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Abstract. The dispersion of unducted lightning-generated whistlers observed
by Voyager 1 in the warm torus around density peaks at L = 5.7 and L = 5.9
are analyzed using the HOTRAY code, which incorporates a newly developed

diffusive equilibrium density model for the Io torus. Since the wave propagation
characteristics are primarily controlled by electron density, a simplified two-ion
(H* and O%) model has been used to simulate wave dispersion. The properties of
O™ are adjusted to simulate the electron density variation at low latitudes (<20°),
where heavy ions dominate, and a variable Ht component is added to model the
electron density at higher latitudes. Both the offset and tilt of the Jovian magnetic
dipole are taken into account to determine the electron distribution as a function
of System III longitude. The results confirm earlier suggestions that modest therml
anisotropies (T > T") of heavy ions are required to match the observed whistler
dispersion. Proton concentrations typically lie in the range 5-10%, with larger
values in the outer torus. On the basis of these optimum plasma parameters, the
observed upper cutoff frequencies ( ~ 6 kHz ) imply a minimum electron density of
about 8 cm™2 at high latitudes along field lines that map into the warm torus. This
analysis of unducted whistlers indicates that all observed waves originate in the
northern hemisphere rather than the southern hemisphere, as assumed in earlier
studies of ducted waves. This new result is consistent with optical lightning events,

which were only observed in the northern hemisphere by Voyager 1.

1. Introduction

Lightning-generated whistlers were detected by the
plasma wave instrument on Voyager 1 in three distinct
regions near the inner edge of the Io torus [Gurnett
et al., 1979; Gurnett and Scarf, 1983; Kurth et al.,
1985]. The initial dispersion analyses of these waves
indicated that lightning in the Jovian atmosphere was
the most likely source [Gurnett et al., 1979]. A new
three-dimensional model for the distribution of plasma
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in the inner Jovian magnetosphere has been developed,
and the model parameters have been optimized using
the constraints imposed by a detailed analysis of the
dispersion and spectral properties of whistlers in the
warm torus.

The dispersion of whistlers was initially used as a re-
mote probe for plasma properties in the Earth’s inner
magnetosphere [Helliwell, 1965; Smith and Angerami,
1968]. Subsequently, the dispersion of Jovian whistlers
was analyzed to estimate the electron and light ion
(H*) densities along field-aligned propagation paths
between the Jovian ionosphere and the Io torus [Tokar
et al., 1982a, b]. Furthermore, under the assumptions
that the observed upper cutoff frequency is equal to the
minimum plasma frequency (which is valid when waves
propagate strictly along the field direction), Gurnett
et al. [1981] obtained an estimate of 1 cm™2 for the
minimum density along the ray path. The thermal pro-
ton concentration, which could not be detected directly
by the Voyager PLS (plasma. science) instrument, was
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also estimated to be around 1 to 10% near the equator
based on the assumption that waves propagate along
field lines [Tokar et al., 1982a, b).

In the earlier studies, density models were simpli-
fied either by assuming an exponential distribution of
plasma density along field lines [Gurnett et al., 1981;
Tokar et al., 1982a] or by assuming a diffusive equi-
librium distribution in which the magnetic mirror force
due to ion temperature anisotropies was neglected [ Tokar
et al., 1982b]. Nevertheless, temperature anisotropies
(with T > T)) are expected since heavy ions in the
torus are produced by a pickup process. Subsequently,
the diffusive equilibrium density model was extended
to include the effects of temperature anisotropies of
plasma species [Huang and Birmingham, 1992], and de-
tailed Io torus plasma profiles were modeled based on
both Voyager 1 PLS data and UVS (ultraviolet spec-
trometer) compositional information [Bagenal, 1994].
Crary et al. [1996] applied this improved model to re-
analyze whistler dispersions in the Io torus assuming
field-aligned propagation and concluded that thermal
ion anisotropies were required to best account for the
observed whistler dispersion. Furthermore, the proton
abundance was found to be <10% which was lower than
the results of earlier whistler analyses [Tokar et al.,
1982a, b], primarily due to the revised ion tempera-
tures [Bagenal et al., 1985].

The plasma model developed by Crary et al. [1996]
indicates a minimum plasma frequency near 20 kHz at
high latitudes along field lines that map into the Io
torus. For strictly field aligned propagation, this im-
plies that waves below 20 kHz could, in principle, have
access to the Io torus. However, the observed upper cut-
off frequency is typically near 6 kHz, and, based on de-
tailed ray tracing, Wang et al. [1995] have shown that
Jovian whistlers do not necessarily propagate along the
field direction. Instead, waves from a broad range of
latitudes in the ionosphere can be guided to the obser-
vation location by the density maxima of the Io torus.
In addition, there is substantial variability in both the
whistler dispersion and the upper cutoff frequency for
waves observed at essentially the same regions in the Io
torus [Kurth et al., 1985], implying that the whistlers
did not follow the same propagation paths and must be
unducted [ Wang et al., 1995]. For oblique wave propa-
gation, the assumption that the observed upper cutoff
frequency is equal to the minimum local plasma fre-
quency is no longer valid; the upper cutoff frequency
for observed whistlers can be substantially lower than
the minimum local plasma frequency along the prop-
agation paths of waves. An earlier study of unducted
whistler propagation [ Wang et al. 1995] also indicated
that the lightning source location was at lower latitudes
(L £4, Am,0 £60°). The waves could thus avoid prop-
agation through the high electron density regions at
high latitudes of the Io torus.

To date, the observed upper cutoff frequencies have
not been adequately explained and the source location
of these whistlers has been derived from density mod-
els which assume a centered dipole magnetic field [Mei
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et al., 1995; Wang et al., 1995]. In order to accurately
analyze observed whistler dispersion and the wave spec-
tral properties, a comprehensive three-dimensional (3-
D) analytical density model has been developed which
accounts for longitudinal variations of the centrifugal
equator as well as the temperature anisotropies of the
plasma. A realistic model for the inner plasmaspheric
density has also been incorporated based on a detailed
analysis of whistler observations in the cold Io torus
[Wang et al., this issue]

2. Models and Dispersion Analysis
With HOTRAY

The Jovian magnetic field is assumed to be dipolar
with an offset and tilt given by the OTD (offset and tilt
of the dipole) model in Acuiia et al. [1983]. Three dis-
tinct plasma density models are used to represent the
ionosphere, the inner plasmasphere, and the Io torus:
(1) The ionospheric profile is an empirical fit to the Voy-
ager data [Strobel and Atreye, 1983] and is composed
simply of electrons and H*. The peak density is com-
parable to 10° cm~3 at 1.02 Ry, with an exponential
scale height of 1000 km at higher altitude [Wang et al.,
1995]. (2) The inner plasmasphere model (also com-
posed of Ht and electrons) is a modified empirical fit
to the Pioneer 10 and 11 data, adapted from the earlier
model of Sentman and Goertz [1978] and Divine and
Garrett [1983]. (3) Plasma components of the Io torus
are based on the analytical model of Mei et al. [1995].
The temperature of each component is assumed to be
constant along any field line, but realistic variations in
L value [Bagenal, 1994] are included. The offset and
tilt of the dipole are taken into account to determine
the centrifugal equator. Details of this new diffusive
equilibrium density model are given in the appendix.

For simplicity, because the wave frequencies of in-
terest are well above the ion gyrofrequency and the
whistler propagation characteristics are primarily con-
trolled by electron density, only two ion species, Ht
and O%, are included in this analysis. Heavy ions with
a complex composition (0O+,0%+ S+ 52t etc.) domi-
nate near the equator [Bagenal, 1994] and the modeled
Ot concentration is adjusted to simulate the effect of all
heavy ion species on the plasma scale height at low lati-
tude. Ht ions must also be included since they become
the dominant ion at latitudes above 25° [Mei et al.,
1995]. The latitudinal variation of electron density for
the adopted (Ht, Ot) model is in excellent agreement
(within <10%) with results obtained for a more real-
istic multi-ion composition over the important latitude
range below 20° where most whistler dispersion occurs.
The dispersion is insensitive to the density at higher
latitudes (~ 40°) where the two-ion model differs most
from the multi-ion model since the electron density is
two orders of magnitude below those at the equator.
Electron density contours for the composite model are
exhibited in Figure 1. The top panel at Apr = 200°
corresponds to the Voyager 1 inbound pass through
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Figure 1. Optimum model electron density con-

tours (per cubic centimeter) in the magnetic meridional
plane. The top panel is for Ay = 200°, correspond-
ing to whistler observation in region A. The bottom
panel shows density contours for Apjy = 330° based on
whistler observation in region C. Notice the different
positions of the centrifugal equator due to the effect of
dipole tilt.

whistler region A (L = 5.7) when the spacecraft was
just above the centrifugal equator. The bottom panel
at Amnr = 330° corresponds to region C (L = 5.9) on the
outbound pass when Voyager was south of the centrifu-
gal equator.

The ray tracing methodology adopted to analyze
whistler dispersion is illustrated in Figures 2 and 3. A
basic assumption is that all whistlers are unducted and
that the waves are guided from the ionospheric source
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location to the equatorial observation point (region A
or C) by the natural density distribution along the ray
path. Backward ray tracing with the HOTRAY code
[Horne, 1989] is performed through the model environ-
ment to identify the source location in the ionosphere.
For each observed whistler signal, waves are traced back
to the ionosphere, and output from the HOTRAY code
is used to plot the resulting time-frequency spectro-
gram. Key model parameters such as the equatorial ion
temperature anisotropy, the equatorial proton concen-
tration, and the equatorial electron density are adjusted
until the computed spectrogram agrees with that ob-
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Figure 2. (top) An example of the frequency-time
spectrogram for whistlers observed in region A. The
dispersion of this signal is 259 s Hz!/2 over the observed
frequency range from 1.5 kHz to 6 kHz. (bottom) Ray
paths of unducted waves originating from Jupiter which
have access to region A. Electron density contours near
region A and L-shells for L = 3.5 (near the ionospheric
source point) and L = 5.7 are also indicated.
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Figure 3. (top) An example of the frequency-time
spectrogram of whistlers observed in region C. The dis-
persion of this signal is 429 s Hz!/2 over the observed
frequency range from 3 kHz to 6 kHz. (bottom) Ray
paths of waves originating from the northern hemi-
sphere of Jupiter which arrive at region C. Electron
density contours near region C and the L = 5.9 shell are
also indicated. Whistlers which access region C come
from a higher-latitude source to avoid being trapped by
the higher density peak near L = 5.7.

served on Voyager. This analysis allows specification of
optimum values of important plasma parameters which
were not well constrained by direct Voyager observa-
tions with the PLS instrument.
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3. Results

Five distinct whistlers were observed in region A
[Kurth et al., 1985], each with dispersion around 275
s Hz'/2 over a frequency range from 1.5 to 6 kHz
(e.g., Figure 2, top panel). On the basis of the op-
timum density model, the source latitudes for all re-
gion A whistlers are near 46° Jovigraphic latitude. Six
whistlers were observed in region C, with larger disper-
sion around 420 s Hz'/2 and a frequency range from 3
to 6 kHz. Figure 3 (top panel) shows an example of
the frequency-time spectrogram for whistlers observed
in region C. Backward ray tracing indicates that region
C whistlers originate near 64° Jovimagnetic latitude,
which at this location corresponds to 61° Jovigraphic
latitude. Whistlers which access region A are strongly
guided by the dominant density peak at L = 5.7. How-
ever, for a northern hemisphere source, whistlers which
propagate to region C need to come from higher lati-
tudes to avoid being trapped by the higher density peak
near L =5.7.

Tables 1 and 2 summarize the optimum parameters
for the proton concentration, parallel ion temperature,
and the peak density of electrons at the centrifugal
equator required to best interpret observed whistler dis-
persion in both regions A and C. Owing to the restricted
spatial distribution of whistler events in regions A and
C, only the average dispersions are listed for each re-
gion. If all plasma species are assumed to be isotropic
(TL = Tj) , unreasonably low equatorial electron den-
sity would be required to fit the observed dispersion
in region A (e.g., in Table 1 for an equatorial proton
concentration of 10%, one requires N ~ 2620 cm™3).
Since Voyager 1 directly observed electron density near
Ng = 3250 cm™2 in this region, it is more reason-
able to constrain the equatorial electron density to the
model values given by Bagenal [1994] and fit observed
dispersion by allowing the ion temperature anisotropy
A =T, /T — 1 to vary. Temperature anisotropies for
heavy ions are expected since the ions sputtered from
the Io are preferentially heated in the perpendicular
direction by the pickup processes. However, the iono-
sphere may provide a source of protons, and such ions
could be colder and more isotropic. Two extreme mod-
els for the proton anisotropy are adopted: Agx+ = 0
and Ag+ = Aop+. The results of this fitting procedure
are shown in Table 2. The nominal measured perpen-
dicular temperature for O% in region A is 40 eV. For
a 10% isotropic proton concentration, the parallel tem-
perature of O* would have to be 29 eV to best fit the
measured whistler dispersion. Alternatively, if both ion

Table 1. Optimum Plasma Parameters Required for

an Isotropic Ion Distribution

Region A Region C
Optimum L=~5.7 D=253 L =59 D=420
Parameters Tio+=40eV, T g+ =5¢eV Tio+=60eV, T g+ =6¢eV
N+, % 10 5 1 10 5 1
Neg, cm™? 2620 2800 3000 2200 2750 3160
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Table 2. Optimum Plasma Parameters Required for

Anisotropic Jons

Region A Region C

Optimum Neo = 3250 Neo = 2350
Parameters TJ_0+ =40 eV, TJ_H+ =5eV TLO+ =60 eV, T.LH+ =6eV
N+, % 10 5 1 10 5 1
AH+ = 0
Tjo+, eV 29 35 38 56.6 N/A N/A
o+ = Ao+
Tyo+, eV 33 36 38 57.1 N/A N/A

species had the same anisotropy Ag+ = Ao+, the re-
quired parallel oxygen temperatures would be 33 eV.
As the proton concentration decreases, the required O
anisotropy also decreases. For all cases considered, the
optimum ion anisotropies required to match observed
whistler dispersion lie in a reasonable range between
0 and 1. Whistlers which arrive in region C from a
higher-latitude source in the Jovian ionosphere (Figure
3) propagate through regions at intermediate latitude
where the density is lower than that corresponding to
the L = 5.7 density peak. Consequently, the observed
dispersion can be fit with the nominal equatorial elec-
tron density (Neo = 2350 cm™3) obtained from Voyager
[Bagenal, 1994], even with an essentially isotropic Ot
distribution (7}jo+= 56.6 V). However, in region C the
proton concentrations must be close to 10% to yield the
observed dispersion (Table 2).

If the lightning source were in the southern hemi-
sphere, waves would need to propagate across the cen-
trifugal equator to reach region A, requiring either
much lower equatorial electron density or higher ion
temperature anisotropy. In either case the associated
minimum plasma density at intermediate latitude would
be too low to allow 6-kHz whistlers access to the torus
in region A. Even with the more conservative optimum
equatorial parameters for region A mentioned above
(5% of H* and Tjo+ = 35 eV), 6-kHz whistlers which
originate from the southern hemisphere (Figure 4) are
strongly refracted at intermediate latitude, due to their
oblique propagation through the density minima (~6
cm~3). Consequently, such high-frequency whistlers
would be unable to reach region A from a southern lat-
itude source location. The southern hemisphere cannot
be the source of region C whistlers, since unreasonably
high equatorial electron densities would be required.
Consequently, both region A and region C whistlers
must originate from lightning activity in the northern
hemisphere.

The density minima at intermediate latitudes also
provides an important constraint on the maximum fre-
quency for whistlers that reach region A from a north-
ern hemisphere source. Ray paths for 10-kHz whistlers
using the optimum model for warm torus are shown
in Figure 5. Waves launched from Ao < 59.3° are
refracted into the inner plasmasphere, whereas waves
launched from Ao > 59.4° propagate into the outer
warm torus where they are subject to severe Landau

damping [Wang et al., 1995]. Ten-kilohertz whistlers
are consequently unable to reach region A, consistent
with Voyager 1 data.

4. Discussion and Conclusions

A new 3-D model for the plasma distribution in the
inner Jovian magnetosphere has been developed using
an offset and tilted dipole magnetic field. This analyti-
cal density model has been used in the HOTRAY code
to follow the ray path of unducted lightning-generated
whistlers from source locations in the Jovian ionosphere
to the equatorial observation location along the Voy-
ager 1 trajectory. Model parameters such as the H*
composition, the ion temperature anisotropy, and the
equatorial electron density have been optimized to best
simulate the observed dispersion and frequency range
of whistlers in the warm Io torus.
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Figure 4. Six-kilohertz waves launched from the
southern hemisphere cannot gain access to region A
due to lower plasma density in the southern hemisphere
(due to the dipole tilt) in our optimum density model
(Table 1). The dashed lines show contours of plasma
frequency.
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Figure 5. Ten-kilohertz waves are unable to access
region A from a source location in the northern hemi-
sphere due due to the low plasma density at high lati-
tudes in our optimum density model. Waves launched
from latitudes lower than 59.3° propagate to the in-
ner plasmasphere around L = 4.5, and waves launched
from latitude higher than 59.4° propagate to the outer
region beyond region A around L = 5.9.

Modest thermal ion temperatures anisotropy (T} <
T ) is required to account for the dispersion of whistlers
seen near L = 5.7 during the inbound Voyager 1 pass
through the warm torus (region A), consistent with
the previous dispersion analysis by Crary et al. [1996]
in which field-aligned (ducted) propagation was as-
sumed. Whistler dispersion observed near L = 5.9 on
the outbound trajectory (region C) requires substan-
tial (>10%) H* concentration. There is a tendency to-
ward higher Ht concentration with increasing L-shell,
as noted in earlier studies [ Tokar et al., 1982a, b; Crary
et al., 1996]. The optimum plasma parameters required
to best fit observed wave dispersion also yield a deep
density minimum at intermediate latitudes, which pro-
vides a natural upper cutoff to the whistler spectrum,
consistent with Voyager observations.

The source locations in the Jovian ionosphere for re-
gion A and C whistlers are around A, = 45° to 60°
in the northern hemisphere. This is much lower than
that suggested in previous studies by Menietti and Gur-
nett [1980] and Hobara et al. [1995]. The source lati-
tudes predicted in our model correspond approximately
to where optical lightning events were observed by Voy-
ager 1 [Cook et al., 1979; Magalhies and Borucki, 1991].
Furthermore, all the optical lightning events were con-
fined to the northern hemisphere, consistent with this
ray tracing simulation. Higher-order terms of magnetic
field could modify the precise source location in the Jo-
vian ionosphere, but the effect is not expected to be
large.
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Appendix: Density Model

All plasma species are assumed to be bi-Maxwellian
in diffusive equilibrium along field lines under the bal-
ance between magnetic, gravity, and centrifugal force.
The latitudinal variation of temperature anisotropy is
also considered [Huang and Birmingham, 1992]. As-
suming that the parallel temperature along field lines
does not change, the density of each species can be writ-
ten as:

Ne.c Te_L e

—_— = exp|—— b - @ 1
Neco  Teol p[Te"( o 5] )
TNe,h ThJ_ [
— = exp|— (@ — ] 2
Neno  Thoo p[Th” (5 —250)] @

Ny Ta_L Zae

B _ ol (@, ~ 225 (25 — @ 3
Na,0 TaoL xp[ * Ta|| ( B E’O)] ( )

Here n.c, Nen, Mo denote density for cold electron,
suprathermal electron, and ion species a, and @, is the
sum of the gravitational and centrifugal potential for
each ion species a.

m 1 1 1m
b = ——CGM(= = =)+ ==202(p% — p2 4
«a Ta” J(T TO) 2 Ta” J(p pO) ( )
and,
To1 By,
=1+ A1 - = 5
TaO_L [ Ol( B)] ()

where Aq = TaoL/Taoy — 1. The subscript 0 refers
to the reference point along a field line (usually the
centrifugal equator); p, r, and B represent distance to
the rotational axis, the radial distance, and magnetic
field strength at any other location along the field line.

The offset and tilt of the dipole magnetic field are
considered to determine the position of the centrifugal
equator which occurs where the distance to the rota-
tional axis is largest. Figure 6 shows the case when the
center of dipole D is offset from the Jovigraphic center
J by a distance A along System III longitude i at a

Y
(Ag=270°

Figure 6. Transformation from Jovigraphic coordi-
nates z,y,z to Jovimagnetic coordinates Zm,Ym,2Zm:
(1) Offset by A(R;), z axis moves to z'. (2) Tilt by
B°, 2' axis rotates to zp,. Here p is the radial distance
from a point along any field line to the rotational axis
2. Note that after transformation, the dipole is tilting
toward ¢, = 180°
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latitude & for the OTD parameters taken from Acuiia
et al. [1983]. The dipole axis is further tilted by an
angle 8 pointed to System III longitude ®5. The term
in (4) for the change in centrifugal potential p? — p3 can
then be described in magnetic coordinates since

p? — pt = (cosB Tm + sinf 2)?
—(cosB Tom + sinB zom)? + ¥2, — Yom
+2Acosé x [(sing cos(®g — 1)
—cospsin(®g — 1)) (Ym — Yom)
+(cosp cos(®g — 1)
+sinp Sin(q’ﬁ — w1))(cosB (Tm — ZTom)
— sinf (zm — zom)] (6)
From (1) - (3), the density of both suprathermal elec-
trons and ions can be expressed in terms of the density
of cold electrons.
Tie,h
Ne,h0

— Th.L nec TeO_L]:—hH' (7)
" Thot ‘Neco Tey

Na
N0 T

CO.L] Za;:_‘llll'

Te,c
ple. ]| nee Tt

(8)
Charge neutrality requires

Ne,c + Te,h0 [ Ne,c TeoL 1—“'( Thy )

Te,c0 Me,c0 Lel ThoL

o[, Ree ot y-Ze iy

Ne,co Ter

Ne,c0

— Z Z, Na,0 TJ.,a ex

p” Ne,cO TL,aO

Ne,c

(9)

Since it is reasonable to assume that electrons are
isotropic everywhere, (9) can be simplified to

T
Ne,c + ne,hO[ Ne,c ]T:TH-

Ne,c0 Ne,c0 Ne,cO
T, —Za gt
= 3250 e ol e T (10)
Te, co T

The suprathermal electron term can usually be ignored
since the fractional composition is less than a few per-
cent inside L = 10. Furthermore, in the torus where
T, < To|/Za, we may follow Mei et al. [1995] and
obtain an approximate analytical solution:

1
—_
oo T e
o (D Za g peb el T (a1
ne c0 e, cO TeoL
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