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The wideband plasma wave data acquired by Voyagers 1 and 2 in Jupiter's magnetosphere frequently
contain a narrow-band emission of variable intensity whose upper frequency is below the lower-
frequency cutofl of the continuum radiation. We have found examples in over 400 wideband frames
taken outside the plasma sheet between 20 and 90 R, from the planet in the dayside and nighiside
magnetosphere. The narrow-band emissions do not appear to be electrostatic waves. If they are electro-
magnetic, they can be identified by relating their frequencies to the fundamental frequencies of the
ambient plasma and the solutions to the cold plasma dispersion relation. Since the electron plasma
frequency was not measured at the rate and accuracy we need, we attempt to infer it by testing two
hypotheses about the lower-frequency cutoff of the continuum. By analogy with terrestrial observations,
we assume that the continuum cutoff is either at the plasma frequency or the right-hand cutoff frequency
at which the right-hand polarized extraordinary mode cuts ofl. The measured electron cyclotron fre-
quency then enables us to determine the wave mode of the narrow-band emissions. More consistent
results followed from assuming the continuum cut off at the right-hand frequency. Under this assumption
the narrow-band emission falls between the left-hand cutoff frequency and upper hybrid frequencies,
which identifies the waves as the slow branch of the X mode, or the so called Z mode. This also implies
that the continuum is comprised of R-X mode waves where the Z mode is observed as a separate band,
since the L-O mode would fill the gap between the Z mode and continuum bands. As Voyager 1
approached the plasma sheet on March 8, 1979, the Z mode intensified and then disappeared on plasma
sheet entry. We interpret this as evidence of local Z mode generation.

I. INTRODUCTION

Early in the analysis of data from the Voyager plasma wave
instrument (PWS) obtained within Jupiter’s magnetosphere,
Gurnett et al. [1980] pointed out the existence of an intense,
narrow-band emission that was lower in frequency than the
Jovian continuum radiation and separated from the con-
tinuum spectrum by a distinct gap. Since in their case this
emission appeared below the electron cyclotron frequency (/)
it did not fit into the known categories of electrostatic instabil-
ities and was therefore regarded as a mystery. Continued pro-
cessing of the more than 11,000 frames of wideband plasma
wave data acquired by Voyagers 1 and 2 at Jupiter has re-
vealed over 400 examples of these emissions. In this paper we
will outline their general phenomenology and present our con-
clusions on the nature and significance of these waves.

These intense narrow-band emissions are a common but
highly variable feature of Jupiter’s middle magnetosphere and
have been found outside the plasma sheet between 20 and 90
R, from the planet. Although the amplitude of the continuum
radiation to which they are related changes slowly in time, the
narrow-band emissions are highly variable, with their power
fluxes varying by at least 4 orders of magnitude. The power
densities integrated over the bandwidths of the most intense
narrow-band emissions can be more than an order of mag-
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nitude larger than those of the much broader band con-
tinuum.

The fact that the frequency of the narrow-band emission
does not correlate with specific multiples of f, suggests to us
that the narrow-band emissions are electromagnetic rather
than electrostatic waves. Identifying the modes that propagate
in this band requires fitting the observations to the solutions
of the cold-plasma, electromagnetic dispersion relation. How-
ever, this necessitates a more precise and rapid determination
of the plasma frequency (f,) than can be obtained from the
Voyager plasma science (PLS) instrument. To overcome this
problem we apply different interpretations of the lower-
frequency cutoff of the continuum band to derive f, and look
for consistencies in the resulting narrow-band emission fre-
quencies. The best results were obtained when the continuum
cutoff was set equal to the right-hand cutoff frequency (fg).
Under this assumption the narrow-band emission consistently
occurs between the upper hybrid frequency (f,) and the left-
hand cutoff frequency (f,) (these frequencies will be defined
rigorously in the next section). This implies that the narrow-
band emission is probably in the Z mode (the slow branch of
the X mode) but also requires that L-O mode radiation be
absent from the continuum when the Z mode is observed as a
distinct band.

In section 2 we discuss how we selected events for further
study. since the selection procedure must be taken into ac-
count in understanding our results. Two examples of wide-
band data containing a broadband continuum, a gap. and the
narrow-band emission are introduced. and by comparing the
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spectral density of the broadband continuum previously re-
ported by Gurnett et al. [1980] with that measured when the
narrow-band emissions are present, we are able to demon-
strate that the lower-frequency band corresponds to an en-
tirely separate emission, while the higher-frequency radiation
is the continuum radiation previously reported by Gurnett et
al. [1980].

In section 3 we outline how we deduced the cutoff of the
continuum and identified the narrow-band emission as the Z
mode. By locating these waves on the Clemmow-Mullaly-Allis
(CMA) diagram [Stix, 19627, we discuss the implications of
this interpretation of the nature of electromagnetic radiation
in Jupiter’s magnetosphere.

In scction 4 we briefly indicate where Z mode radiation was
found in Jupiter’s magnetosphere and also where our selection
procedure would have made it difficult to find.

In section 5 we discuss our Z mode observations during the
plasma sheet crossing of March 8, 1979, where we believe we
have identified at least one generation region for the Z mode.

In section 6 we summarize our arguments and relate our
obscrvations to existing thcorics of Z mode generation in
Earth’s magnetosphere.

2. SELECTION OF EVENTS

Plate 1 shows two examples of the type of event we have
selected for study in this paper. The top and bottom panels
present 30 s of wideband plasma wave data from March 3,
1979 (Voyager 1), and July 6, 1979 (Voyager 2). Frequency is
given on the vertical axis, and wave intensity is indicated by
color (red for the most intense and blue for the least intense
signals). A broadband continuum is evident at the higher-
frequency portions of both panels. The continuum has a sharp
lower-frequency cutoff and is separated from the lower-
frequency narrow-band emission by a gap in which no waves
are detected. In the top panel the weak narrow-band emission
faded, disappeared, and then reintensified, while the con-
tinuum remained at a constant intensity throughout the time
interval shown, implying that the broadband and narrow-
band emissions behaved independently of one another. In the
bottom panel the narrow-band emission intensified as time
progresses. Although the broadband continuum appears to
have diminished in intensity and bandwidth as the intensity of
the narrow-band line increased, this was because of the auto-
matic gain control (AGC) amplifier in the broadband data
system, which normalizes each spectrum of the amplitude of
the strongest signal.

It should be noted that the narrow “absorption line” in the
top panel and the “emission line” in the bottom panel at 2.4
kHz are due to a spacecraft signal emanating from the power
supply which was only partially filtered out. The short, in-
tense, very low frequency bursts are also due to spacecraft
interference from the low-energy charged particle (LECP) ana-
lyzer stepper motor [Scarf et al., 1981]. These artifacts, which
will also appear in the data presentations to come, have no
scientific significance. They can, however, reduce the apparent
amplitude of the continuum and other waves modes due to
the AGC effect.

Figure 1 shows two examples of calibrated spectra obtained
from the wideband data system and averaged over 4 s. We
have superposed on the spectrum in the top panel (March 1,
1979) the dayside continuum amplitude plotted by Gurnett et
al. [1980, Figure 4]. The spectrum in the bottom panel, which
was acquired when Voyager 1 was in the nightside of Jupiter’s
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Fig. 1. Narrow-band plus continuum spectra. Two examples of

spectra acquired from the wideband data system in the dayside (top
panel) and nightside (bottom panel) of Jupiter’s magnetosphere are
shown. Superposed on the spectra are the measurements of the con-
tinuum spectrum made by Gurnett et al. [1980]. The dashed lines
indicate the extension of the continuum spectrum to frequencies
below which it was detected on March 1 and March 6, 1979.

magnetosphere, is compared with a nightside continuum spec-
trum [Gurnett et al., 1980].

Gurnett et al’s [1980] continuum spectra were not taken at
the same times as the individual wideband spectra shown.
However, the shape of the continuum spectrum is roughly
invariant, and its amplitude is gently modulated on 5- to 10-
hour time scales [Kurth et al., 1986]. Our primary interest
here is to show that the spectral shape of the continuum at
frequencies above those of the narrow-band emissions is simi-
lar to what has been found previously, whereas the narrow-
band emission appears to be distinctly different.

The examples in Figure 1 suggest that the spectral density
of the narrow-band emission can be comparable with that of
the continuum radiation, and in the case of the nightside ob-
servation in the bottom panel, the integrated narrow-band
amplitude exceeded that of the projected continuum spectrum
at that frequency

The fact that the narrow-band and continuum spectral den-
sities in these examples are comparable is partially due again
to the selectton process. If the narrow-band emission were
significantly less intense than the continuum, it would not
have been selected for study from inspection of photo-
graphically displayed wideband data such as that in Plate 1.
On the other hand, if the narrow-band emission were very
much more intense than the continuum, the AGC amplifier
would have suppressed the continuum in the wideband frames.

In sum, we searched the wideband plasma wave data for
events that display a broadband continuum with a lower-
frequency border, a gap wide enough to be identified, and a
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Plate 1. Examples of narrow-band emissions. This plate shows color spectrograms of two examples of the events
studied in this paper. Intensity is displayed on a color scale that ranges from blue (least intense) to yellow to red (most
intense). Because of the automatic gain control amplifier, the intensities are not absolute. The top panel shows a high-
frequency band of continuum radiation of roughly constant intensity, with a sharp lower-frequency cutoff, a gap, and an
intermittent narrow-band emission. An AGC effect is apparent near 1524:04 spacecraft event time in the lower panel,
where the spacecraft interference at low frequencies was so intense that it blanked out the continuum momentarily.
Moreover, as the intensity of the narrow-band emission increased, the intensity and bandwidth of the continuum appeared

to decrease.
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Fig. 2. CMA diagram. This figure shows the portion of the CMA

diagram [Stix, 1962] relevant to our study. In order 1o locate a given
wave in the CMA diagram, it is necessary to know the wave fre-
quency /, the electron cyclotron frequency, f,, and the electron plasma
frequency. f,. This portion of the CMA diagram is divided into eight
regions, numbered according to Stix [1962], by the five characteristic
frequencies, f,, f, the upper hybrid frequency, f;;, and the right- and
the left-hand cutofl frequencies, f, and f;. Phase velocity surfaces are
sketched in each region, and the polarizations for parallel (vertical)
propagation (right- to left-hand circular, R or L) and perpendicular
(extraordinary or ordinary mode, X or O) propagation are indicated.

narrow-band emission whose intensity must be roughly com-
parable to that of the broadband continuum. The data so
chosen were then subjected to further analysis. Thus we have
studied a selected data set. The implications of our selection
procedure will become clearer after we complete the analysis
of these data in the following sections.

3. IDENTIFICATION OF THE NARROW-BAND
EMiIssioN MODE

Although the amplitudes of the narrow-band waves may
vary and can often be more intense than the continuum, they
do not exhibit the bursty character associated with locally
generated and propagating electrostatic waves. Their morpho-
logical features—their lack of rapidly drifting temporal struc-
ture, their lack of harmonically related structures, and the
absence of a clear association of their frequencies with the
electron cyclotron frequency, its harmonics, and variations
thcrcof—make them dissimilar to the electrostatic waves
found in Earth’s and Jupiter’s magnetospheres. Thus we will
assume the narrow-band emissions are electromagnetic and
compare their frequencies with the predictions of the cold-
plasma dispersion relations. Figure 2 shows the portion of the
Clemmow-Mullaly-Allis diagram pertinent to our wave obser-
vations, using the solutions to the cold plasma, electro-
magnetic dispersion relation given by Stix [1962]. The CMA
diagram summarizes thc properties of these solutions in a
(f.2/f? f,2/f?) parameter space, where f is the wave fre-
quency, f. is the local electron cyclotron frequency, and f, is
the local electron plasma frequency. (We will consider those
wave frequencies for which the ions may be treated as a con-
stant charge-neutralizing background.) As is discussed in
detail by Stix [1962], the CMA diagram is divided into dis-
tinct regions according to where the waves propagating either
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parallel or perpendicular to the ambient magnetic field have
either resonances (n*> — ) or cutoffs (n* = 0) where n is the
index of refraction. A left-hand (L) and a right-hand (R) circu-
larly polarized mode propagate parallel to the magnetic field.
When ion motions may be neglected, their dispersion relations
are

2
n,_Z:L=1*—'—.f.p : (1a)
SU+1)
/‘2
R=R=1—-—E2— 16
" =7 ()

The R mode has a resonance (n*— oo) at f=f.. The R and L
modes have cutoffs (n? = 0) at the right- and left-hand cutoff

frequencies,
2\ 1/2
fR=%+<f,,2+‘%> (1c)
2 1/2
o= _fé+<c7 +fp2> (1d)

Hereinafter, we will use the terminology right-hand and left-
hand cutoff frequencies to denote the frequencies at which the
right-hand and left-hand parallel propagating waves have zero
index of refraction.

Two modes, termed the ordinary (O) and extraordinary (X)
modes, propagate perpendicular to the magnetic field. Their
dispersion relations are

n()2=]_fp2/fz

2 _ g2 RL
nxz — (f - .fc.)l (Zb)
f2=ry
where R and L are defined in (la) and (1b) and f,; is the
so-called upper hybrid frequency

Tu? =12+ 12

Note that fi =/, > f,. The O mode cuts off at the plasma
frequency (f=f,). and the X mode has a resonance at the
upper hybrid frequency.

The five characteristic frequencies, fg, fp. f,» f.» and f; divide
the high-frequency portion of the CMA diagram shown in
Figure 2 into distinct regions. The plasma and cyclotron fre-
quencies are the vertical and horizontal dotted lines, respec-
tively. The upper hybrid frequency is indicated by the solid
line to the left of the plasma frequency. The right-hand and
left-hand cutoff frequencies are the dot-dash line to the left of
the hybrid frequency and the solid line to the right of the
plasma frequency, respectively. The numbers in square boxes
denote the regions of the CMA diagram defined by Stix
[1962]. The sketches inside regions 1-4 summarize the propa-
gation properties of the wave modes predicted by the cold-
plasma electromagnetic dispersion relation. The small draw-
ings characterize the dependence of the phase velocity on the
angle between the wave propagation vector and the direction
of the external magnetic field, which is taken to be vertical.
The small letters indicate the wave polarization, right-hand
(R) or left-hand (L) circularly polarized propagating parallel to
the magnetic field and ordinary (O) or extraordinary mode (X)
propagating perpendicular to the magnetic field.

Free-space propagating radio waves of all polarizations can
exist simultaneously in region 1 but have different low-
frequency cutoffs. The continuum radiation at Earth has been

(2a)

(2¢)
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shown to be a mixture of free-space R-X and L-O mode waves
[Gurnett and Shaw, 1973; Shaw and Gurnett, 1980], and polar-
ization measurements from spinning spacecraft have identified
two cutoff frequencies. As can be seen in the CMA diagram,
the R-X mode has a cutoff at fi, below which only the L-O
mode can propagate. At Earth the L-O mode component of
the continuum cuts off at f, [Shaw and Gurnett, 1980], and
since fr > f,, the low-frequency cutoff of the continuum is
often used to determine the local plasma density.

The Z mode [Lembege and Jones, 1982] which will be of
interest is the X mode branch which lies in regions 3 and 4
between the upper hybrid and left-hand cutoff frequencies.
Note that the Z mode is X only in region 3 and L-X in region
4. Tt is R-X in region 6a and L-X in region 7.

Of the three parameters, f, f,, and f,, needed to locate a
given wave in the CMA diagram, the plasma wave instrument
measures the wave frequency, f, directly, and the electron
cyclotron frequency, f,, can be derived from the Voyager mag-
netometer measurements. However, the PLS does not deter-
mine the plasma frequency to the 100-Hz accuracy we will
need and requires 96 s (twice the duration of a wideband
frame) to complete one measurement. Thus we do not know
the electron plasma frequency. In order to locate the narrow-
band emission in the CMA diagram, we will test different
assumptions about the cutoff frequency of the continuum to
see which provides the most consistent interpretation of
narrow-band emission.

The two most logical choices for the continuum cutoff are fi
and f,. Plate 2 shows an example where we have tried both
interpretations and then derived the other fundamental fre-
quencies. The measured cyclotron frequency, which is indicat-
ed by “C,” is obviously the same in both solutions. The solu-
tion set labeled by primes assumes the continuum cuts off at
f,» labeled by “P”; the other, unprimed, solution set assumes
the continuum cuts off at fg, indicated by “R.” The other
important quantities, f;; and f;, are labeled by “H” and “L,”
respectively. As one can see, in the conventional (“primed”)
analysis the narrow-band emission lies above f, and below f,
which is a region of no propagation for electromagnetic
waves. The alternate analysis puts the emission largely in the
Z mode band between f; and f,. The peak in the low-
frequency band occurs near our estimate of f;;, and the inten-
sity falls very rapidly above this frequency.

Plate 3 shows another, more complex example, which we
have also subjected to the above analysis. In this case the
low-frequency cutoff of the continuum band increased with
time, while magnetometer data shows the B field remained
constant. The narrow-band emission was present initially,
then disappeared as the continuum cutoff frequency increased,
and finally reappeared as a short burst with a higher fre-
quency. The labels R, H, etc., to the left- and right-hand sides
of the wideband frame denote our solutions for the first and
second narrow-band emissions, respectively, assuming the
continuum cut off at f,. The spectral density for the second
narrow-band emission is displayed in the lower right panel.
Both the first and second narrow-band emissions lay within
the Z mode band, in other words, between the left-hand cutoff
frequency and the upper hybrid frequency. The spectrum
shown in the lower left panel corresponds to a time when no
Z mode was present; the characteristic frequencies could not
be obtained for this interval.

The magnetic field strength did not change over the time
interval displayed in Plate 3, while the plasma density clearly

KENNEL ET AL.: JOVIAN Z MODE RADIATION

increased. It is significant that the narrow-band emission in-
creased in frequency. Thus the narrow-band emission was not
keyed to the magnetic field, as one might expect for an odd
half-harmonic electrostatic wave.

Plates 4 and 5 complete the analysis of the events in Plate 1.
In Plate 4 the narrow-band emission was present throughout
the 48-s data display and intensified as time progressed. The
4-s average spectrum in Plate 4 was taken at the time when
the narrow-band emission was the most intense, as may be
inferred from the strong AGC suppression of the continuum
band between seconds 36 and 40. In this case the narrow-band
emission had a peak spectral density 2 orders of magnitude
larger than the peak spectral density of the continuum. Our
solutions for the right-hand (R) and left-hand (L) cutoff fre-
quencies and the upper hybrid frequency (H) are shown. Once
again, the narrow-band emission filled the allowed range of
frequencies for the Z mode. Plate 5 shows an intermittent Z
mode emission which had a much smaller frequency band-
width than did the cases shown earlier. Its spectral density was
comparable with that of the continuum. In this case the
narrow-band emission was contained within, but did not fill,
the range of frequencies available to the Z mode.

The individual spectra presented earlier seemed to indicate
that the Z mode amplitude tended to peak near the upper
hybrid frequency, whereas the rougher frequency estimates ob-
tained from wideband displays plotted in Figure 3 do not
show this tendency. In the next section we will show spectra
taken near a possible Z mode source which peak at the local
cyclotron frequency.

Figure 3 summarizes the results of numerous analyses of
wideband data such as those shown in the previous figures. In
the top panel of Figure 3, we assumed that the continuum
radiation cuts off at f; and then plotted the center frequencies
f of the narrow-band emissions as a function of f/f, and f/f,.
The allowed parameter range for the Z mode, which is above
the left-hand cutoff frequency f; and below the upper hybrid
frequency fy, is shaded. In the middle panel of Figure 3, we
plotted the same data in the same format, but now assuming
that the continuum cuts off at the plasma frequency f,.

If the continuum cuts off at fg, then nearly all the emission
frequencies lie in the Z mode band, and the remaining ones
are sufficiently near the Z mode band that errors in our visual
estimation of the center frequencies may account for the dis-
crepancies. On the other hand, if the continuum cuts off at f,
the data are grouped around the left-hand cutoff frequency,
with a significant portion below f;, where electromagnetic
waves would not be expected.

We can also ask whether the bandwidth of the observed
emissions, estimated visually from wideband data displays, fits
within the Z mode band, as the individual analyses in Figure 2
and Plates 2-5 suggest. The bottom panel of Figure 3 shows a
number of bandwidth estimates, taken from a randomly se-
lected subset of our narrow-band emission events, assuming
that the continuum cuts off at f;. By and large, the observed
bandwidths are in the Z mode band, but it is clear that the
emissions do not always fill the band.

Figure 3 also reveals the range of normalized emission fre-
quencies isolated by our selection procedure. The top panel of
Figure 3 indicates that we found Z mode emissions in the
ranges 0.8 < f/f, < 1.8 and 0.5 < f/f, < 7. The large majority
of the Z mode emissions we found were above the electron
cyclotron frequency, and our sample shows no obvious re-
lationship to the cyclotron frequency, its harmonics, or half-
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Plate 2. Two possible CMA solutions. The top panel shows a wideband frame containing continuum radiation, a gap,
and a narrow-band emission of variable intensity. The bottom panel shows a 4-s average spectrum obtained between
seconds 42 and 46 of the above data display. The instantaneous cyclotron frequency is labeled by C. The CMA solution
labeled by primes was obtained assuming that the continuum cut off at the plasma frequency (P); the solution in bold
letters assumed that the continuum cut off at the right-hand cutoff frequency (R). The left-hand cutoff and upper hybrid
frequencies are denoted by L and H, respectively.
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Plate 3. CMA solutions for a complex event. The format of this diagram is similar to that of Plate 2. The top panel
shows an event in which the continuum cutoff frequency increased with time and the intermittent narrow-band emission
frequency also increased. The labels R, H, P, C, and L denote the CMA solutions corresponding to the first (left side) and
second (right side) narrow-band emissions. We assumed that the continuum cuts off at f,. The lower left panel shows a 4-s
average spectrum acquired just after the first narrow-band emission ended. The lower right panel shows the spectrum, plus
the CMA solution, for the most intense portion of the second narrow-band emission.
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VOYAGER 2
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Plate 4. Intense Z mode event. This plate completes the analysis of the bottom panel of Plate 1. The 4-s spectrum at
the bottom was acquired when the narrow-band emission was the most intense. Its peak spectral density was about 2
orders of magnitude larger than that of the continuum. Our CMA solution for the characteristic frequencies f, fy, and f;,
are also shown. The narrow-band emission filled the entire frequency range available to the Z mode.
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Plate 5. A narrow-band Z mode event. This plate completes the analysis of the top panel of Plate 1. In this case the Z
mode emission does not fill the frequency range between f; and f,.
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Fig. 3. Ensemble of CMA solutions for narrow-band emission
center frequencies and bandwidths. The top panel shows the CMA
solutions obtained assuming the continuum cuts off at f,, for center
frequencies of the narrow-band emissions that were visually estimated
from wideband frequency-time displays. The middle panel shows the
CMA solutions obtained for the same center frequencies assuming
that the continuum cuts off at f,. The Z mode propagation band,
which is bounded below by f; and above by f, is shaded. The bottom
panel shows visually estimated bandwidths in the same format as the
top panel of Figure 3, assuming the continuum cuts off at f;. The
bandwidths fall within the Z mode propagation band, to the accuracy
that we can estimate the bandwidths from frequency-time data dis-

plays.

harmonics. Furthermore, since the majority of our events had
f>f., we can say that it was certainly region 2 L-O mode
radiation that had to be absent in order for a gap to separate
the lower border of the continuum from the Z mode band.
About half the Z mode emissions in the top panel were above
the local plasma frequency, and half were below it. Thus the Z
mode emissions we found were roughly equally divided be-
tween regtons 3 and 4 of the CMA diagram.

It should be emphasized that we did not analyze a properly
weighted “deep” sample of data, but we simply plotted the
inferred center frequencies of those events we selected to study.
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It would have been difficult to find events either when f, > f,
or when f, > f,, for then f and f,, would have been close
together, and the gap between the lower-frequency cutoff of
the continuum and the Z mode band would have been hard to
identify. This may be seen by computing the normalized band-
width of the gap between the continuum cutoff and the Z
mode band in the limits of f, > f, and f, > f,:

2<fR fH> 1A
Settu) 1,

Fe—ta\ 1V ,
2 3( £
<fR +.fﬂ> <1;> Je> 1y

It is also useful to compute the normalized maximum band-
width of the Z mode in the same two limits:

Jp> S (3a)

(3b)

AN .
<f,,+fL> 5 “a)
f"l fL ~ N

Thus when f, > f,, the Z mode would be an extremely narrow-
band emission separated by a narrow gap from the continuum
cutofl. When f, >>fp, the Z mode could be broadband, but it
would still be separated by a narrow gap from the continuum
cutoff.

As we have stated ecarlier, the Voyager PWS instrument is
unable to measure directly the polarization of either the con-
tinuum or the narrow-band emission, but recently, Leblanc et
al. [1986] have reported polarization measurements of
“continuum-like” emissions by the Voyager planetary radio
astronomy experiment (PRA). The PRA determines wave po-
larization by measuring the phase difference between signals
in the two Voyager antennas, which have an angular separa-
tion of 90°. This is possible for the PRA, which employs the
antennas as two monopoles, while the PWS uses the same
antennas as a single dipole. Leblanc et al. [1986] have identi-
fied emissions occurring in the 1.2-kHz PRA channel as con-
tinuum and determined that the waves are primarily left-hand
polarized. Unfortunately, the bandwidth of their 1.2-kHz
channel is about 1 kHz, and the PWS wideband data present-
ed here reveal the complexity of the wave spectrum in this
frequency range. Consequently, it is difficult to ascertain to
which wave mode their results apply. For example, the Z
mode in regions 6 and 7 of the CMA diagram can be left-hand
polarized, so it is not clear that the Leblanc et al. [1986]
results apply to the lower-frequency border of the continuum
band.

4. SpATIAL DISTRIBUTION OF Z
MODE OBSERVATIONS

The narrow line in Figure 4 shows the trajectory of Voyager
1 plotted in Jovian magnetic dipole coordinates for the period
of time that Voyager 1 was within 80 R, of Jupiter. The dis-
tance Z above the magnetic dipole equator is plotted against
L, the distance from the center of the planet at which the
Voyager 1 field line crosses the magnetic equatorial plane.
Both distances are expressed in units of Jovian radii (R;). The
open circles denote the time 0000 spacecraft event time
(SCET) on successive days of the year 1979, with the day
number indicated next to each circle. The heavier lines indi-
cate where Z mode emissions were found in the majority of
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Fig. 4. Z mode spatial occurrence: Voyager 1. The narrow line shows the trajectory of Voyager 1 in Jovian magnetic
dipole coordinates. The distance Z (in Jovian radii) above the magnetic dipole equator is plotted against L, the distance in
Jovian radii from Jupiter’s center at which the Voyager 1 field lines cross the equator. The open circles denote the time
0000 SCET on successive days of the year 1979. The day number is indicated near each open circle. The heavier lines
superposed on the trajectory curves indicate where Z mode emissions were found in the majority of the wideband frames

acquired during the given period of time.

wideband frames in the given time interval. Figure 5 is the
corresponding plot for Voyager 2.

The data shown in Figures 4 and 5 were not normalized to
the duration of each event or to the rate of acquisition of 48-s
wideband frames in any time period, nor have we made a
complete search of all 11,000 wideband frames for Z mode
events. Thus Figures 4 and 5 cannot represent occurrence
probabilities and are intended only to convey a visual im-

VOYAGER 2

pression of where we happened to find Z mode radiation.
Nonetheless, we can draw one conclusion: Z mode radiation
is a common featurc of Jupiter’s middle magnetosphere. All
the events shown occurred between 20 and 60 R, (one event,
not shown, was found at 90 R,), and there is no apparent
dependence on the distance Z. The fact that no Z mode radi-
ation was found within 20 R, may reflect the fact that f, > f,
there, so that the gap between the continuum cutoff at f, and
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Fig. 5. Z mode spatial occurrence: Voyager 2. This plot is the Voyager 2 analog of Figure 4.



KENNEL ET AL.: JOVIAN Z MODE RADIATION

the Z mode below f,; narrows and becomes difficult to spot.
Similarly, we may not have found Z mode emissions in re-
gions where f, > f, such as the lobes of Jupiter’s magnetic tail.

5. PrasmA SHEET CROSSING OF MARCH 8, 1979:
PROPERTIES OF Z MODE RADIATION
AT A POSSIBLE SOURCE

Plate 6 shows a composite frequency-time display of plasma
wave data formed by joining together the spectra from numer-
ous 48-s wideband frames. The small white bars at the top of
each panel of Plate 6 indicate the time periods for which 48-s
wideband data were acquired. The spaces between the white
bars were filled in by making 48-s average spectra for each
frame acquired and interpolating in the intervals where no
data were collected. The top panel of Plate 6 shows a fully
interpolated data display, whereas those periods where the
intervals between acquired data frames were sufficiently long
to render the interpolation questionable were deleted in the
bottom panel of Plate 6.

Voyager 1 traversed the nightside plasma sheet during the
time interval shown in Plate 6. The plasma sheet crossing is
immediately evident in the rapid increase in the lower con-
tinuum cutoff frequency beginning near 0600 SCET, which we
attribute to an increase in the electron density. The continuum
cutoff frequency rose to a peak of about 2 kHz near 0622
SCET and then diminished, and Voyager 1 exited the plasma
sheet at 0645 SCET. An intense Z mode band was found on
either side of the plasma sheet but not inside it.

Figure 6 presents a more detailed view of the plasma sheet
crossing in Plate 6. The middle panel, which shows the time
profile of the magnetic field from about 0552 SCET to 0648
SCET, confirms our identification of a plasma sheet crossing.
The eight surrounding panels show portions of wideband data
frames acquired at the times indicated. The frequency scales of
these panels have been adjusted so as to contain the lower-
frequency cutoff of the continuum radiation. Panels 3, 4, 5,
and 6, which were acquired within the plasma sheet, contain
little or no Z mode radiation, while panels 1 and 2 and 7 and
8, which were acquired at the edges of the plasma sheet, clear-
ly display an intense Z mode band. Since f, » f, inside the
plasma sheet, (3) and (4) suggest that Z mode radiation would
be concentrated in a narrow band very near the lower cutoff
of the continuum. The features below the continuum on
panels 3, 4, 5, and 6 do not have this character and are not in
the Z mode.

The top panel of Plate 7 shows a frequency-time display for
the time interval corresponding to panel 2 of Figure 6, during
which the Z mode radiation terminated on the inbound pass
into the plasma sheet. Figure 7 shows the magnetic field data
for the first 24 s of the 48-s wideband display. The continuum
cutoff increased from below 750 Hz to above 1000 Hz during
these first 24 s, while the magnetic field strength decreased
from 17.5 yatt = 0sto 16 y at t = 24 s, presumably owing to
an increasc in plasma pressure. The Z mode radiation disap-
peared precisely when the continuum cutoff frequency was
increasing the most rapidly. Note that just before it disap-
peared, the Z mode increased in intensity, as evidenced by the
apparent disappearance of the continuum owing to the AGC
effect.

The left-hand panel of Figure 8 shows 4-s average spectral
densities, in V2/m2-Hz, obtained from electric field channel
data, for the intervals 04 s, 8-12 s, and 16-20 s, in Plate 7.
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These intervals, which we label as 1, 2, and 3, respectively,
correspond to times when the Z mode and the continuum
appeared together in the wideband frames, when the Z mode
was so intense that it triggered the AGC filter, and when only
the continuum appeared. All three spectra had the same am-
plitude above 1.78 kHz, showing that the continuum ampli-
tude actually remained constant and that all the variations in
the frequency-time spectrogram were due to variations in the
Z mode spectral density. The 562-Hz spectral density rose
from 6 x 1072 (interval 1) to 1.2 x 107 '° (interval 2) and
then dropped to 1.5 x 107 !* (interval 3); thus the 562-Hz
spectral density increased by a factor of 20 and then decreased
by a factor of 10,000, all in the brief period of 20 s. Earlier, the
562-Hz spectral density had varied over the range 107! to
1077, in the last 4 min before the Z mode radiation disap-
peared.

The right panel of Figure 8 presents the same spectral infor-
mation in a format designed to illuminate the relative energy
densities in the Z mode and continuum bands. To this end, we
multiplied the electric field spectral density by the channel
frequency, f, divided by 8=, and converted to units of ergs per
cubic centimeter. This method of data display is often used in
astrophysics, because it enables one to estimate at a glance the
relative energy densities in logarithmic frequency intervals.
The energy densities in the Z mode and continuum bands
were roughly equal in time interval 1, when both bands were
visible in the frequency-time spectrogram; the energy density
in the Z mode band was roughly a factor of 30 larger in
interval 2. The largest Z mode energy density encountered on
the approach to the plasma sheet was about 200 times that of
the continuum.

Having established that all three spectral densities are the
same above 1.78 kHz, we may now estimate the peak spectral
density in the Z mode band more accurately. Figure 9 shows
individual 4-s average spectra acquired by the wideband
system for the intervals 1, 2, and 3. The AGC effect has been
removed by requiring the spectral densities to be the same at
1.78 kHz for all three intervals. The peak of the Z mode band
was about half-way between the 310-Hz and 562-Hz channels
of the plasma wave spectrometer, so that neither channel ob-
tained an accurate measurement of the peak spectral density.
The peak Z mode spectral density actually exceeded 10°°
V?2/m?-Hz during interval 2.

Using the magnetic field data in Figure 7 and the detailed
spectra in Figure 9, we can now solve for the characteristic
frequencies pertinent to the first and second time intervals,
assuming that the low-frequency cutoft of the continuum is fj.
These frequencies are indicated by solid circles and are labeled
by R, H, P, C, and L in decreasing order of frequency. The
electron cyclotron frequency was about 475 Hz during interval
1, and we estimate the right-hand cutoff frequency to have
been 620 Hz, as indicated. From these values it follows that f;
was 145 Hz, f, was 300 Hz, and f; was 560 Hz. Approximately
4 s later, in interval 2, f, had increased to about 750 Hz, and f,
had decreased to 465 Hz. It follows that f, increased to 464 Hz
(so that the electron density had increased by about a factor of
2.4), fy; increased to 625 Hz, and f; increased to 250 Hz. Thus
in interval 1 the ratio f,/f, was about 0.6; when the Z mode
band was its most intense, f,//, was about unity, and as f,/f,
increased further, the Z mode disappeared. The Z mode spec-
tral density peaked at the electron cyclotron frequency in both
intervals.
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Plate 6. Plasma sheet crossing on March 8, 1979: an overview. The small white bars at the tops of both panels
indicate periods where a continuous sequence of 48-s wideband data frames was acquired. The spectra were mathemat-
ically interpolated in the intervening periods in which no data were acquired to synthesize a frequency-time display that
extends from 0537-0719 SCET. Voyager 1 passed through the plasma sheet during this interval. The top panel shows a
fully interpolated frequency-time display, whereas the regions where we believe the interpolation is unreliable have been
deleted in the bottom panel.
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Fig. 7. This figure shows the magnctic field strength measured
during the interval + = (24 s of the wideband frame in Plate 7. The
magnetic field strength decreased from 175 yatr — 0o 16 yatt — 24
N,

6. SUMMARY AND DiIscussiox

This paper presents initial results of a survey of PWS wide-
band frames that exhibit a narrow-band cmission below the
low-frequency cutoff of the continuum band. These waves
were first reported by Gurnett et ol [1980], and our analysis of
over 400 wideband frames has enabled us to identify them as
the Z mode.

It is unlikely that the narrow-band emissions are clec-
trostatic waves, since their {requencies have no apparent re-
lationship to the electron cyclotron [requency, its harmonics,
or vanations in the magnetic field strength. If they are electro-
magnctic waves, then their identity might be revealed by com-
paring their frequencies and bandwidths with solutions of the
cold-plasma, electromagnetic dispersion relation. In the ab-
sence of precise plasma densities from the PLS for each frame,
we have tested two different interpretations of the continuum
cutoff frequency to determine f. The data are organized best
when the continuum cutoff is chosen to be fgp: then the
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narrow-band emission consistently lies below f, and above f}.
The significance of this result is twolold. First, the narrow-
band emission is probably the Z mode. Second, in order for a
gap to exist between fp und f, the continuum must be devoid
of L-0 mode waves at low [requencies.

This interpretation of the continuum cutofl has major
consequences for the implied composition of continuum radi-
ation at Jupiter. If the continuum were pure L-O mode, it
would not be present below the plasma frequency. A Z mode
superposed on the L-0 continuum would extend above and
below the lower-frequency border of the L-0 ¢ontinuum. If the
continuum were an equal mixture of R-X and L-( mode, its
intensity would diminish by half at the right-hand cutoff fre-
quency and disappear at the plasma frequency. A Z mode
emission sueperposed on an R-X, L-O continuum would again
overlap the lower-frequency border of the continuum band. If
the lower border of the continuum were pure R-X mode, the
continuum would disappear at the right-hand cutoff fre-
quency. In this case a Z mode emission would appear as a
narrow band between the left-hand cutoll and upper hybrid
frequencies, separated by a distinct gap from the R-X con-
tinuum band. Thus the Z mode and the continuum will be
separated by a gap only if the continuum is R-X mode. This is
quite unlike terrestrial continuum radiation, which is a nearly
equal mixture of R-X and L-O mode waves. Our results also
directly address the concerns of Gurnett et al. [1981], who
based their estimates of the density in Jupiter's magnetosphere
on the assumption that the continuum cuts off at the local
piasma {requency, namely, that the continuum contains -0
mode and that there is no lower-frequency cutofl’ on the prop-
agation path between the radiation source and the spacecrailt.

YOYAGER 1 MARCH 8, 167¢
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Wave spectral and energy densities obtained from channel data. The left-hand panel shows the 4-s average

spectral density measured by the 16-channel spectrometer for the times ¢ = 0 4, 8 12, and 16-20 s, labeled as 1, 2. and 3,
respectively. The right panel shows the same data. now plotied as an energy density. which was obtained by multiplying
the spectral density by the frequency, dividing by 8 z, and converting to units of ergs per cubic centimeter.



9994

KENNEL £T AL.: JOVIAN Z MODE RADIATION

VOYAGER 1 MARCH 8, 1979

90-11 4
(v2rm2-H2)

1012 4

10713 4

p.C

10714 .
100

. 3
1000 10000

FREQUENCY(Hz)

Fig. 9.

Wave spectral densities and characteristic frequencies obtained from wideband data. This figure shows the

spectral densities obtained from wideband data for the same three time intervals as in Figure 8. The AGC effect was
removed by requiring all three spectra to have the same density at 1.78 kHz. The peak of the Z mode was between the
311- and 562-Hz channels, so that neither one measured the peak spectral density accurately. The CMA solutions for the
intervals t =0 4 and 8 12 s are indicated by solid circles and labeled as in Plate 2.

For the events we studied here, their ¢caveat about the compo-
sition of the continuum was justified, which suggests that the
plasma density estimates obtained earlicr may need meodifi-
cations when the electron cyclotron and plasma frequencies
are comparable, such as, for example, in the lobes of Jupiter’s
magnetic tail.

The only conclusive way to determine the wave modes com-
posing the continuum spectrum is to measurc the wave polar-
ization. The dipole antenna of the PWS instrument can only
determine the wave polarization when the spacecraft rotates;
however, since the Voyager spacecraft are three-axis stabilized,
this only occurs during scheduled maneuvers. The planetary
radio astronomy (PRA) receiver does measure wave polariza-
tions at 1.2 kHz through two monopole antennas, but it does
not have the frequency resolution to differentiate between the
continuum and the Z mode bands.

We cannot draw the conclusion that the Jovian continuum
never contains L-0 mode radiation. First of all, it is possible
that L-O mode is present in the Jovian continuum, but not at
the low-frequency cutofl. Moreover, our data were selected
because a gap separated the continuum band from the Z
mode band, and the CMA diagram tells us that L-O mode
radiation must be absent for this to happen. Thus we can only
say that L-O mode radiation is sometimes absent from the
low-frequency Jovian continuum but may very well be present
at other times. Indeed, Moses et el [1987] have studied an
event in which a roll maneuver enabled a measurement of the
polarization of the waves near the lower-frequency cutoff of
the continuum band. They found that region 6a -0 mode
radiation was present in the continuum down to the plasma
frequency and that a region 7 Z mode extended to lower
frequencies. Their measurements of thc Z mede were in the
lobes of Jupiter's magnetic tail, where £, » f,, corresponding to

a different region of the CMA diagram than did the Z mode
radiation in the present study.

We also cannot say that we have found all the types of Z
mode events in Jupiter's magnetosphere. Not only can we
havc missed those that occur in conjunction with an L-0 con-
tinuum component, but we selected evenls for which electron
plasma and cyclotren frequencies were comparable. We may
have missed events within 20 R,, or deep in Jupiter’s magnetic
tail, where f_/f, is nol near unity.

We may estimate the sirength parameter of the Z mode
electric field for the March 8, 1979. plasma sheet crossing to
be

E* 2x 107%
8anT, TleV)

(5

where we took the electric field energy density to be aboul
one-half the peak value at 562 Hz in interval 2 and inserted
our measured electron density, n = 4 x 10 * cm ™ The elec-
tron temperature, 7., is cxpressed in units of electron volts.
Since the cold electron temperature is typically 30-160 eV at
the outer edges of the Jovian plasma sheet [Scudder et al,
1981; E. C. Sittler, private communication, 19861, the Z mode
strength parameter was at least 107° just before Voyager 1
cntered the plasma sheet. It rosc above 10 * on the approach
to the plasma sheet.

These Z mode strength paramelers are comparable with
those typically found for electrostatic waves, which are usually
107 % or smaller. This is particularly impressive given that the
clectromagnetic Z mode has phase and group speeds near the
speed of light, whereas electrostatic waves propagate slowly.
The 7 mode strength parameter can be much larger still in the
low-density lobes well away from the plasma sheet, where the
electron density is at least an order of magnitude smaller, and
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the Z mode energy density at very low frequencies is even
larger [ Moses et al., 1987].

The observations reported in section 5 may have some bear-
ing on how and where the Z mode is generated. The extreme
intensification of wave energy in the Z mode band near the
edge of the plasma sheet coupled with absence of Z mode
radiation in the sheet strongly suggests that the boundary
between tail lobe and plasma sheet is a Z mode generation
region, The plasma sheet is known to be a region with en-
hanced densities of higher-energy particles [Scudder et al,
1981: Krimigis et al, 19817 which possibly provide the free
energy for wave generation. The Z mode radiation spectrum
near this possible generation region peaked at the electron
cyclotron frequency and was the most intense when the elec-
tron cyclotron frequency equaled the plasma frequency. 1t is
unlikely that it propagated directly from a source that orig-
inally generated electrostatic upper hybrid waves, as Lembege
and Jones [1982] have proposed for the production of con-
tinuum, since no electrostatic activity at the upper hybrid fre-
quency was detected. Budden and Jones [1987] have recently
extended the theory of the gencration of terrestrial continuum
radiation by the linear conversion of Z mode radiation in
density gradients.

It has been suggested that terrestrial Z mode radiation [ Gur-
nett et al., 1983] might be generated by the cyclotron maser
instability [Wu and Lee, 1979: Wu, 1981; Wu et al, 1981,
1982; Dusenherry and Lyons, 1982, Hewitr et al., 1982, 1983;
Melrose et al., 1982: LeQueau et al., 1984 Omidi and Gurnett,
1982: Omidi et al., 1984; Pritchetr, 1984a. b]. Most of the
mstability calculations have been motivated by observations
of terrestrial kilometric radiation, which is thought to be gen-
erated in regions where f « f,. The calculations of Hewitt et
al. [1983] and Melrose et al. [1982] are particularly pertinent
to our observations. Using mildly relativistic electron distri-
bution functions appropriate to terrestrial auroral field lines,
Melrose et al. [1982] calculated and compared the convective
and nonconvective growth roles of obliquely propagating X,
Q. and Z modes. They found that the X mode dominated
when f, <% [ when f > 1 f, the Z mode had the largest
convective growth rate. However, Hewitt ¢t al. [1983] found
that the Z mode was generated between /. and fj,, whereas the
Z mode at the plasma sheet outer boundary in Plate 7 and
Figures 7. 8, and 9 was more or less symmetrically peaked at
the electron cyciotren frequency. Thus while Melrase et al.
[1982] predict that Z mode will be preferentially generated
when f, = f,. which is consistent with our observations, their
predicted frequency band differs from what we observed in at
least one case. We alse note that some of the events in Figure
3 had f» f: however, these may have been detected away
from their source regions. In order to pursue this topic further,
it will be necessary to ascertain whether the mildly relativistic
clectrons near the boundaries of the Jovian plasma sheet have
free-energy sources appropriate for wave growth and to per-
form more realistic instability calculations that are suited to
the Jovian environment,

Our study raises many more questions. For example, the
continuum is always present in Jupiter's magnetosphere, and
its spectral distribution above its lower-frequency cutofl is
gently modulated with 5- and 10-hour periods [Kurth et al,
19867. In contrast, the Z mode is somctimes present for lens of
minutes and sometimes comes and goes on time scales of
secconds. The power flux of the Z mode varies by at least 4
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orders of magnitude, and its integrated power can sometimes
exceed that of the continuum by an order of magnitude or
more; sometimes, 1 is energetically insigniticant in relation to
the continuum. Arc the intermittency of Z mode events and
their variable intensity due to variability at the Z mode
source(s) or Lo variable propagation conditions between the
source(s) and the spacceraft? The plasma sheet is probably not
the only scurce of Z mode radiation, because the Z mode
radiation in the lobes of the magnetic tail has a frequency
much below that encountered at the edges of the plasma sheet.
What are the source(s) of tail lobe Z mode and continuum
radiation? When is the L-O mode a part of the Jovian con-
tinuum. and when is it not? These questions remain for the
future.
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