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Abstract

During the two Jupiter – and the following two Saturn – Voyager encounters,

the Planetary Radio Astronomy experiment detected in–situ plasma waves inside

the two planetary magnetospheres. We review the different kinds of observed waves

and then briefly discuss their excitation mechanisms, as well as their possible role

for generating observed magnetospheric radio emissions.

1 Introduction

During the passages through the Jovian and Saturnian magnetospheres, the Planetary
Radio Astronomy (PRA) experiments (Warwick et al., 1977) on the Voyager 1 and 2
spacecraft detected different kinds of local plasma wave phenomena (Warwick et al., 1979a,
1979b, 1981, 1982).

These in–situ observations of electrostatic waves can be considered as a by–product of
the PRA–experiments, principally designed to observe radio emissions from planetary
magnetospheres, in general at higher frequencies.

However, the study of such magnetospheric plasma waves is important, as their char-
acteristics can give informations about the electron densities, the temperatures and in
some cases the distribution functions at specific places within the magnetosphere. The
positions of such waves suggest potential source locations for the radio emissions.

Hence, observations of magnetospheric plasma waves give important informations for
understanding the physical processes, taking place within a planetary magnetosphere.

∗Paris-Meudon Observatory, Laboratoire Associe du CNRS 324, 92195 Meudon Principal CEDEX,
France.



126 B. M. Pedersen

2 Observations

Many plasma wave phenomena within the Jovian and Saturnian magnetospheres were
only detected by the Voyager Plasma Wave (PWS) experiments (Scarf and Gurnett,
1977), operating at low frequencies (≤ 56 kHz). However, at several occasions, the higher
frequency range and/or the high frequency resolution of the PRA–experiment have played
an important role for interpreting the true nature and the evolution of the electrostatic
waves along the spacecraft trajectory within the magnetospheres.

2.1 Observations near Jupiter

An overview of the plasma waves near Jupiter, as observed by the Voyager spacecraft,
is found in Gurnett and Scarf (1983). Here we shall only comment on the electrostatic
waves, observable above the low–frequency limit ∼ 20 kHz of the PRA experiment.

2.1.1 Plasma Waves Within the Io Plasma Torus

Around closest approach to Jupiter, when Voyager 1 during inbound – and outbound
– pass traversed the Io plasma torus (IPT), strong modulation patterns appeared at
low frequencies on the PRA–dynamic spectrum along a varying plasma line as shown in
Figure 1.

For a thorough discussion of these observations we refer the reader to Birmingham et
al. (1981). A detailed study of the LF–fixed frequency plots (presented on Figure 2
together with corresponding gyroharmonics as derived from the magnetometer experiment
measurements) has allowed to determine the variation of the cold upper hybrid resonance
frequency (identified as intense impulsive emissions) through the IPT. Figure 3 shows the
corresponding density plot of the cold electron component as function of time. From the
smooth curves we deduced the model of electron density shown in Figure 4. This idealized
model was constructed under the assumption of an azimuthal symmetry with respect to
Jupiter’s magnetic axis and a symmetry with respect to the particle centrifugal equator.

The modulation pattern, accompanying most of the time the upper hybrid resonance
frequency line in Figure 1, is due to electrostatic gyroharmonic waves at (n + 1/2)fce

above and/or below fuH (fce and fuH are respectively the electron cyclotron – and the
upper hybrid resonance frequency). Figure 2 shows clearly these (n + 1/2)fce – waves,
characterized by weak, smooth emission humps between the indicated gyroharmonics.
On Figure 4 the positioning of these auxiliary plasma waves relative to the fuH–line is
indicated at each location along the spacecraft trajectory. As we shall mention below,
this positioning is significant for determining the plasma parameters.

2.1.2 Plasma Waves in the Vicinity of the Magnetic Equatorial Plane

Figure 5 shows the two Voyager trajectories close to Jupiter with respect to the magnetic
equatorial plane (MEP). Due to the magnetic dipole tilt relative to the rotation–axis
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Figure 1: Dynamic spectrum of Jupiter’s radio emissions and local plasma waves observed by
the PRA–experiment on Voyager 1 around closest approach to Jupiter. The total received power
in each of the 198 frequency channels is shown as a function of time and sub–Voyager Jovian
longitude. Increasing total power is indicated by increasing darkness. (G.S.F.C. document).
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Figure 2: Intensity–time tracings of gyroharmonic lines in the IPT. Within each trace, identified
by its frequency in kHz, the vertical dimension is logarithmically proportional to intensity. The
variation in time of the electron gyrofrequency and its first nine integral harmonics is shown
superposed (from Birmingham et al., 1981).

the MEP is crossed twice during each planetary rotation by a spacecraft, going round
Jupiter at low latitudes. During many of these crossings close to Jupiter (< 15RJ), the
PRA–experiments detected electrostatic (i.e. unpolarized) waves at positions along the
spacecraft trajectories close to or around the passages of the MEP.

Table 1 gives the detailed characteristics for each passage, where the PRA–instrument
observed these particular emissions. Table 2 sums up the essential characteristics of the
plasma waves, observed during each event, and Figure 6 shows fixed frequency plots for
some typical events.

Figure 7 illustrates the locations, where the emissions are detected. They are confined
to a layer outside the torus, situated around the MEP with a thickness of ∼ 0.5RJ

perpendicular to the MEP.

A detailed examination of the spectral density as a function of frequency–channels demon-
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Figure 3: Plot of the density of the cold electron component of the IPT as a function of time de-
rived from PRA measurements of the cold upper hybrid resonance frequency and magnetometer
measurements of the electron gyrofrequency (from Birmingham et al., 1981).

Figure 4: A model of the average density distribution in a meridional plane for the cold electron
component of the IPT. The projection of the Voyager 1 trajectory is coded to indicate the
locations at which various classes of plasma wave lines were detected by the PRA instrument
(from Birmingham et al., 1981).
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Figure 5: Meridian plane projections with respect to Jovian magnetic equator for the trajectories
of Voyager 1 and 2 close to the planet (from Scarf et al., 1983).

Table 1: Characteristics for Jovian magnetic equatorial crossings

strates that all events except event B show highest intensity in a channel close to the cal-

culated fuH =
[

f 2
ce + f 2

pe

]1/2
, where fpe (kHz) = 9 [ne(cm

−3)]1/2. In all events fpe À fce.

During the event F, taking place at 10.1 RJ , an impulsive, very intense emission – one
of the strongest emissions ever recorded by the PRA–instruments – saturated very often
the 59 kHz–channel, i.e. showed a spectral density higher than 10−10 V2 M−2 Hz−1.

Plasma waves, tightly confined to the Jovian magnetic equator, were already reported by
Kurth et al. (1980). The lower frequency range of the PWS instrument allowed to observe
emissions with narrow–band features out to distances of about 23 RJ . By analogy with
observations of electron–cyclotron harmonic waves, confined to the geomagnetic equator
in the Earth’s magnetosphere (see for example Gough et al., 1979), Kurth et al. suggested
that these plasma waves are (n + 1/2)fce – emissions, extending from just above fce up
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Table 2: Characteristics of plasma waves near magnetic equatorial plane

to fuH .

As the PRA–channels are spaced at 19.2 kHz intervals – most often much larger than the
local gyrofrequency – the narrow–banded character of the emissions does not show up on
the PRA–spectra.

2.2 Observations near Saturn

A general description of plasma waves in the Saturnian system is given in Scarf et al.
(1984). More detailed discussions can be found in Scarf et al. (1983) and Kurth et al.
(1983).

The PRA–observations during the Voyager–Saturn encounters (Kaiser et al., 1984) were
dominated by the Saturnian Kilometric Radiation (SKR) except during closest approach,
where the Saturn Electrostatic Discharges (SED) were detected during a few days.

Generally, the SKR extends down to very low frequencies (60–80 kHz). However, during
the Voyager 1 – ring plane crossing nearest to the planet (see Figure 8), the SKR was
only present above ∼ 120 kHz, and during the unique Voyager 2 – ring plane event the
SKR was absent. Consequently, the low frequency phenomena taking place during these
periods were not masked by the SKR. But before describing in detail the plasma waves
observed close to the ring plane, we shall briefly summarize the PRA–observations during
the Voyager l Titan flyby.
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Figure 6: PRA–fixed frequency intensity plots for most typical events in Tables 1 and 2
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Figure 7: Thickness and position of the IPT–tail as detected by the two Voyager (dots:
V1,fullboxes: V2) under the assumption that the observed emissions limit the tail–region.
Full and dotted lines refer to emissions at 20 kHz and at observed maximum frequency. The
histogram shows the positions for all measured emissions.

Figure 8: Meridian plane projections of Voyager 1 and 2 trajectories around closest approach to
Saturn.

2.2.1 Plasma Waves Observed Within Titan’s magnetospheric Wake

The PRA–observations during the Voyager 1 Titan flyby have been described in detail in
Daigne et al. (1982). A general overview of Titan’s magnetospheric interaction is given
in Neubauer et al. (1984).

During the Voyager 1 – Titan flyby, Titan was located within the Saturnian magneto-
sphere. In this case, the rotating magnetospheric plasma of Saturn sweeps over the moon
with a nominal velocity of about 200 km/sec, generating a magnetospheric wake.

Figure 9a shows the spacecraft trajectory relative to an idealized magnetospheric wake
structure. Figure 9b presents the PRA low frequency plots for the flyby period. We
point out two conspicuous features on these plots, the spiky bursts and the drop outs, i.e.
intervals without emission.
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Comparing with the magnetometer data, the spikes have been interpreted as electrostatic
waves, occurring at the local upper hybrid resonance, at the inbound– (59 kHz, 0538:53)
and at the outbound– (39 and 20 kHz, from 0543:29 to 0543:53) crossings of Titan’s
induced tail (Daigne et al., 1982). Hence we obtain maximum densities of ∼ 40 cm−3 and
∼ 20 cm−3, respectively, at the inbound– and at the outbound–edge of the wake.

In Figure 9b the emission in the 39, 59 and 78 kHz channels which starts around 05:43,
when Voyager exits the wake, was first interpreted as an independent radio emission from
Titan. But we (Daigne et al., 1982) compared the overall emission pattern, shown in
Figure 9, with the SKR – pattern for the three preceding Saturn rotations and with the
corresponding Voyager 2 – pattern and ruled out this possibility. The emission during
the Titan flyby was normal low frequency SKR, but during the drop outs perturbed by
propagation effects in enhanced density regions with Titan’s induced magnetic tail.

Figure 9: (a) Voyager 1 trajectory with respect to Titan’s magnetospheric wake. Black dots
indicate 4 min. – intervals. (b) PRA–fixed LF frequency plots around closest Titan fly–by (from
Daigne et al., 1982).
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2.2.2 Plasma Waves Observed Around the Saturnian Ring Plane

During the inbound Voyager 1 – ring plane crossing close to Titan, no evidence for
plasma waves showed up on the PRA–spectrum, perhaps due to the low frequency SKR–
component, as mentioned above.

The outbound Voyager 1 crossed the ring plane at the orbit of Dione and the Voyager 2
passed the ring plane just outside the G–ring.

Figure 10 shows the low frequency PRA–observation around the Voyager 1 ring plane
crossing. We commented on this spectrum in detail in Pedersen et al. (1981). The broad
banded emission (triangle signature) around the ring plane crossing (RC) is electron –
and ion shot noise as shown by Aubier et al. (1983). The electromagnetic (polarized)
emissions (1) and (2), preceding the RC, are respectively interpreted as VLF–emission
(f < fpe and f < fce) and Saturnian non–thermal continuum radiation, analogous to the
component, observed in the terrestrial magnetosphere (Kurth et al., 1981).

Plasma waves were identified below 60 kHz around the ring plane. A varying pattern of
gyroharmonics above the upper hybrid resonance was determined as already described
for Figure 2. Brief spiky bursts (•) were identified as waves at fuH , whereas smooth
emission humps of longer duration (×), situated between the gyroharmonics as deduced
from magnetometer data, were classified as accompanying (n + 1/2)fce harmonic waves.
The varying frequency of the electrostatic noise at fuH allows a direct estimate of the
electron density around RC (4 < R < 7RS), varying from about 1 el/cm3 outside the
ring plane to ∼ 20 el/cm3 at RC. This result has been confirmed by the plasma science
experiment (Scarf et al., 1984).

The emissions observed by the PRA–instrument during the unique Voyager 2 ring plane
crossing (see Figure 8) are shown in Figure 11. The broad banded ring plane noise has been
explained as grain shot noise, induced on the spacecraft body and the radio astronomy
antennas (Aubier et. al., 1983). By analogy with the Voyager 1 ring plane event we have
interpreted the unpolarized waves around the ring plane in the lowest PRA–channels as
(n + 1/2)fce – gyroharmonics (Warwick et al., 1982).

3 Discussion

Birmingham et al. (1981) attribute the plasma waves observed in the Io plasma torus
to the instability of a plasma, consisting of a “cold” background plasma and a “hot”
component. Free energy for the instability derives from a loss cone distribution of the hot
electrons, while the cold plasma provides a dielectric background, on which the unstable
modes develop.

The position of the (n+ 1/2)fce emissions relative to fuh along the Voyager trajectory is
an indicator of the cold to hot electron temperature ratio. The instability calculations
by Birmingham et al. indicate for the observations within the Io plasma torus (Figure 2)
that in addition to the cold plasma being much more dense than the hot, the temperature
ratio of cold and hot components TC/TH is increased by a factor of 4 in passing from the
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Figure 10: Fixed frequency plots (intensity in dB µV−1 kHz−1) of the lowest PRA frequencies as
a function of the distance (DS) from Saturn. CA denotes the point of closest approach and RC
denotes the ring plane crossing. The emissions observed throughout the period of frequencies ≥
60 kHz are due to freely propagating Saturn kilometric radiation (from Pedersen et al., 1981).
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Figure 11: Relative intensity measured at 13 selected PRA–frequency channels around Voyager
2 – ring plane crossing just outside the G–ring. The insert shows the field intensity spectrum
as measured at the peak of the ring plane event (0418 SCET) by the PRA–instrument and by
two channels of the PWS–experiment (from Warwick et al., 1982).
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inner to the outer side of the torus. This may be due to a heating of the cold electrons,
a cooling of the hot, or a combination of the two processes.

Now the plasma waves, observed close to the Jovian magnetic equatorial plane outside the
plasma torus, present the same characteristics as the plasma waves in the Io plasma torus,
but for a plasma environment with fpe À fce. This suggests that this two component
plasma within the torus is not confined to the orbit of Io, but also forms a very extended
tail, within which the source of free energy for the waves is provided by a loss cone
distribution of the hot electrons.

These equatorially confined plasma waves might be the source of Jovian narrowband
kilometric radiation (Kaiser and Desch, 1980), as it has been suggested by Kurth et al.
(1981). Indeed, accordingly to Kaiser and Desch the source region for this radiation near
100 kHz, emitted in a very narrow bandwidth (< 40 kHz), could lie near the equator
outside the Io Plasma torus near 8–9 RJ .

Figure 12: A schematic representation showing a hypothetical generation region of narrowband
kilometric radiation in the outside equatorial tail region of the Io plasma torus, where LF –
plasma waves are detected (from Kurth et al., 1981).

Kurth et al. (1981) have drawn analogies between this Jovian kilometric radiation
(nKOM) and the terrestrial escaping continuum radiation. Both kinds of radiation could
be generated by intense electrostatic waves near the local upper hybrid resonance fre-
quency in the source region. Similarly as the terrestrial continuum radiation is generated
just outside the dawn plasmapause, particularly near the equator, the source of Jovian
nKOM might be situated at the outer edge of the plasma torus (Figure 12).

In the same way, the plasma waves observed around Saturn’s ring plane might be the
origin of the narrowbanded emission in the same frequency range interpreted as escaping
continuum radiation ((2) on Fig. 10).

4 Conclusion

We have described the various kinds of plasma waves in the Jovian and Saturnian mag-
netospheres, as observed by the Voyager Planetary Radio Astronomy experiments. We
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have shown that the PRA–observations contribute in an important way to interprete low
frequency plasma wave phenomena above ∼ 20 kHz.

Presently, we are looking forward to the Voyager 2 encounter with Uranus (January 1986).
The detection of auroral hydrogen Lyman–Alpha emissions from Uranus (Clarke, 1982)
is a strong indication of the existence of a magnetosphere around the planet. No ra-
dioemission has been detected yet (October 1984) by the PRA–instrument. The future
observations of the nature and the location of plasma waves within a possible Uranian
magnetosphere by the PWS and the PRA – experiments will be important for understand-
ing the physics of a hitherto unknown kind of magnetosphere: the pole–on magnetosphere
(Siscoe, 1971).
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Discussion

Question:

Are there particle density differences between the Jovian daytime and nighttime observa-
tions? The Voyager spacecraft was in the Io torus at two different local times.

Pedersen:

You have seen that during nighttimes there are lower densities, so it seems that there is
no symmetry between daytime and nighttime.
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