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Abstract

Previous ground–based and spacecraft studies have shown that the Galilean
moon Io can control a portion of the Jovian radio emission. More recent studies
using the Galileo and Voyager spacecraft have also shown that the orbital phase of
Ganymede and Callisto plays a role in some of the low–frequency Jovian decametric
radio (DAM) emission. The Cassini gravity–assist flyby of Jupiter on December 30,
2000, provides another opportunity to investigate the role of the Galilean moons on
the Jovian radio emissions. The Cassini Radio and Plasma Wave Science (RPWS)
investigation is the most advanced radio and plasma wave instrument to visit the
Jovian system, and can detect electric fields over a range from 1 Hz to 16 MHz with
high spectral and temporal resolution. This study will review the recent Galileo re-
sults, and examine the correlation of the Jovian radio emissions observed by Cassini
with the orbital phase of the various Galilean moons. The same method will be
used at Saturn to investigate the possible control of Saturnian radio emissions by
the moons of Saturn.

1 Introduction

The discovery of low–frequency radio emissions from Jupiter by Burke and Franklin [1955]
started a long period of study of the Jovian radio spectrum (both ground and space–based)
that continues today. The additional discovery of the correlation between the Galilean
moon Io and the Jovian decameter (∼3 to 40 MHz) radio emission (DAM) [Bigg, 1964]
showed that Jupiter and Io had a complicated electrodynamic relationship that is still
not completely understood today [Smith, 1976; Gurnett and Goertz, 1981a; Leblanc,
1981; Goldstein and Goertz, 1983; Crary and Bagenal, 1997; Queinnec and Zarka, 1998;
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Zarka, 1998, and references therein]. The observations of the DAM emission led to the
development of the Jovian longitude–Io phase plots and the nomenclature of Io–A, Io–B,
Io–C, Io–D, non–Io–A, non–Io–B, and non–Io–C “sources” (see Carr et al. [1983] for
a review of the spectral phenomenology of the Jovian radio emissions). The flybys of
Jupiter by the Voyager 1 and 2 spacecraft provided further details on the characteristics
of the DAM emissions, including the discovery that nested families of arcs, or parts of
arcs, comprise much of the DAM emission [Warwick et al., 1979a; Alexander et al., 1981;
Boischot et al., 1981; Carr et al., 1983]. Figure 1 shows an example of the complicated

Figure 1: A time–frequency spectrogram showing the complicated arc structure associated with
the DAM emission as observed by the Cassini spacecraft. The Io dependent enhancement of
the emission from about 02:00 to 03:00 SCET (∼87◦ to ∼96◦ Io phase) is on the order of 20 dB
more intense than the non–Io DAM emissions observed during this period.

arc structure associated with the DAM emission as observed by the Cassini spacecraft.
The further discovery of the Io volcanoes and the torus added a source of plasma that
must be factored into the development of a theory for the Io–DAM relationship. Although
many of the exact details are still under debate, the basic source of the DAM emission
is believed to be a cyclotron resonant emission at large wave normal angles in a hollow
emission cone [Goldstein and Goertz, 1983; Green, 1984; Menietti et al., 1987; Wilkinson,
1989].
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2 Instrument description

The Cassini Radio and Plasma Wave System (RPWS) consists of five receivers: a Lang-
muir Probe, three electric antennas, and a triaxial search coil magnetometer (see Gurnett
et al. [2001b] for a detailed description of the instrument). The five receivers cover a fre-
quency range from ∼1 Hz to 16 MHz for electric fields, and ∼1 Hz to 12 kHz for magnetic
fields. This study uses the high–frequency receiver (HFR) that covers a frequency range
of 3.5 kHz to 16 MHz. Although a variety of instrument modes were used during the flyby,
the primary mode of operation for the RPWS instrument obtained a complete frequency
sweep from 3.5 kHz to 16 MHz every 25.25 seconds, with a 25-kHz measurement band
stepped in 50-kHz increments from 325 kHz to 4025 kHz, and a 25-kHz measurement
band stepped in 200-kHz increments from 4.025 MHz to 16.025 MHz. The HFR connects
to the electric antenna, either a dipole with a tip–to–tip length of 18.52 m, or a monopole
antenna with a length of 10 m. The RPWS instrument obtained the data examined in
this study from September 4, 2000 to July 20, 2001, and ranged from about 1535 RJ

(September 4, 2000) to a closest approach distance of about 137 RJ (December 30, 2000)
to an outbound distance of about 2618 RJ (July 20, 2001). The magnetic latitude of
Cassini ranged from about -8◦ to about +13◦ before closest approach, and from about
-13◦ to about +6◦ after closest approach.

The Galileo Plasma Wave System (PWS) consists of three sweep frequency receivers, a
wideband receiver, an electric dipole antenna, and two search coil magnetometers. The
three sweep frequency receivers cover a range from a few Hertz to 5.6 MHz. For this study,
the high–frequency sweep frequency receiver was used, which covers a range from 100.8
to 5.6 kHz in 42 logarithmically spaced channels. The receiver is attached to the electric
dipole antenna with an effective length of 3.5 meters (defined as the difference between
the ‘center of mass’ of the two elements). The electric antenna is mounted perpendicular
to the spacecraft spin axis. The receiver takes 18.67 seconds to complete a sweep of the
electric field measurements, and has a frequency resolution of ∼10% [Gurnett et al., 1992].
Galileo has orbited Jupiter since December 1995, and provides a very good survey of the
equatorial magnetosphere from ∼9 to ∼140 RJ. The magnetic latitude of Galileo ranged
from about -13◦ to +10◦ during the duration of this study.

3 Method of analysis

For the frequency range of interest, the data from each spacecraft is sorted into 6◦ × 6◦

bins of Jovian satellite orbital phase versus system III longitude, λIII. The intensity of
the emissions are normalized to 100 RJ. Emission intensity and occurrence probability
are then determined for each bin, with occurrence probability defined as the total number
of occurrences of emission above a certain threshold value relative to the total number of
occurrences in that bin [Menietti et al., 1998a; 2001]. The orbital phase is defined in a
counter clockwise sense from superior conjunction, and the threshold value is determined
by examining the noise level of each receiver for the period of the study. For Cassini,
since the noise level of the instrument varies over the frequency range of interest (1 MHz
to 16 MHz), a sliding threshold was used that varied with frequency. This method of
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analysis allows these plots to be compared to the similar Voyager plots [Alexander et al.,
1981; Carr et al., 1983].

4 Galileo and Cassini results

The Galileo spacecraft entered orbit around Jupiter in December 1995. Since Galileo is
an orbital mission, it has been able to collect a much larger set of radio data in close
proximity to Jupiter than the flybys of Voyager and Ulysses were able to obtain, allowing
better statistics for the investigation of the influence of other Galilean moons on the DAM
emission. Using the Galileo radio data from 3.2 MHz to 5.6 MHz, Menietti et al., [1998a]
showed that the expected correlation between Io and the DAM emission was observed
in the Galileo data. Their study also found a relationship between the Galilean moon
Ganymede and part of the DAM emission. More recently, Menietti et al., [2001] have
found a relationship between the orbital phase of Callisto and the DAM emission. The
Cassini gravity–assist flyby in December 2000, allowed another opportunity to examine
the relationship between DAM emissions and the Galilean moons, and to develop the
tools necessary to examine the possible relationship between the Saturnian moons and
the radio emissions of Saturn.

5 Io

Previous ground–based and the Voyager results have shown that when the orbital phase
of Io is near 90◦ or 240◦, the DAM emission “turns on” and can increase the flux level
over a hundred times the average intensity level value [Desch et al., 1975; Desch, 1980;
Carr et al., 1983]. Menietti et al. [1998a] showed similar results for Io using the Galileo
data from 3.2 MHz to 5.6 MHz, with the peak of occurrence for Galileo occurring at ∼90◦

and 245◦ (see their Plate 1). The Io dependent emissions are often easy to observe in
the Cassini time–frequency spectrograms. For example, Figure 1 shows the Io dependent
enhancement of the DAM emission at Io phase ∼90◦. The emissions observed from about
02:00 to 03:00 SCET (∼87◦ to ∼96◦ Io phase) are on the order of 20 dB more intense than
the non–Io DAM emissions observed during this period. Figure 2 shows a histogram of
occurrence probability versus Io phase for four different frequency ranges as determined
from the Cassini data for the period from November 25, 2000 to January 30, 2001 (66 days
surrounding closest approach). The expected peaks centered at ∼90◦ and ∼240◦ are easy
to see in the Cassini data. It is interesting that the peak at ∼240◦ is most easily observed
at the higher frequencies, and may be due to the geometry of the flyby. Alexander et al.
[1981] and Lecacheux et al. [1992] have shown the occurrence probability of some of the
Jovian radio emission can be influenced by the jovigraphic latitude and the local time of
the observing spacecraft. This influence on the Jovian emission changes with frequency
[Alexander et al., 1981], and may explain the frequency dependence shown in Figure 2.
During the flyby, Cassini went from about 3.7◦ (inbound) to about -3.7◦ (outbound)
jovigraphic latitude, and ranged in local time from about 10.7 to 21.1 hr. Furthermore,
the control of the Jovian emission by Io is known to disappear below 1 to 2 MHz [Carr et
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Figure 2: Plots of occurrence probability versus phase of Io as measured by Cassini. These
plots were constructed by calculating the average power above a threshold (different for each
frequency band) for a window of system III longitude in the range 0◦ to 360◦, and cover the
frequency ranges 2 MHz to 6 MHz, 4 MHz to 7 MHz, 7 MHz to 10 MHz, and 10 MHz to 13 MHz.

al., 1983; Zarka et al., 2001a]. This low–frequency cutoff is consistent with the occurrence
probability being larger at the higher frequencies.

6 Ganymede

Although earlier ground–based studies [Kaiser and Alexander, 1973] and initial exami-
nation of the Voyager and Ulysses flyby data found that only the orbital phase of the
Galilean moon Io appeared to be correlated with the DAM emissions, more recent results
using data from the Galileo spacecraft [Menietti et al., 1998a], and a re–examination of the
Voyager data [Higgins et al., 2000] have found a relationship between the low–frequency
DAM and the Galilean moon Ganymede. The results found by Menietti et al. [1998a]
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show an enhanced occurrence of the DAM emission at Ganymede orbital phase of ∼80◦

and ∼245◦. Because of the resonance between the orbital periods of Io and Ganymede,
the periods when Io and Ganymede are within 6◦ of each other, and when the orbital
phase of Io lies within the range of 85◦ to 100◦ or 220◦ to 225◦ were not included in
these studies. Figure 3 shows the occurrence probability (for 0◦ < λIII < 360◦) versus

Figure 3: A plot of occurrence probability versus phase of Ganymede as observed by Galileo.
The periods when Io phase was between 85◦ to 100◦ and 235◦ to 260◦ were not used in this
analysis. The line is a least–squares fit to the data points.

the orbital phase of Ganymede as determined from the Galileo data in a frequency range
of 2.02 MHz to 5.64 MHz. The two peaks centered at ∼80◦ and ∼245◦ are easy to see
in this figure. To determine the statistical significance of these results, a least–squares
fit to the sinusoidal function Y = α + βsin(2θ + φ) where θ is the orbital phase of
Ganymede, φ is the phase shift, and α and β are constants was calculated, and is plotted
on Figure 3 as the solid line. The amplitude of the fit was found to be 0.029. Using an
analysis technique recently developed for Callisto [Menietti et al., 2001], this fit is then
compared to a fit of a randomization of the phase values from Figure 3. Each value of the
occurrence probability from Figure 3 in a bin of width 6◦ in orbital phase and integrated
over all system III longitude is assigned a random orbital phase, and the amplitude from
the sinusoidal fit is calculated for this new data set. This randomizing and analysis was
repeated 10,000 times. The probability distribution of this analysis has a form A/σ2

exp(-A2/2σ2) where σ is the standard deviation (see Menietti et al. [2001] for a more
detailed discussion of this statistical analysis). Figure 4 shows the distribution of the fit
amplitudes of the randomized population. The standard deviation of this population was
found to be ∼6.28 × 10−3. The value obtained from the fit to the actual data shown in
Figure 3 (0.029) is almost 5σ from the randomized probability. The probability of the
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Figure 4: A plot of the distribution of fit amplitudes in the randomized orbital phases. The
arrow indicates the value of the amplitude obtained from the Ganymede data in Figure 3 (∼ 5σ).

measured Ganymede amplitude being due to a random event is 2.3 × 10−5, showing that
the results for Ganymede are statistically quite significant. A similar analysis has been
started with the Cassini data. However, at this time, no obvious correlation between
Ganymede and the DAM emission has been detected. This lack of a correlation using the
Cassini data will be discussed below.

The discovery of a relationship between Ganymede and part of the DAM emission is
consistent with the discovery that Ganymede has both a magnetic field and a magneto-
sphere [Kivelson et al., 1996c, 1997; Gurnett et al., 1996; Frank et al., 1997; Kurth et
al., 1997a; Menietti et al., 1998b]. Furthermore, Ganymede has been observed to be the
source of non–thermal radio emissions [Kurth et al., 1997a], and direction finding mea-
surements with Galileo [Kurth et al., 1997b; Menietti et al., 1998b] have suggested that
the Ganymede flux tube may be a source of HOM/DAM emission (see Kurth et al. [2000]
for a review of the radio emissions related to Ganymede). The observations of an auroral
footprint of the magnetic flux tube associated with Ganymede [Clarke et al., 1998] sup-
ports the theory that Ganymede interacts with the auroral zone, and provides evidence
that field aligned currents in the form of Alfvèn waves are responsible for particle precip-
itation at the Ganymede flux tube. Zarka et al. [2001b] has proposed a simple method
to estimate the energy involved in a flow–obstacle interaction, and has applied it to the
Ganymede–Jupiter case. The method predicts that the Ganymede–induced emission is
about 10 times weaker than the Io–induced emission. This estimate is smaller than the
estimate by Menietti et al. [2001] of the average power of the Ganymede–induced emission
(about 68% of the average power of the Io–induced emission), but is consistent with the
existence of a Ganymede source for part of the DAM emission.
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7 Callisto

Recent results from Menietti et al. [2001] have also shown a relationship between the
orbital phase of Callisto and part of the DAM emission using the Galileo PWS data from
2.02 MHz to 5.6 MHz. Like their earlier study for Ganymede, the intensity of the emissions
was normalized to 100 RJ, and the data sorted in 6◦ × 6◦ bins of Jovian satellite orbital
phase versus system III longitude, λIII. To remove the effects of Io and Ganymede, data
was not used when the Io orbital phase was between 85◦ to 100◦ and 235◦ to 260◦, and
when the Ganymede orbital phase was between 70◦ to 90◦ and 240◦ to 255◦. An increase
in the occurrence probability of the emission was observed near the Callisto orbital phase
of ∼80◦ and ∼245◦. This enhancement was most easily seen in range of λIII from 90◦ to
160◦ and 260◦ to 360◦ (see Plate 1 of Menietti et al. [2001]). Figure 5 shows the occurrence

Figure 5: A plot of occurrence probability versus orbital phase of Callisto. The periods when
the Io phase was between 85◦ to 100◦ and 235◦ to 260◦, and Ganymede between phase 70◦ to
90◦ and 240◦ to 255◦ were not considered for this analysis. The line is a least–squares fit to the
data points.

probability (for 0◦ < λIII < 360◦) versus the orbital phase of Callisto as determined from
the Galileo data in a frequency range of 2.02 MHz to 5.64 MHz. Although the peaks are
not as well defined as the Ganymede case, there does appear to be an enhancement in the
occurrence probability at ∼80◦ and ∼245◦ Callisto orbital phase.

As mentioned above, a statistical analysis of the Galileo Callisto data was performed by
Menietti et al. [2001]. The least–squares fit of the 60 points (360/6◦ bins) from Figure 5
yielded peaks at phases 65.3◦ and 245.3◦ with an amplitude of 0.025. Fits for the spe-
cific λIII ranges of 72◦ to 162◦ yielded peaks at orbital phases 58.1◦ and 238.1◦, with an
amplitude value of 0.034, and for λIII ranging from 258◦ to 360◦, peaks at phases 72.9◦
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and 252.9◦, with an amplitude of 0.039. Again, the phase values were randomized 10000
times and the probability distribution is determined as discussed above. The resulting
probability distribution is shown in Figure 6, and yields a σ = 8.15 × 10−3. The fit am-
plitude for the measured data was 0.025, which is about 3σ. The probability of obtaining

Figure 6: A plot of the distribution of fit amplitudes in the randomized orbital phases. The
arrow indicates the value of the amplitude obtained from the Callisto data in Figure 5 (∼3σ).

this measured value from a random population is 9.05 ×10−3. The fits for the smaller
ranges of λIII were 0.034 and 0.039 (both ∼4σ). As a further test of the significance of
these results, the data set was split in half, and the analysis repeated, resulting in very
similar results for each half independently. Although these result for Callisto are not as
strong as the Ganymede result, the Galileo evidence does support a relationship between
Callisto and part of the DAM emission. Furthermore, recent analysis of the Voyager data
by Higgins et al. [2001] has also found a relationship between Callisto and the DAM
emission. However, the initial analysis of the Cassini data has not found any correlation
between Callisto and the DAM emission.

The discovery of a Callisto dependence is somewhat more surprising than Ganymede,
since Callisto does not appear to have an internal magnetic field [Khurana et al., 1997].
However, there is some evidence that Callisto has a conductive ocean and important
induction fields have been detected [Khurana et al., 1998; Kivelson et al, 1999]. Gurnett
et al. [2000] reported that Callisto is probably surrounded by a dense ionospheric–like
plasma, with densities similar to densities observed near Ganymede. Menietti et al. [2001]
suggested that field–aligned currents in the form of Alfvèn waves are responsible for
particle precipitation at or near the instantaneous Callisto magnetic flux tube. Neubauer
[1998, 1999] has discussed the expected Alfvèn wings associated with Callisto, and his
results are consistent with the observations.
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8 Summary

The relationship between the Galilean moons and the DAM emission is a complicated
one. The recent results from Galileo and a reexamination of the Voyager data have shown
that other moons besides Io can ’control’ part of the DAM emissions. Preliminary results
from the Cassini flyby show the expected correlation between Io and the DAM emissions,
but no obvious relationship for the moons Ganymede, Europa, or Callisto has yet been
discovered. This lack of a correlation for Ganymede and Callisto in the Cassini data may
be due the difference between a flyby and an orbital mission. For the Galileo data set, the
distance to Jupiter was always< 140 RJ, and for the Cassini flyby, the spacecraft never was
closer than 137 RJ. This results in much of the Cassini sampling period occurring at very
large distances from Jupiter. This possibility is supported in the analysis of the Voyager
data, where the initial analysis did not find a correlation for Ganymede or Callisto, but
further, more detailed analysis has found possible relationships. Further analysis of the
Cassini data is continuing, and improved tools, including some of the methods recently
used with the Voyager data, are being developed. Similar studies will be undertaken
during the Cassini mission at Saturn to explore the possible relationships between the
Saturnian moons and the radio emissions from Saturn. Voyager results have suggested
that the Saturnian moon Dione affects the low frequency radio emissions [Gurnett et
al., 1981b; Kurth et al., 1981b; Desch and Kaiser, 1981; Warwick et al., 1982]. More
recently, Zarka et al. [2001b], using the same method discussed above for Ganymede, has
suggested that the apparent Dione control is either a spurious effect, or that Dione must
have a magnetic field in order to influence the Saturnian emission. One of the goals of the
Cassini RPWS instrument is to examine this possible relationship and resolve the issue.
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