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[1] Electrostatic electron cyclotron harmonic instability in the magnetosphere of Jupiter
is investigated using a kappa distribution with loss cone for energetic electrons in the tail
of the distribution function. Temporal growth rates are calculated at two representative
radial distances characterized by different temperatures of the thermal electron population.
It is found that the frequency within the harmonic band shifts to a lower value as the
temperature of the thermal electron population increases. Furthermore, higher harmonic
bands are damped faster as the angle between the wave normal and the ambient magnetic
field is decreased. Calculations are performed by changing various parameters
appearing in the distribution function. The present study may be helpful in accounting for
some of the observed features of the electron cyclotron harmonic bands in the
magnetosphere of Jupiter. The observed features are as follows: (1) Maximum amplitudes

are usually seen in the first harmonic band and at the highest frequency of emission
near upper hybrid resonance, (2) Emissions are greatest at smaller radial distances and
decrease with increasing distance, (3) The amplitude is observed to fluctuate over more
than an order of magnitude on timescales of several seconds.

Citation: Tripathi, A. K., and R. P. Singhal (2005), Electrostatic electron cyclotron harmonic instability due to energetic electrons in
Jupiter’s magnetosphere, J. Geophys. Res., 110, A12205, doi:10.1029/2005JA011113.

1. Introduction

[2] Voyager encounters with Jupiter have provided us
with the first comprehensive investigation of plasma waves
in the magnetosphere of Jupiter. The most striking feature of
the Jovian plasma wave observations is the very close
similarity to the plasma wave phenomena observed in the
Earth’s magnetosphere. Plasma waves observed in Jupiter’s
magnetosphere include electrostatic waves near and up-
stream of the bow shock, electromagnetic continuum radi-
ation, whistler mode chorus and hiss, electrostatic electron
cyclotron and upper hybrid emissions, and broadband
electrostatic noise [Scarf et al., 1981; Gurnett and Scarf,
1983; Kurth and Gurnett, 1991; Zarka, 2004]. Pioneer and
Voyager encounters with Jupiter have also resulted in a
dramatic increase in our detailed knowledge of the plasma
properties of the Jovian magnetosphere [Bridge et al.,
1979a, 1979b; Belcher, 1983]. The Ulysses encounter with
Jupiter has produced new observations of the Jupiter envi-
ronment [Bird et al., 1992; Stone et al., 1992]. More
recently, Galileo spacecraft explored the Jovian system
and provided new data on plasma waves in the o plasma
torus and near lo. The Galileo plasma wave instrument
detected narrowband upper hybrid waves during the in-
bound pass through the Io torus. It was found that the
electron density in the torus increased by about a factor of 2
since the Voyager 1| flyby [Gurnett et al., 1996a].
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[3] Inside of about 23 Rj, electron cyclotron harmonic
(ECH) emissions are the main features of the inner Jovian
magnetosphere and are extremely well confined to the
Jovian magnetic equator. The cyclotron emissions extend
from just above the local electron gyrofrequency (f..) to the
upper hybrid resonance frequency (fupr). The intensity of
the ECH bands at Jupiter is typically 100 pV/m with
occasional bursts to few millivolts per meter. During an
individual event the amplitude is observed to fluctuate over
more than an order of magnitude on timescales of several
seconds. Maximum amplitudes are usually seen in the band
just above f;, and at the highest frequency of emission near
funr- The intensities of the emissions are greatest at smaller
radial distances and decrease with increasing distance
[Kurth et al., 1980; Gurnett and Scarf, 1983; Kurth,
1992]. During the Ulysses encounter with Jupiter, intense
emissions were recorded near 3/2 £, and 5/2 f.. when the
spacecraft crossed the magnetic equator in the Io torus
[Stone et al., 1992]. Narrowband electrostatic emissions
are also observed by the Galileo plasma wave instrument
during the inbound pass through the lo torus [Gurnett et al.,
1996a]. The Galileo spacecraft executed nine close flybys of
Jupiter’s moon Europa and four close flybys of Ganymede,
for which plasma wave observations were obtained [Gurnett
et al., 1996a, 1996b; Kurth et al., 2001]. On the upstream
side of Europa, electron cyclotron harmonics are observed.
These emissions are driven by loss and production of
plasma at Europa as a result of the interaction of the Jovian
magnetosphere with the moon. Detection of electrostatic
electron cyclotron and other types of waves around Gany-
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mede suggest that the moon has a large, extended magne-
tosphere of its own.

[4] In the present study we investigate the growth rates
of the electrostatic ECH bands in the magnetosphere of
Jupiter. Within the Jovian magnetosphere these emissions
were detected over a wide range of radial distances [Kurth
et al., 1980; Stone et al., 1992; Gurnett et al., 1996a]. On
the basis of similar observations in the Earth’s magneto-
sphere these emissions are identified as electron cyclotron
waves near half-integral harmonics of the electron cyclo-
tron frequency (n + %)fce. The intensities of these waves
vary over a wide range, from only a few microvolts per
meter to a few millivolts per meter [Kurth et al., 1980].
The identification of a given emission band with a specific
half-integral harmonic is only an identifying name and
does not necessarily imply that the emission frequency is
exactly at the half-integral harmonic. The detailed growth
rate of the electrostatic instability and the number of
unstable bands depend on a large number of parameters,
the most important of which are the cold-to-hot electron
concentration ratio and the cold and hot electron temper-
ature. The study of electron cyclotron harmonics in the
Jovian magnetosphere is important for several reasons. (1) If
the waves are sufficiently intense, they can cause pitch angle
diffusion and loss of energetic electrons trapped in the
magnetic field and subsequent precipitation into the atmo-
sphere. (2) These waves can energize the cold electron
population.

[s] Electron distribution functions measured in the inner
magnetosphere of Jupiter show a well-developed thermal
population that is well fit by Maxwellian distribution and
also show a distinct suprathermal tail [Belcher, 1983]. The
low-density suprathermal population is a free energy
source for ECH waves. The suprathermal tail is modeled
by kappa distribution [Divine and Garrett, 1983; Summers
and Thorne, 1992, 1995; Collier, 2004], which joins
smoothly into the thermal population. Suprathermal elec-
trons described by a kappa distribution have been used to
explain whistler instability in the magnetospheres of Earth
and Jupiter [Leubner, 1982; Mace, 1998]. Electrostatic
electron cyclotron (Bernstein) waves have been studied
in the magnetosphere of Jupiter using a power law
distribution for suprathermal electrons [Barbosa and
Kurth, 1980].

[6] In the present work we invoke the kappa distribution
with loss cone feature to study the electrostatic ECH
(Bernstein) emissions in the magnetosphere of Jupiter. In
section 2 we describe the dispersion relations and expres-
sion for growth of instability using a kappa loss cone
distribution. In section 3, plasma parameters appropriate
for the magnetosphere of Jupiter and used in the present
analysis are discussed. Section 4 contains the results. Dis-
cussion and conclusions of the present work are given in
section 5.

2. Dispersion and Growth of Instability

[7] We consider the plasma to be immersed in a uniform
magnetic field B = Bye., and all configuration space
gradients of the plasma are considered to vanish. We are
interested in high-frequency waves such that w > 2., where
Q. is the electron gyrofrequency; hence we neglect ion
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dynamics. For the electrostatic modes the dispersion equa-
tion is written as [Clemmow and Dougherty, 1969]
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where o = ¢, h for the thermal and energetic electron
components, respectively, k = ke, + k, is the wave
propagation vector, and v = vje. + v, is the velocity. We
define wﬁa =4 ﬁnaqi/ma for species o with mass m,
charge ¢, and number density n,, and Q. = |q.|Bo/m.c. J,
are the Bessel functions [Abramowtiz and Stegun, 1970].

[8] Defining w = w, + iy, where w, = Re(w) is the real
frequency and vy = Im(w) is the growth rate with v > 0
corresponding to instability, equation (1) can be expressed
as

D(K, w, + iy) = 0. )

Defining D, = Re(D) and D; = Im(D) and Taylor series
expansion D = D, + iD; = 0 for weak instability (small -y and
D;), we obtain

D,(k,w,) =0 (3)
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D; can be obtained from equation (1) making use of
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where P denotes the Cauchy principal value and § is the
Dirac delta function [Mathews and Walker, 1965].

[o] We consider a plasma where the entire electron
distribution function is the superposition of a kappa distri-
bution with loss cone f;, introduced by Summers and
Thorne [1991, 1995] (ST model), representing the low-
density tail population and a Maxwellian distribution for
thermal component f), given by
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where
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I is the gamma function. The parameter ¢ (>0) is the “loss
cone index,” and the parameter k (>3/2) is the “spectral
index”; £ is a measure of the angular size of the effective
loss cone region (9f./Ov, > 0), and k is a measure of the
relative number of particles in the high-energy tail of the
distribution. The distribution function has been normalized
to 1. 7 and T, are the parallel and perpendicular
temperature, respectively, of each species o given by

(10)

(11)
(12)

1
T o= Em“ /vif&d%

Tjo = ma / vifad'v,

where 0 and 0, are the parallel and perpendicular effective
thermal speeds, respectively. More recently, Leubner and
Schupfer [2001] (LS model) and Leubner [2004] have
introduced a kappa loss cone distribution applicable to a
variety of space plasma modeling
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It may be noted that in equation (13),k — ¢ — 1/2>01is a
profound constraint. Using the distribution function equa-
tion (8) results in a decreased effective temperature for any
finite value of kappa (for loss cone index ¢ = 0), while
equation (13) gives effective temperatures, which are
increased for finite values of k. We further assume that 7,, =
T, = T"u and 7;, =T}, = Thu' Since n. > ny, the real part of the
frequency w, will be determined by the Maxwellian
distribution. The dispersion equation for w, becomes
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where y is the angle between k and B and 7,(\) are
modified Bessel functions [Adbramowtiz and Stegun, 1970]
with
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[10] Equation (15) is written for kj < k.. The second
term on the right-hand side is the small correction for finite
k. The ratio of the correction term to the first main term in
equation (15) is given by &* v; cos® y/2(w, — nfl.)* = vi/
2v%. Using equation (5), the imaginary part of dispersion D;
for isotropic Maxwellian distribution is obtained as
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where vy is the resonant velocity given by
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The imaginary part of dispersion equation for kappa
distribution equation (8) is written as
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A similar expression with some changes is obtained for
distribution function equation (13)
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Figure 1. Variation of &, (=w,/{2.) and the temperature
of the thermal electron population, 7, with radial distance
in the magnetosphere of Jupiter at the magnetic equator.
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In equation (4), D; (k, w,) = DY + D}.
[11] Using equation (15) and assuming k = 0, we obtain
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For finite k), Bernstein modes are damped because of
background thermal electron population, as is noted from
equation (17). The error involved in using equation (15)
with kj = 0 is of the order Vv2/2v%. We shall restrict kj to
values such that v./vy < 1/3. This restriction is found to be
consistent with damping calculated from equation (17).

3. Plasma Parameters for Jupiter’s
Magnetosphere

[12] A model of thermal plasma parameters of the Jovian
magnetosphere based on various observations has been
presented by Divine and Garrett [1983]. The model is
based primarily on in situ data returned by experiments
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on the Pioneer and Voyager spacecrafts, supplemented by
Earth-based observations and theoretical considerations.
Time variations have been neglected in the model. Warm
electrons are fitted with the kappa distribution function in
which charge neutrality is not maintained. Values of the
parameter k for electrons are found to be about 2. In the
cold (thermal) plasma model, all species are described by
isotropic Maxwellian distributions having a common tem-
perature. In the thermal plasma model the basic distance
variable is Jovicentric distance r rather than L (this is
equivalent to assuming that field lines are circles and dipole
offset is negligible), and the plane of symmetry is the
centrifugal equator. The model reproduces the various
plasma features to within a factor of 2. The uncertainty
may be large, perhaps a factor of 10, at large latitudes (\ >
40°) and at r > 12 R, (for energies above several keV). We
use this model to calculate electron number density and
temperature. It may be pointed out that the model of Divine
and Garrett [1983] underestimates the electron densities as
measured during the Ulysses encounter [Bird et al., 1992].
However, Ulysses measurements refer mainly to higher
magnetic latitudes. In the present work we have utilized
the Divine and Garrett [1983] model at magnetic equator,
where the model predictions should be in agreement with
the observations. Figure 1 shows the variation of G, = w,,./€),
and temperature 7, with radial distance at the magnetic
equator (150°W, 6.6°S). An offset, tilted dipole is used to
calculate the magnetic field. Figure 2 shows the typical
electron distribution function for warm and energetic elec-
trons [Divine and Garrett, 1983]. We have performed growth
rate calculations at two representative radial distances at the
magnetic equator (150°W, 6.6°S): (1) R=10 Ry, G, =4, n, =
30 cm >, and 7, = 15 eV and (2) R = 7.4 Ry, Wy, = 7.1,
n, = 577 em >, and T, = 47 eV. Suprathermal number
density n;, is assumed to be 1.4% of n., and T, = 4 keV.
R; is the radius of Jupiter. Calculations are performed for
spectral index k = 2, 3 and loss cone index ¢ = 1, 2, 3.

4. Results

[13] The variation of normalized temporal and spatial
growth rates with n (w,/€2. = n + m) for electrostatic ECH
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Figure 2. Sample distribution function for warm and
energetic electrons for 6 R, 110°W, 0° latitude. Dashed line
indicates observed values fitted with k = 2.32; solid line
indicates observed values fitted with k = 2, n, = 0.014 n,,
and T, = 4 keV.
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instability for various values of k, ¢, y, T}, and n., and other
fixed values of plasma parameters are shown (see Figures 4
and 6—13). The choice of particle distribution function
modifies the solution of electrostatic ECH growth relation.
This aspect is demonstrated in this section. A direct com-
parison is made between the results for Summers and
Thorne [1991, 1995] and Leubner and Schupfer [2001]
distributions.

4.1. Results for ST Model Distribution Function
(Equation (8))

[14] Dispersion relations for R = 10 R; are shown in
Figure 3, and temporal growth rates for ECH bands first,
second, and third are shown in Figure 4 for y = 89°, 87°,
and 85° using k = 2 and ¢ = 1. It is noted that the damping
increases faster for higher harmonics as y decreases. Thus
the second and third harmonics have disappeared at 85°.
The behavior of growth rate strongly depends on the
parameter (3, which appears in the integrals g; and g,. The
integrals for £ = 1 which appear in growth rate are shown in
Figure 5, where [ is given by

I :/dxfo(Bx)(l +x2)7(N+2>. (31)
0

Parameter 3 depends on the ratio vz/0). For v/vg < 1/3,
ve/O > 3v./0). For small vp/0), B = pkOj/ve; pe is
gyroradius (=v./€2.). For large vz/0), 3 approaches (i, — n)/
cos , which is the same as for power law (3, = w,/€..). In this
case, 3 > 3p.k. The location and magnitude of the peak in
Figure 4 depend on the variation of / with 3 as shown in
Figure 5. The integrals appearing in equation (31) have
been carried out using asymptotic expressions given by
Barbosa and Kurth [1980] and Summers et al. [1994].
For smaller values of (3, integrals are carried out
numerically. Figure 6 shows the temporal growth rates
for ECH bands at a radial distance of 7.4 R, for k = 2
and ¢ = 1. Comparing Figure 6 with Figure 4, it is noted
that the frequencies within each band shift toward lower
values at R = 7.4 R; compared with values at R = 10 R,.
This is due to the lower value of 7. (15 eV) at R =10 R,
compared with the value 47 eV at R = 7.4 R, We further

Figure 4. Normalized temporal growth rates y (=y/€2.) of
ECH bands at radial distance R=10 R, fork =2 and ¢ = 1.
The frequency within each band is @, (Fw, /) = n + 7,
where n =1, 2, 3 and m lies between 0 and 1 (Summers and
Thorne [1991, 1995] model).

note that the fourth harmonic band has been totally
damped at y = 87° and the second harmonic band is
damped at y = 85°. Also, the bandwidth of each
harmonic band decreases as y is decreased. It may also
be seen from Figures 4 and 6 that the growth of waves
is, in general, higher at R = 10 R, compared with the

| L
1 10 20 30
[2

163 yi 1 1 1 1

Figure 5. Variation of integrals / (equation (31)) with
parameter (3.

50f9



A12205

L] T T T 1 ] T T
12+ First Harmonic Fourth A
———Second Harmonic _ P=89°" N\
~—-— Fourth Harmonicx{ I
10 k First ‘ h
¢=87 i
st Second ‘
g Y=87 L]
o First |
>l Y=gs" | 4
Second |
|
n =89 '] I i
First - |
2 =89, [/ N |
~_ !
] !
0 | I !
-9

' 1
K] .2 3 4 .5 .6 .7 .8

Figure 6. Same as Figure 4 but for R = 7.4 R; (ST model).

values at R = 7.4 R;. Thus the frequency of ECH emission is a
diagnostic parameter for the temperature of thermal electron
population in the magnetosphere of Jupiter. Barbosa and
Kurth [1980] calculated the temporal growth rates for ECH
bands for first and second harmonic bands using power law
distribution function using the parameters n,= 100 cm >, 7, =
100 eV, and &, = 4. These parameters are closer to our Values
of R=7.4 R,. Barbosa and Kurth find the peak growth rate at
the same value of ) for both harmonics and almost the same
growth rates for both harmonics. Comparing these values
with Figure 6, we find that in our case at y = 89°, the peak
growth rate of the second harmonic is larger than its value for
the first harmonic. Aty = 87° the growth rates are also same
for both harmonics. The location of peak in our cases is at a
larger value of  compared to Barbosa and Kurth [1980]. This
is consistent with our finding that the peak shifts to lower ) for
higher values of 7. In Figure 7 we show the convective
growthrate k;= —v/V, for ECH bands at R=10 R , where V' is
the group velocity. From Figure 3 it is noted that the group
velocity of the waves within a band decreases with decrease in
frequency. This effect is reflected in Figure 7.
4.1.1. Variation of K and ¢

[15] In Figure 8 we show the growth rates at R = 7.4 R,
using k = 3 and ¢ = 1. Comparing with growth rates for k =
2 and ¢ = 1 (Figure 6), we note that at y = 89° the first and
second harmonic bands are slightly enhanced while the

10 ! T T T T T T T
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8 — ———Second Harmonic 'lhm:l° l i
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3 Secong H
e 6F b=8e®\ /Al
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First 7 |
¢=35° . |
2t | ]
|
0 Wi a1 i
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Figure 7. Normalized convective growth rates of ECH
bands at R = 10 R; for k = 2 and £ = 1 (ST model).
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Figure 8. Normalized temporal growth rate of ECH bands
at radial distance R = 7.4 R, for k =3 and £ =1 (ST model).

fourth harmonic band is reduced. At y = 87° (not shown)
and y = 85° the growth rates for k = 3 and £ = 1 are slightly
reduced compared with values for Kk = 2 and ¢ = 1. The
slight enhancement in first and second harmonic bands at y =
89° is due to the fact that the decrease in coefficient “a” is
more than compensated by the increase in g and fe)
(equations (20)—(22)). Figure 9 shows the growth rates at
R =74 R, using k = 2 and ¢ = 3. It is noted that the

22 T T T T T T T T
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Figure 9. Same as Figure 8 but for k =2 and ¢ =3 (ST
model).
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Figure 10. Same as Figure 4 but for ., = 90 cm > (3 times
value used in Figure 4) (ST model).

growth rates are considerably larger (almost a factor of 2)
compared with values for k = 2 and ¢ = 1 (Figure 6).
4.1.2. Variation of 7,

[16] A case study was performed to study the effect of 7},
(equations (8)—(10)) on growth rate at R = 10 R;. While no
systematic changes were noted, two points may be men-
tioned. First, as 7, is changed from 2 keV to 6 keV, the
growth for second and third ECH bands decreases at y =
87° and 85°. Second, at y = 89°, growth increases for first
ECH bands as T}, increases. However, the third harmonic
band, which in this case is near UHR, is always the most
intense band, which is in accord with observations.

4.1.3. Variation of n., (Cold Electron Density)

[17] Tt has been noted in section 3 that the Divine and
Garrett [1983] model underestimates the thermal electron
density outside the lo torus. We have therefore made a study
of growth rates for R = 10 R;, k = 2, and ¢ = 1 using n,, =
90 ¢cm°, which is 3 times the value used in Figure 4.
Dispersion relation and growth rates have been calculated.
Growth rates are shown in Figure 10. It is noted that the
growth rates are generally considerably smaller than the
values shown in Figure 4. Comparing these with growth
rates shown in Figure 6 (R = 7.4 R)), it is found that the
values at R = 10 R; are, in general, smaller than the values

10 T T T T T T T T
First Harmonic
gb———— geco'r;‘d Hurmou-.uic Second ]
. -Fourth Harmonic =8¢ First
First \ $=89
w, 6 . 7
2 First Fourth
> 4L -85
P 4
0 | e —
1 2 3 4 S .6 7 8 9 1
n
Figure 11. Normalized temporal growth rate of ECH

bands at radial distance R = 7.4 R; for k = 2 and ¢ = 1
(Leubner and Schupfer [2001] model).

Figure 12. Same as Figure 11 but fork =3 and £ =1 (LS
model).

of R = 7.4 R, which is in better agreement with obser-
vations [Kurth et al., 1980; Kurth, 1992].

4.2. Results for LS Model Distribution Function
(Equation (13))

[18] InFigure 11 we show the growth rates (equation (25))
at R = 7.4 R, using the distribution function equation (13)
given by Leubner and Schupfer [2001]withk =2 and /= 1. It
may be noted that the first harmonic band at y = 89° is more
intense compared with second and fourth bands. However, in
Figure 6 the fourth band is more intense than the first and
second bands. In Figure 12 we show the growth rates for k=3
and ¢ = 1 for the same radial distance. It is noted that the
growth rates are considerably increased. Finally, in Figure 13
we show the effect of changing “¢” on growth rates
using k = 3 and ¢ = 2. It is noted that the growth rates
are considerably reduced compared with values shown in
Figure 11. This is mainly due to the reduction in the
coefficient ab*’ appearing in equations (25), (26), and
(29).

5. Discussion and Conclusions

[19] Our calculations for distribution function equation
(8) show that the first ECH band remains undamped up to
about y = 85°, and the higher bands start damping at y <

10 T Y T T T T T T
First Harmonic
|———= Second Harmonic .
8 _ .. — Fourth Harmonic
First
L =89 1
w 6 b=8
= Second
>, L $=89" .
Fourth
¢ =89 “
2+ First, | B
$=85 1
0 \ ) 1 ] e 1
1 2 -3 4 5 . 8 7 8 9 1

Figure 13. Same as Figure 11 but fork =3 and £ =2 (LS
model).
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87°. This may account for the observation [Kurth et al.,
1980; Stone et al., 1992; Gurnett et al., 1996a] that the first
harmonic band is the main band that is generally observed.
Next, the observations show that the band near upper hybrid
resonance is usually very intense. This is also in agreement
with our calculations, as can be seen in Figures 4, 6, 8, and
9, where the third band in Figure 4 (G, = 4) is very strong
and the fourth band in Figures 6, 8, and 9 (W, = 7) is also
very strong. We also find that the frequency within the band
shifts to a lower value as the thermal temperature 7 is
increased. However, this cannot be verified because of a
lack of observational data. Comparing Figure 4 (R = 10 R))
and Figure 6 (R = 7.4 R,), we note that the intensity of first
band at v = 85° decreases as radial distance is increased.
However, for other bands and for other values of v, growths
do not decrease as radial distance is increased. This is not in
accord with observations. This is due to the inadequacy of
plasma parameters used in the model as pointed out in
section 4.1.3.

[20] Using the distribution function equation (13), it is
noted from Figure 11 that fork =2 and ¢ =1at R=7.4 R,
the first harmonic is the most intense band in comparison
with second and fourth ECH bands. This is in better accord
with observation compared with the results for distribution
function equation (8) (refer to Figure 6). However, the
results for variation of k and ¢ are quite different in this
case compared with the case for equation (8).

[21] We have thus made a comprehensive study of
electron cyclotron harmonics emissions using kappa loss
cone distribution function in the magnetosphere of Jupiter.
Two types of electron distribution functions representing
suprathermal tails have been used, one given by Summers
and Thorne [1995] and the other given by Leubner and
Schupfer [2001]. In the latter case the amplitudes of ECH
bands decrease as the loss cone index / is increased, while
in the former the reverse is the case. It is found that the first
harmonic band remains undamped for lower values of v (v =
85°), compared with higher bands, which are damped fory <
87° and y < 89°. Thus the first ECH band can be seen in a
larger cone (semicone angle of 5°) as compared with higher
bands, for which the semicone angle is ~1°—3°. It is also
noted that the bandwidth decreases as y is decreased from 89°
to 85°. The observed fluctuation of amplitudes of ECH bands
on a timescale of few seconds may be due to the change in the
loss cone index ¢ of the suprathermal particle population. It is
also found that the amplitudes of bands decrease with
increasing radial distance when a higher value of thermal
electron density is used at R = 10 R, than that given by the
Divine and Garrett [1983] model. This is in agreement with
the Ulysses observation of thermal electron density outside
the Io plasma torus. Thus the Divine and Garrett [1983]
model is not consistent with observations of plasma waves
outside the lo plasma torus. The present calculations are more
detailed in comparison with the studies performed by
Barbosa and Kurth [1980]. Plasma waves play an im-
portant role in Jovian auroral energetics. There is evi-
dence that a part of the Jovian aurora is connected to the
Jovian inner magnetosphere (R < 12 R)) [Dols et al.,
1992; Clarke et al., 1994]. ECH waves can cause both
energy diffusion and pitch angle scattering of keV elec-
trons, leading to a precipitation of particles into the
atmosphere. Scattering properties depend on the wave
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amplitudes [Thorne, 1983]. Present studies should be
helpful in making estimates on scattering properties of
ECH waves and thus contribute to a better understanding
of the Jovian aurora.
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