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An interpretation of a mysterious 3.0- to 4.6-kHz emission band
observed on Voyager 2 near Neptune

Vikas S. Sonwalkar, Umran S. Inan, and Timothy F. Bell
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Abstract. A whistler mode interpretation is provided for the narrowband signal (f ~ 3 — 4.6
kHz, Af ~ 200 — 800 Hz) detected by the plasma wave instrument on Voyager 2 during its
encounter with Neptune. Our analysis indicates that this signal may have been generated in

a limited spatial region and that it propagated to other regions of the Neptunian magnetosphere
in the nonducted whistler mode with wave normal vectors lying close to the whistler mode
resonance cone. The observed frequency variation of the emission along the Voyager 2 trajectory
is consistent with this interpretation. The source location is estimated to be near the magnetic
equator at L ~ 4 and dipole longitude of 111°W (260°W longitude in Neptune coordinate system).
The source frequency and bandwidth are estimated to be 3.6 kHz and 300 Hz, respectively. The
waves most likely would have been generated by energetic electrans with 2- to 20-keV parallel
energy via a gyroresonance mechanism. Our interpretation of the narrowband emissions places
the following limits on the Neptunian thermal plasma density and temperature: (1) Ne,min > 0.16
el/cm3 for 1.2 Ry < R < 5RN,(2) Nemax=597.5cm™3 at R = 1.3Rp, (3) T max < 500—1000°
K at R ~ 5Ry. It is also possible that the weak UV aurora observed near Neptune could have
been caused by the precipitation of energetic particles by the narrowband emission as a result of

wave particle interactions.

Introduction

The Voyager 2 plasma wave (PWS) instrument detected a nar-
rowband emission (NBE) (f ~ 3 — 4.6 kHz, Af ~ 200 — 800
Hz) during its close encounter with Neptune [Gurnett et al., 1989,
Moses and Coroniti, 1991]. Based on the values of the local plasma
parameters, electron density N, and magnetic field By, the signal is
expected to propagate in the whistler mode [Gurnett et al., 1989].
In general, the frequencies of naturally occurring whistler mode
signals observed in the terrestrial magnetosphere show a close as-
sociation with local (or equatorial) gyrofrequency. The narrowband
signal observed in the Neptunian magnetosphere is somewhat mys-
terious because its frequency varied very little over a wide range of
local gyrofrequency fre (280 - 4.7 kHz) along the Voyager 2 orbit.
Moses and Coroniti [1991] suggested that the emission may be Z
mode radiation similar to the trapped Z mode waves (with frequen-
cies close to the left-hand cutoff frequency) found in the terrestrial
and Jovian magnetospheres.

In this paper we provide a new whistler mode interpretation of
the narrowband signal. We show that it is possible that the NBE was
generated in a limited spatial region and that it propagated to other
regions of the Neptunian magnetosphere in the nonducted whistler
mode with wave normal vectors lying close to the whistler mode
resonance cone. This interpretation is consistent with the observed
frequency variation of the emission along the Voyager 2 orbit and
allows us to place certain limits on the Neptunian plasma density
and temperature.

Observations

Figure 1a shows an example of the narrowband emission that is
the subject of this paper. Of the 78 wideband data frames (each
~48 s or less long) collected by PWS near Neptune during 2036
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spacecraft event time (SCET) (day 236) to 1230 SCET (day 237)
(see Scarf and Gurnett [1977] for the details of PWS), the NBE
appeared in 29 wideband frames, all during 0310 - 0538 SCET on
day 237. Figure 1b shows a mosaic of all the wideband frames
containing the NBE. (See Plates 1 and 2 of Moses and Coroniti
[1991] for a colored version of Figure 1.) Figure 2 shows the upper
and lower frequency cutoff of the emission (as scaled from spectra
similar to one shown in Figure 1a) observed along the Voyager 2
orbit. The actual bandwidth of the signal is probably higher than that
shown in this figure because the wideband receivers with automatic
gain control (AGC) tend to suppress weak signals [Sonwalkar and
Inan, 1989]. Though wideband data frames were also obtained
between 0330 SCET and 0400 SCET and between 0440 and 0515
SCET, no emissions of any kind were observed during these periods
because the AGC was set by strong dust impact signals during the
ring plane crossings [Moses and Coroniti, 1991]. Wideband data
frames available before 0310 (the first such frame was available at
0255 SCET) and after 0538 SCET (the first such frame was available
at 0602 SCET) also showed no sign of NBE.

Figures 3a ,3b, 3c, and 3d show the radial distance, latitude,
west-longitude, and local time, respectively, of the Voyager 2 orbit
during the period when NBE was observed. For our purpose it
is more appropriate to represent the trajectory of Voyager 2 near
Neptune in a magnetic coordinate frame that rotates with the planet.
We use an offset tilted dipole (OTD2) coordinate frame identical to
that employed by Cheng [1990]. In this frame the origin is at the
center of the dipole which is 0.55 Ry from the center of the planet.
The z axis is along the dipole axis which is tilted 45.2° from the
rotation axis and toward —76.5° lengitude. The z axis is defined
such that the vector joining the dipole center to the planet center
falls in the z — z plane and the y axis is defined by the right-hand
rule. Thus in this frame the dipole latitude and longitude of a vector
are given by Am = 90 — O, and dm, where 0 and ¢ are the
polar and the azimuthal angles, respectively. Figures 4a, b, and ¢
show the Voyager 2 orbit parameters (the distance from the dipole
center R, dipole latitude A, and longitude ¢ ) in this coordinate
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Figure 1. (a) Typical wideband frame from closest approach. This figure presents a 48-s wideband frame from
0415:11 SCET. The narrowband emission (NBE) near 3.3 kHz is the subject of this paper. (b) Mosaic of the 29
wideband frames from the closest approach that showed NBE. The NBE frequency is observed to increase from 3
kHz at 0300 SCET to 4.6 kHz at 0540 SCET [From Moses and Coroniti, 1991].

system during the period when NBE was observed. Figures 5 and
6 show the projection of the Voyager 2 trajectory onto the dipole
meridional and equatorial planes, respectively.

The salient features of the NBE observed near Neptune are: (1)
the emission was observed between 0310-0538 SCET over wide
ranges of radial distances (1.2 - 5Ry), dipole latitudes (A = 20°
S - 70° N), and longitudes (180° W — 50° E), (2) the strongest
signals were observed between 0405 and 0432 SCET, (3) except for
arelatively weak signal at 3.7 kHz that was observed at 0310 SCET,
the average emission frequency generally increased monotonically

with time from ~ 3 kHz at 0319 SCET to 4.6 kHz at 0538 SCET, (4)
the emission bandwidth varied between ~ 200 Hz and ~ 800 Hz,
with the largest bandwidth observed near 0538 SCET, and (5) the
local time of the observations was ~ 1300 before 0340 SCET and
0100 after 0400 SCET. The local gyrofrequency during the period
when NBE was observed varied between ~ 4.7 kHz and 280 kHz
with smaller values of gyrofrequency observed at later times.

Interpretation
The analysis approach used in this work is based on a formal-
ism developed by Sonwalkar [1986] to analyze satellite plasma
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Figure 2. The upper and lower frequency cutoff of the NBE
observed along the Voyager 2 orbit. The dashed line shows the
average frequency of the signal.

wave data. In this formalism the kinetic constraints arising from
the physics of the medium (i.e., properties such as cutoffs, disper-
sion, polarization of the modes of propagation) and the kinematic
constraints arising from the measurement process (i.e., motion of
the satellite, response of the detector, receiver characteristics, sam-
pling rate of the data) are explicitly taken into account to predict
certain quantities that can be tested experimentally. The method is
particularly useful in situations such as that of the Voyager 2 data
from Neptune, in which more direct tests of a given hypothesis are
not possible due to experimental limitations.
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The Hypotheses

We put forth the following hypotheses concerning the nature of
the NBE and test them by application of the Sonwalkar [1986]
formalism:

1. The narrowband signal was generated in a region confined to
longitudes where the strongest signals were observed. Nominally,
we assume that the NBE was generated with f ~ 3.58 kHz and
within a bandwidth of Af ~ 200 — 300 Hz near the 250° dipole
longitude meridional plane. These values correspond to the average
frequency and bandwidth of the signal and the dipole longitude of
Voyager 2 at 0415 SCET when the strongest NBE was observed (to
the degree that as determined from the AGC controlled response of
the wideband receiver). We show below that our results are not very
sensitive to the exact location and the frequency of the source.

2. The signals propagated from the source region to the obser-
vation points in the nonducted whistler mode, with wave normal
vectors lying close to the whistler mode resonance cone.

3. The observed frequency and bandwidth variations of the emis-
sion result from the Doppler shifts introduced by the motion of the
spacecraft.

Figure 7 schematically shows the propagation of NBE from the
assumed source location to various observations points along the
Voyager 2 trajectory. Hypothesis 1 is consistent with the observa-
tion that the signal frequency remained nearly constant even though
the local gyrofrequency varied widely. It is also consistent with
the observation that weaker signals were observed before and after
Voyager 2 crossed the presumed source location.

Hypothesis 2 is consistent with the known propagation charac-
teristics of nonducted whistler mode signals in the terrestrial mag-
netosphere. In general, whistler mode waves at a given frequency
f generated within the magnetosphere (or from a source below the
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Figure 3. The radial distance R, latitude A, west-longitude ¢, and local time (LT) of the Voyager 2 orbit in
Neptune coordinate system when the NBE was observed. The circles indicate locations of Voyager 2 at times when

the 29 wideband frames showing the NBE were obtained.
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Figure 4, The Voyager 2 orbit parameters in OTD2 coordinate system when NBE was observed: the distance from
the dipole center Rn,, dipole latitude Am and longitude ¢.,. The circles indicate locations of Voyager 2 at times
when the 29 wideband frames showing the NBE were obtained.

ionosphere) remain trapped within the magnetosphere, bouncing
back and forth between the two hemispheres (see Figure 7) [Kimura,
1966, Edgar, 1976]. In each hemisphere the waves are reflected at
points where f = frzr, where fr g is the local lower hybrid
resonance frequency. After the first magnetospheric reflection the
wave normal vectors are generally close (within a few degrees) to
the resonance cone and remain so during the subsequent bounces
[Edgar, 1976]. If such waves were generated with a nonzero compo-
nent of the wave vector in the azimuthal direction, and if the Landau
damping of the waves were insignificant, they can drift considerably
in longitude, and in general, the wave refractive index continues to
increase as the waves propagate away from the source [Draganov
et al., 1993].

Hypothesis 3 is justified because the propagation of signals with
wave normals close to resonance cone implies large values of the
wave refractive index, which combined with the rather large (30
km/s) spacecraft velocities, can easily lead to Doppler shifts of the
order of ~ 1 kHz. Moreover, the observed monotonic increase
or decrease of the Doppler shifted wave frequency away from the
source region is consistent with the expected increase in the refrac-
tive index as the wave propagates away from the source.

Testing the Hypotheses

A detailed ray tracing analysis is needed to place very tight con-
straints on the nature of propagation from the source to an observa-
tion point. Such an analysis is beyond the scope of this paper and
would also require rather precise models of the Neptune’s magneto-
sphere. However, based on geometrical grounds and on the general
features of nonducted whistler mode propagation as noted above, it
is necessary that the following conditions be satisfied in order for
our hypotheses to be true:

1. The signal frequency should be below the local gyrofrequency
Jfre and plasma frequency fpe throughout the region of observation.

2. For obliquely propagating magnetospherically reflected waves
to be observable on the spacecraft, the signal frequency (f=3.58
kHz) must be above the local lower hybrid frequency frmr
throughout the region where NBE was observed.

Am = 90°

0310 SCET

Am = =90°

Figure 5. The projection in polar coordinates (Rm, Am) of Voy-
ager 2 trajectory in a magnetic meridional plane. Ry, is the dis-
tance from the origin and Am is the angle measured from = axis.
The circles indicate locations of Voyager 2 in this plane at times
when the 29 wideband frames showing the NBE were obtained.
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Figure 6. The projection in polar coordinates (Rm, ¢m) of Voy-
ager 2 trajectory in the magnetic equatorial plane. The circles
indicate locations of Voyager 2 in this plane at times when the 29
wideband frames showing the NBE were obtained.

3. Doppler shifts with correct sign (negative Doppler shifts be-
fore 0415 SCET and positive after 0415 SCET) must be possible
for waves arriving (from the source region) at the observation point.
For times before 0415 (the time when the east-west traversing Voy-
ager 2 crossed the source longitude), the waves would arrive at the
observation point with their group ray velocities generally in the
W-E direction, and for times after 0415, the waves would arrive at
the observation point with their group ray velocities generally in
the E-W direction (see Figure 7). Since the wave normal vector
and group ray velocity lie in the same plane, this implies that for
times before ~0415 SCET, the wave normal vector must possess a
component in the W-E direction, and for times after ~0415 SCET
wave normal vector must possess a component in the E-W direction.
With this restriction on possible wave normal vectors (and taking
into account the Voyager 2 velocity vector), it should be possible to
obtain observed Doppler shifts.

4. The values of refractive index needed to explain the obser-
vations should show a general increase with the increase in the
difference between the source and the observation point longitudes.

5. Since waves propagating with wave normal angles close to the
resonance cone have large refractive indices, Landau damping of
these waves due to their interaction with the thermal plasma pop-
ulation needs to be considered. For the wave parameters needed
to explain the observations, Landau damping of nonducted whistler
mode waves should be negligible. In our approach we first assume
Landau damping to be insignificant and determine the propagation
parameters which are consistent with the general features of the non-
ducted whistler mode propagation and with the observations. Then,
using these propagation parameters as the basis of our interpretation,
we determine the upper limit on the thermal plasma temperature for
Landau damping to be insignificant. Finally, this upper limit on the
temperature is compared with that obtained from other independent
experiments to test if the initial assumption of insignificant Landau
damping is justified. We proceed to demonstrate that all of these
conditions are satisfied for our observations for a rather wide range
of plasma densities and source locations.

Condition 1: f < fpe, frne- Figure 8 shows the local gyrofre-
quency and the approximate value of the lower hybrid frequency

1799

along the Voyager 2 trajectory. Also plotted are the lower and upper
cutoff frequencies of the NBE. The figure clearly shows that the lo-
cal gyrofrequency is above the signal frequency (3.58 kHz) over the
entire range, consistent with whistler mode propagation. Absence of
NBE in the subsequent wideband frame taken at 0602 SCET, when
Sre dropped to ~ 2.4 kHz, is also consistent with whistler mode
propagation. The absence of signals in wideband frames available
before 0310 SCET (the first wideband frame before this time was at
0255 SCET) could be due to spreading losses incurred in propaga-
tion from the source to the observation point (note that source and
observation points are separated by more than 150° in longitude at
this time), or could simply be a temporal effect at the source.

The condition f < fpe requires that fpe min > 3.58 kHz or
Ne min > 0.16 el/cm® throughout the observation period (1.2Ry <
r < 5R ). This electron density is on the higher side of the typical
N ~ 0.001 — 0.1 measured by the Voyager 2 plasma instrument
(PLS) near the closest approach [Belcher et al., 1989], but on the
lower side of those suggested by radio and plasma wave observa-
tions. For example, radio science instrument indicated electron den-
sities of the order of several hundred cm ™3 near the closest approach
(R = 1.2Ry) [Dler et al., 1989] and the plasma wave instrument
indicated electron densities of a few tens to a few hundreds cm—3
near closest approach [Gurnett et al., 1990]. The discrepancy be-
tween the plasma instrument and these other measurements may be
due to the fact that, near the closest approach, the plasma sensor was
oriented in such a way so as not to measure the total electron density
[Gurnett et al., 1990]. We note that if the average fpe does indeed
lie near 3.0 kHz, as suggested by the PLS experiment, then the NBE
is not a whistler mode emission and the interpretation presented here
is not viable.

Condition2: f > frpr. Anupper limit on the possible elec-
tron density can be placed by requirement 2 above that f > frgr
throughout the observation region. The lower hybrid frequency for
a two-component plasma is given by

1/2
m; {1 1)]
=2+ m
pum= 22 (77
LHR REFLECTION Voyager 2
0415 SCET /
0540 SCET l\ '\ /I /I 0310 SCET

Figure 7. Schematic of multihop nonducted whistler mode propa-
gation (thin lines) of waves from the source region to observatjon
points along the Voyager 2 trajectory (thick line). The source is
assumed to be located in a plane near 250° dipole longitude. Voy-
ager 2 crosses this plane around 0415 SCET. Prior to 0415 SCET,
waves propagating in the W-E direction would reach Voyager 2
and after this time waves propagating E-W would reach Voyager
2. The waves undergo lower hybrid resonance (LHR) reflections
in both the hemispheres when f = f; g gr, where frgg is the
local lower hybrid resonance frequency.
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Figure 8. The local gyrofrequency fj., the upper limit on lower hybrid frequency JLHR,max, and the values of
frr R for the low- and high-density models along the Voyager 2 trajectory. Also plotted are the lower (circles)

and upper cutoff (asterisks) frequencies of the NBE.

where me and m; are the masses of electron and the assumed ion
species. An upper limit on f7rr g is obtained when fpe >> fe.
In this case

fLHERmax = V/Me/Mi fre )

Assuming H* to be the dominant ion, the upper limit on
fLHR,max is plotted in Figure 8 (for heavier ions, frz R,max Would
be smaller than that for H*). We note that f7, 5 g max > f for NBE
observed on four wideband data frames collected between 0405 and
0412 SCET. This implies that in order to satisfy condition 2 we must
place an upper limit on the possible plasma densities near Voyager
2 locations at these time. Setting fr,zr = 3.6 kHz at 0405, and
using the measured value of fj. at this time we obtain fpe,max=
220 kHz or Ne,max=597.5 cm™> at R = 1.3Ry. We note that this
upper limit is comparable to those indicated by the radio science
and the plasma wave instrument at similar radial distances [Tyler et
al., 1989; Gurnett et al., 1990].

For our subsequent work it is convenient to adopt a plasma density
model, even though our results are not too sensitive to the details
of the model. We shall consider two models, low- and high-density
models, with a power law dependence:

-k
Ne = No (%) 3)

We need densities at two radial distances to determine the con-
stants Ng and k. For lower radial distances, the low-density model
assumes Nemax=1.8 cm™> at R = 2Ry based on the fact that
whistlers up to 12 kHz were observed for R < 2Ry [Gurnett et
al., 1990]. For lower radial distances, the high-density model as-

sumes Ne,max=597.5 cm™> at R = 1.3Ry based on our derived
upper limit on plasma frequency. For higher radial distances we
assume, in both cases, Ne,max=0.049 cm™" at R = 10Ry based on
the measurement of upper hybrid frequency (~ 2 kHz) emissions
[Gumnett et al., 1989]. This gives us

No=847cm™3, k=223, low — density model (4)

Ny = 2000.00cm ™3 , k=4.61, high— density model (5)

Figure 8 shows the local lower hybrid resonance frequency for these
two models and we note that f > fr, i g is satisfied (condition 2).

Condition 3: Doppler shifted signal frequency. We now focus
our attention on the problem of obtaining appropriate Doppler shifts
for waves that are propagating close to the resonance cone (condi-
tion 3). For this purpose it is convenient to define a special reference
frame (Figure 9). In this frame the z axis is along the local (mea-
sured) magnetic field By, the unit vector in the azimuthal direction
of the OTD2 model is in the z — 2 plane and the y axis is determined
by the right-hand rule. For a unit vector (@, ¢) in the direction of
the wave normal vector, 6 represents the wave normal direction with
respect to the Neptunian magnetic field and ¢ represents the wave
normal direction in the azimuthal direction. For waves propagating
close to resonance cone, (@, ¢) & (-, ¢), where 0, is the reso-
nance cone angle. When the azimuthal angle ¢ of the wave normal
vector lies between —90° and 90°, it represents a wave propagat-
ing in the W-E direction and when the angle ¢ of the wave normal
vector lies between 90° and 270°, it represents a wave propagating
in the E-W direction. Similarly 0° < ¢ < 180° represents waves
propagating toward higher L-shells and 180° < ¢ < 360° waves
propagating toward lower L shells.
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Figure 9. Coordinate frame used to calculate possible wave nor-
mal directions. In this frame the z axis is along the local (mea-
sured) magnetic field By, the unit vector in the azimuthal direction
of OTD2 model is in the £ — z plane and the y axis is determined
by the right-hand rule. The z axis is approximately in the east
direction of OTD2 coordinate frame, and the y axis points toward
higher L shells.

Since the magnetospherically reflected waves could be moving
in either directions (i.e., Bg - i > 0 or By - i < 0) with respect
to the magnetic field, the wave normal direction vector lies on one
of the two resonance cones with By or —Byg as the axis. Thus the
observed frequency f,p of a whistler mode signal of frequency f
propagating with wave normal vector in the direction of unit vector
(0>, ) or H(180° — 6, ¢) is given by

foo = f— LEOY 50, ) 960, d),

c

(6a)

or

fob = f - Mﬁ(lsoo - 01‘7 ¢) * 0(0‘0, ¢'0)’ (6b)

where 1(6r) is the refractive index, V is the spacecraft speed, and 6,
and ¢ are the polar and azimuthal angles of the unit vector parallel
to the spacecraft velocity vector. Figure 10 shows plots of V, 6,
and ¢, along the Voyager 2 orbit.

The factor i(0r, @) - ¥(8y, ) determines the sign of the Doppler
shift. Since #i is constrained to lie on a cone with its axis either
parallel or antiparallel to By, for given values of 8- and 6y, this factor
has maximum and minimum values. It can be easily shown that,
for wave normal angle 8 ~ 6y, the factor lies between cos(6y — 6r)
and cos(@y + 6r) and for & ~ (180 — 6,), the factor lies between
— cos(fy +6r) and — cos(8y, — 6r). Thus it is clear that both positive
and negative Doppler shifts are possible for wave vectors lying close
to one or the other of the two possible resonance cones.

It can easily be shown that the expression for the whistler mode
resonance cone angle for a two-component cold plasma (electrons
and protons and neglecting terms of the order of me/m;) is

2 1%e fz%e

An upper limit on the resonance cone is obtained when fpe >>
fee. In this case (3) reduces to the more well-known relation

fpe >> fhe- ®)

€08 Or,max = i ’

fhe
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When fpe << fhe. (3) reduces to
2 f2e
tan® O = 22 _ 1, fpe << fhe- ©

Figure 11 shows the variation of @, (for f = 3.58 kHz) along
the Voyager 2 trajectory for the low- and high-density cases and for
the limiting value as given by (8). It is seen from this figure that
0r is a rather insensitive function of plasma density, leading to the
insensitivity of possible wave normal directions to plasma density.

Using the known values of the satellite velocity vector direction
(6, dv), the resonance cone angle 6, and the sign of the Doppler
shift (i.e., the sign of f,, — f), and using (6) we can determine
the possible values of azimuthal angle of wave normal vectors that
would result in the observed polarity of the Doppler shift for the
waves that are propagating in the E-W or W-E direction. Figures
12a and 12b plot the wave normal angles for the low-density case.
Figure 12a shows the solution for the case By - fi > 0 and 12b shows
the solution for the case By - i < 0. Together, these figures show
that a solution consistent with condition 3 is possible.

In particular, Figure 12 shows that close to the source in the
westward direction solutions are possible for both the cases, whereas
further away from the source, solution is possible only for the By -

@i > Ocase. Close to the source in the eastward direction, solution is

possible for the By-fi > 0 case, and further away it is possible for By-
i < 0. Close tothe source, for waves propagating in either direction,
the azimuthal directions near —90° and 270° indicate that solutions
are possible for waves propagating toward low L shells, whereas
away from the source, for waves propagating in either directions,
the azimuthal directions near —90° and 270° as well as near 90°
indicate that solutions are possible for waves propagating toward
both low and high L shells. The very first wideband data frame at
0310 SCET, which shows departure from the monotonic decrease in
frequency with time before 0415 SCET, shows that both By - fi > 0
and By - fi < 0 cases would be over a wide range of azimuthal

-angles. The signal observed in this frame was very weak (weakest

of the signals observed in all wideband frames) and may possibly
be due to scattering of NBE by local plasma inhomogeneities. This
could also explain the unusual Doppler shift in this case.

The variation in the emission bandwidth (200-800 Hz) can re-
sult from the possible spread in the wave normal direction which
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Figure 10. The spacecraft velocity V', and the polar angle 6, and
azimuthal angle ¢y (in the coordinate frame shown in Figure 9)
of the unit vector ¥ parallel to the spacecraft velocity vector.
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Figure 11. Variation of the resonance cone angle ¢, along the Voyager 2 trajectory for the low- and high-density
cases and that for the limiting value of fr max given by (8).

corresponds to spread in the i - ¥ factor in (6) . Rather large band-
widths observed after 0530 SCET are consistent with large spreads
in ¢ after 0530 SCET and relatively smaller bandwidths observed
at earlier periods are consistent with smaller spreads in ¢ for these
periods.

Condition 4: The wave refractive index. To test condition
4, we calculate the minimum refractive index needed to obtain the
observed Doppler shift. From (6) we have

_ _clfob — fl
1(Or)min = V@ Dmer (10)

Figure 13a plots 1(6r)miyn along the satellite trajectory. Con-
sistent with condition 4 we find that the minimum refractive index
increase as the Voyager 2 (observation point) moves away from the
source. The refractive index value needed to explain the observed
Doppler shifts is of the order of a few hundred to a few thousand.
Such large refractive indices are commonly observed in the Earth’s
magnetosphere for whistler mode signals propagating close to the
resonance cone [Bell et al., 1994].

Condition 5: The Landau damping. Finally, we consider the
question of Landau damping (condition 5). Cold plasma theory
predicts an open refractive index surface for f > fr g g; thus in
principle p — oo as 6 — 6. However, an upper limit on possible
values of 4 is set by thermal effects. Landau damping of the waves
can occur when the parallel phase velocity w/kj| ~ V"e, where k|
and V}” are the wave normal vector and thermal electron velocity
components along By, respectively. This places an upper limit on
possible values of 4 in terms of electron temperature. We have

2
ubr) < V Z;;, secfr,
e

an

where me and Te are the electron mass and temperature and kg
and c are the Boltzman constant and velocity of light in vacuum.

As mentioned earlier, we assume that there was no significant
Landau damping of the waves and that the upper limit on the thermal
plasma temperature can be determined from the requirement for
insignificant Landau damping. Equation (11) along with (10) allows
us to place an upper limit on the local temperature for insignificant
Landau damping.

mec? sec? Oy
- kBﬂz(er)min

Figure 13b plots the upper limit on the local temperature as de-
rived from (12). The only available value of T, is 950° for alti-
tudes below 5000 km obtained from the Voyager 2 radio science
experiment [Tyler et al., 1989]. At higher altitudes the temperature
could be much lower. At low altitudes (< 3R ) this value (950°
K) is much lower than the values of temperature (shown in Figure
13b) above which any significant Landau damping would occur. At

12)

Te ,max

"higher aititudes the temperature above which any significant Lan-

dau damping would occur is about 500°, most probably lower than
that expected at higher altitudes at Neptune. Thus our assumption
that NBE do not suffer any significant Landau damping appears
justified. We note that the observed large dispersion of lightning-
generated whistlers at Neptune is also indicative of insignificant
Landau damping of whistler mode waves [Menietti et al., 1991].
Results obtained from the high-density model give qualitatively
the same results as the low-density case, since the primary difference
between the low- and high-density cases is the value of resonance
cone angle & in (6), (10), and (12). Since the value of 8 is not
very sensitive to plasma density models, the solutions for wave nor-
mal angle are similar in both models. Since the maximum possible
refractive index increases with @, higher average electron temper-
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Figure 12. Low-density case: Passible wave normal angles. (a) Solution for the case Bg - i > 0. (b) Solution for
the case By - fi < 0. Together, these figures show that a solution consistent with condition 3 is possible.
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atures are possible before the waves would damp out. Figures 14
and 15 give results for the high-density case. Solutions satisfying
conditions 1-5, and similar to those given for the source assumed
above, are also possible if the source region is moved to other loca-
tions where the strong narrowband emissions were observed (times
between 0405 and 0430 SCET).

Based on the results discussed above, we can conclude that the

narrowband emissions observed close to Neptune might indeed be
whistler mode signals generated somewhere near the dipole longi-
tudes 98°-129°W (246° - 274°W longitude in Neptune coordinate
system) corresponding to the longitudes where the strongest sig-
nals were observed, and with a source frequency ~3.4-3.8 kHz and
source bandwidth ~250-400 Hz. These signals then propagated to
other locations in a nonducted whistler mode. The possible L shells
of generation region and generation mechanism are discussed in the
next section.

Discussion

Multihop propagation, similar to that of NBE described above,
of nonducted lightning generated whistlers is commonly observed
on satellites in the terrestrial magnetosphere [Smith and Angerami,
1968; Edgar, 1976]. In the Earth’s magnetosphere, Draganov et al.
[1993] found that rays injected from the ground can propagate about
30° in longitude in 3 hops. Menietti et al. [1991] have used a three-
dimensional ray tracing program in the Neptunian magnetosphere
(using the OTD2 model) to study propagation of lightning energy
injected from below the ionosphere. They found in general that the
whistlers drift about 10° in magnetic longitude in one hop and cross
L shells. In view of these results we might expect that NBE made
about 10 — 12 hops before reaching the distant points near ~ 0300
and ~ 0530 SCET. It is possible that the azimuthal asymmetry of
the OTD2 model enables waves to drift long ranges in longitude.
Future work on NBE should include three-dimensional ray tracing
of multihop whistler mode propagation from a source within the
magnetosphere. A convenient formulation of multihop propagation
close to resonance cone has recently been given by Draganov et al.
[1993].

Moses and Coroniti [1991] excluded the possibility of NBE be-
ing a whistler mode signal on the grounds that their spectra does
not resemble those of naturally occurring whistler mode signals in
the Earth’s magnetosphere. Commonly observed whistler mode
signals of natural origin are lightning-generated whistlers, plasma-
spheric hiss, auroral hiss, banded hiss, and chorus. A choruslike
emission has also been recently observed both inside and outside
the plasmapause on the DE 1 satellite [Poulsen and Inan, 1988].
Plasmaspheric hiss [Thorne et al. 1973] and auroral hiss [Gurnert
et al., 1983] are wideband signals and therefore NBE is probably not
similar to these emissions. Whistlers also have a distinctive spectra
not similar to that of NBE [Helliwell, 1965]. However, NBE spectra
are very similar to those of banded hiss or chorus or other emissions
[Poulsen and Inan, 1988] which are generated in one or more nar-
row bands [Burtis, 1969; Burtis and Helliwell, 1975, 1976; Poulsen
and Inan, 1988]. Figure 16 shows an example of narrowband hiss
emission observed on the DE 1 satellite.

The banded hiss and chorus observed by Burtis [1969] and Burtis
and Helliwell, [1975, 1976] were generally found in the low-density
region outside the plasmapause for L > 4 in the early morning to
afternoon sector. The frequencies of banded hiss and chorus show
a close relationship to the equatorial gyrofrequency along inferred
paths of propagation to the points of observation; thus these waves
have been assumed to be generated at the equator by a gyroresonance
mechanism. In general, the frequency of banded hiss and chorus
is 0.1-0.6 freq Where fpeq is the equatorial gyrofrequency. The
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bandwidth of banded hiss and chorus is 10 — 50% of the signal
frequency, the median being 16%. Emissions observed by Poulsen
and Inan [1988] were found for L > 2.4 both inside and outside the
plasmapause in the 0400-0800 local time sector. These emissions
share many properties in common with banded chorus, including a
close relationship of their frequency to the equatorial gyrofrequency.

It is probable that the NBE are similar to banded chorus or hiss,
most likely banded hiss, observed near earth. (If NBE were cho-
ruslike, any absence of structure could possibly result from large
dispersion due to propagation close to the resonance cone.) We
note that some evidence of band structure, often found for banded
hiss and chorus, was detected in the narrowband emissions observed
close to 0530 SCET (see Figure 1b). If these emissions are indeed
similar to banded hiss and chorus, then they might be generated by
a gyro-resonance mechanism close to the equator at L shells such
that the observed frequency at spacecraft longitudes close to the
generation region is f ~ 0.1 — 0.6 freq, Where fpeq is the Neptu-
nian equatorial gyrofrequency. This allows us to place a limit on
the source location in L shell and permits us to determine the res-
onant particle energies that might have generated these emissions.
For a source of frequency 3.58 kHz located in the 111°W dipole
meridian, the equatorial gyrofrequency would range from ~36 to 6
kHz. This gives the possible L shell of the sourcetobe L ~ 2 — 4
(R = 1.60 — 3.58Ry). Assuming that these emissions are gen-
erated at low wave normal angles by the first-order gyroresonance
(the same mechanisms that has been proposed for terrestrial banded
hiss and chorus), we can estimate the parallel velocity vres of the
resonant electrons as follows:

Ures =C (%) y

where c is the velocity of light and  is the whistler mode refractive
index for parallel propagation. Refractive index u depends on N,
By, and wave frequency. Using the measured values of By and
computed values of N from (4) and (5), we find that for L = 2
the parallel resonant electron energies are very high (> 600 keV)
and it is unlikely that NBE was generated close to this L shell.
For L = 4, however, we find that the parallel electron energy is
~ 19 and ~ 2 keV, respectively, for the low-density (0.49 el/em’ at
3.58 Ryy) and high density (5.58 el/em? at 3.58 Rp) cases. Though
these values are below the 22-keV threshold of the Voyager 2 Low-
Energy Charged Particle (LECP) instrument [Krimigis et al., 1989],
there are indications that the electron spectra near 0400 SCET were
rather soft and may have peaked below the threshold of the LECP
instrument [Mauk et al., 1990].

The results of the analysis of section 3 suggest that NBE might
be generated somewhere near 98° — 129°W dipole longitudes. As-
suming that the emission was indeed generated by gyroresonance
interactions with energetic electrons near the magnetic equator, and
noting that the brightest emission occurred near 0415 SCET when
the spacecraft passed close to the equator (Am = 12°), we conclude
that 111°W dipole latitude (corresponding to 260°W longitude in
the Neptune coordinate system), Ay, = 0 and L = 4 to be the most
likely source location, and f = 3.6 kHz and 300 Hz to be the likely
source frequency and bandwidth, respectively.

The NBE, on the other hand, can lead to pitch angle scattering and
subsequent precipitation of energetic electrons via gyroresonance
and Landau mechanisms. Close to the source region, where the
waves might be generated with small wave normal angles, NBE
could scatter and precipitate electrons with parallel energies from
a few keV to a few tens of keV via gyroresonance. After one or
two magnetospheric reflections, when the wave normal angle and

(13)
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refractive index become large (1 > 100), NBE could scatter and
precipitate ~1-100 eV electrons via Landau resonance.

The longitudes (260°W) of our proposed source region are close
to the longitude (240° W) of the brighter component of the weak UV
aurora observed near Neptune [Broadfoot et al., 1989; Sandel et al.,
1990]. This leads to the interesting possibility that the weak UV au-
rora observed near Neptune could result from the energetic particles
precipitated by NBE via wave particle interactions, consistent with
the suggestion of Mauk et al. [1991] that diffuse precipitation of
energetic electrons onto Neptune’s atmosphere are the cause of the
Neptune’s aurora observed near 240°W. Further work, however, is
required to test this possibility. In particular, it will be necessary to
determine the source L shell (of NBE) and the accessibility of waves
to auroral L shells (L > 8), and to determine if the amplitude and
wave normal direction characteristics of the whistler mode waves
reaching the auroral L-shells could precipitate sufficient electron
fluxes to cause the observed aurora.

We have provided here a plausible whistler mode interpretation
of the NBE. In order to uniquely identify a cold plasma wave mode,
it is necessary to have information on local fpe, fhe, and the cB/E
ratio. In the case of Voyager 2 data from Neptune, we do not have
measurement of the wave magnetic component and the measure-
ment of local electron density is highly uncertain. Gurnett et al.
[1990] have discussed the difficulty of determining the plasma den-
sity in the inner magnetosphere of Neptune. At this time the local
plasma frequency is believed to lie somewhere between 3 and 150
kHz, a very large range indeed. Thus alternate explanations of NBE,
such as those given by Moses and Coroniti [1991] can not be ruled
out.

In our interpretation we have considered the source of the NBE
to be close to the magnetic equator. The spectra of the emission
shown in Figures 1b and 2 show a similarity with that of VLF saucer
emissions observed at high latitudes in the Earth’s magnetosphere
[Moiser and Gurnett, 1969]. Saucers are also whistler mode emis-
sions propagating near the resonance cone, though the timescales
of saucers, typically ~ 10 — 15 s, are 2 orders of magnitude shorter
than the 2.5 hour duration of the NBE. It is possible that NBE is
a saucerlike emission, with a source near the north magnetic pole
encountered around 0340 SCET. In this case the drift in frequency is
related to the beaming from the source, where progressively higher
frequencies are observed at larger distances from the source. Further
work is required to test this possibility.

Conclusion and Sufnmary

We have provided a whistler mode interpretation of the narrow-
band emission observed on Voyager 2 near Neptune. We have shown
that the emission could be a whistler mode signal generated by wave-
particle interactions in a limited spatial region and propagated to
observation points in a nonducted whistler mode. The observed fre-
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quency variation of the emission is explained in terms of the Doppler
shifts introduced by the motion of the spacecraft. Based on this in-
terpretation, we have determined limits on possible plasma density
and temperature for R < 5Ry. It is probable that the NBE is simi-
lar to narrowband hiss or chorus emissions observed in the terrestrial
magnetospheres. Assuming this identification is correct, we have
estimated energies of energetic electrons that could generate NBE in
the observed frequency range and the energies of electrons that such
an emission could precipitate via gyro and Landau interactions. It
is possible that the weak UV aurora observed near Neptune could
have been caused by the precipitation of energetic particles by the
narrowband emission via wave-particle interactions. The lack of
precise knowledge of the electron density at Neptune and the un-
availability of the wave magnetic field data do not permit a unique
identification of the wave mode and thus alternate interpretations of
the data can not be ruled out at this time.
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