative
sidelobes at a level of about 35% of the peak response as well as a
number of smaller sidelobes at about the 157 level. A number of the
sidelobes to the north and south of the main response are sufficiently
far removed from the center of the beam that they do not interfere
with the map produced. Even so, the sidelobes that do exist in
the vicinity of the main beam cause a good deal of distortion of the
brightness structure of Saturn and the rings. This distortion may be
seen in Figure 7 which is the result of Fourier transforming
the Owens Valley observations. This map represents the true bright-
ness distribution of Saturn convolved by the synthesized beam. The
deflection at a point in the map is in units of Jansky per beam area
and represents the flux density that a point source at that position
requires to produce the observed deflection.
(ii) The Procedure CLEAN

In order to search for low level brightness structures, such as
those expected for Saturn's rings, in a map like Figure 7, it is
necessary to devise a scheme for minimizing the effects of the side-
lobes of the synthesized beam. Schemes for achieving this goal are
discuésed by Hbgbom (1974) who describes the widely accepted method

known as CLEAN. CLEAN is a procedure which uses certain a priori
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Figure 6.~ Contour map of the synthesized beam of the 1976 OVRO
aperture synthesis experiment. The contour levels are 90%, 70%, 50%
30%, 10%,-10%, and -30% of the peak response. The interval between

the tick marks at the edge of the map is 10 arcsec for Saturn at the
standard distance of 8 AU,
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Figure 7.- 1976 OVRO aperture synthesis map of Saturn. The map
represents the convolution of the true brightness structure of Saturn
with the synthesized beam shown in Figure 6. The peak response in
the map is 0.29Jy, and the contour levels are 90%, 70%, 50%, 30%, 10%,
-10%, and -30% of the peak response. Saturn is at the center of the
map and the horizontal (x) and vertical (y) axes of the map are
aligned with the major and minor ring axes, respectively. x increases
to the left and is toward Saturn's east limb, and y increases to the
top and is toward its north limb. The interval between the tick marks
at the edge of the map is 10 arcsec for Saturn at the standard dis-
tance of 8 AU.
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information about the aperture synthesis experiment, such as the size
of the source and the known shape of the synthesized (DIRTY) beam,
to discriminate between those deflections in the (DIRTY) map caused by
sidelobes of the DIRTY beam and those deflections caused by actual
structures in the source. CLEAN attempts to find a collection of
point sources which, when convolved with the DIRTY beam, will give the
DIRTY map. The positions of the point sources may be constrained to
lie within a certain region of the overall map. This constraint is
particularly useful for sources, such as planets, where it is fairly
certain which region of the sky contains all of the source's emission.
The point sources are chosen by CLEAN in an iterative fashion. The
DIRTY map is scanned to find the peak deflection, and since some
fraction of this deflection is almost certain to be real, the response
of the DIRTY beam to a fraction of the deflection is removed from the
map. The DIRTY map is then scanned again and the process is repeated
many times until some number of iterations is exceeded or the size
of the component removed becomes less than some value. Practically,
it has been found that there is a point past which further cleaning
makes no difference to the map. After the iteration cycle has been
performed a sufficient number of times, the point sources which have
been removed from the map are returned to it in the form of the
response of a clean, sidelobe free, beam to the point source. The
CLEAN beam is typically a gaussian of the size and shape of the

main lobe of the DIRTY beam.
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In this study, CLEAN has been used to deconvolve the DIRTY
Saturn maps and produce clean, sidelobe-free maps. The CLEAN map,
shown in Figure 8, was produced by removing 500 point sources from
an area the size of the Saturn system. The deflections in the CLEAN
map are given in units of degrees Kelvin since they represent the
convolution of the true brightness temperature structure of Saturn
with the CLEAN beam. This value is not, in general, the true brightness
temperature of a source component, but it is closely related to the
antenna temperature in a conventional, filled-aperture map of a
radio source. Therefore, the quantity represented in the CLEAN maps
shall be called the synthesized beam antenna temperatﬁre, or beam
temperature, to distinguish it from the brightness temperatures of
the source components.

The cleaning area was a 50 x 20 arcsec box centered on the
geometric center of Saturn. These dimensions and all of the dimensions
quoted in this section refer to Saturn at a disbance of 8 AU. At each
iteration, 30% of the peak deflection was removed from the map and
then, after all iterations were completed, returned as the response of
a gaussian CLEAN beam. The half power beam width of the gaussian
CLEAN beam was 8 arcsec by 15 arcsec and the major axis of the beam
was aligned with the central meridian of Saturn. This special
orientation of the CLEAN beam makes the interpretation of the
resulting maps easier. As can be seen from the map in Figure 8, the
CLEAN map presents a much more satisfactory appearance and is

essentially free of the false deflections due to sidelobes of the
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Figure 8 - CLEAN 1976 OVRO aperture synthesis map of Saturn. The
map of Figure 7 has been deconvolved with the synthesized beam of
Figure 6 and the result is reconvolved with a gaussian beam. The
dimensions (HPBW) of the gaussian, CLEAN beam are 8 arcsec in the hori-
zontal (x) direction and 15 arcsec in the vertical (y) direction. The
deflections in the map are given in the units of brightness tempera-
ture and represent the brightness temperature of the source averaged
over the CLEAN beam. The contour values are 5 K, 10 K, 25 K, 50 K,

75 K, 120 K, and 125 K. Dashed contours represent negative values.
Saturn is at the center of the map and the x and y map axes are
aligned with the major and minor ring axes, respectively. x increases
to the left and is toward Saturn's east limb, and y increases to the
top and is toward its north limb. The interval between the tick marks

at the edge of the map is 10 arcsec for Saturn at the standard dis-
tance of 8 AU.
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DIRTY beam. However, the map is probably not totally free of such
false deflections and therefore, some caution must be observed
in the interpretation of the cleaned maps.
(iii) Sensitivity of an Aperture Synthesis Map

In addition to false deflections in the maps due to sidelobes
of the DIRTY beam, there will also be false deflections due to noise on
the measured visibility function. This noise may be considered to be
of two types. The first type is random, statistical noise due to
the measurement of the signal from Saturn in the presence of the
receiver noise. The second kind is non-random noise due to imperfect
calibration and errors in the path length between thé two elements of
the interferometer due to irregularities in the atmosphere. The ran-
dom noise due to receiver noise is given, in terms of beam temperature
in the aperture synthesis map, by Fomalont and Wright (1974) to be

B %5‘5; ’ )

where Ts is the system temperature, Av the bandwidth, t the
integration time, A the effective area of a primary element, A the
wavelength and stn the solid angle of the synthesized beam. With
the parameters appropriate to the observations at the Owens Valley, the
RMS deflection should be about 1 K for the 8 x 15 arcsec (at the stan-
dard distance of 8 AU) CLEAN beam. If a larger CLEAN beam is used, say
a cifcular 15 arcsec beam, then the RMS deflection is reduced to about

0.5 K. Thus, extra sensitivity may be achieved by sacrificing some of
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the resolution available. 1In this study, both high resolution maps
using the 8 x 15 arcsec CLEAN beam and high sensitivity maps using the
15 arcsec circular CLEAN beam have been produced since they perform
complementary functions.

The non-random component of the noise in an aperture synthesis
map cannot be easily computed from simple formulas since it depends
upon the phase stability of the interferometer and the characteristics
of the atmosphere at the observing site. The best method for estimating
the noise due to these errors is to look at the level of the deflectiomns
in the map away from the source and estimate the RMS deflection. This
parameter has been found to be a good estimate of the noise level
due to atmospheric effects (Hinder and Ryle, 1971) and, to the extent
that the phase instabilities of the interferometer are random,
should be a good estimate of their noise level as well. A principal
difference between the atmospheric noise in the map and the noise due
to systematic phase drifts is that the phase drift noise will tend
to produce a pair of antisymmetric deflections in the map (Brouw, 1975)
whereas the atmospheric noise produces deflections that are randomly
positioned (Hinder and Ryle, 1971). Thus, the level and arrangement of
the deflections in the map away from the source are the best means to
judge the noise level in the aperture synthesis map.

(iv) Removal of the Response to the Planet

It is evident from Figure 8 that the weak features in the map

that are due to the rings are difficult to see in the presence of the

strong emission from the planet. For this reason, the response to



65

the planetary emission must be removed from the map. This was accom-
plished by removing the response of a uniformly bright elliptical disk
from the measured visibility function and Fourier transforming and
cleaning the result in the manner of Figure 8 using a 8 x 15 arcsec
CLEAN beam. The resulting map, which is shown in Figure 9, was pro-
duced by removing a 20.62 x 18.78 arcsec disk whose btightness temper-
ature was 175 K. These dimensions are the same as those used in the

model fitting analysis of Part III. The uniform disk brightness

temperature was chosen to be 175 K in order to make it roughly
consistent with the values obtained in this work and by other inter-
ferometric observations at 3.71 cm (Briggs, 1974; Cuzzi and Dent, 1975).
This brightness temperature is much less than the value of 186 K
found in Part III by model fitting to this data set. However, since
the main purpose of the disk subtraction map is to make the features due
to the rings more visible .and since the maps are produced in order
to be independent of the model fitting process, the value of 175 K is
appropriate,

The map shown in Figure 9 contains features which are likely to
be caused by the presence of the rings. These features will be
discussed in greater detail in the next section. Although the pro-
cedures used to produce this map are extensive, they maintain the
important feature that they are free from any model of the radio
emission from the rings. The principle assumptions that have gone

into the disk subtraction map are:
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Figure 9 - CLEAN 1976 OVRO aperture synthesis map of Saturn with
the response to a uniformly bright, 175 K disk removed from the center
of the map. The dimensions of the disk are the same as those used in
the model fitting analysis. The HPBW of the CLEAN beam is 8 arcsec
in the horizontal (x) map direction and 15 arcsec in the vertical (y)
direction. The deflections in the map are in units of brightness
temperature and represent the brightness temperature of the source
averaged over the CLEAN beam. The contour values are 5 K, 2 K, -2 K,
-5 K, -10 K, -15 K, -20 K. Dashed contours represent negative values.
Saturn is at the center of the map and the x and y map axes are
aligned with the major and minor ring axes, respectively. x increases
to the left and is toward Saturn's east limb, and y increases to the
top and is toward its north limb. The interval between the tick marks
at the edge of the map is 10 arcsec for Saturn at the standard dis-
tance of 8 AU.



67

SATURN-175K DISK 1976 OVRO 3.71 CM
] I ] I T i T I I I |
N
:\/'—'\
\
/f\\/’\ \\ \
///, \\. ‘ T
/7 ~_ N
fI///,’// '—\ \\\\ \I |
R TL
O ll‘"\l\///lll’/
\ w\,//o/
\\\\_"///,
V- T
\\_/ I"‘s\
/7N
e \\/ \\ \
\_) NI
e

! | ] ] | | | ] | | |

CLEAN MARP

Figure 9




68

1) The map is centered on the position of the center of mass
of Saturn.
2) The emission from the Saturn system comes from an area which
includes the visible disk and rings.
3) The subtracted disk is of the correct size and brightness.
Of these assumptions, (1) is potentially the most dangerous, since,
if the map is not centered upon Saturn, the removal of a uniform
disk from the map will leave behind features in the map due to the
offset that may be confused with features due to the rings. The
position of Saturn is determined from the geocentric ephemeris of

the American Ephemeris and Nautical Almanac , and this position

is thought to be accurate to better than one-half arcsec.

An additional source of error in the position of the map center is an
error in the position of the calibrator used for the 1976 3.71 cm
observations, 0J287. The map center is determined by observations of a
radio source whose position is known. These observations assumed

a position for 03287 of:

gl 51™ 575958

a (1950)

& (1950) =20° 17' 58'68

which is in good agreement with the measurements of several observers
(Blake, 1970; Smith, 1970; Couper, 1972; Cohen, 1972),

It should be noted, however, that errors in the range of one or two
tenths‘of a second of arc are possible. All things considered,

errors in the position of the map center of one-half arcsec or less

are quite plausible and these would have the greatest consequences
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of all of the assumptions used in the production of Figure 9.
These consequences will be considered in great detail in the next
section.

The other two assumptions have far less serious consequences for
the disk subtraction map. The assumption that all of the emission is
coming from the CLEAN box around the visible planet and rings is
not a strong one since no emission is expected from outside the ring
system. Even if significant emission were coming from outside
the cleaning box, it would not be removed by the cleaning process
and would appear in the CLEAN maps. This is because, in general,
the unexpected emission would not be at a position where it would be
removed by subtraction of the DIRTY beam response to features inside
of the cleaning box. TFinally, the shape and brightness of the disk
subtracted from the map do not appear to be critical assumptions.

The disk size and shape are accurate to about one percent and

errors in these parameters do not strongly alter the appearance of
the maps, as do the position errors discussed previously. The
effects of limb-darkening have been investigated by the model
fitting process and have been found to be undetectable. Thus,
limb-darkening should not affect the disk subtraction maps seriously.
The brightness temperature of the subtracted disk does alter the
absolute level of the contours in the map, but such an error does
not sfrongly affect the deflections due to the rings. In any event,
the effects of errors in the disk brightness temperature are fairly

easily discovered and corrected, as will be seen in the next section.
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It is unfortunate that any assumptions have to be made in order
to produce an aperture synthesis map of the radio radiation from the
rings. The goal of this study, however, is to produce a map which
is as free as possible from the effects of such assumptions, and
this goal has been realized, since the assumptions contained in
these maps do not affect them strongly and their accuracy is
fairly easily checked. Thus, the aperture synthesis analysis
allows a search for new brightness features in the radio emission
from Saturn as well as a confirmation of the features included
in the model fitting analysis.

¢) Results and Discussion of the Aperture Synthesis Analysis

(i) Disk Subtraction Maps

The principal result of this aperture synthesis study of the
Saturn system is the map shown in Figure 9. This map is reproduced
in Figure 10A along with an outline of the planet and the combined A
and B rings as seen from earth at the time of the observations. This
map has been cleaned with an 8 x 15 arcsec beam (dimensions refer to
Saturn at the standard distance of 8 AU) which provides the
maximum amount of resolution available in the 1976 Owens Valley
data set. The map's strongest feature is a negative one approximately
centered upon the position where the rings cross in front of the
planet. The negative feature appears because the rings have a
Significant optical thickness and a very low intrinsic brightness.
Thus, the intensity of the emission from the region where the rings

block the planet is essentially due to planetary emission that is
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Figure 10A - CLEAN 1976 OVRO aperture synthesis map of Saturn
with the response to a uniformly bright, 175 K disk removed from the
center of the map. The dimensions of the disk are the same as those
used in the model fitting analysis. An outline of the planet and the
combined A and B ring as seen at the time of the observations is
shown for comparison. The HPBW of the CLEAN beam is 8 arcsec in the
horizontal (x) map direction and 15 arcsec in the vertical (y) direc~
tion. The deflections in the map are in units of brightness tempera-
ture and represent the brightness temperature of the source averaged
over the CLEAN beam. The contour values are: 6K, 4K, 2K, -2K, -4K,
-6K, -1GK, -15K, and -20K. Dashed contours represent negative values.
The interval between tick marks at the edge of the map is 10 arcsec for
Saturn at the standard distance of 8 AU.

Figure 10B ~ CLEAN 1976 OVRO aperture synthesis map of Model 3,
which is described in Part III, This map of the best fitting model
was produced in exactly the same way as the map of the data, shown in
Figure 10A, The beam, contour levels, and scale of the map are iden-
tical to those in Figure 104,



Figure 10B
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attenuated by the rings. Since a uniformly bright disk was removed
from the map, too much flux was removed from the blocked region, and
it appears as a negative feature. The other features in the map
that appear to be real are positive deflections of about the same
size that appear on either side of the large negative deflection.
These deflections are at the position expected for radiation from
the rings, and they are of approximately the size expected based on
the model fitting results of this study and others. Thus, their
presence indicates a small but significant amount of radio radiation
from the rings.

The map in Figure 10A agrees quite well with what might have
been predicted from the model fitting results of this study and others
and is a strong indication of their basic soundness. There are,
however, some ways in which the results of model fitting and aperture
synthesis do not quantitatively agree. It is these aspects of
the maps that should be most carefully examined since they promise
to extend the knowledge gained from model fitting to encompass
yet unknown aspects of the radio emission from Saturn and the rings.

In order to compare the results of the model fitting analysis
to the aperture synthesis maps, a map of one of the models fit to the
data in Part III, Model 3, is shown in Figure 10B. Model 3 consists
of all of the features which have been found by the model fitting
analysis to be significant features of the radio brightness structure
of Saturn. It consists of the combined A and B ring, the C ring,

the region of the planet blocked by the combined A and B ring, the
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region of the planet blocked by the C ring and the region of the
planet that is not blocked by any ring. The best fit brightness
temperatures of these regions are given in Table 6. The model map
of Figure 10B has been produced in exactly the same manner as the map
of the data in Figure 10A. The visibility function of Model 3 at the
points of observation has been Fourier transformed and cleaned by
the same programs used to produce FigurelOA, and its clean appearance
is a fine example of the effectiveness of CLEAN. The model map
is quite similar to the data map. However, there are some obvious
descrepancies particularly in the region of the unobscured planet.
A data and model map produced with the larger 15arcsec circular CLEAN
beam and shown in Figures 11A and B show essentially the same results.
It is often difficult to appreciate an aperture synthesis map
on the basis of contour maps alone. For this reason, Figure 12 shows
plots of horizontal cross sections of the map in Figure 10A. The
positions of the cross sections are shown in Figure 13A. The cross
section plots allow for a better appreciation of what features in
the map are real than do the contour maps. The negative feature,
which is due to the blockage of the planetary emission by the rings,
and the positive features to either side that are due to the rings are
clearly above the surrounding noise level. The negative feature is
not symmetric about the center of the map, as is expected from models
of it, and it appears to be shifted to the east (in the direction

of increasing right ascension). The deflections due to the rings are
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Figure 11A - CLEAN 1976 OVRO aperture synthesis map of Saturn
with the response to a uniformly bright, 175 K disk removed from the
center of the map. The dimensions of the disk are the same as those
used in model fitting analysis. An outline of the planet and the
combined A and B ring as seen at the time of the observations is
shown for comparison. The HPBW of the CLEAN beam 15 arcsec in the
horizontal (x) map direction and 15 arcsec in the vertical (y) direc-
tion. The deflections in the map are in units of brightness tempera-
ture and represent the brightness temperature of the source averaged
over the CLEAN beam. The coutour values are: 2K, -2K, -4K, -6K,
-10K, and -15K. Dashed contours represent negative values. The
interval between tick marks at the edge of the map is 10 arcsec for
Saturn at the standard distance of 8 AU.

Figure 11B - CLEAN 1976 OVRO aperture synthesis map of Model 3,
which is described in Part III. This map of the best fitting model
was produced in exactly the same way as the map of the data, shown in
Figure 11A. The beam, contour levels, and scale of the map are iden-
tical to those in Figure 11A.
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Figure 11A

Figure 11B
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Figure 12 - Borizontal (east-west) cross sections through the
1976 OVRO disk subtraction map shown in Figure 10A. The positions of
the cross sections with respect to Saturn are shown in Figure 13A.
The horizontal length of the cross sections is 2 arcmin for Saturn at
the standard distance of 8 AU. The vertical scale to the left of each
cross section represents 5 K of brightness temperature averaged over
the CLEAN beam.
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Figure 13 - Positions of cross sectione with respect to Saturn.
Dimensions on the figures are in arcsec for Saturn at the standard
distance of 8 AU. TFigure 13A gives the positions of the cross sections
shown in Figure 12 and Figure 17, Figure 13B gives the positions of the

cross sections shown in Figure 14. TFigure 13C gives the positions of
the cross sections shown in Figure 15.
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of about the same size although the eastern deflection appears
broader than the western one. The peak deflections due to the rings
are not symmetric about the map center and appear to be shifted to
the east by about two or three arcsec. It appears that the map
would be symmetric about the center if it were shifted to the west by
two or three arcsec, although such a shift is far greater than the
likely errors in the position of Saturn. Thus, it is likely that
the apparent offset has another cause.

The extent to which the Saturn maps agree with the model fitting
results may be seen in Figure 14, This figure presents
horizontal and vertical cross sections through the data map and model
map which are shown in Figures 10A and B. The positions of these
cross sections are shown in Figure:13B, The model and data cross
sections are of generally the same shape, as indeed they should be.
However, there are some aspects of the profiles which do not agree.
In particular, the depth of the negative feature and peak deflection
due to the rings do not agree. As was noted previously, the ring
peaks appear to be shifted horizontally to the east about 2 to 3
arcsec relative to the model. The shapes of the ring induced
deflections agree fairly well with those predicted by the models. The
large negative feature due to the blockage of the planet by the rings
is also shifted a couple of arcsec to the east of the model prediction,
but iis position agrees fairly well with the models in the north-
south direction. The east-west shape of the negative feature does

not agree well with the model feature since it is asymmetric in
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Figure 14 - Horizontal (east-west) and vertical (north-south)
cross sectibng through the 1976 OVRO disk subtraction map shown in
Filgure 10A compared to cross sections through the model map (dashed
profile) shown in Figure 10B. The positions of the cross sections
with respect to Saturn are shown in Figure 13B. The horizontal length
of the cross sections is 2 arcmin for Saturn at the standard distance
of 8 AU. The vertical scale to the left of each cross section repre-
sents 15 K of brightness temperature averaged over the CLEAN beam.
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addition to appearing shifted to the east. The north~south shape

of the negative feature agrees fairly well with the model feature
although the maximum depth is not attained. 1In the portion of the
disk not covered by the rings, the model shows a positive deflection
where the data show none. 1In general, over the whole region of the
disk, the data lie below the model.

The lack of total agreement between the data maps and the model
maps is somewhat puzzling, since the model is a best fit to the visi-
bility function that was Fourier transformed to make the data maps,
but it is not surprising. In some cases, the lack of agreement can be
seen to be caused by the fact that the model fitting procedure
fits the best model that is symmetric about the y axis in the map.
Thus, features that are shifted, such as the peak deflections due to
the rings, will be imperfectly fit by the symmetric, best fitting
model. In addition, the data on each baseline were weighted differ-
ently in the model fitting process. This has the effect of weighting
the fit to certain spatial frequencies in the maps more highly than
others so that the overall map of the model, which involves all the
measured spatial frequencies, might be slightly different from the map
of the data. Thus, the best fitting model is chosen on the basis of
different, and probably more correct, criteria than would have been
employed if the model fit were done in the x-y plane rather than the
u-v piane. The fact that the data and model maps do not totally agree,

then, does not indicate that the model fitting results are incorrect.
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To see whether the model is a fair representation of a Saturn
map that is symmetric about the map y axis, the data were Fourier
transformed in a way that forced the map to be symmetric about the y
axis. Cross sections through this map are compared to the map of
Model 3 in Figure 15. The positions of these cross sections are given
in Figure 13C. As can be seen from the cross section plots, the noise

level in the sky in the symmetric maps is higher than the noise

level in the regular version of the maps. This might seem contradic-
tory, since one might expect that when the east and west halves of the
maps are averaged the result might have a noise level that was lower

by a factor of something like the square root of two. However,

this is clearly not the case and the reason seems to be that,
unlike a map mdde with a filled aperture telescope, the deflections
due to noise on one side of the map are correlated to some extent with
those on the other side of the map, since they are both produced
by non-random errors in the measurement of the phase of the visibility
function. Thus, when the sides are averaged, positive and negative
deflections do not tend to cancel each other out, but rather deflec-
tions of the same signs tend to add together to produce a larger
deflection. The symmetric maps are not, therefore, more sensitive
versions of the Saturn data maps.

Figure 15 shows a much better agreement with the model
since the average ring peaks are in the same east-west positions as
the model peaks. Similarly, the negative feature is in the same east-

west and north-south position as the model. The amplitudes of
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Figure 15 -Horlzontal (east-west) and vertical (north-south)
cross sectilons through the 1976 OVRO disk subtraction map which 1is
forced to be symmetric about the y map axis compared to cross sections
through the model map (dashed profile) shown in Figure 10B. The posi-
tion of the cross sections with respect to Saturn are shown in Figure
13C. The horizontal length of the cross sections 1s 2 arcmin for
Saturn at the standard distance of 8 AU. The vertical scale to the
left of each cross section represents t5 K of brightness temperature
averaged over the CLEAN beam,



these features are still not in total agreement with the amplitudes
of the model, although their shapes agree quite well. Thus, while the
main features of the radio emission are adequately modeled, the
agreement between the data maps and model maps is imperfect. These
discrepancies will now be examined further to determine whether
they are due to real and, so far, unmodeled structures in the Saturn
system.
(ii) Maps of the Residuals to the Model Fits

Aperture synthesis maps of the residuals to Model 3 have been
produced in the same manner as all of the other maps described here.
The visibility function of Model 3 was subtracted from the measured
visibility function and the result was Fourier transformed and
"cleaned" to produce the residuals maps. These maps, which are maps
of the difference between the data map and the model map, should show
any unmodeled or incorrectly modeled features in the Saturn brightness
structure. In this respect, they are quite like the disk subtraction
maps which showed the rings and the effect of the blockage of the
planetary emission by the rings as residual features that could not be
modeled by a uniformly bright disk. The residuals maps are shown in
Figures 16A and 16B. Figure 16A is a map of the residuals to Model 3
which has been cleaned with the high resolution 8 x 15 arcsec beam.
Cross section plots for the map in Figure 16A are shown in Figure 17.
The poéitions of these cross sections are given in Figure 13A.

The residuals maps in Figures 16A and 16B contain several minor

deflections as well as a comparatively large negative deflection
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Figure 16A - CLEAN 1976 OVRO aperture synthesis map of the re-
siduals to Model 3, which is described in Part III. An outline of
the planet and the combined A and B ring as seen at the time of the
observations is shown for comparison. The HPBW of the CLEAN beam is
8 arcsec in the horizontal (x) map direction and 15 arcsec in the
vertical (y) direction. The deflections in the map are in units of
brightness temperature and represent the brightness temperature of the
source averaged over the CLEAN beam. The contour values are: 4K, 2K,
-2K, -4K, ~6K, -8K. Dashed contours represent negative values. The
interval between tick marks at the edge of the map is 10 arcsec for
Saturn at the standard distance of 8 AU.

Figure 16B - CLEAN 1976 OVRO aperture synthesis map of the re-
siduals to Model 3. This map is the same as that of Figure 16A except
that the CLEAN beam is a circular gaussian with an HPBW of 15 arcsec.
The contour values in this map are 2K, 1K, -1K, -2K, -3K, -4K, -5K,
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Figure 16B
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Figure 17 - Horizontal (east-west) cross sections through the
1976 OVRO residuals map shown in Figure 16A. The positions of the
cross sections with respect to Saturn are shown in Figure 13A. The
horizontal length of the cross sections is 2 arcmin for Saturn at the
standard distance of 8 AU, The vertical scale to the left of each
cross section represents *5K of brightness temperature averaged over
the CLEAN beam.
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located in the eastern half of the planet. Since this is a residuals
map, both negative and positive features may be real, and a first look
at the cross-sections plotted in Figure 17 indicates that the negative
feature, and possibly the positive features to either side of it, may
be real ones. However, before claiming to have discovered a real
feature in the residuals map, it is necessary to make an estimate of
RMS deflection due to noise.

The RMS deflection in the éesiduals maps has been estimated in
two ways. In the first way, the RMS deflection on a rectangular path
should be far enough away from any real structures in the map so that
it will not be influenced by them. For the 8 x15 arcsec beam map the
average deflection was only 0.01Kwhile the RMS was 1.13K. The circu-
lar 15 arcsec beam map gave an average deflection of 0.01K and its
RMS deflection was 0.60K. The RMS deflections determined in this man-
ner scale exactly as the beam areas as was expected from equation (5).
Further, their absolute values are quite similar to those expected
based upon equation (5) and the system parameters of the Owens Valley
interferometer. The RMS deflections relative to the peak deflec—
tion in the 8 x 15 arcsec beam map without the disk subtraction
(Figure 8), are 0.008 for the 8 x 15 arcsec beam map and 0.005 for the
15 x 15 arcsec beam map. Both of these normalized RMS deflections
have values quite close to the best dynamic ranges that may be

&xpected in an aperture synthesis map at this time(Brouw, 1975).



89

A second, more conservative, method of estimating the RMS deflec-
tion has also been employed. This method used the peak-to-peak ampli-
tude of the deflections outside the cleaning box to estimate the RMS
deflection in the same way that the peak-to—peak scatter of the
visibility function measurements was used to estimate errors on the
data in Part ITI. The RMS deflection was taken to be one-third the
peak-to-peak deflections away from the source. This method gives an
RMS deflection of 1.9 K for the 8 x 15 arcsec map aﬁd 1.0 K for the
circular 15 arcsec map. These values normalized by the peak deflec-
tions in the full data map are 0.014 and 0.009 for the 8 x 15 arcsec

and 15 x 15 arcsec maps, respectively.

The estimates of the RMS deflection due to noise made by the
second method are larger than those made by the first method. Their
size, however, seems to be more in keeping with the noise deflections
observed in the map. If the estimate made by the first method is used,
there are several 2-sigma deflections far away from the planet and
rings in both the maps of Figure 16A and 16B. If the second estima-
tion is used, then the only 2-sigma or greater deflections are in the
region of the source. Thus, the second estimate of the RMS deflec-
tion seems to be the more consistent one based upon the apparent
noise in the sky away from the source. The reason that this larger
value is the better one may be because of the non-random types of
noise that enter into an aperture synthesis experiment. The deflec~
tions that result from this type of noise may be too few in number

to affect an RMS determination made by the first method,
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but they are important to include in any estimate of the background
noise level. Therefore, the values of 1 K and 2 K are adopted as the
RMS noise level in the 15 x 15 arcsec and 8 x 15 arcsec maps. These
values are obviously not intended to be hard criteria for establishing
whether a given feature in the maps is real. For example, a one or
two sigma deflection in the region of the rings will be given more
careful consideration than a three or four sigma deflection far from
the planet. The one sigma values, then, are merely intended to be
guidelines for determining which features in the map are real ones.
The feature in the residuals maps of Figurés 16A and 16B that is
most likely to be real is the negative feature centered in the eastern
half of the planet. This feature is four or five times the noise level
and in a position that makes it likely to be a real structure. The
high resolution 8 x 15 arcsec map shows that the feature is fairly
well confined to the Saturn system and this fact adds to its believ-
ability. The next most likely feature is the positive deflection
which lies between the planet and the western ring ansa. This deflec-
tion is twice the noise in the 8 x 15 arcsec map and confined to
the Saturn system. It does not rise as far above the noise level in
the 15 x 15 arcsec maps although this may be the result of being aver-
aged with the large negative feature to a greater extent than in the
8 x 15 arcsec maps. There are other features in the residuals maps
that are the size of the noise or somewhat larger. However, these fea-

tures are not in the Saturn system and, for this reason, they are not
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very likely to be real. Thus, the two features which are the most
likely to be real and should be the most carefully considered are the
large negative feature in the eastern half of the planet and the
smaller positive feature between the western limb of the planet and
the western ring ansa.

The large negative feature and the smaller positive feature are not
likely to be due to any errors in the model fitting analysis. This is
because they are not in the ‘correct position and do mot have the
correct shape to be caused by a structure in the model: such as the
disk, rings or blocked regions. Apparently, then, the model has done
all it can to fit the brightness structure of the source and the re-
siduals are due to something which is not included in the model,

There are two explanations of the residual features which may
each be adjusted to fit the residual brightness structures. First,
it is possible that the assumption of uniform brightness across the
planet is not correct and that, in fact, the eastern half of the
planet has a lower brightness temperature than the western half.

This explanation might seem attractive since the colder, eastern
half of the planet is the morning side. However, the brightness
temperature difference between the morning and afternoon halves of
the planet implied by the size of the negative feature seems rather
excessive,

A careful modeling of the effect of a brightness temperature

variation that is linear in the x coordinate of the maps shows
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that a considerable gradient in the brightness temperature across the
disk is required to match the size and shape of the negative feature.
It is clear, though, that it is possible to match the size and shape

of the feature in some detail with this simple model. In Figure 18A

a cross section through the center of the map in Figure 16A is shown
along with a suite of models which have a linear brightness temperature
variation across the disk., The residual linear brightness temperature

structure is defined to be

TG0 = T [1 +l;£(—a’5- 1)]

where a is the equatorial radius of Saturn and the profiles shown have
chosen T0 so that the depth of the model feature is the same as the
depth of the feature in the residual map. Thus, P, the ratio of the
positive brightness temperature at the west limb to the negative value
of the east limb, is the parameter varied in the figure. It is seen
that the profiles do a rather good job of mimicking the observations
and, with a clever choice of the parameter P, they can be made to fit
the negative feature and, to a lesser extent, the smaller positive
feature. However, in order to achieve a good match between this model
and the data map, the eastern half of the planet must have a bright-
ness temperature that is about 10 K less than the western half.

The large variations in the planet brightness temperature across
the disk make this model for the negative residual feature seem rather

implausible, although because it can be made to fit the data, it



Figure 18A - Horizontal (east-west) cross section through the 1976
OVRO residuals map (dotted) shown in Figure 16A compared to model with
brightness temperature variation described in the text, The cross
section shown is the one at y =-1 arcsec in Figure 17, The parameter
on the curves is the absolute value of the ratio of the brightness
temperature at the (positive) west limb of the planet to that of the
(negative) east limb, The horizontal length of the cross sections is
2 arcmin for Saturn at the standard distance of 8 AU. The vertical
scale to the left of each cross section represents +5K of brightness
temperature averaged over the CLEAN beam.

Figure 18B ~ Horizontal (east-west) cross section through the
1976 OVRO residuals map (dotted) shown in Figure 16A compared to the
position offset models described in the text. The cross section shown
is the one at y = ~1 arcsec in Figure 17, Models with position off-
sets of 0.50 and 0,25 arcsec for Saturn at the standard distance of
8 AU are shown., The offset is in the sense that would have to be added
to the true position in order to bring it to the center of the map.
The parameters on the curve are the ratio of the brightness temperature
of the subtracted disk, which is taken to be 186K, to the true value,
The horizontal length of the cross sections is 2 arcmin for Saturn at
the standard distance of 8 AU. The vertical scale to the left of
each cross section represents *5 K of brightness temperature averaged
over the CLEAN beam.
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cannot be ruled out. If a variation in the planet brightness tempera-
ture were the correct explanation of the negative residual feature,
then it is likely that the variation is not produced by a variation
of the physical temperature of the atmosphere in the region where the
3.71 cm emission originates, This is because the radio radiation
comes from a pressure level of about 1 bar or greater (Gulkis and
Poynter, 1972), and at these deep levels in the atmosphere the radia-
tive time constant is much longer than the rotation period, Thus, it
is more likely that the variation would be due to some change in the
atmospheric opacity structure rather than a change in the temperature
structure, Further, since no such large variation is observed in
thermal infrared maps of the planet (Rieke, 1975), this change must
take place in the deep atmosphere in the region where the 3.71 cm
radiation originates. All of these constraints combine to make the
explanation of the negative feature in terms of a brightness tempera-
ture variation seem rather unlikely, As well, the models which seen

to fit the negative feature the best do not provide a very good

explanation of the positive one. Thus, this model seems only capable
of explaining the negative feature, and although it cannot be ruled
out as an explanation, its consequences make it seem unlikely.

A second, and more believable, effect that can produce both the
negative and the positive feature in the residuals maps is an offset
of the true geometric center of Saturn from the map center. This

effect was discussed briefly in a previous section where it was
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pointed out that errors in the position of Saturn of half an arcsec or
less were not unlikely. The appearance of a map with such an offset
included will now be considered more carefully.

Figure 18B shows the effects of offsetting the planet to the west
of the map center and then subtracting a disk at the map center. The
profiles are horizontal cross sections through the center of the resid-
uals map and they are compared to the predictions for a % arcsec offset
in the top curve and a % arcsec offset in the bottom curve. The para-

meters on the offset curves are the ratio of the brightness tempera~

ture of the disk subtracted from the map to the assumed true disk bright-~
ness temperature. 1In all cases, the brightness temperature of the sub-

tracted disk was taken to be the Model 3 value of 186K and the disk
dimensions were taken to be those used in the model fitting amalysis.
The cross section profiles in Figure 18B show much the same struc-
ture as the data and seem to be more capable of explaining the small
positive feature in the residuals map. It appears that the best fit-~

ting profile would be obtained with an offset of between % and %

arcsec and a subtracted disk whose brightness temperature was a few
percent larger than the true disk brightness temperature, These values
agree with both the likely position errors for the center of mass of
Saturn and with the apparently high value of the planet brightness
temperature obtained in the model fitting analysis. Further, the off-
set models show that both the negative and positive features in the

residual map are likely to be explained with some adjustment of
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the offset and relative brightness temperature values., Thus, the
offset explanation appears to be the most likely one since it is
consistent with the expected position errors and is capable of

explaining the two largest features in the residuals map.

(iii) Maps and Models Including a Position Offset
The results of the previous section suggested that the true
geocentric ephemeris of Saturn may be systematically offset from

the nominal positions given in the American Ephemeris and Nautical

Almanac (AENA). In this section, model fitting and aperture synthesis
techniques are used to determine whether such a position offset
exists and can be used to explain the features in the residuals maps.
Model fitting for an average position offset is somewhat difficult
since the offset parameters are non-linear. Therefore, a brute

force least squares procedure, like the one used to solve for

the effective disk radius, has been used to fit the position offset
parameters to the data.

The results of the model fitting to the brightness temperature
parameters of Model 3 and including a possible offset in the
position of Saturn are given in Table 9 along with the parameters
that were fit to Model 3 without an offset., The position offset
is given in units of Saturn equatorial radii in the x (along the
major ring axis) and y (along the minor ring axis) directions in
the map. The offset is expressed as the correction to the AENA

geocentric ephemeris that is required to give the best fit to
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TABLE 9

MODEL INCLUDING POSITION OFFSET

COMPARED TO MODEL WITH NO OFFSET (3.71 cm)

Model 3 XY . Model 3
(Includes Position Offset)
TB Planet 188.0 + 1.6 186.0 =+ 1.7
T_ Planet
+
Blocked by C Ring 73.4 + 20.7 106.9 £ 21.2
T_ Planet
) .0+ . 65,2 £ 9.8
B Blocked by A & B Ring /1.0 9.6 >
TB C Ring 9.1+ 2.9 8,9 + 3.0
TB B Ring and A Ring 7.6 + 1.3 7.6 + 1,3
TDISKT 171 X 171 K
X Offset 0.026 + 0,007 -

(equatorial radii)*

Y Offset
(equatorial radii)*

Percent Improvement in
Residuals from Model 3

+

- 0.022 + 0.012

3.2

s 22

Model Flux Density

Thrsg = 2% *

* Equatorial Radius of Saturn is 10.31 aresec at 8 AU.

Solid Angle of Elliptical Disk with AENA Radii
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the data. As can be seen from Table 9, the corrections that are
determined are at least twice their standérd errors and the sum

of the squares of the residuals is significantly improved by the
addition of the offset parameters. Thus, when these factors and
the appearance of the residuals maps in Figure 16 are considered,
the position offsets determined by the model fitting procedure are
quite likely to be real.

Unfortunately, these results must remain somewhat uncertain
since there is probably no way to distinguish between a position
offset and a variation in the brightness temperature of the planet
across the disk, which was another possible explanation of the
features in the residuals maps. However, the variation that is
required is probably much too large, and therefore, the position
offset explanation is the more likely one.

Since the amount of variation of the planet's brightness
temperature that was required to match the features in the residuals

maps was deemed excessive, it is worth considering whether the

position offset determined by the model fitting analysis is within
reagon., To do this, the position offsets given in Table 9 have
been converted to the average offsets in the right ascension and
declination of Saturn from the nominal AENA position. If the
average distance to Saturn at the time of the observations is
taken to be 9.9 AU and the position angle of its central meridian
is —7°, then the position offsets determined by the model fitting

are:



100

Ao 0.26 + 0.06 arcsec

AS

-0.16 + 0.09 arcsec

These values are only approximate since the distance to Saturn varied
between 9.6 and 10.0 AU during the observing run. This variation
means that the position offsets relative to the equatorial radius
varied from day to day as the distance to Saturn changed, For the
purposes of this work, these approximate values are sufficient.
However, they should not be taken to be the best estimates of

the position offsets since a proper estimation would take the
changing distance into account.

The offsets determined by the model fitting seem to be large,
but they are within the probable errors in the AENA geocentric
ephemeris. 1In addition, they are in the range of uncertainty of
the position of 0J287, which was used to determine the position
of the center of the map. Thus, a position offset remains a likely
explanation., As a further test of the model fitting, however,
the results have been compared to the position offset predicted by
the Jet Propulsion Laboratory's Developmental Ephemeris 96,
which is supposed to be an improvement over the AENA ephemeris.
The geocentric position of Saturn predicted by JPL DE-96 for
June 1, 1976 was computed by X.X. Newhall (private communication)
and is:

% oL DE-96 = 870720531

S

o ] 1
IpL DE_9g = 20°40' 20v01



101

The geocentric position predicted by the AENA for the same date is

8h07™20%277

“AENA

8 20°40"' 2036

AENA 4

and the difference between these two positions is

0.50 arcsec

Ao = 0gpr = YApNA

AS

OJPL - GAENA = -0.35 arcsec

which is in the same direction and slightly larger than the offset
determined by the model fitting anmalysis. This further supports
the claim that a position offset is the correct explanation of

the features in the residuals maps of Figure 16.

The addition of the position offset parameters to the model
does not affect the brightness temperature results for most of the
regions in the model. Only the brightness temperature of the
planet and that of the region of the planet blocked by the C ring
change by more than one standard deviation. The planet brightness
temperature increases by only slightly more than one standard
deviation, and its increase is probably not significant.

The brightness temperature of the region of the planet that is
blocked by the C ring decreased by about 1.6 standard deviations,
and therefore, it is not formally different from the value
determined by the model without the offset either. The difference
that is observed probably indicates a high degree of correlation
between the brightness temperature of the region of the planet

blocked by the C ring and the position of the planet in the model
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fit. Such a correlation is not unreasonable since the region is on
the planet and its size and shape are barely resolvable by the
data. Thus, the region of the planet that is blocked by the C ring
has the least well determined brightness temperature in the model
fit and should, therefore, be viewed with the greatest caution.

In order to see whether the new model fit would explain all
of the features in the residuals maps of Figure 16, a map of the
residuals to the new model, Model 3XY, was made in exactly the
same manner as the residuals map of Figure 16A. This new residuals
map is shown in Figure 19A. The new map contains a broad negative
feature that covers the entire planet. The feature's greatest
negative value is located in the north-east quadrant of the planet
and is less than the peak value in the old residuals map. The
small positive feature, which was near the western limb of the
planet in the old residuals map, is now nearly completely gone and
no longer at a significant level. There are no other features at
a significant level in the new residuals map.

The map of the residuals to Model 3XY has shown that much
of the structure in the map of the residuals to Model 3 is the
result of an offset in the position of Saturn from the center of
the map. The negative feature is still present in the new
residuals map; however it is broader and shallower than it was
in thé 0old maps. The negative feature in the new map

resembles the shape of a feature that is due to emission from the
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.

Figure 19A - CLEAN 1976 OVRO aperture synthesis map of the re-
siduals to Model 3XY, which is the model fit that includes the apparent
offset in the position of Saturn from the nominal AENA values. An
outline of the planet and the combined A and B ring as seen at the
time of the observations is shown for comparison. The HPBW of the
CLEAN beam is 8 arcsec in the horizontal (x) map direction and 15 arc-
sec in the vertical (y) direction. The deflections in the map are in
units of brightness temperature and represent the brightness tempera-
ture of the source averaged over the CLEAN beam. The contour values
are: 2K, -2K, -4K, -6K, Dashed contours represent negative values,
The interval between tick marks at the edge of the map is 10 arcsec
for Saturn at the standard distance of 8 AU,

Figure 19B - The same map as Figure 19A except that the brightness
temperature of the unobscured portion of the planet has been taken
to have a value of 180K, which is 8K less than the best fitting value
of Model 3XY,
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Figure 19B
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uniformly bright planet. Since the feature is a negative one, it
indicates that the brightness temperathre of the planet that was
determined by the model fitting was slightly higher than it needed to
be in order to match the contours in the Saturn maps. To demonstrate
this fact, the residuals map in Figure 19B has been produced.
This map is the same as that of Figure 19A except that the unobscured
portion of the planet has been taken to have a brightness temperature
that is 8 K less than the value determined by the model fit. The
map contains no features which are at a significant level, Thus,
it appears that no new features which have not been included in
the model fitting analysis are required to match the present data
to its accuracy.
(iv) Summary of the Aperture Synthesis Results

Tn this section, aperture synthesis maps of Saturn and the
ring system have been shown. The maps are free from many assumptions
about the brightness structure of Saturn that are employed in a
model fitting analysis, and therefore, they may be used to confirm
the model fitting results and search for features which have not
been included in the models. Generally, the maps confirm the model
fitting results, although an exception to this is that the bright-
ness temperature of the planet that is determined by the models
is greater than it needs to be in ordexr to match the contours in
the map. The reason for this discrepancy is unknown, but random
errors in the phase of the visibility function, which are more

important to the maps than to the model fitting, may cause the
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map brightness temperatures to be slightly underestimated. The
residuals maps which correct for an offset in the position of
Saturn from the nomial AENA values show that no new brightness
features are required by the present data. In particular, no
azimuthal variations in the brightness temperature of the rings
are required, although they may be present and simply undetected.
Tt is difficult to assess an upper limit on these hypothetical
variations since the upper limit that is estimated depends upon
the model of the variations that is assumed. It is suggested,
therefore, that those who wish to pursue this question further
compute maps of their proposed variations and compare them directly

with the maps given here.
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V. INTERFEROMETRIC OBSERVATIONS OF SATURN AT A WAVELENGTH OF 1.30 cm

a) Introduction

Interferometric observations of Saturn were made at the University
of California's Hat Creek Radioc Astronomy Observatory at a frequency
of 23 GHz (1.30 cm wavelength). The observations were made during 2-22
November 1976, and they were designed to produce an aperture synthesis
map of the Saturn system. Nine different interferometer baselines were
used to obtain the u-v coverage shown in Figure 20.

The Hat Creek observations are similar to the Owens Valley ob-
servations, which were described in Part II, in many.of their important
features, but there are also important differences. The sensitivity of
the Hat Creek interferometer is worse than that of the Owens Valley
interferometer in an absolute sense, but the fact that Saturn has
about nine times more flux at 1.30 cm than at 3.71 cm, because of its
thermal spectrum, means that the relative errors on the visibility
function are quite similar. The spatial resolution of the Hat Creek
instrument is also quite similar to that of the Owens Valley instru-~
ment, although more resolution was achieved at the Owens Valley in
both the east-west and north-south directions. The extra resolu-
tion is not very important to the aperture synthesis maps of the
Saturn system, but it has been found to be important in the model
fitting analysis of the data. The principal difference between the
two experiments, in addition to the observing wavelength, is that

the Hat Creek observations were made at a lower ring tilt angle.
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Figure 20 - u-v coverage of 1976 HCRO observations. u and v
are the interferometer spacings, expressed in wavelengths, projected
onto the planet Saturn. The v axis is at a position angle of -6.7°
so that it coincides with the central meridian of Saturn., The inter-
section of the axes is the point u = 0, v = 0, The u axis increases
to the left in increments of 10,000 wavelengths for Saturn as seen
at the standard distance of 8 AU. The v axis increases to the top
of the figure and is at the same scale. The visibility function at
a point u,v is equal to its complex conjugate at -u,-v. Therefore,
both values are plotted in the figure since there is information about
the source at both locations.

4
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The saturnocentric declination of the Earth was -15.3 degrees during
the Hat Creek observations and -~20.8 and -26,5 degreeg for the Owens
Valley observations. The lower ring tilt angle complicates the com-
parison of the Hat Creek and Owens Valley results since differences
that are due to the change in wavelength might also be attributed to
the change in the ring tilt angle. In addition, the lower ring tilt
angle means that the rings present a small solid angle to the

observer and are, therefore, more difficult to detect. Thus, although
there are some important similarities between the two sets of observa-
tions, there are also important differences which may complicate com-
parisons of their results.

b) Observing Procedures

The Hat Creek interferometer system has been described fully by
Welch et al. (1977), and several of the parameters of the system are
given in Table 10. In this section, many aspects of the interfero-
meter will be discussed, but the emphasis will be on those features
of the observations that were important to the Saturn program.

The Hat Creek interferometer was used in the wide band continuum
mode. 1In this mode, the incoming signal is split into two orthogonal,
linear polarizations at each antenna and all four possible polariza-
tion pairs are independently correlated. The four possible configura-
tions‘permit two parallel-feed and two crossed-feed observations to
be made simultaneously. For the Saturn observations, the parallel

feeds were arranged to be parallel and perpendicular to the central
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TABLE 10

PARAMETERS OF THE HAT CREEK. INTERFEROMETER

B e mnanc e oo

~——- ad — T T

Observing Frequency 23 GHz

Single Antenna Beamwidth 9 arcmin
(1.2 x A/D) remt

Bandwidth 220 MHz

System Temperature 600 K
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meridian of Saturn (PA = -7°) and parallel and perpendicular to a
position angle located 45° away from the central meridian (PA = 38°).
The parallel-feed and crossed-feed observations made with this set
of position angles permit all four Stokes parameters of Saturn to be
mapped with the maximum sensitivity.

After each 200 seconds of integration on a source, the observing
computer reduces the observations in each of the four possible feed
configurations to an amplitude and phase. The results of these 200-
second integrations are then written on magnetic tape for further
reduction. Typically, five 200-second Saturn integrations were
vector averaged into a single 1000-second integration to improve the
signal-to-noise ratio of a single observation. Observations of cali-
brators were typically vector averaged into half-hour integrations.
It was found that a half-hour integration on a fairly strong source
was required to adequately determine its amplitude and phase for use
in calibrating the Saturn data or determining the interferometer
baseline. The choice of calibrating sources, then, was rather
limited and could not include the principle calibrator of the 1976
Owens Valley observations, 0J287, since it was too weak.

Unfortunately, after all the data reduction and analysis were
completed, it was found that the values of u and v used in the analy-
sis were not those of the centers of the integrations, but were the
values>appropriate for a time that was 100 seconds later than the
center time. The effect of this small error has been carefully

investigated by making a first order correction to the u-v values



112
and refitting the models to the data. No difference that was greater
than 0.1 standard deviations occurred, and therefore the results
of the model fitting and aperture synthesis analysis are unaffected
by the small u-v error. ‘

Interferometric observations at wavelengths as short as 1.30 cm
require several corrections to be applied to the data that are not
necessary at longer wavelengths due to the transmission of the in-
coming signal through the Earth's atmosphere., First, at 1.30 cm
the Earth's atmosphere attenuates the incoming radiation significantly.
The 1.30 cm optical thickness of the atmosphere at the Hat Creek ob-
serving site was typically 0.07 and this is enough to systematically
affect the observations. The optical thickness is estimated by making
observations of the brightness temperature of the sky. This method
leads to errors on the amplitude of about 27 under the best conditions
(Welch et al., 1977). In the presence of many scattered clouds or a
thick cloud deck, however, consistent results were difficult to obtain
and the errors due to atmospheric attenuation are probably larger. The
second effect of the Earth's atmosphere is that it refracts the in-
coming rays. This refraction causes the differential path length
between the two elements of the interferometer to be different from
the geometric value and this difference could cause serious drifts in
the phase measurements if it were not corrected. Thus, a correction
for tﬁis effect is applied to the phase at the time of the observations

by the observatory's computer.
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The limb of the Sun was used to determine the antenna pointing
corrections each time an antenna was moved. Subsequent checks on
the pointing, using the Sun, showed that it was consistently good to
within 0.5 arcmin. In addition’to the solar observations, a television
camera that was aligned with the electrical axis of one of the an-
tennas was used to monitor the position of Saturn during the time it
was observed at night. This continuous observation of Saturn in the
beam confirmed that the average pointing errors were probably less
than 0.5 arcmin.

The short observing wavelength required that the interferometer
baselines be determined to approximately one millimeter or better in
order to avoid serious systematic drifts in the phase. Two methods
were used to determine the baselines at Hat Creek. The first method,
which is commonly used at Hat Creek, consists of a long observation
of a single source over all of its possible hour angles in the sky
followed by a series of shorter observations of several sources at
different declinations. The phase drifts observed on the long obser-
vation of a single source are used to determine the equatorial com-
ponents of the interferometer baseline and the shorter observations
following this are used to determine the polar component of the base-
line. The second method, which is used extensively at the Owens Valley
observatory, consists of making several observations of different
sources at different positions about the sky. The phase differences
between pairs of observations are then used to determine the best

fitting baseline. It is felt that the second method is superior
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since drifts in the instrumental phase, which occur in all inter-
ferometers, do not affect the baseline determination as seriously as
they do the first. Such phgse drifts affect the determination of the
baseline by the first method since they cause the equatorial com-
ponents of the baseline, which are based upon the long observation

of a single source, to be estimated incorrectly, Fortunately, although
drifts in the phase are observed to occur, the baselines determined

by the first method appear to be adequate for the purpose of these ob-
servations, and there are no serious systematic differences found be-
tween the baselines determined by the two methods.

Although there is no question that the baseline can be determined,
there is some question that the baseline determined will remain con-
stant during all of the observations. A relative movement of the
antennas by only a few millimeters can seriously affect the observa-
tions since it changes the baseline by a significant fraction of a
wavelength. Such a movement has apparently taken place on at least
two of the baselines and, to some extent, has probably occurred on
more of them, The movement of the antennas has been detected by
using phase calibrators on each of the days of observation to determine
a baseline. In most cases, the baseline determined on one day is
identical, within the errors, to that determined on other days. On
two occasions, though, the baseline changed enough to affect the
observations. On the 260-foot north-south baseline, the baseline
changed by a couple of millimeters in its east-west component at

some time between the two days of Saturn observations. The change
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appears to have taken place all at once since each day's observations
are well fit by a single baseline, Since this is the case, the baseline
determined on each day is used for the final reduction of the observa-
tions on the 260-foot north-south baseline. The other baseline which
apparently changed was the 320-foot east -west baseline. Here the
change amounted to about 2 mm in the polar component of the baseline
and occurred between the time that most of the baseline observations
were made and the time that Saturn was observed. In this case, the
Saturn calibrators were used to correct the baseline determined by
the baseline calibrators, and this corrected baseline was used
for the final data reduction. Although the effects of the apparent
baseline changes are, to some extent, removed from the data, some
residual effects are sure to remain and affect both the model fitting
analysis and the aperture synthesis maps.

Approximately once every 2.5 hours during the Saturn observations,
a point source of known flux density and position was observed in order
to calibrate the gain and phase of the interferometer. The calibrators
used are listed in Table 11l along with their assumed flux densities.
The flux density and phase of CAS A were not used to calibrate the
interferometric observations directly, but the flux density was used
in the absolute calibration of the flux calibrators. Each of the
other calibrators in Table 11 is known to be a variable radio source,
and therefore, their relative flux densities were checked many times
during the observing run. Since no variation was detected, their flux

densities were assumed to be constant during the observations.
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TABLE 11

CALIBRATORS FOR SATURN OBSERVATIONS AT 23 GHz

Source Flux Density (Jansky)
CAS A% 256.5
3C84 46,2
3C120 7.7
3C273B 36.5

* Flux density from spectrum of Janssen, Golden and Welch (1974).
CAS A not used as an interferometer calibrator.
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The absolute calibration of the flux calibrators was determined
by using one of the 20-foot antennas to measure the relative flux
densities of 3C84 and CAS A, The ratio of the fldx density of
3C84 to that of CAS A was determined by comparing several adjacent
20-minute integrations on the sources., The result, corrected for the
resolution of CAS A by the antenna beam by a factor of 1.08 £ 0.01
(Janssen et al., 1974), is 0.18 * 0.01. The uncertainty on this
result is based upon the scatter of the individual measurements of
the flux density ratio and the uncertainty quoted on the correction
for resolution. It does not reflect possible systematic errors such
as those due to antenna pointing or atmospheric attenuation. Thus,
the error on the ratio may be greater than the value quoted.

The flux density of CAS A at 23.GHz has been taken from a fit
to its spectrum by Janssen et al, (1974) which includes their absolute
measurements at 22.285 GHz. The value for the flux density in epoch
1965.0 is 276.4 Jansky and must be corrected for the decrease in the
flux density of 0.6% per year (Dent, Aller and Olsen, 1974). Thus,
the final adopted value of the flux density of CAS A at 23 GHz at the
time of the Saturn observations is 256.6 Jansky. The flux density of
3C84, then, is 46.2 + 2.5 Jansky and the flux densities of the other
sources in Tablell were determined by comparison to this value using
the iqterferomenter.

As can be seen from the discussion in the preceeding paragraphs,
the absolute flux density calibration of the Hat Creek observations is

accurate to about 6%. This estimate of the error does not include the
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uncertainties in the measurement that are due to systematic errors,
such as pointing errors, and therefore, it is probably an underestimate.
As a check on the calibration, a 50-minute observation of Jupiter was
made with the interferometer at its shortest baseline on the night of
10 November 1976 and compared to an adjacent 30-minute observation of
the primary interferometer calibrator 3C84. This observation gave a
result of 92 = 5 Jansky for the flux density of Jupiter at the standard
distance of 4,04 AU. Since Jupiter is quite large, even the shortest
baseline used at Hat Creek resolved the planet to some extent, and
therefore, a correction for this resolution is required. Jupiter was
assumed to be a uniformly bright disk with the dimensions given in the

American Ephemeris and Nautical Almanac, and a correction factor of

about 1.06 was applied to the observation. The final, unresolved flux
density of Jupiter, then, is 97 * 5 Jansky at the standard distance of
4.04 AU, and when the dimensions given in the AENA for the night of

the observation are used, the disk temperature is found to be 146 * 7 K.
It shall be seen in subsequent sections that the flux density of Saturn
normalized to 8 AU is 16.2 # 0.2 Jansky which corresponds to a disk
temperature (assuming the AENA disk dimensions) of 139 + 2 K. The
ratio of the Saturn disk temperature to that of Jupiter is 0.95 * 0,06
and is in good agreement with the results of other observers, which tend
to fall between 0,90 and 0.95 (Janssen, 1974), The absolute disk
temperatures of both planets are about 87 higher than those of other
observers, but this difference is within the experimental errors. The

review of Berge and Gulkis (1976) lists many observations of the disk
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temperature of Jupiter in this wavelength region, and these seem to
be more consistent with a value of about 135 K. Similarly, the review

of Newburn and Gulkis (1973) lists observations of the disk temperature

of Saturn which are more consistent with a value of about 130 K. Thus,
the disk temperatures of Jupiter and Saturn that were measured against
the flux scale of Tablell are somewhat higher than the typical values
of other observers. This difference is at about the level of un-
certainty in the absolute calibration and is, therefore, consistent
with the experimental errors.

The instrumental phase cof the interferometer was found to vary
slowly during the course of the observations. This variation is often
correlated with the rising and setting of the Sun, which rose at about
the time that Saturn crossed the meridian. The diurnal variation is
typically on the order of 40 millilobes (0.3 radians) of phase and
has been observed before in the Hat Creek system (Welch et al., 1977).
To remove the effect, a smooth curve was fit to the measurements of
the instrumental phase, The instrumental phase at a point in time
was taken to be the average phase of the calibrators weighted by a
gaussian centered on that time. The scale time of the gaussian
weighting function was taken to be three hours, which is approximately
the time interval between calibrations. Thus, the instrumental phase
is determined primarily by the phases of the closest calibrators.

The phése calibration removes most of the diurnal variation, but
residual errors at about the 20 millilobe level probably remain and

increase the noise level in the aperture gynthesis maps.
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VI. ANALYSIS OF THE HAT CREEK 1.30 cm OBSERVATIONS BY
MODEL FITTING TECHNIQUES

a) Introduction

The model fitting analysis performed on the 3.71 cm Owens Valley
data sets confirmed the results of previous workers by sho&ing that the
A and B rings have a very low brightness temperature and attenuate the
emission from the planet significantly where they cross in front of
it. The model fitting extended the previous work by showing that the
A ring is less optically thick than the B ring at microwave wavelengths
and that the C ring has a brightness temperature that is comparable to
the A and B rings and a significant optical depth. Limb-darkening of
the planetary emission was also searched for, but it was not detected.

In this part, model fitting techniques are applied to the 1.30 cm
Hat Creek data in an attempt to extend the 3.71 cm results to shorter
wavelengths. Since the radiation from the rings is primarily scattered
planetary emission, any wavelength dependence of the ring brightness
temperature will have important implications for the ring particles as
will any wavelength dependence of the ring opacity inferred from the
blockage of the planetary emission by the rings. In addition, a
wavelength variation in the planetary limb-darkening will carry much
information about the temperature and opacity structure of Saturn's
atmosphere. Thus, since a primary goal of the Hat Creek observing
program is to extend the Owens Valley results to the shorter wavelength,
it is important to treat the Hat Creek data in the same manner as

the Owens Valley data.
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b) Model Fitting Procedures

The model fitting analysis performed on the Hat Creek data set is
identical to that performed on the Owens Valley data sets in all of its
essential characteristics. The same suite of models has been fit to
the data and the planetary and ring dimensions of Cook et al. (1973),
which are shown in Table 2 along with the apparent polar radius appro-
priate to the ring tilt value of 15.3 degrees, were used to define the
sizes of the model components. The distance to the planet and its
geocentric position were taken to be those given by the American

Ephemeris and Nautical Almanac.

The data errors, which are used to weight the data in the model
fit, were again determined from the scatter of the data points so that
the various possible systematic errors that could affect the data are
included in the estimation to some extent. The errors on the ampli-
tudes and phases of the visibility function were estimated separately,
since they are thought to be mostly independent of each other, The
scheme that was used with the Owens Valley data for taking into account
the correlations between the errors on the real and imaginary parts
of the visibility function, which result from the independence of
the amplitude and phase errors, was also used to fit the Hat Creek
observations.

The system of weights used to fit the models to the Hat Creek
data was designed to take into account both the relative data errors

and the amount of new information about the Saturn system provided



by each additional data point. The amplitude and phase errors on a
given baseline were taken to be the same for all points on that
baseline as was the case with the Owens Valley data. The inverse
square of these errors provides the basic weight applied to a given
data point. As was the case with the 1973-1974 Owens Valley data

set, however, a further consideration of the weighting system is re-
quired since certain regions of the u-v plane were sampled more
densely than others, If the data were weighted only on the basis

of data errors, these highly sampled regions would dominate the model
fitting even though they may not be very sensitive to certain model
parameters. In order to correct this effect, the baselines were grouped
together according to their resolution and the observations on a given
baseline were downweighted by the total number of observations in that
baseline's resolution group. This downweighting makes each group
about equally important in determining the best fitting model, The
baseline groups were chosen to be: the shortest baseline, the longest
north-south baseline, the intermediate north-south baseline, the
east-west baselines whose resolution was equivalent to or greater than
the longest north-south baseline, and the east-west baselines whose
resolution was equivalent to the intermediate nmorth-south baseline.
The final data errors used in the model fitting are shown in Table 1Z.

¢) Results of Model Fitting

The results of the model fitting will be presented in two parts.

In the first part, the four models that were fit to the Owens Valley



ERRORS USED IN MODEL FITTING TO HAT CREEK DATA

123

TABLE 12

Resolution Baseline Amplitude Phase Average ‘ Number of
Group Error (Jy) Error (lobes) Amplitudg Points in
(Jy) . Resolution Group

1 40'EW 1.00 0.02 16.59 b4

2 560'NS 0.50 0.04 3.01 89

3 260'NS 0.75 0.02 12.55 112

4 155"EW 1.00 0.02 15.67 218

4 320'EW 0.75 0.02 12.00 218

5 475'EW 0.50 0.03 8.60 444

5 655"'EW 0.50 0.06 4,95 444

5 795"EW 0.50 0.06 3.78 444

5 950'EW 0.50 0.08 2,37 La 4

+

Flux density at standard distance of 8 AU.
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data will be %it to the Hat Creek data and discussed. The models that
do not include the C ring seemed to give the best results and will,
therefore, be given the most consideration. Models including the C
ring will be discussed briefly. However, since they are not sensitive
to the parameters of the C ring, they will not be emphasized. Finally,
in the second part, 1imB—darkening of the planetary emission was
searched for and apparently detected.

(i) Models Consisting of the Planet, the Blocked Region,
and the Rings

In this section, the same four models that were fit to the Owens
Valley data were fit to the Hat Creek data. The resﬁlts of the model
fitting are given in Table 13. Model 1, which appears to give
the most consistent results, consists of the brightness temperature
of the A and B rings combined into a single, uniformly bright ring,
the brightness temperature of the region of the planet that is
blocked by the A and B rings and that of the unblocked portion of
the planet. As was the case with the Owens Valley results, the
Hat Creek model fitting results are given in terms of absolute
brightness temperature and brightness temperatures normalized by
the brightness temperature of the unblocked planet. The normalized
brightness temperatures should be unaffected by any errors in the

absolute calibration scale used to make the observations.
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An examination of Table 13 will show that the results of Model 1
are the most reliable ones, In Model 2, the brightness temperatures
of the A and B rings are solved for separately. Iﬁ this solution,
the A ring is much brighter than the B ring, which is inconsistent
with the Owens Valley résults. The correlation coefficient
between the brightness temperatures of the two rings is quite
high, and in view of this, the results are probably not real.

The addition of the C ring parameters to the model fits to

Models 3 and 4 again result in unreal appearing and, in some

cases, physically implausible results. Again, the correlations
between the parameters are quite high and are probably responsible
for the erroneous results. Thus, it appears from the model fitting
results that no models more complicated than Model 1 can be
reliably fit to the Hat Creek data.

The reason for this inability to fit the same models to the Hat
Creek data that were fit to the Owens Valley data is apparent; the
Hat Creek data set is simply not as sensitive to the various
model regions as the Owens Valley data set, This fact is expressed
mathematically through the high correlation coefficients of the model
fit, but it has also been found, by examining plots of the data and
various models, that adding or neglecting the C ring does not affect
the visibility function of the Saturn models by a significant amount
relative to the data errors. The lack of sensitivity of the Hat

Creek data set relative to the Owens Valley data set is probably the
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result of the poorer resolution of the Hat Creek interferometer and the
less favorable geometry for viewing the planet,. The poorer resolution
means that model components that are of similar shape, size and pos-
tion are not as readily separated by the interferometric data, and the
lower tilt angle of the ringi'tends to make these similarly shaped
regions even more highly correlated. Thus, it appears that the Hat
Creek observations will be unable to extend some of the Owens Valley
results to shorter wavelengths,

The lack of consistent results for Models 2, 3 and 4 raises some
questions about the believability of Model 1's results. To test
whether the parameters in this model are really required to fit the
Hat Creek data set, Models OA and OB have also been fit and their
results are given in Table 14, Model OA consists of only the planet
and does not include the rings or the possibility of the rings blocking
any planetary emission. Model OB also does not include the rings,
but it does permit the region where the rings block the planet to have
a brightness temperature that is different from the remainder of the
planet.

The results of Models OA and OB are consistent with those of
Model 1, The sum of the squares of the residuals to Model OA is much
higher than both Model OB and Model 1. This is a fairly clear indi-
cation that at least the effect of the rings blocking the planetary
emission is required in order to fit the data satisfactorily. The

difference between the sum of the squares of the residuals to Model OB
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and Model 1 is smaller, but it is still probably significant and in-
dicative of the fact that the rings are also required to fit the data.
In addition, since the brightness temperatures of the unblocked planet
and the blocked region are nearly the same in Model OB as in Model 1,
it is quite likely that the results of Modell are real.

Model 1 shows all of the features of the brighfﬁess temperature

structure of Saturn that were known, or suspected, before the ob-

servations were made. The brightness temperature of the planet at

1.30 cm is less than has been determined at longer wavelengths.
.4

This result was known previously and is due to the temperature struc-
ture, and apparently, the distribution of ammonia in the atmosphere
of Saturn (Gulkis and Poynter, 1972). The absolute value of the
planet's brightness temperature is higher than its disk temperature
since the disk temperature does not take the blockage of the planetary
emission by the rings into account. This effect was also observed

at 3.71 cm in the Owens Valley data set, It indicates that the rings
and their effects on the planetary emission should be taken into
account when the disk temperatures are interpreted.

The ring brightness temperature of Model 1 is consistent with
what was expected at this wavelength in that it is very low compared
to the planet's brightness temperature and to the brightness tempera-
ture .of the rings at infrared wavelengths. In fact, the normal—

ized ring brightness temperature determined at 1.30 cm is in
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excellent agreement with the 3.71 cm Valheé. The agreement
suggests that the rings do not change brightness, relative to the
planet, by more than about 1% of tﬁ; brightness temperature of
the planet between the wavelengths of 1.30 and 3.71 cm. It may
also indicate that the brightness temperature of the rings does
not change significantly with ring tilt angle between the values

of 15.3 and 26.5 degrees.

The optical thickness of the combined A and B ring that is implied
by the normalized brightness temperature of the region of the planet
which is blocked by the rings is 0.27 = 0.04. If the rings are
assumed to have an intrinsic normalized brightness temperature of
0,04, then this value is revised to 0.31 + 0.04. This value refers
to some sort of average of the A and B ring optical depths. If the
brightness temperature of the region blocked by the combined A and B
ring is taken to average according to the relative areas of the regions
that block the planet and the A ring optical depth is assumed to be
half of the B ring optical depth, then the B ring optical depth im-
plied by this value is 0.40 = 0.06. This result is much lower than
the Owens Valley results at 3.71 cm and, if interpreted literally,
says that the ring optical depth decreases by a factor of 2 between
3.71 em and 1.30 em. This result, if it were real, could place
strong constraints on the sizes of the rings particles, However, it

is quite possible that these results are affected by features of the
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Saturn brightness structure that are not included in Model 1 and that
this has caused the result to be different from that of the Owens
Valley data set. This possibility will be explored further in the
discussion of the effects of an offset in the planet's position on
the aperture synthesis analysis of the dg}a set, and an explanation
of the apparent difference between the Hat Creek and Owens Valley
results will be offered.

The results of the model fitting to the Hat Creek data set are
disappointing in that they do not permit all of the Owens Valley
results to be extended to the shorter wavelength, The results do
contain the important information that the rings do not change their
brightness, relative to that of the planet, between the 3.71 cm Owens
Valley wavelength and the 1.30 cm Hat Creek wavelength. The similar
results for the Hat Creek and Owens Valley observations may also
indicate that the ring brightness temperature does not change with
ring tilt between the values of 15.3 and 26.5 degress. Finally, the
rings apparently attenuate the emission from the planet. This implies
that they have a significant optical depth, although the exact value
of the optical depth may be affected by features of the brightness
structure that are not included in the models, such as an offset in
the position of the planet. This point will be considered in greater
detail in the discussion of the aperture synthesis analysis of the

Hat Creek data.
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(ii) Models to Test for the Presence of Limb-Darkening

The presence of limb-darkening of the planetary emission could
have important consequences for the entire model fitting analysis as
well as for the study of the atmosphere of Saturn. It is possible
that the unmodeled limb-darkening, if it exists, could affect the
other model fitting results, and therefore, it is important to de~
termine whether thest effects occur. It is also important to determine
the amount of any planetary limb-darkening since it contains important
information about the atmospheric temperature and opacity structure.
For these reasons, models including the effects of limb-darkening have
been fit to the Hat Creek data set,

Limb-darkening has been approximated by allowing the radius of
the uniformly bright planet to vary in the model fits. An interfero-
meter responds to a limb-darkened disk in nearly the same way that it
responds to a slightly smaller disk. Thus, a fit for the planetary
radius, which shall be called the effective disk radius, will in-
dicate whether limb-darkening is present. As was the case with the
Ovens Valley fit, however, a difference of less than about 0.5
percent between the effective disk radius and the nominal radius
cannot be considered significant, since the radius of Saturn is

known imperfectly.

In order to determine how much limb-darkening is implied by a

given effective disk radius, a disk that was limb-darkened according

to
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L)
I(1)

:

= 1+D-Du,

~~

where . is the cosine of the angle of incidence, i(u) is the intensity
of the planetary emission for a given jy and D is the limb-darkening
coefficient, was fit to a uniformly bright disk of variable radius
using the u-v coverage obtained by the Hat Creek data set. This method
was also used in the case of the Owens Valley data but was repeated
for the Hat Creek daka since the relationship between D and the
effective disk radius depends upon the data set used, The limb-
darkening coefficient that is best fit by a particular effective disk
radius for the Hat Creek data set is shown in Figure 21. Also shown
are the values determined from the 1976 Owens Valley data set. The
Hat Creek and Owens Valley data sets give a similar relationship be-
tween the limb-darkening coefficient and the effective disk radius,
but they are different in detail and demonstrate that the relation-
ship should be found empirically since it seems to depend upon the
sampling of the u-v plane.

The effective disk radius of the planet was fit to the Hat Creek
data using the same procedure that was applied to the Owens Valley
data. The disk radius was forced to take on various values and the
rest of the parameters were solved for using the usual least squares
approach. The method known as brute force least squares was then used
to determine the best fitting effective disk radius. The sum of the
squares of the weighted residuals are shown in Figure 22 as a function

of the effective disk radius. There is a clear minimum in the curve
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LIMB DARKENING COEFFICIENT AS A FUNCTION
OF EFFECTIVE DISK RADIUS
1.30 CM DATA SET
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Figure 21 - Results of least squares fit of effective disk radi-
us to limb-darkened disks for the Hat Creek 1.30 cm data set, The
results for the 1976 Owens Valley 3,71 cm data set are also shown in
the figure for comparison, The lines shown on the figure only repre-
sent an approximation of the measured values and are nmot a best fit
to the points in any sense,
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BRUTE FORCE FIT OF HAT CREEK DATA
TO EFFECTIVE DISK RADIUS

0.987+0.004
=
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Figure 22 -~ Sum of the squares of the residuals to the
model fits to the 1976 Hat Creek data set plotted as a function
of the effective disk radius. The brute force least squares pro-
cedure fits a parabola to the lowest three points shown in the
figure and uses it to determine the best fitting value of the
effective disk radius. The best fitting value is 0.987 = 0,004.
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at a value of about 0.987, The results of the model fits to the
brightness temperature regions of Model 1 including the effective
disk radius parameters are shown in Table 15.

The best fitting effective disk radius is 0.987 + 0.004 which
suggests that the planet is significantly limb-dark at 1,30 cm wave-
length, The model fitting results for the other barameters are
slightly affected by the introductio; of the effective disk radius
parameter, but none changes by more than one standard deviation from
the results of the model with the nominal disk radius. Thus, the
models which include the disk radius as a parameter indicate that
the emission from the planet is probably limb--darkened and that the
limb-darkening does not seriously affect the results for the other
parameters in the model fit.

The effective disk radius found for the Hat Creek data is sig-
nificantly different from the value of 1.000 * 0.004 which was found

from the 1976 Owens Valley data set. It is also significantly

different from the 1973-1974 Owens Valley result, which is suspected
to be inferior to the 1976 Owens Valley result, This difference
implies that Saturn is more limb-dark at 1.30 cm than it is at 3.71 cm.
If the relationships between the limb-darkening coefficient and the
effective disk radius are used, then the limb-darkening coefficients
implied by the Owens Valley results are 0,08 + 0,04 and 0.00 + 0.05
for the 1973-1974 and 1976 data sets. The limb-darkening coefficient

implied by the Hat Creek result is -0,15 * 0,05. The Owens Valley
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TABLE 15

MODEL 1 INCLUDING EFFECTIVE RADIUS (1.30 cm)‘

TB Planet 150.8 + 1.1
(1.000 + 0.008)
Effective Radius 0.987 + 0.004
TB Planet Blocked 57.0 + 6.8
by A + B Ring (0.378 + 0.045)
T, A + B Ring 7.0 £ 1.3
(0.046 + 0.008)
.].
TDISK 140 K
Improvement in
Residuals Relative 1.0
to Model 1 (percent)
AZ Model Flux Densitv

T =
TDISK = 7% * “solid Angle of Elliptical Disk with AENA Dimensions
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results are in the range that could be entirely explained by an error
in the nominal Saturn radii of Cook et al. (1973). The Hat Creek
results, however, are both outside of this range and significantly
different from the Owens Valley values. Thus, the most likely inter-
pretation of all of the results is that the 3.71 cm planetary emission
is not significantly limb-dark while the 1,30 cm emission is.

This finding is interesting since models of the atmospheres of
Jupiter and Saturn which fit the microwave spectrum give less limb-
darkening at 1.30 cm than at 3.71 cm (Berge and Gulkis, 1976;

Olsen, private communication). The wavelength dependence of the
limb~darkening that is inferred from this study may have interesting

implications for the atmsophere of Saturn,



139

VITI. ANALYSIS OF THE HAT CREEK 1.30 cm OBSERVATIONS BY
APERTURE SYNTHESIS TECHNIQUES

a) Introduction

One of the principal goals of the Hat Creek observing program
was to produce an aperture synthesis map of the Saturn system. As
has been stated previously, an aperture synthesis map allows the
brightness structure of a radio source to be determined in a manner
that is free from any assumptions about it. This model independence
of the aperture synthesis method allows it to be used to search for
brightness structures which were unrecognized previously as well as
to provide a confirmation of the model fitting results.

In addition to providing a confirmation of the model fitting
results, the Hat Creek aperture synthesis maps may be expected to
confirm the apparent offset of the position of Saturn from the value

predicted by the American Ephemeris and Nautical Almanac (AENA)

that was suggested by the Owens Valley maps. Such an offset is
expected to be systematic in nature, and since the Hat Creek data

were obtained only five months after the Owens Valley data, it should
be present in the Hat Creek map. An offset in the position of

Saturn from the nominal AENA position might have important consequences
for the model fitting analysis. In the Owens Valley model fitting, it
was seen that the brightness temperature of the region of the planet
blocked by the C ring was the parameter in the model fits that was

most affected by the position offset. In the case of the Hat Creek
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analysis, it might be expected that the region of the planet blocked

by the A and B rings could be similarly affected and that a position off-
set could be the cause of the apparently low optical depth found

by the model fitting. If this were the case, then the position

of fset discovered by the maps would have great implications for the

ring particles as well as for the AENA geocentric ephemeris of

Saturn.

b) Aperture Synthesis Procedures

The aperture synthesis mapping of the Hat Creek data was
carried out in the same manner as the mapping of the Owens Valley
data. The measured visibility function was Fourier transformed
and "cleaned" to produce a map of the radio emission from Saturn
that was as free as possible from the effects of the sidelobes of
the synthesized (DIRTY) beam. The u-v coverage obtained by the
observations at Hat Creek was shown previously in Figure 20. The
synthesized beam produced by the u-v coverage is shown in Figure 23,
There is a ring of 10 to 15% sidelobes around the main beam and
this is similar to the appearance of the Owens Valley synthesized
beam. The largest sidelobes lie to the north and south of the main
beam and are nearly 30% of the peak response. Fortunately, they are
situated about 30 arcsec away from the main beam, and since Saturn's
polar diameter is less than 20 arcsec, they should not interfere
with tﬁe map. This is in contrast to the largest sidelobes in the
Owens Valley beam which were at about the 35% level and adjacent to

the main beam. The lack of such sidelobes causes the Hat Creek
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Figure 23 - Contour map of the synthesized beam of the 1976 HCRO
aperture synthesis experiment. The contour levels are 90%, 70%, 50%,
30%, 10%, -10%, and -30% of the peak response. The interval between
the tick marks at the edge of the map is 10 arcsec for Saturn at the
standard distance of 8 AU.
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DIRTY BEAM 1976 HCRO 1.30 CM

Figure 23
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DIRTY map to have a much more satisfactory appearance than the
Owens Valley DIRTY map.

The DIRTY map is shown in Figure 24, and it contains some
interesting features. The centroid of the emission is apparently
displaced to the south of the center of the map, and the contours
are somewhat wider in the south as well. These features are consis-
tent with the effects expected from the blockage of the northern
hemisphere of the planet by the rings. In addition to these features,
it is also apparent from the DIRTY map that the rings are not
present at the level of the lowest contour in the map (5% of the
peak response). Thus, even the Hat Creek DIRTY map shows important
structures in the radio emission from Saturn, and this fact permits the
subsequent cleaning and analysis to be done with confidence.

A CLEAN map of the Hat Creek data is shown in Figure 25. The
cleaning of the Hat Creek map was done in exactly the same manner as
the cleaning of the Owens Valley map. CLEAN is an iterative
deconvolution process that chooses a collection of point sources
which, when convolved with the DIRTY beam, will give the DIRTY map.
The point sources chosen are constrained to lie in a 50 x 22 arcsec
(dimensions refer to Saturn at the standard distance of 8 AU) box
which includes the planet and the rings. FEach iteration of CLEAN
removed 30% of the response of the DIRTY beam from the largest
deflecfion remaining in the map. 500 iterations were performed, and
as was the case with the Owens Valley map, the number of iterations

)
did not affect the appearance of the map after a certain point. The
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Figure 24 - 1976 HCRO aperture synthesis map of Saturn. The map
represents the convolution of the true brightness structure of Saturn
with the synthesized beam shown in Figure 23, The peak response in
the map is 4,85 Jy, and the contour levels are 95%, 85%, 75%, 65%, 55%,
45%, 35%, 25%, 15%, 5%, -5%, and -15% of the peak response. Saturn is
at the center of the map and the horizontal (x) and vertical (y) axes
of the map are aligned with the major and minor ring axes, respectively.
x increaseés to the left and is toward Saturn's east limb, and y increases
to the top and is toward its north limb. The interval between the tick
marks at the edge of the map is 10 arcsec for Saturn at the standard dis-
tance of 8 AU.
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Figure 25 - CLEAN 1976 HCRO aperture synthesis map of Saturn.
The map of Figure 24 has been deconvolved with the synthesized beam
of Figure 23 and the result is reconvolved with a gaussian beam. The
dimensions (HPBW) of the gaussian, CLEAN beam are 8 arcsec in the
horizontal (x) direction and 15 arcsec in the vertical (y) direction.
The deflections in the map are given in the units of brightness tempera-
ture and represent the brightness temperature of the source averaged

over the CLEAN beam. The contour values are 110K, 90K, 70K, 50 K,
30K, 10K, 3K, -3K. Dashed contours represent negative values. Saturn

is at the center of the map and #he x and y map axes are aligned with
the major and minor ring axes, respectively. x increases to the left
and is toward Saturn's east limb, and y increases to the top and is
toward its porth limb. The interval between the tick marks at the
edge of the map is 10 arcsec for Saturn at the standard distance of

8 AU.
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point sources that were iteratively removed from the map were then
returned to it in the form of the response to a sidelobe-free,
gaussian beam. Two such CLEAN beams were used in the analysis, and
they are identical to those used in the Owens Valley maps since the
resolution in the two aperture synthesis experiments is nearly the
same. An 8 by 15 arcsec (half power beam width) gaussian beam was
used to give a map with ghe greatest amount of resolution that is
available in the data. This is the beam that has been used to
produce the CLEAN map of Saturn inFigure 25. A second CLEAN

beam, which is a 15 arcsec (HPBW) circular gaussian beam, was used
to produce a map with greater sensitivity to large, low brightness
features in the map. Since the RMS deflection in a map is inversely
proportional to the sol}d angle of the beam, the large circular
beam should have about twice the sensitivity of the small elliptical
beam.

The clean map of Figure 25 and a similar map produced using the
circular 15 arcsec beam allow estimates of the sensitivity of the maps
to be made. In the case of the Owens Valley maps, the RMS deflection
in the maps was estimated in two ways. The best way, which gave
the most consistent results, was based upon the peak-to-peak
deflections in the map away from the source. The RMS deflection is
then estimated to be one-third of the peak-to-peak value. The other
method; in which the RMS deflection in the map was more straight-
forwardly computed, seemed to produce an underestimate of the RMS

deflection. This discrepancy 1s probably due to systematic errors on
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the measured visibility function which produce a few large deflections
in the map. These large deflections are not as important to a
straightforward determination of the RMS deflections in the map as they
are to an estimate based on the peak-to_peak variation. Since they
are important sources of error, the peak-to-peak method is adopted.
Using this method, the RMS deflection in the 8 x 5 arcsec beam

maps is about 2 K while Epe RMS deflection in the 15 arcsec circular
beam maps is about 1 K. The RMS deflections given here and the

CLEAN maps which will be presented are in units of degrees Kelvin

and represent the brightness temperature of the source averaged

over the CLEAN beam. The RMS values are about the same as those

of the Owens Valley maps and indicate that the sensitivities

of the two data sets are quite similar. The RMS values will be used
as a guideline for determining which features in the maps are real.
However, they should not be used in a strict sense since a one-
sigma deflection at the position of the source obviously deserves
more consideration than a one~sigma deflection away from the source.
The map in Figure 25 shows deflections, which are probably due
to the rings, to either side of the main response to the planet.
In order to investigate the effects of the rings on the emission from
the planet and the radiation from the rings themselves, however,
it is necessary to remove the response to the planet from the map.
This hés been done in the manner of the Owens Valley maps. The

planet is modeled as a uniformly bright elliptical disk at the center
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of the map. The dimensions of the disk are taken to be those used
in the model fitting analysis. The disk brightness temperature was
chosen to be 140 K, which is approximately consistent with both the
Hat Creek data and the flux density of Saturn measured by observers
using single antennas.
The resulting disk subtraction map which has been cleaned with the
8 x 15 arcsec beam is shown in Figure 26. The map contains three key
assumptions: the position of the subtracted disk, the size of the
cleaning box and the size and brightness of the subtracted disk.
As was the case with the Owens Valley disk subtraction maps, the
P
choice of the brightness temperature and size of the disk subtracted
is not very critical to the map. Similarly, the size of the cleaning
box is not critical since real features outside the cleaning box
would remain in the map. However, the choice of the position of the
disk is a sensitive one and small errors in the position of Saturn
can cause significant features in the disk subtraction map. This
possibility should be kept in mind when viewing the disk subtraction
maps.

c) Results and Discussion of the Aperture Synthesis Analysis

(i) Disk Subtraction Maps
The disk subtraction map shown in Figure 26 is reproduced in
Figure 27A along with an outline of the planet and the visible A
and B rings. Since it is difficult to appreciate the surrounding
noise level from contour maps, cross sections through the maps are

presented in Figure 28, The map shows a large negative deflection



Figure 26 - CLEAN 1976 OVRO aperture synthesis map of Saturn
with the response to a uniformly bright, 140 K disk removed from the
center of the map. The dimensions of the disk are the same as those
used in the model fitting!analysis. The HPBW of the CLEAN beam is 8
arcsec in the horizontal (x) map direction and 15 arcsec in the vertical
(y) direction. The deflections in the map are in units of brightness
temperature and represent the brightness temperature of the source
averaged over the CLEAN beam. The contour values are 5 K, 4 K, 3 K,
2 K, -2 X, -3 K, -4 K, and -5 K. Dashed contours represent negative
values, Saturn is at the center of the map and the x and y map axes
are aligned with the major and minor ring axes, respectively. X
increases to the left and is toward Saturn's east limb, and y increases
to the top and is toward its north limb. The interval between the tick

marks at the edge of the map is 10 arcsec for Saturn at the standard
distance of 8 AU,
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Figure 27A - CLEAN 1976 HCRO aperture synthesis map of Saturn
with the response to a un!fsrmly bright, 140 K disk removed from the
center of the map, The dimensions of the disk are the same as those
used in the model fitting analysis. An outline of the planet and the
combined A and B ring as seen at the time of the observations is
shown for comparison, The HPBW of the CLEAN beam is 8 arcsec in the
horizontal (x) map direction and 15 arcsec in the vertical (y) direc~-
tion. The deflections in the map are in units of brightness tempera-
ture and represent the brightness temperature of the source averaged
over the CLEAN beam. The contour values are: 5 K, 4 K, 3K, 2K, -2K,
-3 K, -4 X, -5 K. Dashed conteurs represent negative values. The
interval between tick marks at the edge of the map is 10 arcsec for
Saturn at the standard distance of 8 AU.

Figure 27B - CLEAN 1976 HCRO aperture synthesis map of Model 1,
which is described in Part VI. This map of the best fitting model
was produced in exactly the same way as the map of the data, shown
in Figure 27A. The beam, contour levels, and scale of the map are
identical to those in Figure 27A.
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Figure 27A

Figure 27B
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Figure 28 - Horizontal (east-west) cross sections tirough the
1976 HCRO disk subtraction map shown in Figure 27A. The positions
of the cross sections with respect to Saturn are shown approximately
in Figure 13A, although at the time of the Hat Creek observations
the rings were closed farther than shown in the figure. The horizontal
length of the cross sections is 2 arcmin for Saturn at the standard
distance of 8 AU, The vertical scale to the left of each cross
section represents *5K of brightness temperature averaged over the
CLEAN beam.



156

where the rings cross the planet and positive deflections to either
side at the position of the rings. The negative feature is due to the

blockage of the planetary emission by the rings. Since a uniformly

bright disk was removed from the mapi there has been too much flux
removed from the region where the rings block the planet, and as a
result, the negative feature appears. The negative feature has a
double peaked structure, and it is not symmetric about the central
meridian of Saturn. The feature covers a great portion of the
planet’'s eastern half. This same asymmetry was observed in the
Owens Valley maps and attributed to an offset of the position of
Saturn from the nominal AENA position. This effect will be inves-
tigated further in the following sections. The radiation from the
position of the rings is also asymmetric, but it appears to be at
a significant level on either side of the planet. The western
ansa is significantly brighter than the eastern ansa, and this sense
of asymmetry is also consistent with what was observed in the Owens
Valley maps and attributed to a position offset.

Figure 27B is a map of Hat Creek Model 1 which was prepared
in exactly the same manner as Figure 27A. Model 1 consists of the
combined A and B rings, the region of the planet where the rings
block the planetary emission, and the remaining unblocked portions of
the planet. The best fitting brightness temperatures of these regions
of Model 1 are given in Table 13. The map in Figure 27B was produced by

computing the visibility function of Model 1, subtracting the response
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to a 140 K uniform disk from it and Fourier transforming and cleaning
the result according to the usual procedure. Basically, the two maps
are in good agreement and ind{Eate that the features in the data map

which are attributed to the rings are probably real ones. The

negative feature in the model map is of about the same magnitude and
has the same double-peaked structure as the negative feature in the
data map. It is, however, at a slightly different position on the
planet. The map of Model 1 contains a positive feature at the
southern limb of the planet which is not present in the data map.

There are several potential explanations of this feature, but a likely
one is that the brightness temperature of the planet in Model 1

is slightly higher than it needs to be in order to satisfy the deflec--
tions in the data map. Finally, the features that are due to the rings
are difficult to compare with the model because of the large east-west
asymmetry. Many of the differences between the data map and the map

of Model 1 may be due to the possible offset of the planetary

position from the nominal value.

Disk subtraction maps of the data and Model 1 which have been
cleaned with the 15 arcsec circular beam are shown in Figures 29 A and B.
There are few differences between this set of maps and the set of
maps made with the high resolution 8 X 15 arcsec beam. One difference
is that the negative feature that is due to the blocking of the disk
emissioﬁ by the rings is no longer double peaked. However, this
difference is likely to be due to the lower resolution of the 15 arcsec

circular beam. Thus, in this case, the extra sensitivity of the
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Figure 29A - CLEAN 1976 HCRO aperture synthesis map of Saturn
with the response to a uniformly bright, 140 K disk removed from the
center of the map. The dimensions of the disk are the same as those
used in the model fitting analysis. An outline of the planet and the
combined A and B ring as seen at the time of the observations is
shown for comparison, The HPBW of the CLEAN beam is 15 arcsec in the
horizontal (x) map direction and 15 arcsec in the vertical (y) direc-
tion. The deflections in the map are in units of brightness tempera-
ture of the source averaged over the CLEAN beam, The contour values
are: 4 K, 3K, 2K, 1K, -1K, -2K, -3K, and -4 K, Dashed contours
represent negative values. The interval between tick marks at the
edge of the map is 10 arcsec for Saturn at the standard distance of
8 AU.

Figure 29B -~ CLEAN 1976 HCRO aperture synthesis map of Model 1,
which is described in Part VI, This map of the best fitting model
was produced in exactly the same way as the map of the data, shown in
Figure 29A. The beam, contour levels, and scale of the map are iden-
tical to those in Figure 29A.
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maps which use the larger beam does not alter the conclusions
derived from the high resolution maps.
(ii) Maps of the Residuals to the Model Fits

Comparisons between gthe data maps and the maps of Model 1 are
facilitated by making the maps in Figures 30A and B. These maps are
made by Fourier transforming and cleaning the difference between the
measured Visibility function and the visibility function of Model 1,
The residuals map in Figure 30A has been cleaned using the 8 x 15
arcsec beam and the map of Figure 30B has been cleaned using the 15
arcsec circular beam. Cross sections through the map of Figure 30A
are shown in Figure 31. The maps show a negative feature on the
south-east limb of the planet and a smaller positive feature on the
western ansa. There is also a small positive feature near the
northern limb of the planet. None of these features is similar to
a feature that would be due to one of the brightness regions in
Model 1. Thus, it is likely that the features reflect structures
in the radio emission from Saturn that are not included in Model 1,

The largest feature in the residuals maps is the negative one on
the south-east limb of the planet. This feature is about 3 times
larger than the nominal noise level in Figure 30A and about 4 times
larger in Figure 30B. The feature is similar in magnitude, shape
and position to a negative feature in the Owens Valley residuals
map. However, it is displaced to the south of the planet's equator
while the Owens Valley feature was centered on the equator. The

next largest features are approximately 2 times the noise level and
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Figure 30A - CLEAN 1976 HCRO aperture synthesis map of the re-
siduals to Model lf which is described in Part VI, An outline of
the planet and the combined A and B ring as seen at the time of the
observations is shown for comparison., The HPBW of the CLEAN beam is
8 arcsec in the horizontal (x) map direction and 15 arcsec in the
vertical (y) direction. The deflections in the map are in units of
brightness temperature and represent the brightness temperature of the
source averaged over the CLEAN beam. The contour values are: 3K,
2K, -2K, -3K, and -4K, Dashed contours represent negative values.
The interval between tick marks at the edge of the map is 10 arcsec
for Saturn at the standard distance of 8 AU.

Figure 30B - CLEAN 1976 HCRO aperture synthesis map of the re-
siduals to Model 1. This map is the same as that of Figure 30A
except that the CLEAN beam is a circular gaussian with an HPBW of
15 arcsec. The contour values in this map are 2 K, 1 K, -1 K, -2 K,
and -3 K,
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Figure 30B
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Figure 31 - lorizontal (east-west) cross sections through the
1976 RHCRO residuals wap shown in Figure 30A. The positions of the
cross sections with respect to Saturn are shown approximately in
Figure 134, although at the time of the Hat Creek observations the
rings were closed farther than shown in the figure, The horizontal
length of the cross sections is 2 arcmin for Saturn at the standard
distance of 8 AU. The vertical scale to the left of each cross

section represents *5K of brightness temperature averaged over the
CLEAN beam.
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situated near the northern limb of the planet and on the western ring
ansa. The positive feature on the western ansa is gimilar in magnitude
to a positive feature in the Owens Valley residuals map, but it
is shifted to the south of the position of the Owens Valley feature.
The other positive feature has no analog in the Owens Valley map,
but it must still be considered since it is very near the source.
There are';o other features in the map which deserve consideration
since they do not rise much above the noise and are not very close
to the source,

* The most likely explanation of the large negative feature on
the planet and the small positive feature on the western ansa is the
same one which was offered for the similar features in the Owens
Valley map. It is possible that these features could have an
entirely different explanation; however such a possibility seems
unlikely. It was seen, in the case of the Owens Valley maps, that
both the positive and negative features could be explained by allowing
the planet to be offset from its nominal AENA position. An alternative
hypothesis, which could only explain the negative features on the
planet, was that the brightness temperature of the planet varies across
the disk. The variations in the planetary brightness temperature
that are required to match the Hat Creek data are the order of 10 K
and this high value makes this hypothesis less attractive than the
other. It is possible that the other positive feature in the map can
also be explained by a position offset, since it lies at the northern

1imb of the planet and is opposite an extension of the negative feature.
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The positive and negative features to the north and south of Saturn are
in the sense which is expected by a position offset 1In the same
direction that was found from the Owensg Valley data, Thus, all of
the features in the residuals maps may be explained by an offset in
the position of Saturn from the nominal AENA position,
(iii) Maps and Models Including a Position Offset

The appearance of the residuals maps of Figure 30 suggests that

the true geocentric ephemeris of Saturn may be systematically offset

\
from the positions given in the American Ephemeris and Nautical

Almanac (AENA). A systematic offset was also apparently discovered

in the residuals maps of the Owens Valley data. 1In order to determine
the extent of the proposed offset and its effect upon the other
parameters in the model fit, a brute force least squares technique

has been used to fit the data to a model which includes a position
offset. Aperture synthesis procedures have also been used to determine
whether a model which includes an offset can account for the features
in the residuals maps of Figure 30.

The results of the model fitting to the brightness temperature
parameters of Model 1 and including a possible offset in the position
of Saturn are given in Table 16. The values of the parameters
without the offset are also given in Table 16 for comparison. The
position offset is given in units of Saturn equatorial radii in the
x and y directions in the map, and it is expressed as the correction

to the AENA geocentric ephemeris that is required to give the best fit
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TABLE 16
MODEL INCLUDING POSITION OFFSET

COMPARED TO MODEL WITH NO OFFSET (1.30 cm)

————

Model 1 XY Model 1
{(Includes Position Offset)

TB Planet 153.1 + 1.0 150.0 = 1.1
T_ Planet
+
Blocked by A & B Ring 26.4 £ 5.9 52.9 + 6.2
T, A & B Ring 6.8 + 1.2 6.1 + 1.2
TDISKF 139 K 139 K
X Offset
(Equatorial Radii)* 0.0z8 + 0.009 -
Y Offset
(Equatorial Radii)* -0.038 £ 0.008 -—=—-
Percent Improvement in 3.0
Residuals from Model 1 )
2 , .
+oT - Ak-x Model Flux Density )
DISK 2k 7 Solid Angle of Elliptical Disk with AENA Radii

* Equatorial Radius of Saturn is 10.31 arcsec at 8 AU.
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to the data. Table 16 shows that the best fitting position offsets
are at least three times their errors and that the addition of the
offset parameters to the model improves the residuals to the fit
significantly. As well, the offset values found for the Hat Creek
data are identical to those found for the Owens Valley data within
the errors., Thus, the position offsets are quite likely to be the
explanation of the features in the residuals map.

As was the case with the Owens Valley data, it is probably
impossible to distinguish between a position offset and a variation of
the planet's brightness temperature across the disk. However, the
brightness temperature variation that is required to match the features
in the residuals map is quite large, and therefore, not likely to
occur. Further, the brightness temperature variation may be
expected to produce only those features situated on the planet,
such as the large negative one in the south-east quadrant, while
the offset is capable of explaining features that are not on the
planet. Thus, the position offset explanation of the features
is the more likely one.

The position offsets in terms of right ascension and declina-

tion are

+

Ao == 0.31 = 0.08 arcsec

AS = -0.32 x 0.08 arcsec
These vélues were computed under the assumptions that the average
distance to Saturn at the time of the observations was 9.0 AU

s 0
and that the position angle of its central meridian was -6.7".
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The values are only approximate because an average distance to
Saturn was used to compute them. 1In fact, the distance changed
during the observing run, and therefore, the position offset
relative to the equatourial radius also changed. These values com-
pare favorably with the offsets predicted by JPL Developmental
Ephemeris 96 (X.X. Newhall, private communication) in Part 1v,
since they are in the same direction and of similar magnitude.

The JPL DE-96 offsets are those predicted for June 1, 1976, but
the systematic difference between the JPL DE-96 and the AENA should
be approximately the same in November, 1976, when the Hat Creek
observations were obtained. The similarity between the offset
predicted by the JPL DE-96 and the offsets determined by both the
Hat Creek and Owens Valley data sets is a good indication that the
proposed position offset is real.

The model parameters shown in Table 16 appear to be sensitive
to the position of the planet in the model fitting. The ring
brightness temperature is the only parameter that does not change
significantly when the offset is introduced. The planet brightness
temperature increases by about three standard deviations, and the
brightness temperature of the region of the planet blocked by the
A and B rings decreased by about four standard deviations. These
differences are formally significant, and if interpreted literally,
they inaicate that the parameters are quite sensitive to the position

of the planet in the model fit.
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It is difficult to be confident of these results since they
may simply indicate that the models are not very sensitive to the
region of the planet that is blocked by the rings. TFor example, the
least sensitive parameter of the Owens Valley models, the region of
the planet that is blocked by the C ring, was found to be the one
that was most affected by the position offset. However, in that
case the parameter changed by only 1.6 standard deviations while
in this case the parameters change by three or more. Thus, the
large changes may be an indication that the differences are real.

Another factor which may indicate that the differences are real
is the ring optical depth that is implied by the new values. Using
these values, the combined ring optical depth is 0.54 + 0.10
which is in much better agreement with the 3.71 cm optical depths
determined in Part ITI. This value includes a correction for the
intrinsic brightness temperature of the rings which is assumed to
be 6.8 + 1.2 K. The similarity between the visible wavelength
optical depths and the 3.71 cm optical depth implies that the optical
depth at intermediate wavelengths should be comparable, although this
is not necessarily the case. Thus, since the new 1.30 cm optical
depths are more consistent with the other optical depths, the
change in the parameter values with position may be real. This
change, then, may provide an explanation of the low 1.30 cm optical

depths found in Part VI.
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A map of the residuals to the offset model fit is shown in
Figure 32. A comparison of this residuals map and the map of Figure 30A
shows that the addition of the position offset parameters removes
almost all of the features in the map. The only remaining feature
that is greater than twice the noise level is located in the north-
western quadrant of the map. It is difficult to associate this
feature with any real structure on the planet, although one
possibility is that the position offset found by the model fitting
is slightly incorrect. With this possible exception, the position

7
offset has explained all of the major features in the residuals
map, and therefore, no new features that are not included in the
models are required to match the data to its accuracy.

(iv) Summary of the Aperture Synthesis Results

Aperture synthesis maps of Saturn and the ring system have been

produced from the interferometric observations obtained at Hat

Creek. The maps are free from many assumptions about the brightness
structure of Saturn that are employed in a model fitting analysis,

as were the Owens Valley maps discussed in Part IV. Thus, they may

be used to confirm the model fitting results and search for features
which have not been included in the models. As with the Owens

Valley data, the Hat Creek maps are consistent with the model fitting
analysis and do not require any new brightness features, except those
due to;an offset in the position of Saturn from the nomial AENA values.
In particular, no azimuthal variations in the brightness temperature

of the rings are required by the data. It is difficult to assess
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Figure 32 ~ CLEAN 1976 HCRO aperture synthesis map of the re-
siduals to Model 1 XY, which is the model fit that includes the
apparent offset in the position of Saturn from the nominal AENA values,
An outline of the planet and the combined A and B ring as seen at the
time of the observations is shown for comparison. The HPBW of the
CLEAN beam is 8 arcsec in the horizontal (x) map di:.ction and 15 arc-
sec in the vertical (y) direction. The deflections in the map are in
units of brightness temperature and represent the brightness temperature
of the source averaged over the CLEAN beam. The contour values are:
3K, 2K, -2 K, -3K, -4 K. Dashed contours represent negative values.
The interval between tick marks at the edge of the map is 10 arcsec
for iaturn at the standard distance of 8 AU.
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an upper limit on hypothetical variations since the upper limit that
is estimated depends upon the model of the variations that is assumed.
Proposed models of the rings which include such variations should,
therefore, be directly comp:ied to the maps presented here by

making a map of the proposed brightness structure,
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VITII. DISCUSSION OF THE OWENS VALLEY AND HAT CREEK RESULTS
AND THEIR IMPLICATIONS FOR THE RINGS OF SATURN
a) Introduction

The main point of this work has been to determine the principal
observational properties of Saturn's rings at centimeter wavelengths.
In particular, it is important to measure such properties as the
ring optical depth and brightness temperature and determine whether
they vary with wavelength. Eventually, the observations made here
may be used to constrain solutions for the physical properties of
the ring parE}cles. At the present time, however, such solutions
would have little meaning since any physical model of the rings
contains many parameters, and at present, there are relatively
few measurements to constrain their values.

The interpretation of all observations of the rings is uncertain
since it is not known whether the rings are many particles thick
or only a single particle thick. Each of these limiting cases of
what is probably a continuum of possible ring models uses different
physical mechanisms to account for the various observations of the
rings. The results relating to the ring particles, therefore,
depend upon which model is used. Information about the thickness
of the rings is rather limited since only an upper limit of about
3 km has been obtained (Lumme and Irvine, 1977). At the present
time, the best estimates of the thickness of the rings come from

various theoretical arguments which, unfortunately, often lead to

divergent conclusions. Multiple scattering and interparticle
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shadowing in a many-particle-thick ring provides a natural explanation
of many of the visible wavelength observations such as the opposition
effect (Kawata and Irvine, 1974) and the change in ring brightness with
ring tilt angle (Esposito and Lumme, 1977). However, dynamical studies
of the rings (Brahic, 1977; Goldreich and Tremaine, 1977) suggest that
collisions between the particles in a many-particle-thick ring would
cause it to spread radially until it was only a few (or perhaps one)
particles thick. Thus, it is difficult to say which ring model is
appropriate, and therefore, it is apparent that the present
observat®ons can only be expected to lead to qualitative conclusions
about the nature of the ring particles.

That the observations may only lead to qualitative conclusions
is not too disappointing since they appear to provide strong con-
straints upon the ring particle size and composition. 1In particular,
the high radar cross section (Goldstein and Morris, 1973; Goldstein
et al., 1976) and microwave opacity and the low microwave brightness
temperature of the rings can only be explained if the ring particles
are the size of the microwave wavelengths or larger and are composed
of either a highly transparent or highly reflective material. Since
water ice has been detected as a constituent of the rings (Pilcher
et al., 1970) and is known to be highly transparent at microwave
wavelengths (Whalley and Labbé, 1969), it is considered to be the
most likely constituent of the rings (Briggs, 1974; Pollack, 1975;
Janssen and Olsen, 1977). Metallic particles probably could also

satisfy the microwéve observations (Pollack, 1975; Goldstein Efrfi:’
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1976) but there is no other evidence for their presence in the rings.
Particles of silicate composition would have to be quite small in
order to agree with the low ring brightness temperatures (Pollack, 1975;
Janssen and Olsen, 1977), and therefore, they probably could not
produce the observed radar cross sections (Cuzzi and Pollack, 1977).
At this time, then, the simplest and most consistent explanation of
the passive microwave and radar observations is that the particles
are composed of water ice and are on the order of the size of the
microwave wavelengths or larger. It should be noted, however, that
this simple model does not explain all observations of the rings
at all wavelengths, and it may not even be able to satisfy the
existing radio obserJations (Janssen and Olsen, 1977). Thus, any
information that can be used to refine this simple picture will
be important.

The present observations may be expected to refine this simple
model in a number of ways. In particular, they may be expected
to yield new information about the wavelength dependence of the
scattering properties of the ring particles since they are extensive
sets of observations made at two wavelengths and analyzed in a
consistent manner. The detection of any change in the ring
optical depth or brightness temperature with wavelength would
place important constraints on the particle size and composition.
Even the lack of a wavelength dependence of these properties gives
useful information about the particles. The information gained

in this manner is somewhat dependent upon the scattering model
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used to interpret the observations, but many of the important
conclusions are independent of the particular scattering model
employed. It is the purpose of this section, then, to point out
what properties are consistent with all observations and models and
to set the stage for future, more quantitative, studies of the
interferometric data presented here.

b) Comparison of the Hat Creek and Owens Valley Results

It was noted in the discussion of the Hat Creek results that
the ring brightness temperatures and optical depths found in the
Hat Creek and Owens Valley analyses were similar. This finding
is quite significant since, if the brightness temperatures and
optical depths are the same at both wavelengths, then the properties
of the scattering particles in the rings may also be wavelength
independent. Therefore, it is important to determine whether the
results at the two wavelengths can be explained by the same class of
particles. This assertion will probably not be possible to prove in
general since the observations were made at different ring tilt angles.
It will be difficult, therefore, to separate effects that are due to
the difference in wavelength. The comparison between the Hat
Creek and Owens Valley observations, then, relies upon the extrapola-
tion of the Owens Valley results to the lower ring tilt angle of
the Hat Creek observations.

Since the Hat Creek data were incapable of detecting the C
ring, only the results of the model fits without the C ring will

be compared. The final results of the Hat Creek and Owens Valley
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model fits to models which combine the A and B ring into a single

ring are summarized in Table 17. The brightness temperature of the
combined A and B ring, when it is normalized by the brightness temper-
ature of the planet, is 0.040 * 0.008 for the Hat Creek observations.
The Owens Valléy results are 0.031 + 0.007 for the 1973-1974 data set

and 0.043 20.007 for the 1976 data set. The two Owens Valley results

are not thought to be significantly different since, when the C
ring is added to the model, the two data sets give identical
results of 0.041 * 0.008 and 0.041 £ 0.007 for the normalized
brightness temperature of the combined A and B ring. Thus, there is
no formal difference between the normalized brightness temperature of
the rings determined by the Hat Creek and Owens Valley observations.
The most satisfactory explanation of this result is that the
brightness temperature of the rings, relative to that of the planet,
does not change significantly with ring tilt angle or wavelength over
the ranges that have been observed. Of course, other explanations are
possible, but they do not seem as plausible., TFor example, scattering
models of the rings generally indicate that their brightness tempera-
ture increases with decreasing ring tilt, if it changes at all.
This would require the brightness temperature of the rings to decrease
with wavelength by just the right amount to give the same normalized

brightnéss temperature at 1.30 cm that was obtained at 3,71 cm,
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TABLE 17
BRIGHTNESS TEMPERATURE AND OPTICAL DEPTH SUMMARY

OF FINAL RESULTS FOR COMBINED A AND B RING

TB A+B Ring Optical Depth

TB Planet of Combined Ring*t

0.31 + 0,04
1976 Hat Creek (1.30 cm) 0.040 £ 0,008 (0.54 + 0.10)%
1973-1974 Owens Valley (3.71 cm) 0.031 + 0,007 0.97 + 0,16
1976 Owens Valley (3.71 cm) 0,043 + 0,007 0.59 + 0.10

T

1 Includes correction for ring brightness temperature of 0.04 * 0.01,
Note that A and B rings cover different relative amounts of the
planet in 197:-1974 than in 1976,

* Includes the effect of the position offset.



180

Such a decrease does not seem likely since a rather special one

is required. In addition, the particles are more likely to become

more opaque at shorter wavelengths and emit some thermal radiation,

which would cause the brightness temperature of the rings

to increase with decreasing wavelength. This possibility could

be accommodated if the brightness temperature of the rings were

allowed to decrease with decreasing ring tilt angle, but as has

been said, this possibility is contrary to what is expected based

upon simple scattering models. Thus, the simplest and most likely

explanation of the result is that the brightness temperature of

the rings relative to that of the planet does not vary significantly

with wavelength or ring tilt. This explanation implies that, within

the uncertainties of the measurements, the scattering properties

of the ring particles are the same at 1.30 cm as they are a 3.71 cm.
The conclusion that the scattering properties of the rings are

nearly the same at the two wavelengths is strengthened when the

ring optical depths are considered. The present observations

indicate, but do not require, that the optical thickness of the rings

is the same at 1.30 cm as it is at 3.71 cm. This result is not

too surprising since the 3.71 cm optical thickness of the rings is

comparable to the visible wavelength optical thickness. However, it

is difficult to say with certainty that the 1.30 and 3.71 cm optical

thickneés is the same since the 1.30 cm estimate is strongly

affected by an apparent offset in the planet's position from

the nominal values given in the American Ephemeris and Nautical
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élmanES, Without the offset, the optical thickness of the combined
A and B ring is estimated to be 0.31 * 0.04 while the estimate with
the apparent offset included is 0.54 * 0.10. These results may

be directly compared to the result of the 1976 Owens Valley data

set since the A and B rings blocked nearly the same relative
areas on the planet in the two cases. The 1976 Model 1 result is
0.59 * 0.10, which is significantly different from the Hat Creek
result without the offset. However, the Hat Creek result with
the offset included is the same as the 1976 Owens Valley value,
Thus, since the aperture synthesis maps suggest that the offset
is a necessary feature of the radio emission from Saturn, the
models which include the offset are probably the better ones, and
the best interpretation of them is that the rings have nearly the
same optical thickness at 1.30 cm and 3.71 cm. The same optical
thickness is typical of the estimates made at visible wavelengths.

c¢) Comparison of Results with Those of Previous Workers

The results of the analysis of the Owens Valley data have shown
that the A, B and C rings have very low brightness temperatures
that are roughly comparable. An analysis of the results for the
brightness temperature of the region of the planet that is blocked
by the rings shows that their optical depths are approximately the
same as those estimated for the rings at visible wavelengths. The
results of the analysis of the Hat Creek observations are in good
agreement with those of the Owens Valley observations and indicate

that the rings probably have the same brightness temperature
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(relative to the planet) and optical depth at 1.30 cm that they do
at 3.71 cm. These conclusions are in good qualitative agreement
with the results of the interferometric observations made by
others. There are, however, some quantitative differences which
must be examined carefully.

No other observers have attempted to isolate and detect emission
from the C ring or the effects of its opacity on the emission from
the planet. 1In addidion, the Hat Creek observations were, apparently,
not sensitive enough to detect the C ring. Thus, only the results
of the models without the C ring will be compared to the results
of others. Although it has been shown that the absence of the C
ring in the models does not stronglv affect the Owens Valley results,
some caution should be observed when considering the results of other
observations since its effects are unknown in those cases and may be
significant, particularly when observations are made on only a couple
of baselines. The possible effects of limb-darkening should also be
considered when comparing the results with those of others, particularly
those at other wavelengths. Limb-darkening did not appear to
affect the Hat Creek results, and it was not detectable in the
Owens Valley data. However, its effects on the model fitting
results may be significant at other wavelengths,

The only other detection of the rings at 3.71 cm has been made by
Cuzzi and Dent (1975) using the 3 element NRAO interferometer at
spacings of 100 m, 1800 m and 1900 m. Briggs (1974) made observations

earlier with the same instrument, but was only able to place an upper



183

limit of 20 K on the ring brightness temperature and report that the
optical depth of the B ring was comparable to its visible optical
depth. Cuzzi and Dent derived a B ring brightness temperature of

15 + 3 K assuming a model in which the rings are uniformly bright and
the A ring has a brightness temperature that is 40% of the B ring.

The optical depth of the B ring was found to be 0.8 + 0.1 and the

total flux from Saturn was consistent with a disk temperature of
161+ 5 K. This disk temperature and the opacity of the B ring may be
used to derive an unblocked planet brightness temperature of 174 K,
If the A and B ring brightness temperatures are combined according to
their relative areas at the time of the observations, then the
combined, uniformly bright, A and B ring brightness temperature is

11 K.

In order to make a comparison of the results of Cuzzi and Dent
with those of Owens Valley Model 1, it is appropriate to normalize the
brightness temperature of the rings by the brightness temperature of
the unblocked portion of the planet. Although the flux calibrations
should be consistent, since both data sets assume a flux of 2.7 f.u.
for 3C138, it is possible for systematic errors to enter through the
use of secondary calibrators. For this reason, the parameter that is
probably best determined by an interferometer is the ratio of the ring
brightness temperature and planet brightness temperature. Cuzzi and
Dent's‘results imply a normalized ring brightness temperature of
0.063 + 0.017. This result is formally different from the Owens Valley

Model 1 result of the 1973-1974 data set, 0.031 * 0.007, but it is not



formally different from the 1976 result of 0.043 + 0.007. Since it is
believed that the 1973-1974 and 1976 results are not significantly
different, they may be combined to yield a result of 0.04 * 0.01 which
is not formally different from the result of Cuzzi and Dent. Thus,
the results of Model 1 and Cuzzi and Dent are in fair agreement.
Although these results are in fair agreement, the results of
Cuzzi and Dent are higher by a large, if not formally significant,
amount. It is interesting, therefore, that the results of Cuzzi and
Dent can be brought into better agreement by considering only the ring
brightness temperature that they determined on their short, 100 m,
baseline. This baseline gave a B ring brightness temperature result
of 12.5 + 3 K which was substantially lower than the result from the
longer baselines which was 17.5 + 2 K. If a normalized, combined A
and B ring brightness temperature is derived for the short baseline
data, then its value of 0.052 + 0.017 is in much better agreement with
the Owens Valley data than is the result obtained from all the base-
lines. This better agreement between the results may be closer to
the truth and due to the manner in which Cuzzi and Dent fit their
model to their data. Their method consists of a brute force fitting
of the data to a single parameter, which is essentially the ratio of
the ring to planet brightness. This method ignores the possible
correlation between the brightness temperature of the rings and the
brightness temperature of the blocked region which, on long baselines,

is expected to be an important parameter. On short baselines, how-
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ever, the blocked region has little effect on the solution for the
ring brightness temperature (Janssen and Olsen, 1977). Thus, one
might expect the short baseline result to be closer to the true value
since it should be least affected by correlation with the blocked
region of the planet.

The B ring optical depth determined by Cuzzi and Dent is in
good agreement with the optical depth of Owens Valley Model 1. Both
results are consistent with the optical depth of the B ring that is
estimated at visible wavelengths. It is possible, however, that the
microwave results are slightly in error as a result of the assumptions
made to compute them. If there were a large, undetected asymmetry
in the brightness of the rings, for example, then their brightness
temperature in front of the planet might differ from that determined
by a model fit to uniformly bright rings. The optical depth, then,
would be incorrectly estimated since thie amount of radiation attri-
buted to the rings in front of the planet would be in error. The
optical depths are not seriously affected, however, since an under-
estimate of their brightness temperature in front of the planet by
a factor of 3 causes the B ring optical depth to be underestimated
by only 50%. Similarly, if there is no radiation from the rings
where they cross the planet, then the optical depths are overesti-
mated by about 207%. Another factor, which could cause the optical
thicknéss of the rings to be underestimated, is the neglect of the
Cassini division. Since the Cassini division is less optically

thick than the rings, it should not attenuate the planetary emission
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incident upon it as much as the rings and more radiation will pene~
trate them where they block the planet. The extra radiation
will probably cause the ring optical depths to be underestimated,
although the amount of underestimation is difficult to determine and
extremely model dependent. If, however, the optical thickness of
the division is taken to be 0O, then the optical thickness of the
rings might be underestimated by about 25%. Thus, the estimated
optical depths may be affected by the assumptions employed to compute
them. However, the errors introduced by incorrect assumptions are
not likely to be greater than 50% and are probably much less. Thus,
while it is unlikely that the 3.71 cm optical depth is much less than
the visible optical depth, it may turn out to be somewhat greater.
Other interferometric observations in which emission from the
rings is detected, have recently been reported by Jaffe (1977) at
6 cm and Janssen and Olsen (1977) at 8 mm. Jaffe reports observations
made with the Westerbork Synthesis Telescope and his results indicate
a B ring brightness temperature of 7 + 1 K and an A ring brightness
temperature of 4 + 1 K. The brightness temperature of the unblocked
region of the planet is 176 + 2 K and the estimate of the B ring opti-
cal depth is 0.4 + 0.1. Janssen and Olsen (1977) made observations
with the new Table Mountain millimeter-wave interferometer and
obtained an unblocked planet brightness temperature of 144 + 4 K
and a combined A and B ring brightness temperature of 12.7 * 2.0 K.
They were unable to estimate the ring optical depth because of the

limited resolution of the interferometer.
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The ring brightness temperature result of Jaffe (1977), when
the A and B ring results are combined into a single ring and normal-
ized by the brightness temperature of the unblocked planet | is
0.034 + 0.006. This is consistent with the Hat Creek and Owens
Valley results and indicates that the rings do not vary in brightness
temperature between 1.30 and 6 cm by more than about 1 percent of the
brightness temperature of the planet., The result of Janssen and Olsen
(1977), however, may indicate a significant increase in the brightness
temperature of the rings relative to that of the disk at shorter wave~
lengths. Their result of 0.088 * 0.014 is significantly differeut
from all of the centimeter wave results except that of Cuzzi and Dent
(1975). The result is quite different from the Hat Creek Model 1
result of 0.040 * 0.008, and if this difference is real, it places
severe constraints upon physical models of the rings.

The B ring optical depth obtained by Jaffe (1977) at 6 cm is
formally significantly different from those of the Owens Valley and
Cuzzi and Dent at 3.71 em. Jaffe  (1977) cautiously interprets this
difference as a real effect but points out that the determination is
very dependent upon the choice of planetary radii. His choice is
unfortunate because it does not allow for the effect of the viewing
geometry. Thus, the polar radius is chosen by Jaffe to be the true
polar radius when it is actually expected to be about 27 larger at
the timé of his observations. This effect has been included in the

Owens Valley models and those of Cuzzi and Dent and makes comparison
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between their results and the results of Jaffe difficult. A consider-

ation of the effect in the Owens Valley data has shown that, if it 1is
not included, then the estimate of the optical depth is lowered by
about 0.2. Thus, about all that can be fairly said is that the dif-
ference between ths optical depth at 3.71 cm and at 6 cm, if it exists
at all, is probably not as large as the formal results indicate.

Many other observations of Saturn and the rings have been made
but are difficult to compare to the present results, The upper limits
on the ring brightness temperature that were set by Berge and Read
(1968), Berge and Muhleman (1973), and Briggs (1974) are all consistent
with the Owens Valley and Hat Creek results and indicate that the ring
brightness temperature remains at least as low as the 3.71 cm value
out to 21 cmwavelength. The results of Briggs (1974), like those of
Jaffe (1977), indicate that the B ringoptical thickness may decrease
with wavelength, although this conclusion is by no means certain. At

wavelengths shorter than 8 mm, no interferometric observations have
been made and, therefore, estimates of the ring brightness must be
made from single dish observations that do not resolve the ring sys-
tem. These estimates, with the exception of that of Rather et al.
(1974) at 1 mm, show no sign of the rings. More recent observations
of Saturn at 1 mm made by Elias et al. suggest that Rather

et al's. result may be incorrect and provide a crude upper limit of
about 50 K for the brightness temperature of the rings (Janssen and

Olsen, 1977). At present, all that may reasonably be said is that
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the rings remain far below their infrared brightness temperature at
millimeter wavelengths. However, in view of the result of Janssen and
Olsen, their millimeter wave brightness temperature may exceed that

of centimeter wavelengths.

d) Comparison of Microwave Observations with Simple Ring Models

(i) The Microwave Spectrum of the Rings

The brightness temperatures of the rings determined by this
study and others are summarized in Figure 33. The figure shows the
brightness temperature of the combined A and B rings normalized by
the brightness temperature of the planet and plotted against the wave-
length of observation. This is a natural way to view the microwave
spectrum of the rings for two reasons. First, it is a relative
measurement and is, therefore, not affected by errors in the absolute
calibration of the data. Such errors make the comparison of observa-

tions made at different wavelengths extremely difficult. Second, the

brightness temperatures of the rings and planet are intimately
related since the radiation from the rings is primarily radiation
that was thermally emitted by the planet and scattered to the

earth by the ring particles. Thus, their ratio will remain constant
as long as the particles' scattering properties do not change.

Most of the observations indicate that, in fact, the ratio

has a value of about 0.04 which does not change over the range

of wavelengths observed. These values can be almost entirely

explained by the scattered planetary radiation, and apparently
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Figure 33 - The microwave spectrum of the combined A and B ring determioed by the results

of this study and others,

The ring brightness temperature i1s shown normglized by the bright-

ness temperature of the unblocked portiom of the planet to remove any ertrors due to the absolute

calibration of the observatiocas.

The curves shown in the figure represent the amount of radi-

ation due to reflection of the planetary emission off of a Lambert surface at the position of

the rings and that due to reflectiva plus a compouent that is proportional to the frequency

squared.
emission from the rings.

The frequency squared component is meant to approximate the radiation due to thermal
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no thermal emission is required to explain most of the microwave
spectrum. A notable exception to this statement is the measurement
of Janssen and Olsen (1977) at 8 mm wavelength which is not
consistent with the centimeter wave measurements and may indicate
the presence of some thermal emission from the rings.

The simplest scattering model which may be used to compare the
observed radiation from the rings with that expected due to
scattered planetary emission is that of a Lambert surface.

The Lambert surface is known to be a good approximation to both dif~
fuse scattering from clouds and from very rough planetary surfaces.
The diffuse scattering from a many-particle~thick layer is like
diffuse scattering from a cloud where the ring particles take the
place of the cloud particles. The scattering from a monolayer of
particles may be likened to that from a rough planetary surface

since the ring particles are quite close together and would shadow
one another to some extent. Therefore, the Lambert surface is an
appropriate model to use for both the many-particle-thick and single-
particle-thick ring models. Scattering calculations for a many-
particle-thick layer of conservative isotropic scatters, which shall
be discussed later, show that the Lambert surface is an adequate
representation of diffuse scattering from such a layer. Unfortunately,
the problem of diffuse scattering from a monolayer of particles is
not well understood, and it is not possible to check the Lambert

surface approximation of it.
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The average brightness temperature, normalized by the planetary
brightness temperature, of a conservative Lambert surface in the
position of the A and B rings is shown in Figure 33 along with
the microwave observations. The Lambert surface model provides
a satisfactory fit to most of the observations at the Hat Creek
wavelength of 1.30 cm and longer. The simplest explanation of
the observations, then is that the radiation from the rings at
these wavelengths is nearly all scattered planetary thermal
emission., and that the ring particles themselves

are nearly conservative scatterers at centimeter wavelengths.

The observation of Janssen and Olsen (1977) may indicate
that a profound change in the brightness of the rings occurs
just shortward of the 1.30 cm Hat Creek observations. The extra
ring brightness indicated by this result, if it is real, is
probably due to thermal emission from the ring particles.

An alternate explanation of this increase in the ring brightness
is that it is due to millimeter sized particles which did not
scatter efficiently at centimeter wavelengths but begin to be
seen at 8 mm wavelengths. The explanation is probably not the
correct one since, if it were true, the centimeter wavelength
optical depths would be lower than the visible wavelength optical
depths. However, the microwave optical depths are nearly the
same as the visible, and in addition, consideration of a many-

particle thick layer of isotropic scatters has shown that it is
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not possible to simply increase the optical depth of the layer and
achieve the ring brightness temperature measured by Janssen and
Olsen (1977). Thus, the most likely explanation of their value,
if it is correct, is that it is due to thermal emission from the
ring particles.

In order to see whether the thermal emission that is required
by the measurement of Janssen and Olsen is compatible with the
other microwave observations, another model is considered. 1In
this model, a component of ring radiation which is proportional
to the square of the frequency has been added to the amount that is
expected from diffuse scattering from a Lambert surface.

The frequency squared dependence may be appropriate for the rings
since the absorption coefficient of ice i1s probably proportional
to the square of the frequency (Whalley and Labb&, 1969), Thus,
following the reasoning of Janssen and Olsen (1977), the thermal
emission from a slab of ice will increase as the frequency squared.
This dependence may also be the case for a many;particle~thick
layer of particles since each particle may be viewed as a '"slab"
with thermal emission that is proportional to frequency squared.

A model with a frequency squared component is shown in
Figure 33. The particular model of the normalized ring brightness

temperature, TR’ is given by

2
T, = T, + T, (v /23)

where TL is the brightness expected for a conservative Lambert
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surface, TT is the component due to thermal emission, and v is the
frequency in GHz. For the model shown in the figure, Ty is chosen so
that the model ring brightness at 1.30 c¢m is equal to the nominal
Hat Creeil. value plus one standard deviation. It is seen from the
figure that such a model just nicks the lower end of the error bar of
the point of Janssen and Olsen and that, therefore, the model can
be made to be consistent with all of the data. However, the
fact that two points, the Hat Creek and Janssen and Olsen points,
can be made consistent with a two parameter model does not
support the observations made or indicate that the model is
correct. In fact, as pointed out by Janssen and Olsen (1977),
this simple model cannot explain all millimeter-wave observations
since, if it is extrapolated to shorter wavelengths, the rings would
reach their infrared brightness temperature at a wavelength of
about 2 mm. Since the upper limits to the ring brightness tempera-
ture at 1 mm are far lower than this, it is clear that the behavior
of the rings is more complicated than one might predict, if the
observation of Janssen and Olsen (1977) is correct.

At the present time, more complicated models of the rings
are not called for since the observations that require them are
difficult to make and may be misleading. What is called for are
further measurements of the millimeter radiation from the rings
to confirm the increase in their emission that is indicated by

the value of Janssen and Olsen.
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(ii) The Optical Thickness and Brightness Temperature of the Rings
In the previous section, it was stated that most of the centi-
meter wave ring brightness temperature could be explained by
planetary thermal emission that is scattered to the earth by the
ring particles. In this section, this statement is examined more
carefully in the context of simple physical models of the rings.
The two physical models which must be considered are the many-
particle-thick ring and the single-particle-thick ring. It
must be remembered that an intermedidte case may also be permitted.
The calculation of the diffusely scattered and thermally
emitted radiation from a many-particle~thick ring is straight-

forward, since it employs the standard radiative transfer techniques

of Chandrasekhar (1960). 1In particular, for this study the
single scattering phase function of the ring particles is assumed
to be isotropic, and Chandrasekhar's (1960) X and Y functions,
which have been computed by Carlstadt and Mullikin (1966), are
used to compute the intensity of the diffusely scattered planetary
radiation from the rings. The amount of thermally emitted radiation
from such a layer is also computed using the X and Y functions
and may be derived by following the reasoning of Goody (1964)
for the semi-infinite case.

The brightness temperature of a many-particle-thick ring of
isotropic scatterers is a function of two physical parameters:
the optical thickness of the rings and the single scattering albedo

of the particles. Since the interferometric observations measure
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both the ring brightness temperature and optical thickness,
the physical model may be used to estimate the single scattering
albedo of the particles. The single scattering albedo, &O, is
a useful property of a particle and is defined to be the ratio of the
particle's scattering cross section to its extinction cross section,
which includes both scattering and absorption.

The results of the calculations for the many-particle-thick
ring model are shown in Figure 34. The brightness temperature
of each of the three rings is plotted as a function of their
optical thickness for two cases in which the single scattering
albedos are 0.95 and 1.00. The brightness temperature and optical
thickness results of the Owens Valley observations are also shown
on the figure. The brightness temperatures that are plotted
represent the weighted average of the 1973-1974 and 1976 Model 4
results. The optical thicknesses shown are not the formal solutions,
but are likely wvalues based upon the formal solutions from the
models with and without the C ring. These values are summarized in
Table 18. The B ring results of Cuzzi and Dent (1975) and Jaffe
(1977) are also shown in the figure for comparison.

The many-particle-thick models compare favorably with the
observations. All observations shown, except that of Cuzzi and
Dent (1975) are consistent with conservative scattering (&O=l)
although the best fitting value of &O would probably lie between
0.95 and 1.00. Since the observations of all three rings are

consistent with the same range of single scattering albedo, it is
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TABLE 18
SUMMARY OF FINAL OWENS VALLEY (3.71 cm)

RESULTS FOR INDIVIDUAL RINGS

. ingk
Ring TB RlEE_. Optical
TB Planet Depth +
A Ring 0.030 % 0.012 0.2 x 0.2
Ring 0.050 * 0.010 0.9 = 0.2
Ring 0.040 * 0.014 0.1 £ 0.1

Brightness temperatures are weighted averages of the 1973-1974
and 1976 Model 4 results.

Optical depths are not formal results but estimates based upon
the formal results of fits to models with and without the C ring.




199

possible that the same kind of particle is present in all three
rings. If this assumption is made, then the B ring values allow
the best estimate of mo to be made, and this value would be very
close to 1, if the observation of Cuzzi and Dent is ignored.

The Owens Valley observations, then, are consistent with a many-
particle~thick layer of particles which are nearly conservative
scatterers. Since the optical thickness and ring brightness
temperature of the Hat Creek observations are nearly the same as
those of the Owens Valley observations, they are probably consistent
with the same model, and it is 1likely that the particles are

nearly conservative at all centimeter wavelengths. At 8 millimeters
wavelength, if the observation of Janssen and Olsen is correct,

the particles cannot be conservative. Within the context of

the many-particle-~thick model, a single scattering albedo of about
0.92 is required to explain the result of Janssen and Olsen. Thus,
only a small change in the single scattering albedo is required

to explain the result of Janssen and Olsen, and the ring particles
probably remain excellent scatterers.

In addition to being consistent with the observations of the
rings' optical thickness and brightness temperature, the many-particle-
thick model is also consistent with the lack of a strong dependence
of the ring brightness temperature on the ring tilt angle. The
tilt angle dependence of some of the ring models is shown in
Figure 35 along with the Hat Creek and Owens Valley observationms.

The Owens Valley results are those of Model 3, in which the A and
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B ring are combined into a single ring to improve the determination
of their brightness temperature. The Hat Creek value is the result
of Model 1 and is included since the Hat Creek and Owens Valley
results seem to be consistent with one another. As has been

stated previously, however, it is possible that the Hat Creek value
shown in the figure is affected by a wavelength dependence as

well as a tilt angle dependence. It is clear from the figure that
the variations in the ring brightness temperature which are

predicted by the many-particle-thick model are not large enough

to be detected by the microwave observations. However, in the coming
years, as the tilt angle of the rings decreases, it may be possible
to detect a change in the brightness temperature of the C ring
if the many-particle-thick model is the correct one. Microwave
observations should continue to be made in order to determine
whether such effects exist.

The agreement between the simple many-particle~thick model
and the observations is interesting. However,it is obvious that
it is not the only model which can be made to fit the observations.
It is possible that collisions between the ring particles have caused
the rings to spread out radially until they are only one particle
thick. Therefore, the diffusely scattered and thermally emitted
radiétion from a single-particle-thick ring will now be estimated

and compared to the observations.



An estimate of the expected amounts of this radiation is
difficult, since there is no good theory of diffuse scattering
and thermal emission from a monolayer of particles. For the purpose
of the present discussion, the single-particle-thick layer will be
approximated by a Lambert surface. A Lambert surface may be
expected to be a reasonable approximation of a monolayer since it
is known to be an adequate representation of a rough surface. 1If
the ring particles are fairly close together, as they must be to
satisfy the available information on their optical thickness,
then an approximation of them as a rough surface may not be
inappropriate. Unfortunately, the model is not a very physical
one and is not easily used to make inferences abuut the ring
particles. However, it does serve to illustrate that a model
of the rings that is only one particle thick is probably capable
of explaining the microwave observations,

The solution for diffuse scattering of radiation by a Lambert
surface is well known. The surface which represents the rings is
allowed to have an albedo, A, and a fraction of its total area, f,
which is permitted to scatter and attenuate incident radiation.
The diffusely scattered radiation, then, comes from a Lambert

surface with an effective albedo,

Agpp = A T

If the albedo of the Lambert surface is not equal to 1, then it

Agpp’

is also expected to emit thermal radiation. The thermal radiation
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that is emitted is isotropic and given by the surface's temperature

times an effective emissivity, €LFE® which is given by

CRrp = f(1 - A).

Thus, the total intensity of the radiation from this ring model
is given by the sum of the scattered and emitted radiation, and
it is a function of the surface albedo, A, and the fraction
filled with particles, f.

The ring brightness temperature of the Lambert surface model
for each of the three rings is plotted in Figure 36 as a function

of the filling factor, f. Three different curves, representing

the surface albedos of 0.8, 0.9, and 1,0, are shown for comparison
to the observations. The Owens Valley observations measure the
ring brightness temperature and the filling factor. The latter
is estimated by measuring the ratio of the brightness temperatures of
the region of the planet that is blocked by the rings and the
remaining, unobscured portion of the planet. The values of this
parameter that were estimated from the Owens Valley data were highly
dependent upon whether the C ring was included in the model.
Thus, since the results with the C ring were inconsistent with
those without the C ring, a box which contains the range of values
congsistent with both models is shown in the figure for comparison
to the models,

The surface albedo of the Lambert surface may be estimated

from the graph in Figure 36 in the same way that the particle
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single scattering albedo was estimated from Figure 33. The

surface albedo, unfortunately, is difficult to interpret in terms

of the scattering properties of the ring particles. However, it
must be closely related to the particle's single scattering albedo
since the Lambert surface model is meant to represent a single layer
of particles. The figure shows that this simple model can be made
consistent with the observations if its surface albedo is between
0.8 and 1.0. This value is quite high and probably indicates that
the ring particles have a fairly high single scattering albedo.

It is also apparent that the model is in agreement with the

observations of the ring brightness temperature at different tilt
angles, since a Lambert surface appears equally bright at all
angles of incidence. Thus, to the extent that a single-particle~-
thick layer can be modeled by a Lambert surface, the observations
are consistent with a monolayer of particles with a fairly high
single scattering albedo.
(iii) The Radar Cross Section of the Rings

The two models which have been compared to the observations are
extremely simple ones. In spite of this, they are capable of
explaining the microwave observations presented here and those of
other observers as well. It is interesting, therefore, to see
whether they are capable of explaining the radar cross section of
the rings as well. The radar cross section is the ratio of the total
power returned by the rings to that expected from an isotropically

scattering surface of the same size. It has been measured to
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be 1.37 + 0.16 (Goldstein et al., 1976) at 3.5 cm wavelength and
is the same at 12.6 cm. The radar echo was also observed
to be almost completely depolarized by the rings.

The radar results are easy to compare with the Lambert surface
model. The observed radar cross section may be expained by a
Lambert surface with an effective albedo, AEFF’ of 0.78 (Cuzzi
and Pollack, 1977). 1If the A ring is taken to have a filling
fraction, f, of one-half and the B ring has f equal to 1, then the
Lambert surface model can be made to agree with the radar cross
section if its surface albedo is 1. Further, since a Lambert
surface totally depolarizes all reflected radiation, the polarization
results will be satisfied as well. Thus, it is possible to stretch
this ad hoc model to the limit of its believability and satisfy
the available observations. Unfortunately, since the model is not
a physical one, it yields little useful information about the ring
particles.

The many-particle-thick layer of isotropic scatterers cannot be
made to agree with the radar observations unless the optical
thickness of the rings is greatly increased. The average optical

thickness of the A and B rings at centimeter wavelengths is

probably about 0.6, and, if this value is used to compute their radar
cross section, using the X and Y functions, then a value of only 0.87
results. This value is fairly high, but is not in agreement with the

observations. In order to make the simple model agree with the ob-
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served radar cross section, the optical thickness of the rings is
required to be about 2.5. This optical thickness is totally incon-
sistent with the microwave observations, and therefore, the model of
the rings as a many-particle~thick layer of isotropic scatterers
cannot satisfy the radar data. Thus, if the many-particle-

thick layer is the correct model of the rings, the particles are
required to scatter anisotropically.

e) Conclusions and Suggestions for Future Work

At the present time, the most likely explanation of the
microwave results continues to be that the particles are large
and composed of water ice. The particles are probably very
large compared to the microwave wavelengths, although sizes which
are more comparable to the wavelength may not be ruled out.
Particles which are meter sized or larger provide the simplest
explanation of the similarity between the microwave and visible
wavelength optical depths of the rings and the wavelength indepen-
dence of the radar cross section. The large particles, implied
by the radar and optical depth measurements, and their high single
scattering albedos, implied by the microwave brightness temperature
of the rings, mean that they are composed of either a highly
transparent or highly reflective material. Since water ice has
been detected in the rings and is known to be highly transparent
at microwave wavelengths, it remains the most likely ring material.

However, as pointed out by Janssen and Olsen (1977), meter sized
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particles of water ice may be inconsistent with the apparently

low ring brightness temperatures at millimeter wavelengths.
Eventually, this fact may be used to rule out water ice as the
main component of the rings, although at this time it may simply
indicate that the absorption properties of ice at low temperatures
and microwave wavelengths are poorly known.

It is evident that much work remains to be done before the full
implications of the radar and microwave observations of Saturn's
rings are known. One of the most obvious things that needs to be
done is to develop a good theory for diffuse scattering from a
monolayer of particles, since this is the most 1likely configuration
of the rings based on studies of their dynamics. It will also be
important to continue to investigate the many~-particle~thick models
and see whether particles with anisotropic phase functions can
be made to satisfy the radar and microwave observations. Obser-
vational work will continue to be important and should provide more
constraints for the physical models of the rings. Millimeter wave
observations should be made to determine whether the rings emit
thermal radiation, as suggested by the observation of Janssen and
Olsen (1977), and observations should also be made to see whether
the centimeter-wave properties of the rings remain the same at
longer wavelengths. In addition to extending the observational
work to different wavelengths, it will also be important to continue

to observe the rings at centimeter wavelengths to see whether the
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brightness temperature of the rings changes as the tilt angle of
the rings decreases. Thus, the rings of Saturn will continue to
be interesting objects to radio astronomers for several years to
come. It will also be important for them to be studied by radio
techniques since the observations probably provide the best con-

straints on models of the particleg' size and bulk composition.
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