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ULF Waves in the Io Torus: Ulysses Observations

NaIcuo LIN,! P. J. KELLOGG,! R. J. MACDOWALL,? Y. MEI,® N. CORNILLEAU-WEHRLIN,*
P. CANU,* C. DE VILLEDARY,* L. REZEAU,* A. BALOGH,® AND R. J. FORSYTH®

Throughout the Io torus, Ulysses has observed intense ULF wave activity in both elec-
tric and magnetic components. Such ULF waves have been previously suggested as the
source of ion precipitation leading to Jovian aurorae. The peaks of the wave spectra
are closely related to the ion cyclotron frequencies, which is evidence of the waves being
ion cyclotron waves (ICWs). Analysis of the dispersion relation using a multicomponent
density model shows that at high latitudes (~ 30°), peak frequencies of the waves fall
into L mode branches of guided or unguided ICWs. Near the equator, in addition to the
ICWs below f c0++ there are strong signals at ~10 Hs which require an unexpectedly
large energetic ion temperature anisotropy to be explained by the excitation of either con-
vective or nonconvective ion cyclotron instabilities. Their generation mechanism remains
open for the future study. Evaluation of the Poynting vector and the dispersion relation

analysis suggest that the waves near the equator

a small wave angle relative to the

magnetic field, while those observed at high latitudes were more oblique. The polariza-
tion of the waves below f "+ is more random than that of the whistler mode waves, but
left-hand-polarized components of the waves can still be seen. The intensity of the ICWs
both near the equator and at high latitudes are strong enough to meet the requirement
for producing strong pitch angle scattering of energetic ions.

INTRODUCTION

The ultralow frequency (ULF) waves of interest here
are the waves near and below the local ion cyclotron
frequencies. The existence of these waves in the Jo-
vian magnetosphere has received attention [e.g., Thorne
and Moses, 1983, 1985; Gurnett and Goertz, 1983; Mei
et al., 1992] because it may account for the depletion
of energetic particles in the Io torus [Krimigis et al.,
1979] and the excitation of extreme ultraviolet emissions
observed by Voyager 1 [Broadfoot et al., 1979]. Such
low-frequency waves, most likely ion cyclotron waves
(ICWs), could be the waves required to scatter energetic
ions into the loss cone at the strong pitch angle diffusion
limit and cause strong ion precipitation into the auroral
zone. Thorne and Moses [1983, 1985)] noticed that the
ICWs with a frequency above the oxygen gyrofrequency
could be excited strongly at high latitudes (> 15°) and
would be damped by ion cyclotron damping when prop-
agating toward the equator.

More recently, Mei et al. [1992)], using realistic plasma
parameters, have given a complete evaluation of convec-
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tive growth of ICWs at all frequencies below the proton
gyrofrequency in the entire Io plasma torus by wave ray
tracing. They found that there are preferred regions of
instability for the ICWs at different frequencies in the Io
torus: (1) The waves between the proton and oxygen gy-
rofrequencies (~10 Hz) grow only marginally and only at
higher magnetic latitudes (A > 15°). They are confined
to magnetic shells near L = 8. The path-integrated gain
of these waves is very sensitive to the plasma parame-
ters. (2) The waves with lower frequencies (below the
O* gyrofrequency, f.o+) may experience strong growth
at the equator. They can propagate to high-latitude re-
gions without damping until absorbed by thermal heavy
ions.

While the ion cyclotron instability in the Earth’s mag-
netosphere has long been observed and widely studied
as Pc 1 and 2 micropulsations (see, for example, Kennel
and Petschek [1966], Mauk et al. [1981], Fraser [1982],
and Rouz et al. [1982]), there have been only a few
observations of Jovian ULF waves. Thorne and Scarf
[1984] reported an enhancement in wave activity ob-
served by Voyager 1 while traversing the Io torus, and
the wave intensification was strongest in the frequency
range below the proton gyrofrequency. Although the ob-
served average wave intensity was typically an order of
magnitude smaller than the strong pitch angle diffusion
limit, the authors interpreted the wave activity as evi-
dence for the possible existence of strong ICW sources
at higher latitudes which were not reached by the space-
craft.

During the Ulysses flyby of Jupiter on February 8,
1992, the spacecraft passed through the Io torus from
north to south traversing a large range of magnetic lat-
itudes. It provided an opportunity to observe waves at
high latitudes which had not been reached previously
as well as those in the equatorial region. Furthermore,
the waveform analyzer (WFA) of the unified radio and
plasma wave instrument (URAP) onboard the Ulysses
spacecraft measures both electric and magnetic signals
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with a wide frequency range from ~500 Hz to a frac-
tion of hertz, which is suitable for the study of the ULF
wave we have reviewed above. It is the first spacecraft
to carry a magnetic search coil into the Jovian magneto-
sphere. We will present the observations of ULF waves
during the flyby and discuss their possible generation
mechanisms.

INSTRUMENTATION

A detailed description of the URAP experiment has
been presented by Stone et al. [19924]. The data used
in this study are derived from the WFA, which provides
spectral analysis of electric and magnetic signals in 10
low-band and 12 high-band channels. The central fre-
quencies of the low-band channels are 0.22, 0.33, 0.44,
0.67, 0.89, 1.33, 1.78, 2.67, 3.56, and 5.33 Hz, while
those of the high band are 9.3, 14.0, 19.0, 28.0, 37.0,
56.0, 75.0, 112, 149, 224, 299, and 448 Hs.

For the high-band channels, electric and magnetic
field measurements on antennas which are perpendic-
ular to the spin axis, are available. They are denoted
here as E; and By, respectively. Thus E, and By are
measured in a rotating frame of reference and the z and
y refer to rotating spacecraft coordinates. For the z an-
tennas, which are aligned with the spin axis and always
point to the Earth, the electric and magnetic signals,
E. and B;, are measured alternatively. For the low-
band channels, data are obtained for E; and either By
or B;. In this paper the electric signals are converted to
field strength ((V/m)? /Hs) by dividing by an effective
length of 35 m for the z antennas and 3.5 m for the 2
antenna.

In addition to the average data set for both high and
low bands, which consists of the averages of available E;,
E;, By, and B; over 64 s, ~5 times the spin period (12
s), there are two more sets of data obtained in high-band
channels: (1) a peak data set, which is the largest value
recorded for the E, channels for each frequency and
for each octant of spacecraft rotation, and the values
of By and B; or E, taken at the same time, and (2)
a measurement of the phase difference between the E
signal and the two others at the same time that the peak
measurement was made. The resolution of the phase
measurements is 22.5°. This set of data may be used to
study the polarization of the signals.

OBSERVATIONS

The trajectory of Ulysses during the flyby of Jupiter
is shown in Figure 1. Contours of equal electron density
are overploited in Figure 1. The density numbers are
derived from the equatorial plasma density (F. Bagenal,
private communication, 1993) using a diffusive equilib-
rium model [Mei et al., 1992; Mei, 1992]. Between 0700
and 2000 UT of Feb. 8, Ulysses traveled from north
to south covering magnetic latitudes between ~ +48°
and ~ —15°. It reached the closest point to Jupiter at
~1202 UT at a radial distance of 6.31 Ry at 0130 LT,
then penetrated the Io plasma torus. At ~1614 UT the
spacecraft crossed the magnetic equator at a distance of
~ 7.75 Ry from Jupiter.

Dynamic spectra of electric and magnetic fields mea-
sured by the WFA during the day of February 8 are
presented in Plate 1. The data displayed have been cor-
rected for the background noise level of the instrument
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Ulysses Orbit: FEB 7, 23:45 — FEB 9, 2:15 UT, 1992
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Fig. 1. The trajectory of Ulysses between 2345 UT, Febru-
ary 7, and 0215 UT, February 9, 1992, ploited in magnetic
dipole field coordinates, where the horisontal axis rzy is the
cylindrical radius from the center of Jupiter, and the vertical
axis is the cylindrical z from Jupiter. The solid circles show
the position of Ulysses for every hour from 0000 of February
8 to 0200 of February 9. The thin lines are contours of equal
electron density (per cubic centimeter).

and are then divided by a polynomial fit of the back-
ground noise. The noise level is determined empirically
from previous quiet periods and is displayed along with
the fit in Figure 2, which shows examples of line plot
spectra. We note that during the entire period of Io
torus traversal, signals detected in all channels of WFA
were always a few decades higher in intensity than the
noise level, indicating that there are strong and active
sources of various plasma waves in the Io torus.

The upper panel of Plate 1 shows such relative inten-
sities of electric signals detected on Ez; while the lower
panel shows the relative intensity of magnetic signals,
By, (or, for some periods for the low-band channels, of
B;). Both electric and magnetic data are the 64-s av-
erages. Local ion cyclotron frequency lines calculated
using the Ulysses magnetometer data are overplotted
on each panel.

Intense wave activity is seen in both the electric and
magnetic data throughout the day. The waves near and
above the proton gyrofrequency and extending to the
upper limit of WFA frequency (448 Hz) are believed to
be varieties of whistler mode waves. They are the topics
of other studies and will only be mentioned here briefly.
The wave enhancement between 0400 and 0800 UT has
been suggested to be auroral hiss [Farrell et al., 1993]
whose sources may be located in the boundary between
open and closed Jovian magnetic field lines. Another in-
tense period of wave activity at a few hundred herts was
seen between 1000 and 1500 UT. These waves, which are
believed to be whistler mode chorus, were observed up
to 2 kHs by Ulysses [Stone et al., 1992}] and are dis-
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cussed extensively by Farrell et al. [this issue]. The
above wave activity was seen in both electric and mag-
netic components, which confirmed observationally for
the first time the electromagnetic nature of the waves.

Enhanced waves below f.,,; were observed after 0800
when Ulysses was penetrating the Io plasma torus. Be-
tween 1000 and 1400 UT, two peaks of wave signals were
observed in the E; component. One is probably right
below the local Ot+ gyrofrequency, and the other is
below qu.,.. Note that the E, signals of whistler mode
hiss during this interval extended to ~10 Hz, below the
[+ line and partially obscure the first peak. The B,
spectrum also shows similar enhancement below f ..,
but the second peak below _f‘; + does not appear in this
spectrum. We note that during this 4-hour interval the
spacecraft was essentially staying in the same L shells
(L ~ 8.5) at about the same magnetic latitude (~ 30°).

After 1400, as the spacecraft went south approaching
the magnetic equator, the intensity of E, gradually de-
creased and reached its minimum at the equator, then
increased again gradually as the spacecraft went further
southward. The sudden decrease at 1910 in low-band
frequencies in E; was due to a gain change of pream-
plifiers which saturated the electronic system. Despite
the saturation, we still see that the intensity after the
equator crossing was not as strong as that before the
crossing. The time variation of the By, spectra near the
equator appears to be different from that of E;. The
By, component has a sirong enhancement near the equa-
tor and peaks at the channel with the central frequency
right below the local proton frequency. We will see later
that the apparent difference in E, and B, spectra at
the equator may be caused by the change in direction
of the observations of the wave front plane.

In Figure 2 we show line spectra of two periods to be
examined in more detail: the period between 1155 and
1210, when the spacecraft was at L ~ 8.5, and magnetic
latitudes of ~ 30° (Figure 2a), and the period between
1605 and 1620, when the spacecraft was near the mag-
netic equator at L ~ 7.7 (Figure 2b). In these two peri-
ods, measurements of B, were made for the high-band
channels only. The background noise of the instrument
is plotted in the lower panels for each component. Fig-
ures 2a and 2b show that the power density in all com-
ponents are at least one or two decades higher than the
instrument noise.

We marked with arrows the local ion cyclotron fre-
quencies, f o+, f.o+) fog+ 8nd f,5++, in the upper
panels of Figure 2, which ﬁilspla.y the relative intensity of
each component to show the correspondence of features
in the wave spectra to the cyclotron frequencies. For the
high-latitude spectra (Figure 2a) a reduction in the wave
intensity near the proton gyrofrequency (f y+ ~35.5 Hz
for the interval) can be seen in all three components. In
E this reduction is not as clear as in By and B; proba-
bly because the E; signals of whistler mode hiss, which
peak at ~ 200 — 300 Hg, extend to channels below f . .
In By and B; the whistler mode signals showed a clear
cutoff near ch+, and a relative maximum near 10 Hz
may be seen in B, (and probably in B;, too). In the E,
spectra, another reduction in signal strength is seen near
f.o+ (~2.2 Hz) and another peak appears immediately
be?ow fg+-

+
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The above characteristics of the spectra seem to re-
semble the spectra of ion cyclotron waves observed pre-
viously in the Earth’s magnetosphere. For example,
Young et al. [1981] observed in He*t-rich plasma the
reduction in the wave intensity right above the helium
gyrofrequency, which is believed to be in the stop band
for ICWs between the Het gyrofrequency and a cut-
off frequency. “Spectral slots” due to the stop band
near the O gyrofrequency have also been observed [cf.
Fraser et al., 1992]. The similar spectral characteris-
tics in Figure 2 suggest that the waves below f 4 are
associated with the ion cyclotron instability.

The spectra of equatorial waves (Figure 2b) show sim-
ilar features. A peak at the frequency below f ;4 (~11.3
Hz) appears in the By, component (and probably in B,).
The peak in E; is not as clear as in the case of the last
interval. A reduction in the wave intensity near the gy-
rofrequency of O*+ can be seen in the E; spectra as
well as in By, followed by a peak in the lower frequency
channels. This may be evidence of the presence of O+
in this equatorial region (L ~ 7.7), which has been ob-
served by Voyager 1 [Bagenal et al., 1992).

We note that the frequency resolution of WFA is ra-
ther low for this study. Within a stop band near an ion
gyrofrequency there may be only one or two channels
as will be shown later. Also, a very strong signal in a
channel of a given frequency may leak into the neighbor
channels resulting in spurious signals in these channels.
The above shortcomings might have affected the obser-
vations of the stop bands in the specira and made them
less evident.

It is interesting to compare the power density of sig-
nals on the z antennas with those on the z or y antennas
for the two periods. For example, Figure 2a shows that
at 9.3 Hz, the ratio of the power density B, /B; is ~2,
while near the equator (Figure 2b), B; is more than 5
times larger than B,. In Figure 3a we plot the compar-
ison between E; and E; or between B, and B, (64-s
average data) for the channel of 9.3 Hz from 0900 to
1900 UT. The variation of the ratio of wave amplitudes
E:/E: and By/B, (the third panel) seems to be contin-
nous and consistent. Before 1400, when the spacecraft
was at high latitudes (> 25°), and the ambient magnetic
field was mostly in the —z direction, the amplitude of
signals in the 2 — y plane were ~2 times stronger than
those along z. As the spacecraft approached the equa-
tor, and the magnetic field became more and more in
the north-south direction, the ratio reversed as the sig-
nals detected on z antenna became stronger than the
z — y signals. After the equatorial crossing the ratio
tends to reverse again. The above variation pattern was
seen in the high-band channels below 56 Hz. There is
no simultaneous measurements of E; and E; or By and
B, for the low-band channels, but it is likely that the
above pattern also exists in low-band channels.

The variation of the ratio of the wave intensities may
be explained at least partially by the change in the ori-
entation of the wave front plane. In Figure 3b we show
the peak values of E; (in V2/Hz) and By (in nT?/Hz)
versus the number of sectors for three successive time in-
tervals when the spacecraft was near the equator. Sector
0 begins at the position when the +z antenna is closest
to the Sun, and thus the center of the sector is 22.5°
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Fig. 2a. Spectra of (from left to right) Ez, By, and B; for the period 1155 to 1210 UT. The upper panel
for each component is the logarithim of the relative intensity which is used to plot the dynamic spectra
in Plate 1. In the lower panels the logarithm of the power density is shown. The instrument background
noise is also plotted (open circles) for each component along with the polynomial fit to the noise. Arrows
in the upper panels indicate the ion gyrofrequencies.
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Fig. 2b. The same as Figure 2a but for the period 1605 to 1620 UT.
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Plate 1. Dynami; s;);étra of the relative intensity of (upper) Ez and (lower) By. Each tickmark on
the vertical axes indicates the center frequency of a waveform analyser (WFA) channel. A horigontal
bar under the second panel with alternative black and white periods indicates the intervals when the
magnetic measurements in low-band channels were By (black periods) or B; (white periods). For the
high band (frequency > 5.3 Hz) the displayed magnetic data are all By. The solid lines overplotted on
each panel are local gyrofrequency lines for H+, 0++, O+, and S+, labeled as ch+ ’ fc0++ ' fc0+ ,and
f g+ respectively. The universal time (UT), magnetic latitude (MLAT), L value, and the distance from
Jupiter r in Ry, are marked at the bottom of the figure.
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Fig. 3a. Comparison between E» and E;, and By and B: (64-s average data) for the 9.3-Hz channel
from 0900 to 1900 UT. The first panel shows the logarithm of the power density of Er (dots) and E;
(circles) when E; measurements are available. The second panel is log(By) (dots) and log(B:) (circles).
The bottom panel is the ratios of the wave amplitudes Ez/E; (dots) and By/B: (circles) plotted in log

scale.

URAP-WFA 9.3 Hz Peak data Feb. 8, 1992 (92039)

Log Ex in Vz/Hz

Sector

period 1:
period 2:
period 3:

-2} A .

Log By In nTz/Hz

]
-
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1550 - 1800 UT (solid)
1600 - 1610 UT (dotted)
1610 - 1620 UT (dashed)

Fig. 3b. The logarithm of the peak values of (left) Ex and (right) By versus the number of sectors where
the measurements of the peak data are taken for three periods near the equator: 1550—1600 UT (solid
lines), 1600—1610 UT (dotted lines), and 1610—1620 UT (dashed lines).

away from the +X axis of the despun spacecraft coordi-
nates. During the period we are studying +X pointed
eastward and +Y pointed southward. The z antenna
always coincides with the Z axis. The relative position
between the despun coordinates, the z—y antennas, and
the sector directions is illustrated in Figure 4.

Figure 3b shows that the electric wave power is strong-
est in sectors 0 and 4 which are near the despun X axis
and has minima in sectors 2 and 6 near the Y axis.
The magnetic wave power has similar modulation but
the maxima shift to sectors 1 and 5 in some periods.
It seems that the waves observed may have their wave

front roughly in a plane between 0—4 and 1—5 sectors
and containing the Z axis. The wave electric field and
magnetic field lie in this plane have larger components
in the Z and in the X directions than those in the Y
direction. Since E and By used in Figure 4a are the
64 sec (five spins) average of the measurements made in
the X — Y plane, while E; and B; are the average of
the measurements on z antenna only, thus E, and B,
should be larger than E, and B,. This is what we see
near the equator (~1600 UT) in Figure 3a. We note,
however, while the ratio of the magnetic wave ampli-
tudes By /B, is ~0.5 (see the third panel of Figure 3a
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Fig. 4. The relative position between the despun space-
craft coordinates (X, Y, and Z), the antennas z,y, and z,
and the directions of the eight sectors as viewed from the
Earth. The +Z antenna points to the Earth, 4+ X lies in the
plane containing the +Z and the Sun, pointing toward the
direction closest to the Sun and perpendicular to the 47,
and +Y completes the orthogonal system. The z antenna
rotates in the direction indicated by the curved arrows. The
z antenna coincides with the Z axis.

right after 1600), which seems reasonable, the ratio of
the electric wave amplitudes E;/E. (right before 1600)
is ~0.1, which is unexpectedly small. One possible rea-
son we can think of for such small E,/E; is that the
waves burst observed near the equator may also have a
large electrostatic component in the Z direction.

At higher latitudes the wave front seems to lie on a
plane closer to the X — Y plane and to be roughly per-
pendicular to the Z axis, so that the wave componernis
projected onto the X —Y plane are larger than that onto
the Z direction. The changes in the direction of the wave
front planes observed at different latitudes may explain
the apparent decrease of E, and enhancement of By
toward the equator seen in Plate 1.

The observed wave intensity in E, at 9.3 Hz near the
equator was ~10% (V/m)? /Hs. It is comparable to
the peak wave intensity observed by Voyager 1 at 10 Hz
at L = 6.2 [Thorne and Scarf, 1984].

ANALYSIS

Poynting Vector Evalualion

In the high-band channels the WFA measures peak
values of E; in each of the eight sectors in a spin ro-
tation, and at the same time, the measurements of By,
and E; or B; are made. The phases of the components
with respect to E; are also measured for each sector.

We used the peak and phase data to evaluate the
Poynting flux of the observed waves in the spacecraft
coordinates. Since we do not have simultaneous mea-
surements of all six components of B and E (E; and B,
are measured alternately), the calculations were made
only in intervals (we took 10 min for each interval) cen-
tered at the times when measurements of E, switched
to measurements of B; so that we get E, and B, data
each for half interval. Then we assumed that the mea-
surements of each component averaged over this interval
are simultaneous.

The six components of B and E field were derived
as follows: First, a sector was selected as the +X’ axis
of a temporary Cartesian coordinate system (X’,Y’, 2/,
with Z’ aligned with the z antenna). The peak value
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of the E field in the sector was taken as the amplitude
of Eys, and wave phase of the E field measured in this
sector was taken as the reference phase. Then the Ey/
component was obtained from the peak value and the
relative phase shift (with respect to the Ex/) measured
in the sector perpendicular to the X’ sector, while E
was derived from the peak and phase data measured on
the z antenna. The components Ey:, Eys, and Ez
were then rotated to the despun S/C coordinates.

For example, if we choose sector 0 as the +X' direc-
tion, then

Ex1 = E;(0) cos(wt)

Ey1 = Ey(2)cos(wt + PEo(2) — ‘PE,(O))
Ez1 = E;(0) cos(wi + ¢, (0) — ¥E.(0))

where Ez(i) and E.(i) represent the electric field (the

peak value) measured on the z and z antennas, respec-

tively, at the time when the z antenna is in sector 1.
Similarly, we have three components of B

By: = By(6) cos(wt + 95, (6) — ¥E4 (o))
By = By(0) cos(wt + p, (0) — PE,(0))
Bz = B,(0) cos(wt + ©B.(0) — PEq(0))

where By (i) and B.(i) are the magnetic field (the peak
value) measured on the y antenna and on the z antenna,
respectively, at the time when the 2 antenna is in sector
i. Knowing six components of E and B, we may calcu-
late the Poynting flux S = (1/u4)E x B in X', Y’, and
Z' coordinates, and then rotate the flux into the despun
S/C coordinates.

In general, any sector can be chosen as the reference
sector X’. In our calculation we chose sectors 6, 7, 0,
and 1, which are closer to the despun X axis (see Figure
4), as reference sectors, and calculated the Poynting flux
in the despun coordinates separately. The results from
the four calculations were then averaged and shown (for
9.3-Hs channel) in Figure 5 as Sx, Sy, and Sz, with
the standard deviation from the mean values overplot-
ted. There were only nine switches of B, /B, between
0900 and 1900. In the last panel of Figure 5, the angle
between the Poynting flux and the ambient magnetic
field, which was measured as the average of the B field
over each 10 min period in the despun coordinates, is
shown.

Figure 5 shows that near the equator, the angle be-
tween S and B was rather small (~ 20° near 1600 UT),
which means the average wave energy flow was nearly
parallel to the magnetic field. We note, however, that
the standard deviation in Sx and Sy for 1600 is large,
which may suggest that the propagation of the waves
was not in a unique direction. At high latitudes, at
~1300 UT, the Poynting flux was nearly perpendicular
to the magnetic field. The intensity of the flux near the
equator, |S| ~ 2.2 x 10~® W/m? at 1600 UT is larger
than that at higher latitudes (~1.1x1071° W/m?) at
~1245 UT.

Wave Polarization

In some cases the phase data may be used to derive
the phase differences between field components to de-
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Fig. 5. Three components of the calculated Poynting flux
Sx,Sy, and Sz, in the despun coordinates (the first three
panels). The last panel is the angle between the Poynting
flux and the magnetic field.

termine the polarization sense of the waves with respect
to the ambient magnetic field. Near the closest aproach
(A ~ 30°), the ambient magnetic field, about (1072, 418,
—2012) nT in the despun spacecraft coordinates X, Y,
and Z for the period 1155 to 1210 UT, was roughly in the
—Z direction (~30° tilted from the Z axis). Thus the
phase difference between signals in two perpendicular
sectors (for example, Ez(0) and Ez(2), Ez(1) and E»(3),
and so on) can be used to determine the polarization
sense of the waves in the spin plane. Figure 6a shows the
phase shifts between E fields measured in two perpen-
dicular sectors (denoted as Eys and Ex) at each high-
band frequency for the interval from 1155 to 1205 UT.
There are eight pairs of Fy: and Ex: at each frequency.
Phase differences of 0°to 180°and —180° to —360° rep-
resent a right-handed polarization and is marked with
R on the right side of Figure 6a. The rest of the area is
then for left-handed polarization and is marked with L.
It is seen in Figure 64 that the waves above 50 Hz appear
to be right-hand polarized, which is consistent with the
polarization of whistler mode waves. The polarization
for the waves near and below f,;4 (35.5 Hs), however,
is uncertain with the dots scattered in both the R and L
areas. As we mentioned earlier, during this interval the
whistler mode signals extended to channel below f gt-
The presence of both left- ard right-hand polarization
in these channels may imply that the signals are the
mix of different wave modes. We also notice that some
data points spread near the 0° and +180° lines, which
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correspond to linear polarization. Recently, Anderson
et al [1992a, b] reported observations of electromagnetic
ICWs in the Earth’s outer magnetosphere that were lin-
early polarized at all magnetic latitudes they sampled
(MLAT < +16°) in the region near dawn. These waves
occurred at too high a frequency to have been affected
by the crossover frequency and thus are suggested by the
authors to be generated with linear polarization. It is
possible that the approximately linearly polarized com-
ponents seen in Figure 6a, which appear in channels be-
low f ;+ but higher than the crossover frequency (~10
Hz in this case), are similar to those waves reported by
Anderson et al. [1992a, b].

Near the equator, the ambient magnetic field, about
(—183, 715, 2.79) nT, is basically in the despun +Y di-
rection, ~ 15° away from the +Y axis. In this case
the centers of sectors 0, 7, 3, and 4 lic near the plane
perpendicular to the ambient magnetic field. Thus we
may determine the polarization of the waves on the de-
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Fig. 6a. The phase difference between electric signals in
two perpendicular sectors for the period 1155 to 1210 UT.
Symbols R and L on the right side denote the right-handed
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spun X — Z plane by examining the phase shift between
the signals in one of the four sectors and those on the
z antennas. The results for the period 1605 to 1620
UT are shown in Figure 6b. During this period the
z antenna was measuring magnetic signals. The plot
shows the phase shifis between B; and B, measured
in sectors 0, 7, 3, or 4. Although the results are more
scattered than the previous onmes, it can still be seen
that the high-frequency channels (near and above 100
Hz) exhibit right-handed polarization. Only the low-
est channel (9.3 Hz) in this period falls below f ;. It
appears to show a left-handed polarization. The mag-
netic measurements in the WFA are usually more noisy
than the electric measurements. This may contribute
to the larger scatter of the phase measurements seen
in Figure 6b. For the frequencies near 50 Hz the data
points scatter in both the R and L regions. We note
that during this period the wave signals (especially the
magnetic signals) at these frequencies have decreased to
a very low level (see Figure 2b), thus the derivation of
the polarization for these frequencies is less meaningful.

Refractive Indez

In an attempt to better understand the observed wave
modes we calculated the ratio ¢B,/E, (where c is the
speed of light), which is an approximation of the refrac-
tive index n, and then compared the results with the-
oretically calculated values of n using the cold plasma
dispersion relation and the recently developed density
model of the Io torus [Mei, 1992] (see also Mei et al.
[1992]).

Figure 7a show such a comparison for the equatorial
period, 1605—1620 UT (L ~ 7.7). The ratio cBy/E. av-
eraged over the period is plotted with the asterisks. For
this period we assume that the wave normal is approx-
imately parallel to the ambient magnetic field and cal-
culate the dispersion relation of the cold plasma waves
with 20° wave angle. We used the general equation [Stiz,
1962] to find the refractive index:

Ant—Br?24+C=0

where
A= Ssin20+ Pcos?6

B = RLsin? 0+ PS(1 + cos® 6)
C = PRL
and S =0.5(R+ L),

*

H"
p

z—(

2—3;

where w,,, is the plasma frequency of particle species k,
while €2, is the cyclotron frequency of species k, positive
for ions and negative for electrons.

x
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Fig. 7a. Ratio cBy/Ez (asterisks) and calculated refractive
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Fig. 7b. The same as Figure 7a, but for a 60° wave angle
and for 1155 to 1210 UT.

The electron density (N.) derived from the URAP
observation is ~400 cm ™3 for this period [Stone, 19928)].
The ratios between the density of each ion species and
N, are estimated using the model by Mei [1992]. In the
calculation we took N, Ng+,Ng+,Ng++,Ng+, and
Ng++ as 375, 40, 85, 80, 10, and 40 cm™3, respectively.
Tﬁe calculated n values are overplotted in Figure 7a
with thin lines. The more vertical lines represents the
L mode refractive index, while the more horizontal lines
are for the R mode. The calculated n values at the
center frequencies of the WFA channels are marked with
solid circles (for the R mode wave) or with open circles
(for the L mode wave).

The spectra for this period have shown a strong peak
at 9.3 Hz (Figure 2b, central panels). This frequency
is very close to the cutoff frequency, f., ~ 10 Hs, of
a narrow L mode branch which extends to the proton
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gyrofrequency (11.3 Hz). The lower part of this branch
(< fer at 10.6 Hs) is for the unguided L mode wave. Al-
though the frequency resolution of the WFA instrument
is too low to distinguish these characteristic frequencies
(fcos fer, and f,y+) in such a narrow frequency band
(10 — 11.3 Hs), the observed c¢By/E; at ~ 10 Hs, which
is closer to the values of the refractive index for the un-
guided L mode wave may imply that the strong signal in
the 9.3-Hs channel is the effect of nonconvective growth
of unguided waves. The angle between the Poynting
vector and the ambient magnetic field calculated near
1600 UT (Figure 5) is ~22°. This seems to be consis-
tent with the waves being unguided with a small wave
angle, since for the unguided wave which has a closed
refractive index surface, a quasi-parallel Poynting vec-
tor, which is in the same direction as the group velocity,
implies a small wave angle [cf. Rauch and Rouz, 1982).
However, as we will discuss later, a very large hot ion
anisotropy is required to excite the ion cyclotron insta-
bility in this narrow frequency band. In the first few
channels where a peak of the power density appeared in
the E; spectra, the n values are close to the two lowest
L mode branches.

The refractive index for the period of high latitudes
between 1155 and 1210 UT (L ~ 8.5, A ~ 30°) is shown
in Figure 7b in the same format as that of Figure 7a.
In the calculation of the dispersion relation we have
used the following density numbers: N, = 14, N, =

124N+—04 and N,++ = 0.6 cm~3. The sulphur
ions are neglected Weohave calculated the refractive
index for various wave angles and compared the results
with the ¢By/E; obtained from the data. We found that
at the frequencies of the first few channels of WFA the
calculated values had better agreement with the data
for the large wave angle than for the small wave angle.
While for higher frequencies, not much improvement was
seen by varying the wave angle. In Figure 7b we show
the calculations of the refractive index with 60° wave
angle.

The spectra for this period (Plate 1 and Figure 2a)
show a peak at 9.3-Hs channel seen in By, another peak
above f, o+ (in 2.67-Hz channel), and a rather wide
peak in the channels below f 4+ (2.2 Hz). The 9.3-
Hz channel falls in an L mode ganch between a cutoff
frequency f.o = 7.6 Hz and a crossover frequency at
~12.5 Hs. The measured cBy/E, for this channel is
closer to the L mode branch although is smaller by a
factor of 2 than the calculated L mode n value. The
2.67-Hz channel falls almost at the cutoff frequency (2.5
Hz) of an L mode band below f,5++. The ratio ¢cBy/E,
is much smaller than the calculated value for the central
frequency but is very close to the n near the cutoff fre-
quency. It is possible that the channel has been affected
by stronger signals near the cutoff frequency. The values
of ¢cBy/E; for the first three channels are closer to the
lowest branch of I mode guided waves, but the observed
values for the channels near 1 Hz are much lower than
the calculated results. We note that in both Figure 7a
and 7b, most of the observed ¢By/E; values are lower
than the corresponding calculated values. One of the
possible reasons may be that the measured E; contains
electrostatic components which should not be included
in calculations of ¢By/E,.
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DiscussioN

Throughout the Io torus, Ulysses has observed intense
ULF wave activity. The simultaneous observations of
the waves in both magnetic and electric components be-
low the proton gyrofrequency are convincing evidence of
the existence of electromagnetic plasma waves. The fre-
quency characteristics of these waves suggest that they
are likely to be ion cyclotron noise which was excited by
the resonant ions in the Io torus through the cyclotron
instability.

Although the polarization analysis can only be con-
ducted for the high-band channels of the WFA (> 9
Hz), the difference in polarization between the waves
below and above the local f .. is clear, especially for
the high-latitude period (Flgure 8a). Above f .4, the
waves exhibit nght-ha.nd polarigation, and below L+
more data points fall in the L mode region. The increase
of randomness of polarization at the frequency below

+ may imply that the observed waves have a rather
wide range of wave angles or mixed wave modes. At the
equator, only the lowest channel of the high-band data
is below the local f ;4 (11.3 Hs), and the polarization
in the channel is seen lefi-handed (Figure 6b).

The dominance of heavy ions near the equator in the
Io torus produces broad frequency stop bands in which
L mode propagation is forbidden [Thorne and Moses,
1983; Mei et al., 1992]. This can also be seen from the
numerical calculation results in Figure 7a. For exam-
Ple, no L mode waves exist between f ++ and a cutoff
frequency (f.o) at ~10 Hs. There is a narrow band for
L mode waves between the cutoff frequency and f,p+.
The waves below the crossover frequency (f.,) (~10.6
Hz) in this L mode branch are believed to be unguided
waves [Mei, 1992], which are classified as class II waves
by Rauch and Rouz [1982], or as the W branch follow-
ing the notation by Horne and Thorne [1990]. The up-
per part of the branch (above f.,) is possibly the B
waves described by Horne and Thorne’s notation which
are guided and could be very unstable, being excited
by anisotropic resonant ions. The channel with a cen-
tral frequency of 9.3 Hs detected strong signals near the
equator (seen in By in Plate 1 and Figure 2) and has
a cBy/E; ratio close to the refractive index of the L
mode W branch at ~10 Hz. This seems to suggest that
we may be seeing the unguided L mode waves. However,
there is an upper limit in frequency of ion cyclotron L
mode waves which closely depends on the anisotropy of
the resonant protons [Kennel and Petschek, 1966]:

fmax/.ch+ = A+/(A+ + 1)

where the anisotropy At = T, /Tj; — 1. Since the ob-
served frequency is 9.3 Hs and f 4+ ~ 11.3 Hg, the
lower limit for fmax/f,y+ is then ~ 0.8, which gives
At =4o0r T, /T” = 5. Such a large anisotropy seems
unreasonable. Other mechanisms need to be explored
to explain the observed equatorial waves. This is left

for the future investigation.
At high latitudes (Figure 7b) there is a rather wide

_frequency band between fer(~ 12.5 Hz) and f ;;+ (35.4

Hz) where the convective L mode ICWs can propagate.
However, the anisotropy AT will imit the waves to be-
low a certain frequency. For example, taking a typi-
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cal AT = 1, the maximum wave frequency will be 1/2
fog+s whxch is 17 Hz for this peiod. As we have seen, a
peak in this L mode band appears at ~10 Hsz, between
feo =7.63 Hz and f =12.5 Hz, which belong to un-
guided L mode. There is no Poynting vector calculation
available for this period, but the Poynting flux calcu-
lated for this frequency near 1245 (Figure 5) when the
spacecraft was still in about the same region show that
the Poynting flux is quasi-perpendicular to the ambi-
ent magnetic field. This again seems to justify that the
waves observed in this region may be very oblique, as
we suggested in Figure 7, since for the unguided wave,
the quasi-perpendicular group velocity implies a large
wave angle [Rauch and Rauz, 1982]). The waves below

O+ and f 4+ are seen in the spectra. Their peak
channels fa.lf within the frequency bands where ICWs
propagate. Although the ¢By/E_ ratio sometimes does
not agree with the calculated refractive index as shown
in the previous section, it is still reasonable to believe
that these are the L mode ICWs. Those waves could be
easily excited in the equatorial region where the reso-
nant energy is much lower and then propagate to high
latitudes [Mei et al., 1992).

The wave amplitude required to produce strong pitch
angle scattering loss of energetic ions can be estimated
as [Thorne, 1983]

E' ~102E¥/4(keV)L~"/? mV/m

where Ej is the kinetic energy of the resonant protons.

The resonance energy can be evaluated as B2/8xN.
Taking B = 738.6 nT near the equator (for the period of
1605 to 1620 UT) and N ~ 375 cm~3, we find the res-
onance energy to be ~3.6 keV. This gives the required
eleciric wave intensity for strong pitch angle scattering
as ~ 0.2 mV/m. The observed ICWs power density of
E, at channels 0.67 and 0.89 Hs, which appear as peaks
in the spectra, is ~3 x 1078 (V/m)?/Hsz, which corre-
sponds to an amplitude of 0.95 mV/m, larger than the
required amplitude.

At high latitudes (between 1155 to 1210 UT') the reso-
nance energy was estimated to be ~1 MeV (taking B =
2318 nT and N ~ 14 cm™3). For such energetic ions
the required wave amplitude for strong diffusior is 10
mV/m. The observed wave power in the 0.67-Hz chan-
nel which appears as a peak in the E; and B, spectra is
~2.5 x10™4 (V/m)?2/Hs, corresponding to an amplitude
of ~8 mV/m, close to the required amplitudes. Consid-
ering that the data for this estimation is the average
power and the peak power is much higher, waves at this
frequency may also contribute to the strong pitch an-
gle scattering of energetic ions. It seems that the ICWs
observed by Ulysses near the equator as well as at high
latitudes (A ~ 30°) are strong enough to account for the
pronounced depletion of energetic ions observed in the
inner Jovian magnetosphere.
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