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ABSTRACY

An interferometric study of the decimeter radio
emission from the planet Jupiter has recently been car-
ried out at the Owens Valley Radio Observatory. Using
the two 90-foot paraboloids as an interference polari-
meter, observations have been made with various east-
west spacings ranging from 300 to 4700A at 10.4 cm.
and 300 to 23002 at 21.2 cm. and also with some critical
north-south spacings at 10.4 cm.

The visibility functions obtained are consistent
with earlier measurements, which gave the polar and equa-
torial dimensions as one and three planetary diameters
respectively, but they are more complete and extend to
larger baselines. They permit the fitting of a rather
detailed model for the decimeter brightness distribution.
The observations are consistent with a symmctrical synch-
rotron emission source having the polarization properties
one would expect with a dipole magnetic field. It prob-
ably 1is centered quite closely on the planetary disk,
which is itself seen as a thermal radio source.

The observations also indicate the presence of
a smali circularly polarized component in the radiation
which varies in magnitude and sense as Jupiter rotates.

Another result is that the disk emission at 10.4 cm.
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is about twice the thermal emission one would expect
for a temperature of 130° k.
The implications of the various results are

discussed,
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I. INTRODUCTION

For thousands of years the planet Jupiter has
been a source of wonder to those who observed this "wan-
dering star". 1In the past ten years Jupiter has again be-
come a source of wonder ~ this time because of the nature of
its radio emission. It has been known for some time that
the equivalent black body temperature of Jupiter's disk at
infrared wavelengths is about 130°K. (1). In the radio
region, such a temperature would lead to a signal which
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lengths of a few centimeters. However, the first radio
observations of Jupiter had nothing to do with the thermal
emigssion and were completely unexpected.

In 1955, B. F. Burke and K. L. Franklin dis-
covered, by a combination of inspiration and accidental
good fortune, that Jupiter sometimes emits very powerful
bursts in the decameter region of the radioc spectrum (2).
Their frequency happened to be 22.2 Mc/s, and the bursts
have since been observed throughout the range from about 5
to 40 Mc/s. The power and intermittent nature of the bursts
definitely indicated a non-thermal origin. In addition to
being an important discovery, this work called the attention

of radio astronomers very dramatically to the planet Jupiter.
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The next year (1956) C. H. Mayer, T. P. McCul-
lough, and R. M. Sloanaker began a series of observations
of Jupiter at a wavelength of 3.15 cm. (3),(4). They found
that the equivalent black body disk temperature was about
140°K. for Lhis wavelength. The agreement with the infra-
red temperature was therefore very good. Later observations
in this wavelength region gave similar or slightly higher
disk temperatures. There was no rush to go to somewhat
longer wavelengths because it was assumed that the flux
density would go as A~Z, thus making detection difficult.
A surprise came in 1958 when R. M. Sloanaker and
E. F. McClain made observations at 10.3 cm (5), (6) and
discovered that the flux density was unexpectedly large,
giving a disk temperature of 640°K. Observations at still
longer wavelengths showed that the disk temperature con-
tinued to rise with wavelength. It is now thought that
the enhanced emission in the decimeter range is due to
synchrotron radiation from a Jovian Van Allen belt.
The radio emission of Jupiter can, as we have
seen, be divided conveniently into three parts:
1) Decameter: non-thermal bursts,
2) Decimeter: mostly synchrotron emission,
3) Centimeter and shorter: mostly thermal emission
from the disk.
The present observations were made at 10.4 and 21.2 cm,

Hence, we will be concerned mainly with the second case,
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plus a minor but important contribution from the third case.

Table I is an attempt to_show the state of know-
ledge about the subject which existed while this project
was being undertaken. It is a brief, but fairly compre-
hensive summary of the history of centimeter and decimeter
observations of Jupiter. The entries are roughly in
chronological order according to the time of observation.
It is up-to-date except for information found by the
present investigation, some of which has been published
(7).(8). Table II, consisting of additional work of a
theoretical or review nature, has been added for com-
pleteness.

It is clear that a great deal of single-dish
(meaning unresolved in this case) work has been done on
the centimeter and decimeter emission of Jupiter. At the
present time, the latest publication of Roberts and
Komesaroff (9) may be considered the definitive work, with
regard to sensitivity and completeness, on the integrated
decimeter emission of Jupiter. We may summarize the inte-
grated emission results as follows:
a. The spectrum of the non-thermal emission is very flat
over the range from 10 cm. to 100 cm. with a flux density
of about 6.7 X 10_26wmq2(c/s)—l.
b. Over this range, the percentage polarization is constant

at 22 percent (linear polarization). The circular polari-
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NOTES - TABLE I

(a) The flux density is given in units of lo"26Wm—2(c/s)—l
for a standard Earth—Jupiter distance of 4.04 A.U. (polar
semi~diameter = 22'75 and equatorial semi-distance = 24!38).
The conversion between flux density (S) and equivalent
black body disk Esmperature is accomplished by using the
formula Tp = %%5— where Q = 4.096 x 1078 steradians.

(b) ¢ is the angle between Jupiter's equator and the
E-vector of the antenna. 1In the papers describing some of
the earlier observations, the plane of polarization of the
antennawas not specified. In some of these cases, the
information was taken from Roberts and Huguenin (34).

(¢) The refercnces given here, together with those in
Table II, are intended to be a comprehensive listing of

the literature available. Therefore, no attempt was made
to avoid duplication in cases where a paper appears in a
similar form in two or more places. Some references have
certainly been overlooked, but most of these will be
similar to ones which are cited.

(d) These limits for the flux density and disk temperature
are for a source diameter of two minutes of arc. If the
source were larger, the upper limits would be larger.

(e) The different references give somewhat different

results. The results quoted are from the latest reference.
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zation is <1 percent on the average and is always <3
percent at 31 cm., according to Roberts and Komesaroff (9).
c. Studies of the change of polarization direction with
longitude of the central meridian have shown that the
maghetic axis is tipped by about 9° with respect to the
rotational axis. The non-sinusoidal character of this
variation indicates an’asymmetry of the source.
d. Studies of the variation of total flux density with
longitude of the central meridian have shown that the
radiation is strongly beamed in the plane of the magnetic
equator. The variation is obtained as the magnetic axis
apparently rocks to and fro.
e. Observations of (¢} and (d) over a long time range
indicate that the rotational period based on the rocking
of the magnetic axis is the same as the System III period
to within 0%55.
f. There is now a large suspicion that the spectacular
variations reported earlier, whether correlated with solar
activity or not, were ficticious and that the only vari-
ations are those identified with the rotation and perhaps
small, long-term changes (on the order of a year or years).
However, the most precise measurements were made at solar
minimum, and it is possible that at solar maximum there
are striking changes.

In contrast to this detailed picture of the

integrated emission, high resolution studies of Jupiter
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were still at a rather primitive level when the present
investigation was begun. The interferometric work at
Caltech by Radhakrishnan and Roberts (10) and Morris and
Berge (l11) had established that the radiation came from a
region larger than the planetary disk. 2An elliptical
gaussian fitted to the observations had polar and equa-
torial dimensions of about one and three planetary
diameters respectively at both 21 and 31 cm. An occul-
tation observation at 74 cm. with the 210-£foot CSIRO
antenna (9), (12), (42) tended to confirm the large extent
of the source. The angular size data together with the
polarization data provided a strong indication that the
non-~thermal decimeter radiation was caused by the synchro-
tron mechanism (55), (59), (60).

At the time of the opposition of Jupiter in 1963,
it was deemed worthwhile to begin a new and cxtensive high
resolution observing program of the planet at the Caltech
Owens Valley Radio Observatory. There were several reasons
for thinking that the previous observationshcould be greatly
improved upon:

a) Receivers and associated equipment were now available
for a wavelength of 10 cm., thus doubling the largest pos-
sible baseline as measured in wavelengths.

b) 1t was now possible to obtaln lower system noise tem-
peratures, due largely to a parametric amplifier operating

at 10 em. and a travelling-wave maser operating at 21 cm.
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¢) A mechanical integration system was now available. It
greatly increased the accuracy of obtaining amplitude and
phase information from the interference fringes produced by
weak signals. This, in effect, improved the sensitivity.
d) The method for rotating the feed horns had been improved,
both in ease of operation and in setting accuracy.

This thesis is to be a discussion of all the
Caltech radio observations of Jupiter from October, 1963
to the present time, together with the results and impli-

cations of these observations.
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TT. ORSERVATIONS

A. Eguipment

All of the observations to be described were
made with the two-element interferometer at the Caltech
Owens Valley Radio Observatory. Each of the elements is
an eguatorially-mounted, 90-foot diameter, parabolic an-
tenna. The feed of each antenna can be rotaled remolely
from the observing room, and the resulting position angle
is displayed in this room. Each antenna can be moved
along tracks +to a maximum geparation of 1800 feet
east-west and 1600 feet north-south. While in use, each
is fixed at one of a number of possible discrete stations
located along the tracks. For the wavelengths used in
this investigation, 10.4 cm. and 21.2 cm., the antenna
beamwidth, between half-power points, was 18 ' and 33’
respectively.

Figure 1 is a block diagram which describes the
receiving equipment. Although its details evolved during
the course of the observations, it was always similar, in
general concept, to that used by Clark and Kuz'min (70)
for their observations of Venus. The boxes outlined with
dashed lines in the upper left and right corners indicate
what was located at the antennas, namely, a klystron local
oscillator with a phase-lock system, occasionally a RF pre-

amplifier, a crystal mixer, and a low-noise intermediate
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Figure 1, Block diagram of. the receiving equipment.
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frequency amplifier. Everything else was located in the
observing room. The noise temperature of the receivers
was about 500°K. at 10.4 cm. and about 400°K. at 21.2 cm.
However, for most of the 10.4 cm. observations, a low-
noise parametric amplifier was used as a RF amplifier
preceding the crystal mixer of one antenna. This reduced
the system temperature to about 250°K. For some of the
21.2 cm. observations, a travelling wave maser provided
by the Bell Telephone Laboratories, was used in the same
way to provide a system temperature of about 180°K.

Each local oscillator was phase-locked to the
sum of frequencies provided by a central high frequency
reference oscillator and a 1 Mc/s low frequency refer-
ence. The high frequency reference was usually not crys-
tal stabilized, but the frequency drift over a period of
several days was less than 1 Mc/s. The intermediate
frequency was 10 Mc/s. The bandwidth was 5 Mc/s, and the
image was not rejected. After arriving at the observing
room, the signals from the two antennas underwent more IF
amplification, at which time an automatic gain control
stabilized the gain of each channel by keeping the total
noise constant in each. The two IF signals were then
correlated in a diode multiplier.

A mechanical analogue computer was used to

provide a continucus computation of the instantaneous
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fringe rate for the source being observed. Its output
was used to drive a phase shifter which changed the phase
of the local oscillator in one arm of the interferometer
at the natural fringe rate. The purpose of this was to
move the interferometer fringes in the sky at the same
rate as the gource. In addition, another phase shifter
added an exact 1 RPM phase change in the local oscillator.
The resulting interferometer fringe frequency was one per
minute (within the mechanical tolerances of the computer)
regardless of the baseline or source position. 1In
addition to providing a convenient fringe rate, this
system eliminated the need for making a correction for fil-
ter attenuation as a function of fringe rate.

The computer output also controlled the track-
ing of a variable delay line in the IF path from one
antenna. The delay error was never more than a few nano-
seconds, that is, very much lcass than thc deviation re-
quired to produce complete cancellation between the two
sidebands (At m-% i?— ~ 25 ns).

The one per minute fringe was filtered and,
after amplification, was fed to a chart recorder and a
mechanical integrator. In the integrator, the output
signal Was multiplied by a one per minute sine wave and

also by a one per minute cosine wave, that is, a second

sine wave shifted by 90° with respect to the first. The
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two outputs were then integrated by two ball and disk
integrators operating mechanical counters. The reason
for having two correlators is that there is, in general,
a constant (within the computer tolerances) phase dif-
ference between the sine wave and the fringe pattern.

The fringe amplitude is proportional to the square root
of the sum of the squares of the integrator outputs. By
considering one output as a sine channel and the other as
a cosine channel, one can obtain the phase of the natural

fringes with respect to the computer fringes.

B. Observing Procedure

Table III summarizes the observations which
were made for this investigation. The total integration
time on Jupiter was about 235 hours. This does not in-
clude the time spent on such things as rotating the feed
horns between integrations or observing other sources for
calibration purposes. To do such a study on a typical
radio source with a similar size would require only a
fraction of this observing time. However, as we saw in
the introduction, Jupiter is not a typical radio source.
It changes its radio appearance as a function of the
longitude of the central meridian, and this added dimen-
sion is a great complication.

One type of calibration which must be done is



_.28_

TABLE IIT SUMMARY OF OBSERVATIONS

Antenna Antenna Useful
Positions Wavelength Spacing Observing

Dates (U.T.) #1 #2 (em.) (Wavelengths) Time(Min.)

Oct, 17=19, 0 hDO'R 10,0 em, 1172 Ea-W 1090
1963

Oct. 20-22, 0 100t'E 10,4 cm, 293 E-W 1120

Octs. 30-Nov.5, O 800'E 10,4 cm. 2345 E-W 2000
1963

Nov, 7-11, 0 1600'E 10, em, L1689 E-W 2320

26-27, 1963

Nov, 20=-25, 0 1600'E 21.2 cm, 2300 E~W 2130
1963

Dec, 19-23, 0 800'E 21.2 cm, 1150 BE-W 1540
1963

Jan. 23-2h4, 0 200'E 21.2 cm. 288 E-W 2200

26=-29, Feb,

July h-7, 16001  16001'E 10.6 em., 6507 E~W 340
1964

July 11, 1600'N 200'N 10.6 cm, 1026 N-S T2
1964
3, 1965

Mar. 9-11, 0 200'E 10,6 cm, 575 E=W 960

1965
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the determination of pointing corrections. Errors in an-
tenna pointing result from polar axis misalignment, sagging
of the reflecting surface and feed support, and permanent
imperfections built into each antenna. In general, the
errors depend on where the antenna is pointed, that 1is,
they are a function of hour angle and declination. 1In
addition, they are likely to change when the antenna is
moved to a different station because the polar axis align-—
ment will be changed somewhat.

The procedure was to determine the pointing
corrections after each antenna move or feed horn change.
This was accomplished by doing position finding measure-
ments on the radio sources M87 and, particularly at long
baselines, 3C273, both of which had declinations near
that of Jupiter at the time. Since Jupiter was usually
observed over a large range of hour angles, the correc—
tions were also determined over a large range of hour
angles. It was found chat the pointing errors never
varied by more than a minute of arc as a function of feed
horn position angle so that horn rotation effects could
be ignored. The pointing corrections to be applied to
the dial readings were typically a few minutes of arc.

It was concluded that after applying these corrections,
the antenna pointing on Jupiter was rarely off by more

than 2 minutes of arc. The pointing was adjusted every
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two hours to take account of the hour angle dependence
of the corrections and to allow for Jupiter's motion.

The other important calibration is that of the
fringe amplitude. This is a gain calibration. The primary
amplitude calibrator for the east-west spacings was 3Cl47,
and for the others it was 3C48. These were chosen gecauge
they are reasonably strong sources and they are not re-
solved at long baselines. This can be seen from the latest
size information given by Anderson, Donaldson, Palmer, and
Rowson (71) who find a size of 0V6 for 3Cl47 and 0.5 for
3C48. The calibrator was observed each day immediately
after the Jupiter observations. The flux densities
adopted were those given by Kellermann (72):

26wm_2(c/s)—l

26W'm_2(c/s)—.l for 21.2 cm.

3¢147 11.6 #0.8 x 10 for 10.6 cm.
21.4 #0.5 x 10
3c48 8.2 0.4 x 10 2%m™2(c/s) 7! for 10.6 cm.
One prcblem encountered during thc obscrvations wase
that of gain stability. The long term stahility, found
from calibration measurements on the same source at the
same position day after day, was guite good, but there
seemed to be short-period variations of up to 10 per-
cent. These may have been correlated with where the
antennds pointed. The errors produced were only serious

for the short baseline (unresolved) measurements. At

larger spacings the accuracy was limited by the noise and
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not by the gain stability. It was determined that the
gain changed little with horn rotation. The upper limit
on this change was about 1 percent.

Various studies were made of the instrumental
polarization at the time of these observations. To give
some idea of the importance of the instrumental polari-
zation, a small unpolarized source observed by the inter-
ferometer would seem to have 0.5 percent or less of linear
polarization and 0.5 percent or less of circular polari-
zation. Jupiter has such a high degree of linear polari-
zation that errors produced by the instrumental polari-
zation were generally negligible compared to other errors.
However, there are one or two types of measurements where
this was not true, and that will be discussed later.

For many of the observations in this study,
the fringe amplitudes were small, and hence it is impor-
tant to examine the possible effects of confusion by
background radiation. Planetary observers have a distinct
advantage when the problem of confusion arises, and that
is that the objects they study move in the sky. This
allows them to study the area where the planet has been
or will be in order to check separately for possible con-~
fusion in that place. However, this method was not used.
The observing time was limited, and checks for confusion
would have subtracted from the time available to observe

Jupiter.
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There were no known discrete sources in the
antenna beam while Jupiter was observed, and at the time,
Jupiter was well away from the galactic plane. In addition,
each observing run lasted several days, during which the
planet moved a couple of beamwidths, typically. This
should help cancel out any confusion. Other than these
arguments, one can only consider the problem statistically.
Kellermann (72) has computed rough values for the RMS
confusion level for the Caltech interferometer. He gets
0.15 and 0.05 x 10~26Wm~2(c/s)~1 for 21 cm. and 10 cm.
wavelengths respectively. The linearly polarized com-—
ponent will be a small percentage of this. If anything,
the confusion will decrease, statistically, as the base-
line is increased, but its resolution behaviaor is not well
known. Cases where there may be a confusion limitation
will be noted later.

The integration scheme which has been described
depends on the integrator "knowing" what the fringe rate
is. In practice the fringe rate differed a slight amount
from the exact one per minute rate which was fed to the
integrator, and this produced a slow drift in the measured
phase. The deviation was due Lo changes in electrical
path lengths and mechanical errors in the analogue computer.
The phase drift caused by the computer error, which proved

to be the more importsnt of the two at large baselines,
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was roughly some constant per natural fringe (of the order
of 0°2). Therefore, the fringe drift per unit time was
proportional to the natural fringe rate which, in turn,
is proportional to the effective baseline. The fringe

amplitude error which this produces is

Fractional error = 1 - n
(Y0

where A¢ 1is the phase drift during the integration. The
drift can be found by comparing the phases obtained from
successive integrations.

At short and moderate baselines the amplitude
error due to this cause was always less than 1 percent
and was neglected. At long baselines it was always less
than 5 percent, and was again neglected because it was
much smaller than the random error due to noise.

The system noise of the interferometer produces
random noise in each channel of the integrator. This
noise has a normal distribution centered at zeroc if
there is no signal and at the signal level in that
channel if there is a signal. When the outputs of the
two channels are combined in guadrature the noise is no
longer completely random. It produces a systematic error
which becomes quile important when the signal and noise
levels are comparable. Clark and Kuz'min (70) have

applied a simple correction to help allow for this error.
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Because the Jupiter investigation often involved the ob-
servation of very small fringe amplitudes, it was felt
advisable to examine this error in detail in order to ob-
tain the most information possible from the data. The
derivation of the corrections which were applied to the
data is discussed in the appendix. It can be concluded
that when the measured amplitude is equal to or less than
the RMS noise it does not contain much information about
the true signal amplitude although the phase information
is valuable.

The observations themselves were made by taking
repetitious integrations with four successive feed horn
orientations. These were: Dboth horns parallel with the
E-vector parallel to Jupiter's axis ( ll), both horns
parallel with the E-vector perpendicular to Jupiter's
axis (=), horns perpendicular (or crossed) with one in
each of the previous directions ( .}) and horns crossed,
45° on each side of the equatorial direction ( »). This
choice of feed combinations was made in order to obtain
a variety of information about the brightness and polari-
zation distributions across the face of the source. For
future reference let us examine the interferometer res-—
ponse for different feed combinations.

Moffet (73) has described the response of a

two=element interferometer with identically polérized
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feeds to an unpolarized source. In complex notation the

response as a function of time is

R(t)

where

sca exp[i(—znsxmt+¢)] 518 (5y. 5y)

G is the receiver gain.

¥ is an instrumental phase constant.

A is the geometric mean of the antenna collecting
areas.

s, and s, are the x- and y- components of the effec-
tive baseline measured in wavelengths (x and y are
expressed in radians and are measured east-west
and north-south respectively in celestial coor-
dinates with east and north positive.)

0 is the earth's angular velocity.

(s, :8y) 1is the complex visibility function:
Iy
@1(sx,sy) = V(SX’Sy) exp[i@(sx,sy)]

_ fI(x,y)exp[Zni(sXx + syuy) Jdxdy
= Y
JJI(X,y)dXdy

I(x,y) 1is the source brightness distribution as
smoothed by the antenna beam patterns.

Si is the integrated flux density of the source.
Morris, Radhakrishnan, and Seielstad (74) have

generalized the result to include other feed combinations
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for observing polarized sources. They describe the
polarization in terms of the four Stokes parameters, I,

Q, U, and V, as defined by Chandrasekhar (75). Let I

be the unnormalized complex visibility function of I(x.,y).
I= S}@I(sx,sy). Q, U, and V can be defined similarly
for the visibility functions of Q, U, and V. Then the

response with identical linearly polarized feeds is

R(t) = 2% (I + Q cos 2¢ + U sin 2¢) (2-2)
where k. = GA exp [i(—Znstt+W)] .
¢ = ¢l = ¢2 is the orientation of the plane of

polarization of the feeds with respect to the

A-axis of the coordinate system defining the

Stokes parameters.
Wwith "crossed" linearly polarized feeds (¢, = ¢; + %) we
get

R(t) = % (-Q sin 2¢; +U cos 2¢; *i¥) . (2-3)

There are many other possible combinations, but these are
the only ones which interest us in the present study. The
plane of polarization of the integrated flux density of a
source is often used to define the k—axis of the coor-
dinate system. As we saw in the introduction, the plane of
polarization, in the case of Jupiter, is always within 9°

or 10 ° of the equatorial direction.
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The individual integrations were usually of ten
minutes duration, but occasionally they were only five
minutes long. Il was not practical to make an absolute
phase calibration for the observations. Therefore, ab-
solute phases (§) were not determined, only phases
relative to some slowly drifting instrumental phase. How=-
ever, as we shall see, it has proven very valuable to com-
pare the relative phases obtained with the different horn
orientations.

Table III shows that there were large gaps in
the antenna spacing series used. For the east-west
observations these gaps were filled in to a large extent
by observing over a wide range of hour angles (the limit was
i4h) and thus obtaining foreshortening of the cffective
baseline. For a source at the celestial equator the
effective baseline is decreased to 1/2 of its transit value

at i4h. To compute the effective baseline (s = /s 2+s 2)

X y
one can use the general formula given by Moffet (73) :
s =s_cos 8 (2-4)
o
where sin 6 = -sin acos 8 sinh + cos a (cos ¢ sin &
-sin ¢ cos & cos h} ,
s is the antenna spacing in wavelengths.
a is the baseline azimuth.

6 is the declination.

h is the hour angle.
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¢ 1is the geographic latitude.
This expression is greatly simplified for the special
cases of easl-west and north-south baselines.

When a radio source is observed over a large
hour angle range there is also another important effect,
and this is that the projected baseline rotates with
respect to celestial coordinates. Moffet (73) also gives
a general formula for the position angle (p) of the pro-

jected baseline:

5% — tan p - ginacosh~cosasingsinh J2-5)
Sy sinasinbsinh+cosa(cos¢pcosb+singsinbécosh)

This also simplifies for the special cases of east-west
and north-south baselines. Notice that for an east-west
baseline (a =n/2) with &= 0O, the position angle is a
constant 90° regardless of the value of h. Fortunately,
this was nearly the case for the east-west observations
of Jupiter. The added complication of baseline rotation
would have madec the problem more difficult.

Because the distance to Jupiter is variable,
the effective baseline must be modified in order to make
it a physically meaningful quantity. Different investi-
gators use different conventions in dealing with this
variation. The convention used here is to normalize the

baseline to the standard distance for Jupiter (4.04 A.U.)
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by multiplying the effective baseline by the ratio of the

standard distance to the actual distance. Hence,
s' =s i;QiBA;Q; is the baseline we will use. It is
still measured in wavelengths.

The observed flux densities must also be modi-
fied for the same reason. They have also been normalized

to the standard distance, in this case by multiplying

2
them by the factor (ji%z ) .
*MEFALU.
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ITII. SHORT BASELINE RESULTS

Since the Caltech discovery, in 1961, that the
plane of polarization of Jupiter's decimeter radiation
rocks back and forth in position angle as the planet
rotates (11), presumably because the magnetic axis is not
parallel to the rotational axis, several observers at
various observatories have verified the effect. It is
now universally agreed that there is an angle of 9° or
10° between Jupiter's magnetic and rotational axes. As
pointed out in the intraduction, there are two side
effects of this "wobbling", each of which results from
the beaming properties of the synchrotron radiation.
They are that the observed flux density and the observed
degree of polarization both depend on the longitude of
the central meridian (LCM).

The present investigation included short base-
line observations at 10.4 and 21.2 cm. One-reason was
to obtain a "zero baseline", or single dish, normaliza-
tion for the visibility functions, and the other was to
study the integrated radiation from Jupiter and, in par-
ticular, extend our information about the longitude
dependence of the flux density and the direction and
degree of linear polarization. It has since become ob-

vious that recent observations by Roberts and Komesaroff

(9),
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using very low noise receivers and a very large collecting
area have provided these dependences with a greater
accuracy than we have cdbtained. However, within the
limits of error, the two sets of data are consistent

with each other and with the earlier results.

Figure 2 shows the results obtained at 10.4 cm.
with an east-west antenna spacing of 100 feet, and Figure
3 shows the results obtained at 21.2 em. with an east-
west antenna spacing of 200 feet. Because of the scatter
due to noise, means have been taken over each 30° interval
of longitude. The error brackets are standard deviations.
In each case the observations cover many days of observing
so that the variations shown are thought to be correlated
with LCM only and not other observing variables such as
hour angle. In each case the flux densities are based on
the calibration source 3Cl47 as explained in the last
chapter. They are normalized to correspond to a standard
distance for Jupiter of 4.04 A.U. The System III LCM
(£III

defined by the International Astronomical Union and

} plotted is that based on the period and epoch

tabulated by B. Morrison (76). The flux densities are
obtained from the sum of Lhe parallel horn measurements,
and the percentage polarizations are obtained from the
difference of the parallel horn measurements %fi%ﬁ )
The fact that the direction of polarization may_differ
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by as much as 9° from the equatorial direction produces
a small error which has been corrected for in the per=-
centage polarization determinations.

The determination of the plane of polarization
depends on a unique interferometer technique which was
also used in the initial work of Morris and Berge (11).
The feed horns are crossed with one parallel to Jupiter's
equator and one parallel to Jupiter's rotational axis
(d). With crossed horns the interferometer does not
respond to the unpolarized radiation. If the plane of
polarization were exactly parallel to the equatorial
direction, then with this horn combination the interfer-
ometer would not respond to the linearly polarized
radiation either. However, interference fringes are
seen from time to time which indicate that the plane of
polarization does deviate from the equatorial direction.
Let © = P.A. of plane of polarization - P.A. of equator.

Then -
(Fringe ampl.) (cos ®) = ImS sin 8 cos 8

+ 2(Fringe Ampl.) (cos $)

mS (3=1)

or sin 26 =

where ¢ is the fringe phase with crossed horns minus
the fringe phase with parallel horns. The sign in front
can be uniquely determined by a knowledge of which horn

is rotated and in which direction to get to the crossed



-44 -

horn position. In the absence of noise, circular
polarization, instrumental effects, or asymmetry between
the polarized and unpolarized components, the angle ¢
must be 0° or 180° depending on the sign of 6. We know
that any instrumental effects are small and that at this
baseline any poseible asymmetry ie negligible. The cos &
term helps correct for noise, takes out the effect of any
possible circular polarization (which would be added in
phase quadrature)}, and provides the sign of §

With a sufficiently long time base, observations
of the variation of the plane of polarization can define
an accurate rotation period for Jupiter's magnetic field.
The present observations at 21 cm. combined with those
made in 1961 (11) provide a baseline of 2-1/2 years. It
is possible to say, from a comparison of the two, that
this rotation period does not differ from that defined
for System III by more than one part in 80,000, that is,
0.4 or 0.5 seconds. This substantiates, but does not
improve on the limit given by Roberts and Komesaroff (9 ),
who had a shorter time base, but more precise data.

The flux density at 4.04 A.U. was not signifi-
cantly different from that found by earlier Caltech
studieé (11), (41) at similar frequencies.

Although the short baseline observations have

been considered equivalent to single dish observations
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there may be a guestion of whether this is really true,
inasmuch as the baseline was obviously not zero. At a
baseline of 300X the decimeter radiation of Jupiter is
resolved by 4 or 5 percent at most when the distance is
4.04 A.U. This can be estimated from the visibility
functions which will be presented later. Thus at this and
smaller baselines we are, in fact, examining the inte-
grated radiation.

The observations presented so far are mostly
a repetition of earlier work. They are worthy of con-
sideration as a cbeck on the earlier results and to loock
for time variations, but they are no longer very exciting.
There was one exciting result of the short baseline
observations, however, and that was the discovery of a
small circularly polarized component in Jupiter's
decimeter fadiation. Because of its importance and
because its detection was not confined to short baseline
observations, a separate chapter will be devoted to the

circular polarization.
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IV THE CIRCULARLY POLARIZED COMPONENT

In the history of radio astronomy there has
never been a report of the detection of circularly
polarized radiation from a synchrotron emission source.

A few attempts have been made Lo detect circular polari-
zation from some discrete sources, but they have only
resulted in upper limits for the percentage of circular
polarization (usually a percent or a few percent).

The radiation from a relativistic electron in a
magnetic field is, in general, elliptically polarized. The
peolarized component can be decomposed into a linear part
and a circular part. The sense of the circular part
depends on whether the angle between the magnetic field
and the direction of observation is greater than or less
than the electron pitch angle. For a synchrotron emission
radio source, consisting of a large number of such elec-
trons, one would expect that the fraction of circular
polarization would be very small and, hence, undetectable.
The reason is that for the usual sort of source the elec-
tron energies are extremely high so that the beaming cones
are very small. The observer will not see the radiation
of a given electron unless the direction of its motion

passes very close to the observation direction. For such a
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small beaming cone, the electron pitch angle distribution
will be nearly isotropic over a range equal to a typical
beaming cone. Hence, the circular components for the
electrons one can see will nearly cancel out.

Recently, however, there have been suggestions
(77) . ( 9) that it might be poseible to detect circular
polarization in the decimeter radiation from Jupiter.
This is because the electron energies are relatively low
(a few Mev probably) for the Jupiter source and the beam-
ing cones are correspondingly large. [The reason that
there is emssion at a few thousand Mc/s is that the mag-
netic field is very large (of the order of a gauss) . ]

In addition, the electron pitch angle distribution is
very anisotropic with a large fraction of the electrons
in flat helicies near the equatorial plane.

According to equation (2-2), an interferometer
with parallel, linearly polarizecd fceds will regpond to
half the circularly polarized component. The phase of
the interference fringes produced will be the same as
for the unpolarized and linearly polarized components.
We see from equation (2-3) that with crossed horns the
interferometer again responds to half the circularly
polariéed component, but in this case the phase is dif-
ferent by 90° . It can either lead or lag by 90° de-

pending on the sense of the circular polarization.
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Figure 4 shows the data from which the existence
of a circularly polarized component was first recognized.
The points plotted were obtained during Lhe period 26 Jan.
to 3 Feb., 1964, at a wavelength of 21.2 cm. and an an-
tenna spacing of 200 feet east-west. They represent the
difference in phase between a crossed horn measurement
with the E-vectors of the horns at 45° on either side of
the equatorial direction and a parallel horn measurement.
Two different cases are shown, one with the horns parallel
to the polar axis and the other with the horns parallel to
the equator. Both give very nearly the same average and
the same variation as a function of the longitude of the
central meridian. The systematic deviation of the phase
difference from zero is interpreted as being due to a
small variable amount of circularly polarized radiation
adding in phase quadrature to the linearly polarized
radiation (Figure 6a).

The fact that there is a large periodic variation
which is correlated with Jupiter'"s rotation probably rules
out an instrumental effect being responsible for the result.
The only other possible explanation of the phase deviation
is an intrinsic asymmetry of the source. However, at this
baseliné, it would be necessary to have an extremely large
difference in the centroid positions for the radiation

seen with crossed horns and the radiation seen with parallel
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horns. AaAlso, the fact that Figures 4a and 4b give the
same result means that the centroid positions for the

two parallel horn measurements, only one of which responds
to the linearly polarized radiation, are the same. Thus,
most of the phase variation in Figure 4 must be due to
circular polarization. It is true, however, that the

base level of the curves can be altered by instrumental
effects. From tests made on the instrumental polarization
for an unpolarizcd source, it was found that the maximum
amount which the baseline can be shifted corresponds to
about +0.005 of circular polarization. The degree of
circular polarization is given by m tan( @>— ®,). For

the maximum deviation (12?8) and m=0.20,this is 0.045
¥o.015.

Figure 4c shows the magnetic latitude of the
earth as seen from Jupiter. It is clear that the variation
of circular polarization, as a function of the longitude
of the central meridian, is quite well correlated with the
maghetic latitude of the earth. This is an expected re-
sult and will be described in more detail later. The
agreement in phase is not perfect, however, and there may
bera real phase difference between the curves representing
the degree of circular polarization and the curve represent-
ing the magnetic latitude of the earth.

The earlier short baseline work at 10.4 cm. did
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not include the particular crossed horn observation utilized
above. Therefore, observations were carried out at 10.6 om.,
200 feet east-west in March, 1965 to look for the effect

at this wavelength. The result obtained was very similar

to the 21.2 cm. result shown in Figures 4a and 4b except
that the amplitude was only three-fourths as great and the
phase was earlier by 30°. The base level deviated from

zero by a greater amount than at 21.2 cm. However, it

was found that during these observations the instrumental
elliptical polarization was as large as 1.5 percent so

this probably accounts for the different base level.

There was not enough time to make calibration observations
to correct for this, and thus the base level found at 21.2
cm. is assumed to be true for 10.6 cm. Then for the maxi-
mum deviation (10%3) and m = 0.17 the degree of circular
polarization is 0.031 f0.015.

The other crossed horn combination used should
also respond to half the circularly polarigzed radiation.
Because of the large variation in the amount of linearly
polarized radiation seen with this feed combination
(due to the rocking of the plane of polarization) it is
necessary to treat each integration separately. For each,

the degree of circular pcolarization, ignoring noise, is

2(fringe ampl.) sin &
S




where é is the phase difference between the crossed horn
and parallel horn measurements. However, there were prob-
lems in using this data. The scatter of the points was
large, and although the results did not contradict the
curve shown in Figure 4, they were not very accurate or
useful in themselves.

The detection of circular polarization was not
confined to the short baseline measurements. It has also
been found at longer baselines. Berge and Morris (7)
presented data of the same type as shown in Figure 4
except that the wavelength was 10.4 cm., and Lhe anlenna
spacing was 800 feet east-west. At this large baseline
the radiation seen with parallel horns was thought to be
largely thermal emission from the disk of the planet,
and the radiation seen with crossed horns was, of course,
non-thermal emission from the radiation belts. There was
a variable phase effect much like that shown in Figure 4
except that it had a larger amplitude. It was centered
on 180° instead of O° phase because the radiation seen
with crossed horns was past the first null of the visi-
bility function so that, for complete symmetry, its phase
should be 180° with respect to its short baseline phase.
At the time there was no reason to suspect the existence
of circular polarization, and so the suggestion was made

that Jupiter's magnetic dipole might be displaced away



_53_

from the center of the planet. This would cause the
radio centroids of the thermal and non-thermal components
to have different positions, thus producing a different
fringe phase for each.

However, it now appears that most of this phase
effect was due to éircular polarization because a similar
effect was found at a wavelength of 21.2 cm. and an antenna
spacing of 1600 feet east-west. At this wavelength the
thermal component should be much less important so that
the peculiar phase effect for this baseline must be due
mainly to circular polarization. From measurements of
this sort it has been possible to obtain rough visibility
functions for the circularly polarized radiation. Figure
5 shows the visibility function at each wavelength for the
longitude at which the circularly polarized radiation is
greatest (£III a 150°%) .

A possible complication is that there may still
be a difference in the positions of the thermal and non-
thermal components which would distort the phase results
at large baselines, particularly at the shorter wave-
length. This would cause an error in the circular polari-
zation inferred from the phase measurements. The relative
phase of the two parallel horn combinations can provide a
clue for solving this problem. Figure 6b is a vector

diagram showing the situation at 10.4 cm., 800 feet
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west direction, of the thermal and non-thermal
radiation.
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east-west. If a #b and § = 0° then @' = 180° and
there is no displacement between the thermal and non-
thermal components. However, ¢ does seem to depart
systematically from zero, and if J' is calculated for
each set of data (assuming some reasonable value for

the thermal contribution) it is found to wvary periodically

with 1 The variation suggests a shift of the non-

11T
thermal component in the direction of longitude 100°,
latitude 0°. However, the amount of displacement infer-
red is less than a tenth of Jupiter's radius. This small
amount should not sericusly affect the circular polari-
zation measurements.

If the points in Figure 5 are correct, then the
circularly polarized component, when it appears, must be
a rather well defined double source with a separation of
about 5 equatorial radii. We conclude that most of it
comes from a region near the equatorial plane on either
side of the planet.

If we know the place of origin of the circularly
polarized radiation, the direction in which the magnetic
dipole is tipped, and the sense of circular polarization,
all at some given longitude, then we can, in principle,
determine the direction of Jupiter's magnetic field. 1In
the region of ’YIII ~ 150° or 200° , the sense is left-

handed and the dipole is tipped towards the earth at the
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north. The result is that the magnetic pole in the northern
hemisphere is a north magnetic pole, and the one in the
southern hemisphere is a south magnetic pole. This is
opposite the polarity of the earth's field, but it agrees
with the result inferred by Warwick (78) from his obser-
vations of the decameter radio emission of Jupiter.

A final word of caution should be added with
regard to these measurements. The circular polarization
results should still be regarded with some suspicion
because instrumental effects haven't been completely ruled
out as the cause of the observed circular polarization.
The checks of instrumental polarization were made on
unpolarized sources, and it isn't entirely clear what
instrumental effects would be produced by linearly polari-
zed radiation. It is conceivable that in the case of
Jupiter, a circular component could be produced instru-
mentally by the linearly polarized radiation and that it
might appear to vary as the plane of linear polarization
rocks back and forth within the crossed horn directions.
However, it seems very improbable that such a largc cffect
could be produced. Unfortunately there are no reasonably
strong, highly polarized radio sources on which this can

be checked.
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V. THE OBSERVED VISIBILITY FUNCTLONS

The purpose of this chapter is to present the
bulk of the information obtained by the present investi-
gation. It is shown plotted in the form of visibility
functions near the end of the chapter. First, however,
let us see how the points were extracted from the raw
data and also what the visibility functions represent.

We have seen that for an ordinary radic source
the complex visibility function depends only on s, and sy
(eg=8 (Sx’sy) ] or alternately, s and p. For a given
source declination and interferometer configuration Sy
and Sy are functions of hour angle only. However, for

Jupiter 2 = D (s ). +The added dependence occurs

x'sy’iIII
because the magnetic axis and polar axis are not parallel
to each other. The variation with RIII comes about in
Lwo ways. The first is that as the planet rotates, the
plane of the magnetic equator wobbles in position angle
with respect to the interferometer baseline. The second
is that the rocking back and forth of the magnetic axis
causes the earth to change its position within the non-
isotropic radiation pattern of the synchrotron emission.
Figure.7 illustrates these two cases. The solution is

to consider each longitude separately and obtain

B (SX,SY,XIII) for each.
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Figure 7. a) Orientation of the plane of polarization (and
major axis) for different longitudes, and the
baseline orientation for the east-west obser-
vations.

b) Geometry of the beaming effect.
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One observing cycle of four feed combinations
usually took about 50 minutes or 30° of Jupiter's rotation.
Therefore, it was decided to consider discrete longitudes
separated by 30°. The measured amplitudes were changed
to flux densities by applying the necessary corrections
and the calibration. It was straightforward to find the
exact times that a given longitude was on the central
meridian. The fringe amplitudes and relative phases were
then obtained for those times by interpolating between
the two nearest data points, and the effective baselines
were found from the hour angles corresponding to those
times.

When the resulting numbers were plotted for
each of the twelve longitudes, it was found that the
visibility functions were not well determined because
there were too few points and the points had too much
scatter due to noise. This was remedied by combining
groups of three longitudes so that there were now only
four longitude ranges. This made the division of longi-
tudes much cruder and probably introduced some scatter

because of variations with QI within each range, but

1T
at least there were enough points to determine the visi-
bility functions with some accuracy. The longitude

ranges were chosen as follows: One was centered on the

longitude at which the north end of Lhe magnetic axis
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was tipped toward the earth (200°): one was centered oOn
the longitude at which the north end of the magnetic axis
was tipped away from the earth (20°); one was centered on
the longitude at which the magnetic equator had the
smallest position angle (290°) and one was centered on
1igitude at which the magnetic equator had th
largest position angle (110°).

It was pointed out earlier that during the
east-west observation the declination of Jupiter was
nearly 0° so that p =~ 9O°(sy ~ O0) for all of these
observations. Therefore, the main cause of the variation
of major axis (or magnetic equator) position angle is due
to the wobbling of Jupiter's magnetic axis. For a given
longitude of the central meridian, the position angle
with respect to the baseline is almost the same for all
the points.,

The motibon of Jupiter in the sky and the change
of apparent direction of the polar axis were slow enough
so that they didn't produce any significant changes during
the observing period.

Let us choose the,Q—axis of the coordinate
system defining the Stokes parameters as the plane of
polariéation of the integrated radiation from the source.
If, in the case of Jupiter, this plane always coincided

with the equatorial plane instead of wobbling by *9°,
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then the responses we would get would be

— X - -
’B"“(SXI sy,t’ﬂIII) = §k (l Q.) _R-_= B“ - kQ.
- —
B'—!(SXI Sy’t,’?III) - 2k (_.I'. + Q.) B.'-“. + B.\\ = kI
JE—

R 3
E)(SXI SyltllIII) - _gk (,Q, + l_Y_)
where k = GA exp [i (—2nsXQt+¢)]

In the real case, where there is wobbling,
we can define the observed visibility amplitudes (V)
and phases (@) which make up the observed visibility
functions (B = Veié) by

Ryls, /s

| )
%Sdmi(Sx’sy'XIII)eXp[l@“(sx’sy’QIII)] = kV .

=] % (l - Q)

Ro(s_.,s_.t. J 1)
QIII)eXp[i@=(SX'Sy’£III)] - pie kv TTI

Lo
§S=V=(SX,Sy.
(5-2)

~ 35 (L + Q)

Ry(s_,s_.t, A .-0)
'XIII)eXP[i@J(SX,sy.XIII)] = =2 kV III

sV, (SX, sy

~ 5 0+ 1Y)
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(5=2 cont.)
Ry(s_,s ,t,X )
Leas . = X'y II1
gS)V)(lesyl/?III)eXpEl§>(sxl Syl/?III)] - k
~+ (0 + iy)

It is etill true that %sﬁm‘el§“+ %s;v;elQ== T

The gain calibration represents the real part of k, and
the visibility amplitudes plotted are the quantities

%S‘V(sx,s ). This represents only that part of the

y’XIII
radiation which the interferometer responded to. Since
there was no calibration for the instrumental phase

(v = ¢l + ¢2 ). where ¢1 is the known artificial
phase shifting and ¥, is some slow unknown function
of time, the measured phases represent § + wz .  The
unknown instrumental phase has been removed by con-
sidering only the phase differences between different
feed combinations.

It might be argued that, in makiﬁg the obser-—
vations, it would be better to let the position angles
of the various feed combinations follow the wobbling
of the plane of polarization so that strict equalities
could be used in (5-2). This would be possible because

the wobble is known qguite accurately. However, it

would make the observations more difficult and provide
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more opportunity for operator error. As it is, the
deviations due to the wobble are easily accounted for
in the analysis described in the next chapter.

The visibility amplitudes and relative visi-
bility phases are plotted in Figures 8 to 25. All of
the observations listed in Table III are included except
those made in 1965 which were done primarily to determine
special phase effects. All of the figures except 16 and
17 are for an east-west baseline, Figures 16 and 17
show the data obt;ined at 10.4 cm. using north-south and
north-east baselines. There was not much observing time
available at these baselines, but it was possible to
choose those times at which the projected baseline was
parallel to the minor axis of the synchrotron emission
region. The points plotted were cbtained when the angle
between the projected baseline and the minor axis was
less than 5°. Because this part of the investigation
was rather crude anyway, no distinction is-made accord-
ing to ’QIII'

Figures 8 to 17 are for a wavelength of 10.4
cm., and Figures 18 to 25 are for a wavelength of 21.2
cm. The even-numbered ones show the visibility
amplitudes and the odd-numbered ones show the relative
visibility phases. These are not the only relative

phases possible, but they are the ones which seem to be
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most useful. The solid curves sketched in the figures will
be explained in the next chapter and, for the moment, can
be ignored.

Each of the figures represents a range of 90° in
fIII’ centered on the given value. Each of the visibility
amplitude plots shows an error bracket which represents the
typical RMS error due to system noise. The errors associa-
ted with the phases vary wildly because they depend on the
visibility amplitudes. 1In some cases the density of data
points is too great to allow them to be plotted individual-
ly. An x is then used to represent the average of several
data points.

A casual inspection éf the visibility functions,
without any detailed analysis, reveals several gross
features of the brightness distribution. 1In the first
place, the earlier size measurements, which gave one and
three Jupiter diameters for the polar and equatorial dimen-
sions respectively, are roughly confirmed. The parallel
horn measurements at 10.4 cm., particularly the one with
horns parallel to the polar axis, reveal the behavior one
finds for "halo-core" objects. The halo is resolved
rather quickly, but the core contribution still lingers on
at long baselines. This behavior is not evident at 21.2 cm.,
however, and this suggests that the corxrec is producecd by
thermal emission from the disk, which is important at the

shorter wavelength, but relatively unimportant at the
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longer wavelength.

The 21.2 cm. observations reveal that the non-
thermal emission must have a very symmetric distribution in
the plane of the sky. This is because the first "null" of
the visibility functions is very nearly a true null. The
visibility amplitudes drop to at least the level of the
noise at this point.

The measurements with a polar baseline at 10.4 cm.
indicate another interesting detail. The visibility ampli-
tude for crossed horns shown in Figure 16d is larger at
3200A than the zero baseline value and then decreases quick-
ly at longer baselines. This is what one would expect if
the fadiation near the equator were polarized with the plane
of polarization in the equatorial direction and the radia-
tion in each of the polar regions were polarized with the
plane of polarization in the polar direction. This reveals
the magnetic field orientation because the plane of polari-
zation should be perpendicular to the apparent magnetic
field direction. The result is consistent with a dipole
magnetic field.

There are other features which could also be men-—
tioned, but we may as well proceed directly with a more
elegant analysis which will produce the detailed brightness

distribution more accurately.
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VI INTERPRETATION OF THE VISIBILITY FUNCTIONS

To analyze the results of the last chapter, a
model fitting procedure was adopted. It is possible, in
principle, to directly invert the visibility functions,
each of which is the Fourier transform of a one-dimensional
brightness distribution. In practice, however, it would
have been difficult to get accurate results. This is due
to the scatter of the points, the fact that in the limited
range of baselines (spatial frequencies) there were places
with a scarcity of points to determine the curve, and also
the lack of absolute phase information. Another compli-
cation is that each visibility function in the present
study contains only a small fraction of the total infor-
mation, and it is mainly by comparing and combining them
that one extracts the information. Because of these
difficulties, model fitting seemed to be the best course
of action.

The procedure was to start with a generalized
model for the two-dimensional brightness distribution of
Jupiter which contained a number of unknown parameters.

A computer program was pfepared for computing and plotting
the interferometer response to the model as a funclion of
baseline for different baseline orientations and different

feed combinations. The parameters were varied to obtain
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the best agreement between the computed and observed
visibility functions.

The generalized model chosen was not, in fact,
completely general. In order to simplify the problem
somewhat, certain features were built into the model.

These features are things which were known previously
or expected from theoretical and geometrical considerations.

First, the assumption was made that the total
emission, brightness distribution, and polarization
properties remained nearly constant throughout the period
during which the observations were made (Oct., 1963 to
July, 1964), except for the apparent changes associated
with Jupiter's rotation. The Caltech observations do
not show any sizeable long term variations in the equiv-
alent disk temperature, nor do those of Bash, et al (35)
or Roberts and Komesaroff (9).

Symmctry of the nonthermal emission about its
major and minor axes was assumed and was byilt into the
model. We have already seen that the visibility functions,
especially those for 21.2 cm., show this to be approximately
true. However, allowance is made for a possible small
displacement between the positions of the thermal and non-
thermai contributions. Chang (59) estimated that Jupiter's
magnetosphere has a radius fifty times the planet's radius.

Hence, we may be justified in expecting that the solar
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wind will not cause much distortion in the emitting region.

The assumption was also made that Jupiter's mag-
netic field is roughly a dipole field so that the apparent
field orientation can be determined, at least crudely, for
each point of the source. This leads to two important
gimplifications:

(a) Because the plane of polarization is per-
pendicular to the field direction, one can predict
the polarization direction in any given region.

(b) Because of the beaming properties of synchro-
tron radiation, one can predict in a crude fashion
which regipns will beam their emission, if any,
toward the earth.

A uniform circular disk without polarized limbs
was assumed for the thermal emission from the planet. At
10.4 cm. the thermal emission should be well below the
non-thermal emission, but its contribution is still
important. For the present, secondary effects are
ignored. These include the known flattening of the disk,
possible latitude effects in the brightness distribution
of the disk, possible limb darkening, and possible linear
polarization of the limbs (in the case where part of the
thermai emission comes from the planetary surface).

Figure 26 shows schematically the generalized

model. The region D is the uniform disk representing the
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thermal contribution. All the others are for the non-
thermal contribution and are taken to be elliptical gaus-
sians. The unknown parameters to be found by fitting are
the contributions from each region (flux parameters), two
dimensions for each region which determine the size of
the ellipse, and additional parameters which specify the
position of the region. In addition, there is a para-
meter (po) which specifies the degree of linear polari-
zation for each element (assumed to be the same for each
region). As an approximation, each region except D is
assigned one of four possible orientations for its plane
of polarization as shown in Figure 26. The radiation
from D is randomly polarized.

Region C represents radiation in the equatorial
part of the source. To this are added the A regions to
allow for the expected limb brightening of the synch-
rotron emission. (There must be limb brightening along
the equator because we are dealing with a shell of
emission. There is obviously no emission in the volume
occupied by the planet. Moreover, the planet obscures
the radiation behind it.) The B regions represent
radiation to the sides of the poles which is polarized
opposiﬁely to that of the equatorial regions. The E
regions are intermediate between the two extremes. As

an approximation, the circularly polarized radiation
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is all assigned to the A regions.

The integrated flux density associated with the

Stokes parameters originates as follows:

where

Si = A+R+C+D+E

Sé = P, (A+C-B) (6-1)
% = Po (A7) = O
SV =P A

A is the total flux density of the A regions and
so forth for B, C, D, and E.

E, =E, =1/2 E

1 2

p' is a function of IIII and was determined on the

basis of the short baseline observations.

These equations can be generalized to give the unnormalized

complex visibility functions of the Stokes parameters.

where

L = A+tB+C+D+E
Q = p_ (A+C~B)
(6-2)
U =p, (E;-E,)
V=p'A
A=2a (sX,sy,QIII)'and so forth for B, C, D, By and

E,-
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These are the unnormalized complex visibility functions
for the various regions.

The calculation of the interferometer response
to the model, as a function of baseline for different feed
combinations is straightforward. We find from equations

(2-2) and (2-3) combined with (6-2) that

Ry

= = B(a+B+CHDE) - #p_ (A+C-B) cos 20
_‘L_. - ’
+2P (El Ez) sin 26

R,

7= = B(A+B+CHD+E) + #p_(A+C-B) cos28

(6-3)

- o (E;-E,)) sin 28

R, | . .

T =‘§po(Aﬁgiﬁ) sin2e - ﬁpO(Ei—EQ) cos 26
+ 3ip'V

R, . -

= %po(é+gf§) cos 20 —ﬁpo(ﬂlﬁgz) sin 26

+ ip'¥

where R = Bn(sx,s ’t’XIII) and so forth for

y

R., Ry and B..)

k = GA exp [i(ﬂﬂsxﬂt+¢)]
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A, B, ¢, D, 21, and B, are the unnormalized complex

= 2
visibility functions for a double elliptical Jaussian,
two double elliptical gaussians, an elliptical gaus=
sian, a uniform disk, a double elliptical gaussian,
and a double elliptical gaussian respectively, each
with its proper orientation.
8 = P,A. of the plane of polarization -P.A. of eguator
(as in Chapter III).
Moffet (79) describes the visibility functions for simple
configurations such as these. The sizes and separations
are given by the parameters being attempted. By the assumed

symmetry, B, €, E;, and E and the real part of A have

o
phase 0° (+) or 180°(-) and can be added algebraically.
However, D may be centered differently, and thus D, as
well as the imaginary part of A, must be added in with
regard to the phase.

Although the calculation of the interferometer
response is straightforward, it is extremely laborious
and must be done many times to try different values for
the parameters. It was for this reason that the calcu-
lations were carried out using a computer. The computed
viéibility functions were displayed in tabular form and
also in graphical form where the scales were suitable for

comparing directly with the plotted data.

The difference in position between the non-thermal
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and thermal emission was handled by expressing it as a
Phase difference composed of the sum of a constant term
(representing a position difference in Jupiter's polar
direction) and a term which varies sinusoidally with XIII
(representing a position difference perpendicular to the
polar direction). The constants in this relation were
not input parameters, but they could be easily changed.
p', which describes the imaginary part of A (circular
polarization), was represented by a similar relation.

In addition to the input parameters representing
the quantities to be determined by fitting, the computer
was also given, for each calculation. the value Of‘KIII
and the position angles of the polar axis and magnetic
axis with respect to the interferometer baseline. For
all of the present east-west observations, the position
angle of the polar axis with respect to the baseline was
65°.

The single dish observations of flux density
and percentage of linear polarization provide two con-
straints which the flux parameters must satisfy through
equations (6-1). In addition, certain constraints are
put on the dimension parameters by the requirement that
cach région lic in that part of the magnetic field which

will give its emission the correct plane of polarization.

One would not expect the dimension parameters to vary
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much because of beaming differences as Jupiter rotates.
Therefore, for each likely combination of P, and the
dimension parameters, the interferometer response was
calculated for each./?III with an east-west baseline and

for a single 1 with a polar baseline, adjusting only

11T
the flux parameters to satisfy the single dish con-
straints at each XIII‘
The best model which has been found for the
two~-dimensional brightness distribution of Jupiter at
10.4 cm. is shown in Figure 27. The diagram shown 1is
forXIII = 20° . The value found for p, was 0.7. The
calculated east-west interferometer response to this
model, with the orientation it had while the observa-
tions were made, is shown by the solid curves drawn in

Figures 8 and 9. The models for,x = 110°, 200°, and

111
290°, which differ only because of slight changes in
the flux parameters, are very similar to Figure 27, and
hence are not shown separately. Their computed east-
west interferometer responses are given by the solid
curves in Figures 10 to 15. The response for a base-
line along the direction of Jupiter's magnetic axis is
given by the curves in Figures 16 and 17. It is shown

for XIII = 20° although that is unimportant considering

the inexactness of the polar data.
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It is much harder to obtain a detailed bright-
ness distribution at 21.2 cm. because there is less
information available. The baseline range was smaller
than at 10.4 cm., and there were no measuremente with
polar baselines, However, it was found that the best fit
to the data was obtained by using the same dimension para-
meters and same p, as the 10.4 cm. model and taking D
one-fourth as large. The other flux parameters had to be
changed some to satisfy the single dish measurements. The
resulting model is shown in Figure 28 for’gIII = 20°
The calculated interferometer response for this and the
other longitudes is shown by the curves drawn in Figures
18 to 25.

In general, the visibility functions for the
model fit the observation quite well and account for the
changes observed as Jupiter rotates. For any given visi-
bility function the fit can usually be improved easily
by a minor change in the model. However, this generally
upsets the fit of several others. The point is to fit
all the visibility functions as well as possible with
one model. There are some noteworthy disagreements
between the calculated curves and the data. These cases
should be mentioned together with their effects on the

fitted model.
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First let us consider the 10.4 cm. visibility
functions. With parallel horns in the equatorial
direction, the computed visibility amplitudes [curves
(b) ] are invariably high in the region of 3500 A. It
seems that no reasonable change in the parameters can
correct this without producing worse effects elsewhere.
This is probably due to an intrinsic flaw in the general
model. Because of the assumed Jaussian shape of the A
regions, it is impossible to fill in enough radiation
close to the planet near the equatorial plane. If this
could be done, then the disagreement could be corrected.
However, it would have only a minor effect on Figure 27.

A similar disagreement between the calculations
and the data exists for Lhe visibility amplitudes with
parallel horns in the polar direction, but it is only
for a couple longitudes, especially_,?III = 290° . It is
still not clear what causes this. It can be corrected
with only minor changes in the model, but the same changes
make the fit worse elsewhere.

The curves (c) and, to a lesser extent (d), are
often systematically lower than the data points. This
does not necessarily mean a disagreement hetween the
model ahd the observations. According to the appendix,
if the signal is low (zero or well below noise), then

the data should be systematically high. In such cases
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the fringe amplitudes do not give much information,and the
signal level must be estimated from the consistency of
the phase data.

For the measurements with a polar baseline,
curves (a) and (d) are both low at 3200 A . It seems im-
possible to correct one without making the other worse.
However, the data are incomplete and the errors are
large so that it is quite probably the fault of the data.
Much of the information about the polar dimensions comes
from the east-west measurements. This is possible be-
cause the polar axis was 25° away from celestial north.

At 10.4 cm. the phase function calculations
agree well with the data, considering the problems in-
volved. One must remember that when the signal is low
the phase points will have a large scatter, and moreover,
the calculations of the phase functions will be very

sensitive to the model and to X

I1I°
At 21.2 cm. the calculated visibility amplitudes
agree well with the data except that at XIII = 110° the

second maximum of curve (a) is a bit high. The phase
functions show some disagreements, but they are not too
serious. At this wavelength the visibility functions

for parallel horns have second maxima and thus go through
a rapid phase reversal at some baseline. The reason

that the calculated phase functions do not, in general,
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reverse instantly as the baseline passes the critical
point and do not reverse exactly (that is, change by
180°) is because of the circular polarization and the
small position difference between the thermal and non-
thermal contributions built into the model. At 21.2 cm,
the phase functions often go through several rapid
changes and the positions and senses of the changes are
very sensitive to the model and to XIII' Much of the
scatter and apparent disagreement can be traced to the
fact that each plot contains data from quite a large
range Of‘QIII'
One very interesting result of the present

study is that the disk temperature for the thermdl radia-
tion appears to be guite high; in fact, about twice as
high as the temperature inferred from infrared measurements
and from 3 cm. measurements. This result was obtained as
follaws: As explained earlier, one expects limb brighten-
ing for the emission from Jupiter's radiation belt

because it is a shell structure, and moreover, the disk
obscures the back part. It is possible to calculate
roughly what the limb brightening should be, or at least

to set a lower limit for it. If the flux parameters in

the model are made to satisfy this condition, then at

10.4 it is impossible to fit the parallel horn measurements

if the emission from the disk corresponds to only 130°K.



-101-

In particular, at baselines of 2000-2400A one gets a
well defined second maximum with a:phase reversal for
the calculated transforms and this obviously isn't true.
The only way to solve the problem is to put much more
radiation in the central region. At 21.2 cm., however,
this fitting problem was hardly noticeable, and the
conclusion is that the extra central emission has a ther-
mal spectrum., Thus it was identified with the thermal
disk emission, making a disk temperature of at least
260°k, (If it is much larger, other fitting problems
arise.)

As we have seen, the present investigation
has provided a rather detailed two-dimensional bfightness
distribution for Jupiter's decimeter radio emission,
certainly much more detailed than what was previously
available. This is because both the sensitivity and the
range of baselines was much larger than in previous work.
Something should also be said about the accuracy of the
model. If any of the assumptions made for the generalized
model were seriously violated, it should have shown up as
a serious fitting problem. The distribution of the
emissiop among the various regions and the overall
dimensions are probably quite accurate. However, the

smaller details are not as accurately determined. The

available resolution is indicated by the brackets shown
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in Figures 27 and 28. They represent the separation of
a double source, in the direction of the baseline
orientations used, whose wigibility function would bec
at its first null at the largest baseline used. The
resolution at 21.2 cm. is obviously much lower than at
10.4 em. At 21.2 em. the finer details were provided
by using the same dimension parameters as at 10.4 cm.
The model found here can be easily tested with
future observations. The last half of the calculated
visibility functions for 21.2 cm. in Figures 18 to 25
are really predictions of what should be observed at
longer baselines with the source and the baseline in
the same relative orientation as in the present ;tudy.
For other examples, see Figures 29 and 30. The first
is a prediction of the visibility amplitude function
with the baseline perpendicular to the magnetic axis
of the source, and the other is for the baseline at

30° to the magnetic axis of the source.
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VII DISCUSSION

A. Single Dish and Short Baseline Observations

It was pointed out earlier that several
observers have studied Jupiter's integrated radia-
tion and have discussed the subject at some length. In
particular Roberts and Komesaroff (2), whose measure-
ments were very accurate, have thoroughly considered
the implications of their results. The present short
baseline observations do not permit much additional
speculation, but perhaps some of the important points
should be reviewed and expanded a bit.

Davis and Chang (55) pointed out that if
Jupiter's decimeter emission is the result of synchrotron
radiation in a dipole field, then the electrons must be
confined mainly to flat helices near the equatorial plane
in order to explain the high degree of linear polarization
in the direction of the equatorial plane. Roberts and
Komesaroff (9) have found an even more severe restriction
on the electron pitch angle distribution. It is imposed
by the beaming properties of the radiation. By taking
observations at 11 and 21 cm. of the sort shown in
Figureé 2b and 2c,and fitting them with calculations
made by Thorne (6l), which give the flux density and

percentage polarization as a function of the magnetic
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latitude of the earth, they find that the equatorial

pitch angle distribution goes as

. 2 ., 18
0.8 sin aE 4+ sin aE

The second term is to provide sufficiently sharp beaming
in the equatorial plane, and the first term is to keep
the percentage polarization from being too high. At
longer wavelengths the beaming is not so sharp.

Another point they make is that the observed
spectrum, which is very flat, suggests a power law

spectrum for the electrons of the form
N(E)dE = kE tdE between cutoffs.

This is implied by the well-known fact that, in a
synchrotron emission source, an electron spectrum of the
form N(E)4E = kExdE yields an emission spectrum
of the form 9a where ¥ = 2a-1 and Y is between
the critical frequencies for the cutoff energies.

The asymmetry found by Roberts and Komesaroff
(9), (43) in the curve giving direction of polarization
vs. ’XIII (corresponding to Figures 2a and 3a) is still
a mystery. They suggested an asymmetry in the magnetic
field Eo explain it. The present investigation showed

that the brightness distribution of the radiation is

guite symmetric, but perhaps only a small asymmetry is
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needed to explain the effect. Warwick (69) proposed
that it is due to shading by the planet. This would
require that the cenftroid of the radio emigssion be dis-
Placed well away from the center of the planet, and it
now appears that the displacement is quite small.
Roberts and Komesaroff (9) pointed out that, according
to theoretical models, the shading is small (less than
6 percent), but for a realistic thick-shell model the
shading should be more. The geometrical models of the
last chapter indicate more than 6 percent, but in view

of the small displacement, the explanation of Warwick
is still in difficulty.

The asymmetry of the curve was found to be less
pronounced at 11 cm. than at 21 cm. and this suggests
some wavelength dependent mechanism such as Faraday ro-
tation of the plane of polarization. For example, 1f
there is Faraday rotation within the source then the
plane of polarization of radiation near the equator at
the recar of the source could undergo a rotation which
varied and changed sense as the magnetic axis rocked
to and fro. However, for a small rotation in a dipole
field it would simply add a small sine term 90° out
of phase with the expected sine dependence on XIII'

This would change the curve but would not produce an

asymmetry unless there is an asymmetry of the field.
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Also, the electron density required to produce the
rotation is quite large.(For a one gauss field the elec-
tron density must be about lO4 cm._3 to produce a 10°

rotation when the tilt toward the earth is maximum.)

B. Circular Polarization

Field (77) and Roberts and Komesaroff (9)
have bolh peointed cut that the detection of circular
polarization in a synchrotron emission source can, in
principle, pin down the magnetic field strength and
electron energy as well as the field direction. The
latter point was discussed in connection with the
circular polarization results of Chapter IV. The con-
clusion was that the polarity of Jupiter's magnetic
field is opposite that of the earth's. It is of great
interest to attempt some determination of the field
strength and electron energy as well.

Chang (59) and Chang and Davis (60) have
made some calculalions of relevant quantities in
Jupiter's radiation belt using an average field strength,
an electron energy spectrum with a minus one exponent
as given above between cutoffs having critical fregquencies
of 100 and 10,000 Mc/s. They assumed a source volume
ten times that of Jupiter and a total radiated power of
2.8 x lOl6 ergs/sec. By several indirect arguments they

find that the field strength is probably of the order of
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1 gauss. Then the cutoff energies are 25and 2,5 Mev.

Unfortunately no one has made accurate cal-
culations for the circular polarization from an assembly
of electrons having some given energy and pitch angle
distributions. Roberts and Komesaroff (9) carried out
an approximate analysis for gsingle energy electrons.
They assumed that, although the pitch angle distribution
was variable over the width of the emission cone, it
would not vary by much. This assumption mavy be a bit
too severe, but the result should still be useful.

They £ind

N'(8) £ (7-1)

: - Y
Degree of Circ, Pol. = I = 0.61 N(8) .

where § measures the width of the beaming cone, © is
the angle between the observation direction and the
field direction, and N(8) is the electron pitch angle
distribution evaluated at o = 6 . (This is diffecrent
from the equatorial pitch angle distribution mentioned
earlier.) Thus the degree of circular polarization
depends on the emission cone size relative to the scale
of variation of the pitch angle distribution, and gives
a condition on the electron energy because § = Mcz/E.
If the observation frequency is at the frequency
of maximum emission for the electrons (V= Yc/3) and

if we use the relation between the critical frequency,



~110-

field strength, and electron energy, we get

Degree of Circ. Pol. = 0.72 N'(6) Bosin® (7-2)
' N(8) pY

where B, is in gauss and Y is in Mc/s. If there is
some distribution of electron energies then the bulk
of the circular polarization may come from energies
slightly different from that used above and this would
change the numerical factor.

Trapped electrons spend most of their time
near their mirror points, and, as Chang and Davis (60)
point out, most of the emission comes from electrons
near their mirror points. Thus we expect a rather
sharp distribution of pitch angles centered on 96°.
It should be more sharply peaked at 90° than the dis-
tribution function for equatorial pitch angles because
an electron's equatorial pitch angle is the smallest
pitch angle it will have. It spends most of its time
with its pitch angle closer to 90° . The distribution
should be symmetric about 90 ®* because the number of

electrons approaching their mirror points equals the

number being reflected. Hence,
N'{90°)/N(90°) =0

as Roberts and Komesaroff (9) imply. However, when 9
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goes slightly to one side or the other of 90° it reaches
the steep part of the N(a) vs. a curve and N'(8)/N(8) is
large in magnitude. This seems to have been overlooked
by Roberts and Komesaroff, who concluded that for Jupiter
one might not expect much circular polarization. For the
equatorial pitch angle distribution given previously,
the first derivative divided by the function is about 2
for Qp = 80° or 100° . For the general pitch angle
distribution, which is more sharply peaked around 90°
the value is probably larger, say N'(8)/N(8) ~ 4 at
® = 80° or 100°

According to the results of Chapter IV, the
circular polarization seems to come mainly from each
side of the planet near the equatorial plane. In these
regions the magnetic field is parallel to the magnetic
axis so the angle © for this case is 90° plus the
magnetic latitude of the earth. When the earth is at
the magnetic equator, 6 = 90° and N'(8)/N(8) =0 so
there should be no circular polarization. This agrees
roughly with the rcsult. When the magnetic axis is
tilted toward or away from us (for the present obser-
vations that would be 8 = 102° or 82° ) then N'(8)/N(8)
is large and has opposite signs for the two cases, and

the degree of circular polarization is large and has

opposite senses for the two cases. This agrees with
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the observational result as well. This qualitative
result would be expected without the preceding analysis,
but hopefully we can get some quantitative information
as well.

The maximum degree of circular polarization
obtained from the small baseline observations at 10.4
and 21.2 cm. gives the correct frequency dependence
as shown by equation (7-2), but in view of the errors,
this may be accidental. TIn fact, if the thermal cocm-
ponent had been subtracted out so that the degree of
circular polarization referred only to a fraction of the
non~thermal component, then the frequency dependence
wouldn't be as correct.

For estimating the electron energies and field
strength, let's use N'(102°)/N(102°) ~ 5. For 21.2 cm.
the degree of circular polarization for the whole source
is 0.045 al © = 102°% but for just that part of the
source which yields the circular polarization it might be
0.100. Then using equations (7-1) and (7-2) we find an
electron energy of 15 Mev and a magnetic field strength
of 1.1 dauss. There are rather large uncertainties
involved, but we see that the results agree roughly with
those df Chang and Davis (60).

It is not difficult to see why the brightness

distribution of the circularly polarized component appears
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as it does. There should not be much coming from the
polar regions because the front half tends to cancel the
back half. Thus it comes mainly from the equatorial
regions. It is double partly for the same reason that
the rest of the radiation belt emission is double. There
is no radiation from the volume occupied by the planet
and the planet obscures the back side. Moreover, in the
front center, the magnetic lines of force are curved so
they do not tilt in the same way as the lines of force
at the sides when the magnetic axis rocks to and fro.
The result is that 6 varies along the lines of force
and does so in such a way as to reduce the circular

polarization.

C. The Brightness Distribution

Figure 27 looks vaguely like a plot of electron
fluxes in the earth's Van Allen belt. Of course it must
be remembered that the figure represents a completely
different thing. It shows the synchrotron radiation from
the electrons as projected on the plane of the sky.
Mixed into it are the beaming properties of the emission
frqm each electron, the dependence of emission rate on
field strength, and the electron energy, density, and
pitch angle distributions as a function of position in

the source.
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The interferometric work of Radhakrishnan and
Roberts (10) with a baseline in the equatorial direction
showed that the response with crossed horns (one 45° on
each side of the equatorial direction) was resolved
sooner than that for parallel horns. The same effect was
found in the present investigation. Chang (59) and Chang
and Davis (60) suggested that to explain this one could
have the proportion of electrons with steep helices in-
creasc as onc gcts closcr to the planet. Figures 27 and
28 seem to show the opposite effect, if anything, because
the polar emission must arise from far-out electrons with
steep helices at the equator. The observational effect
is obtained because the polar emission, which is"quite
close to the axis and doesn't become resolved as quickly
as the equatorial emission, has the opposite plane of
polarization.

The value found for the parameter Py might, in
principle, yield some useful information about the source.
However, there are some difficulties. The accuracy of
the determination is not too great and the wvaluc found
(pO = 0.7) may easily be off by 0.05. Also, Py does not
really represent the degfee of linear polarization in a
small element of area because the model was formed by
superposing several overlapping regions, each with dif-

ferent planes of polarization. Therefore, the degree
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of linear polarization in each area element of the model
is somewhat less than P, -

Eventually a physical model should be fitted
to the results of this investigation; that is, a model
which includes the physical parameters describing the
electrone and the magnetic field in the source. A
great deal has been found out about these parameters,
but it would be very interesting to have a physical
model which would duplicate the behavior of the source
as it has been observed. The models of Chang (59) and
Chang and Davis (60), while providing a great deal of
insight into the problem, now seem inadequate for deter-
mining a sufficiently detailed model. By superpdosing
their models having the correct electron energy dis-
tribution but different pitch angles, one could perhaps
obtain a thin-shell model with the proper pitch angle
distribution and then superpose such models with dif-
ferent sizes to obtain a thick shell model. Choosing
the correct combinations would be a matter of trial
and error. However, this might be too crude, and there
are other problems as well. In any case, for the pur-
poses of this thesis, only a geometrical model for the

brightness distribution has been determined.
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D. ' The Disk Radiation

The large disk emission found by the present
brightness distribution work was an unexpected result,
and it would be nice if it could be accounted for. As
a matter of fact, anexplanation may already exist.

Field (52) tried several ways to explain Jupiter's en-
hanced radiation toward longer wavelengths, and one was
to suppose that the opacity in Jupiter's atmosphere was
decreasing toward longer wavelengths and that the tem-
perature in the atmosphere increased toward
greater depths. Then one would see to lower, hotter
depths with increasing wavelength. He used an atmos-
pheric model of Kuiper (80) and assumed that all the
opacity in this wavelength region was due to ammonia.
His result was not successful in explaining most of the
enhanced radiation (which is now explained by synchrotron
emission), but it might explain the extra disk emission
found by the present investigation.

Another possible explanation is that the extra
radiation from the disk is due to free—free emission in
a Jovian ionosphere. However, in order to get the ob-
served thermal spectrum fbr this extra radiation, one
requires an ionosphere which is optically thick at these
wavelengths and has an electron temperature of only 260°K.

This seems unlikely. If the ionosphere is optically
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thin then the spectrum would be flat and there would be
limb brightening. This sort of ionosphere would not

satisfy the necessary conditions for the extra radiation.

E. Relation to Decameter Results

The most direct relation between the decimeter
and decameter emission has been the rotation period. The
System III period, found from the repetition of the deca-
meter burst pattern as Jupiter rotates, was based on
observations made before 1961. As explained in Chapter
III, the decimeter period (obtained from the rocking of
the plane of polarization) found at Caltech during the
period July, 1961, to February, 1964, and by Roberts and
Komesaroff (9) during the period August, 1962 toﬂAugust,
1963, agrees with the System III period to within +0%5.
The odd thing is that., beginning in 1960. the decameter
period began to increase by about 1° per year according
to Douglas and H. J. Smith (8l) and A. G. Smith, et al
(82) . Thus it appears that the decameter and decimeter
periods no longer agree very well, although this should
be checked by newer decimeter observations. Presumably
the decimeter period is more closely related to the
rotatiqn period of the magnetic field, and the change
in the decameter period, if real, is caused by some-—
thing other than the magnetic field.

One theory for explaining the origin and
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nature of the decameter activity is that of Warwick (83),
which requires that the magnetic dipole be displaced well
away from the planet's center. Another 1is that of Ellis
and McCulloch (84), which requires a local anomaly in a
centered dipole field. The results of the present in-
vestigation ehow no indication that such conditions
exist. However, they do not rule out the possibility
of some small asymmetry in the field. 1Indeed, the ob-
servations of Roberts and Komesaroff (9), (43) of the
plane of polarization vs. XIII indicate some asymmetric
effect at work.

An interesting new development in regard to
the decameter emission is the discovery that the "time
at which bursts are likely to occur is strongly cox-—

related, not only with X but also with the position

ITI’
of the satellite Io; the probability being much higher
when Io is to one side or the other of Jupiter. The
discovery by Bigg (85) has been confirmed by Dulk (86).
According to Bigg (87), Io may also have some effect on
the decimeter emission. Io's orbit, lying in Jupiter's
équatorial plane and having a radius of 6 Jovian radii,
probably puts Io in the outer parts of the radiation
belt. The data from the present investigation were not

carefully checked for such an effect. The main problem

was that at none of the antenna spacings used did the
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observations cover more than one revolution of Io about
Jupiter. Dickel (88) has reported a lack of any effect

by Io at 3.75 cm.

F. Future Observations

If nothing else, the present study had indicated
what future observations would be most interesting and
useful. There are certain routine observations which will
continue to be of iﬁterest such as additional checks of
the decimeter rotation period and additional checks for
long-term changes in the flux density or percentage of
linear polarization. However, let us consider only those
things which are especially suited for an interferometer;
in particular, the one in the Owens Valley.

The brightness distribution models found in the
present study should not be considered final, and additional
observations should be made to check and refine them. The
project with perhaps the greatest priority is the extension
of the 10 cm. observations with north-south or diagonal
antenna spacings giving a baseline oriented in the polar
direction of the source. The only observations of this
type in the present study were for baselines between
3000 and 4000A . 1In addition to this range, observations

should be made at some smaller baselines and, especially,

at somewhat longer baselines. The latter can be achieved
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with the present instrument by observing when Jupiter
is at a higher declination and also by making the
observations when Jupiter is closer, that is, near
opposition. (Observing near opposition would also

give a much better signal-to-noise ratio than was avail-
able for the polar measurements in the present study.)
For example, for the opposition of December, 1965,
Jupiter's declination will be +23 ° . fThere is not much
point in making 21 cm. observations with this baseline
orientation because the available baseline is not large
enough.

Additional observations with east-west
spacings will be of interest mainly when Jupiter's
orientation in the sky and/or the baseline rotation
bring the two into a greatly different relative orien-
tation than in the present study. In planning future
observations it should be remembered that at 10 cm. the
fringe amplitudes for Jupiter were comparable to or
less than noise at the largest baselines. That is, the
measurements were noise limited. At the largest 21 cm.
baseline the fringe amplitudes were often quite large
and in that case shouldn't be severely limited by noise

nor confusibn, both of which are about egqually important
at this wavelength.

It will be useful to continue making measure-
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ments of the circular polarization and to try to take
out any possible instrumental effects. It may prove
helpful to make the feed horn position angles follow
the plane of polarization as it rocks back and forth.

It would also be useful to include Jupiter
in the regular position measurement runs made with the
interferometer. The accuracy in measuring absolute
positions has reached the point where a rather small
position difference between the radio source and the
optical disk could be detected. Occultations of
Jupiter by the moon are potentially of great value
and should not be neglected. However there are no
promising ones for the Owens Valley in the near future.

These suggestions are made in reference to
the existing instrument at the Owens Valley Observatory.
The future promises to bring lower noise receivers,
higher frequency operation, better stability, longer
baselines, and more collecting area. All of these will,
of course, greatly increase the capability for studying

Jupiter's radio emission.
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APPENDIX

From the sine and cosine channels of the
integrator one can determine the amplitude and relative
phase of the interferometer fringes during the inte-
gration. The system noise produces a degree of uncer-
tainty in the result. In addition, the noise produces
a systematic error in the amplitude when this integra-
tion method is used. We will now examine this error
and the uncertinty produced by the noise.

Several integration runs were made without
a signal in order to measure the magnitude of the
noise and to determine its behavior. It seems to be
well behaved in that it exhibits a random phase and
that the integral increases as the square root of the
integration time. Thus the integral per unit time
decreases as the square root of the observing time.

It is probably valid to consider the noise in each
channel as being normally distributed about the signal
value for that channel with a standard deviation which
can be determined by the noise measurements made and
which goes as the square root of the observing time.

Let s Dbe the reading of the sine chan-

nel for some given integration time, ¢ the cosine

reading, r the computed amplitude ( r = ys24c? ),
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and § the computed phase. Let S,:Cyr Y. and d, be the

o

corresponding quantities which would have been obtained

if there were no noise. s and ¢ are distributed as

-s2/202

2 2
P(s) = 7= e . Plc) = A=— e7C/20

ngo

The standard deviation is the same for each because the
two channels are identical except for phase. It is
clear that the vector result, x = reié . will have a
circular gaussian distribution on the sc-plane. However,

r will have thce distribution

2 2
P(r) = ii o"T/20

in the absence of a signal. This is often called the

Rayleigh distribution. 1If there is a signal r, then

the form will be

2 2 2
e—(r +ro”) /20 I (rro/Gz)

r
Pl(r) ='Eg o

where Io(x) is the Bessel function of zerc order
and purely imaginary argument. [See, for example, Lawson
and Uhlenbeck (89).]

The expectation value (or mean) of the measured
a
amplitude can be found for/given signal ry.
-]

r = IérPl(r)dr
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This can be integrated using the standard form

a_\y 2
P at ptt? ¢ i Y’(’“—;}’)(I\? e%ri _
Jomer UL dt 2p 4 T {vs0) )

V- a>
E ( ‘_Q_A"\'l)v*“')"‘sz)

(a;b;z) is the confluent hypergeometric

{
where lFl

function. We find
: 3
F=off 1Fi(-h 15

This is shown in Figure 3la. We see that for .
comparable to or smaller than ¢ , the integrator gives
a result which is systematically large. Moreover, for
ry S o, the mean value of the integrated amplitude
is fairly constant and therefore does not contain much
information about the true amplitude. However, for such
low signals, the measured phase (which will have a large
random error, but no corresponding systematic error)
still provides valuable information about the signal.
The preceding discussion gives us information
about the measured amplitude if we know the true amplitude,
but our problem is the reverse of this. Let A be the
event that the true value is in a certain element drA, B
the event that it is in another element drB, and E the

event of a certain experimental result dr. We have seen

that the probability of E given A is
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—(r2+r02)/202

P(E|a) = P (r)dr =(z/0%)e I_(rr_/o”)dr

According tc Bayes' Theorem

P(A|E) P(a) P(E|A)
P(B|E) = P(B) P(E|B)

If we are to be completely objective, then we have no
a priori knowledge about the true value so that
P(AlE) = P,(r )dr_ = KP (E|A)

where K 1is a normalization factor determined by

1

il

© © 2 2y /oq2
KJOP(EIA)drO = Kfé;/cz)e—(r BRSNS ) /20 Io(rro/cz)dro.

This can be integrated by using the standard form. The

result is
_ g ’2 2,0 2y
K =7 \|n [lFl(%,l,—r /20 )]

Our answer then is that for the distribution of r, we have

(L2, 2y o 2
p(r )= [2[ p (315227207 T T4 /290 1 (er /o2
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The final step is to find the expectation
value of r .
o
=]

fo = JoroP2(ro)dro

We can use the same standard form as before to obtain

r = GE [lFl(%,l;—rz/zoz)J_l lFl(o,l;—rz/zctz)

(@]

Then, since lFl(O,l;-r2/202)El we have

— 2 2 2y -1
r, = cj; [lFl(%,l;-r /20 )] = Kr

This is plotted in Figure 31b. When %>>l, fs—a-r, but
when r and o are of comparable size the expectation
value of the true result can differ significantly from
the measured value.

Let us now examine briefly the uncertainty

in fé by considering the standard deviation O of

[=+]
_ T, 2
o = Jo(ro ro) Pz(ro)drO

<o
2 —2
= J r “P.(r_ )dr -
o o 270 o o
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By using our previous integration formula we have

O = { féoﬁjg.lFl(—%,l;—r2/202)4fb/c] }%

This is shown by the dashed line in Figure 31lb. When

r is small it is not quite right to use o  to determine
an error bracket about EQ because the error distribution
about fé is very asymmetric. However, o, does provide a

feeling for the size of the uncertainty.
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Fig. 31. a) The expected measured amplitude for a given true
amplitude. b) The expected true amplitude and stan-
dard deviation for a given measured amplitude.
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