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CHARACTERTZATION OF THE SOURCES OF VLF HISS AND CHORUS OBSERVED ON GEOS 1

F. Lefeuvr'e1 and R. A. Helliwell

Radioscience Laboratory Stanford University, California

Abstract. Ray-tracing techniques are used to
locate the apparent source regions of natural
electromagnetic emissions observed on the GEOS 1
satellite and to determine the wave normal
directions at this apparent source region. They
are applied to VLF hiss, whose analysis in terms
of the wave distribution function (WDF) has
established that they often consisted of a sum of
two or more very distinct wave packets at the
point of observation. An example of a two-peaked
WDF chorus is also examined. A two-dimensional
ray-tracing program is used. For the cases
analyzed here, GEOS 1 data indicate that the
earth's magnetic field is to be considered as
dipolar, and a diffusive equilibrium model is
used to describe the medium. It is shown theore-
tically that even if the exact location of the
source region is difficult to estimate
accurately, more precise information can still be
obtained on the wave normal distribution at the
source region. In the examples considered, it is
pointed out that the VLF hiss was generated in
the vicinity of the equator at high wave normal

angles.
1. Introduction

Despite many papers published on the subject,
the problem of the localization of the sources of
natural emissions observed within the
magnetosphere is far from being completely
solved. A comprehensive synthesis of the use of
the measured wave data to locate the source has
been recently given by Likhter (1979). We start
by discussing this synthesis, and then we show
how the results obtained from a wave distribution
function (WDF) analysis (Lefeuvre et al., 1981)
can improve our knowledge about the source of
natural electromagnetic wave fields and more
particularly about the sources of chorus and VLF
hiss.

To locate the source, Likhter considers three
type of experimental evidence: (1) the relation-
ship between the wave frequency and the local
plasma parameters at the source, (2) the enhanced
probability of noise occurrence or the enhanced
amplitude of the noise in particular magnetosphe-
ric regions, and (3) the relationship between the
wave characteristics and other phenomena in
magnetospheric plasma.

As shown by the authors quoted by Likhter, as
well as by others (Burtis and Helliwell, 1976;
Gurnett and Green, 1978; Calvert, 1981), the
lower or upper cutoff of a natural emission may
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scale with one of the characteristic frequencies
of the ambient plasma (electron gyrofrequency,
proton gyrofrequency) defining a probable source
region. However, such a relationship, when it
exists, depends on the propagation characteris-
tics between the source and the observation
point.

The enhanced probability of occurrence of e-
missions or the enhanced amplitude of the emis-
sions is often used to identify the sources

(Russell et al., 1969; Tsurutani and Smith,
1977; Gallagher and Gurnett, 1979; etc.).
However, as emphasized by Likhter, it is a

reliable method in the near vicinity of the
source only. Outside, particularly for ducted
waves, the signal can be focused as it propagates
away from the source, creating an electromagnetic
field more intense than at the source (Russell et
al., 1969).

In the same category of experimental evidence
we include the reconstruction of frequency
spectra by ray tracing from a source the charac-
teristic parameters of which are adjusted to
provide the best fit to the data (Taylor and
Shawhan, 1974; Green et al., 1977). But this
supposes that (1) the generation mechanism is
perfectly known and (2) there is a unique posi-
tion of the source to explain the set of the
measured data.

The relationship between the wave characteris-
tics (amplitude, frequency spectra) and the
particle energy and pitch angle distributions is
also used to locate the sources (Burton and
Holzer, 1974; Tsurutani et al., 1979). However,
one must be sure to compare waves and particles
coming from the same interaction region, which is
difficult when the waves are unducted and are
observed far from the source.

Likhter does not consider the use of the wave
vector orientation, arguing that the number of
wave experiments with the needed aerials is still
limited and that publications regarding their
results are scarce. However, there is useful
information on the source position based on the
variation in space of the K vector estimated
either from the simultaneous measurements of the
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Fig. 1. Coordinate system. The 0z axis is paral-
lel to the earth's magnetic field, Ox is in the
meridian plane containing the point of
observation, and Oy is oriented eastward.
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270,

Contours of the WDF of magnetic data simulated from a Dirac distribution

Fig. 2.
centered at & = 130°, ¢ = 20°.
resonance angle 6  (cos?® _w/ﬂ ).
10. The units are arbitrary.

three magnetic components of the wave field
(Burton and Holzer, 1974; Goldstein and
Tsurutani, 1984) or from the measurement of one
single component on a fast spinning satellite
(Kurth et al., 1975; James, 1976). Information on
the K vectors at the source ifself has even been
derived from ray tracing started at the
¢bservation point from the estimated K vectors
(James, 1980).
vector is considered, one must have a criterion
to stop the ray tracing and to determine the
source region.

As will be shown in the present paper, the
problem is much easier to deal with when the
observed electromagnetic field is one of a sum of
elementary plane waves having different wave
normal directions. Then, several ray tracings can
be started with different K vectors; the conver-
gence point, if it exists, bemg a poss:Lble point
source. However, the use of this technique
requires, first, that the K vectors be sufficien-
tly dispersed at the point of observation,
second, that their estimation be sufficiently
accurate, and third that the medium between the
observation and source points be correctly
modeled.

2. WDF Determination

Let us consider the Cartesian coordinate sys-
tem Oxyz (Figure 1) in which the 0z axis is
parallel to the earth's magnetic field B , the Ox
axis is in the local magnetic meridian plane and
points in the direction away from the earth, and
the Oy axis is oriented eastward. In this system
the K vector is characterized by the polar angle

made by K with B and by the azimuthal angle ¢ ,

the orlg;.l.n of ich is in the local magnetic
meridian plane. The WDF is a function of these
two angles and of the frequency w. It is written
F (u, cosf, ¢$ ). Supposing that the electromagne-
tic field is measured at the output of narrow
band filters with central fr'equency w , it can be
approximated by F (w o’ €0s 8, ¢ ) ?Stor'ey and
Lefeuvre, 1980).

In such a case, where a single K

270,

The inner circle indicates the position of the
The scale of the WDF is linear and runs from O to

Let us gather the three electric wave field
components e e , and the three magnetic
components h h_ s y h_, in a generalized electric

%’
vector £ whose cgmponents are

(1)

€ = € =Zh
1,2,3 ~ %x,y,2 4,5,6 = “o'x,y,2

with Z the wave impedance of free space. The WDF
is rel3ted to the real and imaginary part of the
spectral matrix elements S.,. of the six wave
field components (i, j = 1 l‘], 6) by the set of
integral equations

Pe(w ) = #q]( (@ ,c0s6,9) F(u_,cos8,¢) do (2)
WODF
100 .
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Fig. 3. Cross sections through the peak of the
WDF of an Omega signal observed on board the
GEOS 1 satellite. The error bars represent the
variances induced on the WDF by the errors in the
data.
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in which do = |dcos 6d ¢ | is the surface element,
and the integral is taken over the surface of the
sphere of unit radius (Storey and Lefeuvre,
1979). The values of P, are such that P =S ,,
P,=Re[S,,1,P =Im[S ,1,.".P=Sc. The kerndls 1§

(u),cose,%) a%-e known analytical functions whic

depend implicitly on the plasma parameters, i.e.,
in the whistler mode, on the electron plasma and
gyrofrequencies respectively denoted I _ and Q

(Storey and Lefeuvre, 1980; Lefeuvre et al.?
1981). The SI unit for the kernels is meters per
farad, and for the WDF joules per hertz and per
unit volume.

The determination of F (v _, cos®,¢) from the
estimated values PK of the P, is an inverse
problem that admits of infinitell§r many solutions.
We select the one which has the maximum entropy
(Lefeuvre and Delannoy, 1979). Down to a
normalization factor (the wave energy is not
known), it is written

3
F(w ,cos8,9) =exp|-1+F A (w,cos 6,9) 1 (3)
o k=zl k %

The Lagrangian multiplier Ak is given values
which make the quantity

242
1 36 (p, -P)

e — 3y —E K <1 (4)
N k=1 <5Pk>

with < 6P, 2, the variances in Pk.

The me)éhod obviously works when fewer than six
components are measured. For the measurement of
three magnetic components only there are nine
integral equations (2), and the subscript k runs
from 1 to 9 in (4).

In fact, due to the linear dependencies bet-
ween the values of q , one can never use the
optimum number N of itéms of information (N = 36
for six components, 9 for three components, etc.)
but a number M < N of the most linearly indepen-
dent. This is done in a frame of reference where
the are orthogonal. For more details, see
Lefeuvre and Delannoy (1979).

The uncertainties in the solution are of three
types: (1) nonuniqueness of the model,(2) resol-
ving power of the model, and (3) variance errors
in the model.

There is no way to avoid the type 1 uncertain-
ties. There are infinitely many solutions to our
inverse problem. Applying the maximum entropy
concept consists only in selecting a smooth
solution which is positive everywhere. The only
guarantees we have of the validity of the method
are, first, that it gives very satisfactory
results in the analysis of simulated data
(Lefeuvre, 1977), second, that it yields similar
solutions to the ones derived by the classical
methods of wave normal direction determination in
the case of a quasi plane wave where the classi-
cal methods are known to be valid (Lefeuvre et
al., 1982), and third, that it provides solutions
which are consistent with the averaged Backus and
Gilbert solution (Lefeuvre et al., 1981). Taking
into account, the errors in the data in (4)
increases the set of possible solutions.

The resolving power of the model (type 2 un-
certainties) can be defined as a measurement of
the ability of the method to describe a plane
wave, i.e., to represent a Dirac distribution
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By spectrograms of the September 25, 1977, hiss event. The satellite attitude parameters are

29.21°, The estimated values of the electron gyrofrequency and
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Fig. 5.
the magnetic data only at two different time intervals (left and right panel) 44 s
apart, and at two different frequencies (825 Hz: top panel; 923 Hz: bottom panel). We
have only represented the part of the solution associated with 0< 6 < w/2.

8(w_,cos 6 —cosSo, ¢ - ¢O). It can be numerically
evaluated, by ~seeking the maximum entropy
solution of the inverse problem where the data
are the P, calculated, for given values of the
plasma parameters, while substituting 6 (v ,cos 8
—cos60,¢—¢o) into (2). As an example we have
presented in Figure 2 the WDF of magnetic data
similated from a Dirac distribution centered at
90 = 130°, ¢o = 20° the wave and plasma
frequencies being given the values © = 10 kHz,
2 = 30 kHz, T_ = 110 kHz, and the numerical
ndise being of the order of 10% P, . The resolu-
tion is measured by half the width of the WDF at
half its maximum value. It is here of the order
of 9° in 6 and 12° in ¢ . Increasing artificially
the noise in the data by multiplying all the
variances by a factor of 5 leads to a dispersion
of the order of 12° in 6 and 16° in ¢, which
means that the noise has a tendency to smooth the
solution.

WDF analysis for the september 25, 1977, hiss event. The analysis is made from

More general ideas on the resolving power of
the solution can be obtained by examining the geome-
trical form of the kernels (see, for instance,
Figures 1 to 3 in the Storey and Lefeuvre (1980)
paper). The resolving power is strong in the 6 ,¢
domains where the kernels look like linearly
independent while it is weak in the 6 , ¢ domains -
where parallel slopes or zero values indicate
linear dependencies. In thus considering all the
kernels (electric, magnetic, and crossed), we
note that the resolving power has a tendency to
be poor around 8= 0° and to be good at the Vi-
cinity of the resonance angle 6 (cos 6 =w/Qe).
Moreover, it increases when w tends to be negli-
gible relative to @ e (this is particularly clear
in Figure 1 of the Lefeuvre et al. (1981)
paper). Obviously, since all the magnetic kernels
have zero values at ©_, the resolving power
decreases at the vicinity of the resonance angle
when magnetic data only are taken into account.
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Fig. 6. Cross section through the peak of the
825-Hz WDF's of the September 25, 1977, hiss
events. The errors bars measure the variances
induced in the WDF by the errors in the data. In
the top panel is represented the first sweep
analysis, and in the bottom the second.

However, the slopes of the kernels are such that
the domain actually affected is very narrow. As
an example the reader will easily see from
figures 1 to 3 of the Storey and Lefeuvre (1980)
paper that at frequencies under half the electron
gyrofrequency (w/Qe < 0.5) all the kernels except
one (the autokernel on B) have their maximum
values around the Gendrin (1961) 8  angle
(cos® = 2 w/fle) for which d(ncos6)/dé € 0. In
otherSwords the resolving power of the method is
quite satisfactory even for the very large 6
values we will refer to in this paper.

Errors in the data, which directly induce type
3 uncertainties, are mainly due to spectral
analysis. The intrinsic magnetospheric noise and
the calibration errors are supposed to be negli-
gible. To estimate the errors in the spectral
analysis, we assume that the signal is stationary
in time and has a joint Gaussian distribution.
Then the P , are characterized by bias: < GP >,
and autovariances and cross variances:<§ P P 1>
Under the supplementary hypothesis of a signal
stationary in frequency and of errors uncorre-
lated between themselves, the bias and the cross
variances are equal to zero. The errors in the
data are then, fully described by the autova-
riances < 6P, “>, This explains the simple form
taken by the quantity (4).

The variances induced on the WDF by the errors
in the data can be expressed in each point §,¢
by the quantity

<6F% (cuo, cos 8, ¢) > = w!

FZ (wo, cos 6 ¢) (5)
where H is an Heﬁss1an matrix whose elements,
given by ¢/8)‘k 8X,, depend on <8P
through (4). shown in Figure 3, in the case of
a man-made signal observed on board GEOS
(Lefeuvre et al., 1982), it can be visualized by
error bars superposed on cross sections through
the peak of the WDF. Finally, the WDF is conside-
red as stable when the parameter

#‘GFZ (wo, cos 6, ¢)>do
Q= = 2 (6)
% F (wo, cos 8, ¢) do

"
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19.7°. The estimated values of the electron gyrofrequency and plasma

spectrogram of the June 20, 1977, hiss event. The satellite attitude parameters are 1700:44
= 6.18, LAT =

UT, 18427:00 LT, L

frequency are 5940 Hz and 60,180 Hz.

Fig. 7.
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Fig. 8. WDF analysis for the June 20, 1977, hiss event. The analysis is made from the

magnetic data only at two different time intervals (top and bottom panels), 44 s apart,
for a wave frequency of 530 Hz. The complete solutions (0 < 6 <m/2 on the left, and 6

> T/2 on the right) have been represented.

called the stability parameter, takes a value
less than or equal to 1 (Lefeuvre and Delannoy,

1979).

3. GEOS 1 WDF

S300 Experiment

In the GEOS VLF experiment (S-300 Experimen-
ters, 1979) the three electric and the three
magnetic wave field components can be measured
simultaneously. Electric signals are collected by
means of spheres on radial booms of length 42 m
tip to tip, labeled E_, and two pairs of spheres
supported by axial bodms (1.5 and 3 m long) which
yield three mutually orthogonal components
e . Magnetic signals are obtained by means of
tﬁf‘gézmagnetic sensors situated in a single unit
on a radial boom.

The signals are subjected to several on-board
analyses. Here we shall use only the analysis by

the correlator and by the step frequency analy-
zers (SFA's). The correlator can be comnected to
any pair of sensors. After suitable Fourier
transformation on the ground, it yields a
high-resolution spectrogram in the range 0-10
kHz. The six SFA's may be connected to any sensor
combination, their bandwith being only 300 Hz. In
the cases we shall consider here, they are
sweeping in the frequency range 0.15 - 9.6 KkHz,
remaining 0.69 s in each 300-Hz band, or in the
frequency range 0.15 - 4.9 kHz, remaining 2.75 s
in each 300-Hz band. Spectral matrices are
estimated from the waveforms, on the ground, at
each Fourier component w..

Although many pr'ecau%ions have been taken in
the design of the equipment and many calibration
tests have been performed, at ground and on board
the satellite, the measurements still suffer
several limitations. First, the waveforms are not
simultaneously sampled, which means that a
systematic  phase shift affects all the
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Fig. 9. WDF analysis for the June 20,

6= Tm/2.

1977, hiss event from the magnetic plus the
electric data. Unlike Figure 8, the solutions do not present any symmetry relative to

It is clearly seen that the wave energy is converyed by waves whose

longitudinal projections of the K vectors are antiparallel to 1_30

cross-power spectra. A correction has been done
assuming that the phase shifts were constant in
each 300-Hz band. The residual error can be
considered as negligible. Second, there were no
on-board calibrations of the phase of the
transfer function of the E_ antenna. Analysis of
man-made signals (Lefeuvr& et al., 1982) has
shown that the phase theoretically estimated
works fairly well, but there is no possibility of
placing error bars. Finally, as in most similar
experiments, the problem of the coupling impe-
dance between the plasma and the spheres of the
electric antenna has not been completely solved.
This problem affects all the electric antennas
but is still more critical for the small antennas
(e ) whose length is often smaller than the
Degirg’ fength. Those two last limitations explain
why the WDF analysis, which supposes the
measurements of the different components are
strictly related through Maxwell's equations, is

generally unsuccessful when magnetic plus elec-
tric data are taken into account.

Information on the local electronic density is
provided by the relaxation sounder experiment
(S-301) and by the mutual impedance experiiment
(S-304) while the steéady magnetic field is
measured by the magnetometer (S-331).

Hiss Events

Up to now, 166 WDF analyses have been perfor-
med on hiss events observed on GEOS 1. A
statistical study (M. Parrot, private commumnica-
tion, 1984) shows that 70 WDF's (42%) are found
to be clearly two-peaked distributions, 37 of
them (22% of the total) having a secondary peak
at least half as intense as the primary peak.
Among the one-peaked distributions, several are
very broad, which means that they are multipeaked
distributions not well resolved. Here we shall
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270,
Fig. 10. Contours of the WDF obtained from the
magnetic data only for a very intense chorus
event observed on december 2, 1977, around
0820:45 UT and analyzed at 1.76 kHz. We have only
represented the part of the solution
corresponding to 6<m /2,

focus on results of WDF analysis relative to the
September 25, 1977, and June 20, 1977, hiss
events. They have been chosen both because they
are good examples of two-peaked distributions and
because they have been observed over time
intervals where the medium is easily modeled.
Since the two periods are relatively quiet (Kp<4-
during the day and the two previous ones), a
dipole model has been used for the field. Since
the measurements take place outside the plasma-
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sphere, far from the plasmapause,
density gradients has been avoided. Finally,
S-301 and S-304 1local electronic density
measurements have been shown to be consistent
with a diffusive equilibrium model.

A 44-s period of the b_ and E_ autopower and
cross-power spectra of the Septyember' 25 hiss
event, recorded at L=6.4, 1400 LT, and 29.21°
magnetic latitude (MLAT), is represented in
Figure 4. Since the step duration here is 2.75 s,
there is only one sweep of the SFA's in the hiss
band. During this sweep the more energetic signal
is observed in the region indicated by the two
vertical arrows. The WDF analysis has been
performed on the corresponding step, at 825 Hz
and 923 Hz, first from the magnetic data only,
and then from the magnetic plus the electric
data. However, the latter analysis, which leads
to unstable solutions, will not be discussed
here. Moreover, to test the stationarity in time
of the results, the WDF analysis has been
repeated 44 s later, at the same frequencies,
during a second sweep of the SFA's in the hiss
band.

Contours of the maximum entropy solutions are
displayed on polar diagrams in Figure 5. The
scale of F is linear and runs from O to 10. The
outer circle corresponds ta ¢ =90° while the inner
circle indicates the position of the resonance
cone for the whistler mode (cos6_ = w/Q ). The
quantity evaluated in this analysis based on the
magnetic data only is, in fact, F [“’o’ cos 6,¢]1+
F[w , cos (180°-6), ¢ + 180°]; however, the only
quantity represented is F[®w , cos €, ¢ ] with
0< 6 < m/2. °

In order to appraise the differences between
the graphs, the errors induced in the solution by
the errors in the data have been estimated from
(5). The results obtained at 825 Hz, for the two
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Fig. 11. High-resolution spectrum of the August 14, 1977, chorus event. Each point

represents a frequency interval of 23 Hz and a time interval of
1.76 kHz in the time interval bordered by the two vertical arrows.

analysis is made at

21.5 ms. The WDF

The grey scale is logarithmic and has eight levels.
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Fig. 12. Contours of the WDF obtained from the
magnetic data only for the chorus element of
Figure 10. We have only represented the part of
the solution corresponding to o<w /2.

44-s samples, have been represented in Figure 6.
From the figure it is clear that all the diffe-
rences can be explained by known errors in the
data a possible time effect being masked.

It then turns out that the hiss event on Sep-
tember 25, 1977, is characterized by a two-peaked
WDF. The main peak is located at 6 =70°, ¢ = 40°.
It indicates a concentration of the 6 values in
the neighborhood of the Gendrin angle (8 = 75°
while @ = 80°). The secondary peak, 1.1%5to 4
times less intense than the main, is located at
8 =~ 30°, ¢ ~190°. According to the uncertainties
in ¢ we can consider that the two peaks are
practically opposite in azimuthal angle.

A 44-s period of the b_ and E_ auto power and
cross-power spectra of the June’ 20, 1977, hiss
event, recorded at L=6.18, 1842 LT, 19.7° magne-
tic latitude, is represented in Figure 7. Here,
the step duration is 0.69 s, which means that
during those 44 s there are two sweeps of the
SFA's in the hiss band.

The WDF analysis has been performed on the two
sweeps, at 530 Hz, from the magnetic data only,
and then from the magnetic plus the electric
data. Both solutions, having been found stable,
are discussed.

The solutions obtained from the magnetic data
only are displayed in Figure 8 in the entire
domain O< 6 < 7. The top panel represents the
solution for the first sweep, and the bottom the
solution for the second. Again two-peaked distri-
butions nearly opposite in their ¢ values are
found the main peak being around the Gendrin
angle (6 =80°), slightly off the resonance cone
(er= 85")5 However, in contrast to what has been
observed in the September 25 hiss event, the
differences between the two solutions are too
large to be explained only by errors induced in
the data.

Now, probably due to better performance of the
electric antennas at that particular time (see
Lefeuvre et al., 1981) the WDF analysis made from
the magnetic plus the electric data leads to

Characterization of Sources
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stable solutions in the two sweeps. This enables
us to answer several important questions. First,
all the waves propagate with their K vectors in
the earth magnetic field direction, i.e., from
the equator to the north. The residual "image" of
the WDF in the domain w/2 < 6 <7 seems to be due
to the uncertainties in the electric measurements
and in the plasma frequency determination.
Second, although the solution is slightly modi-
fied, in the domain C < ® <n/2,from Figure 8 to

Figure 9, the propagation at large 0 values is
confirmed. This means that propagation
characteristics determined, from the magnetic

antennas only, in the vicinity of the resonance
angle, are reliable.

Chorus Events

Statistics on the WDF analysis of chorus
events are difficult to establish at the present
time. The analyses which are actually performed
are based on the interpretation of spectral
matrices obtained from spectral analysis methods
(Fourier transforms of the correlation functions,
average of Fourier transforms on the waveforms)
which assume that the signal is stationary in
time and is slowly varying in frequency: hypo-
theses which are obviously not valid. However,
results obtained so far seem to indicate that
chorus events with unambignous double-peaked
distribution are rather the exception. This has

been recently confirmed by Goldstein and
Tsurutani (1984), who have used a classical
method of spectral analysis, but also by

D. Lagoutte and F. Lefeuvre (paper in prepara-
tion, 1985), who based their spectral analysis on

20° 40" |4

Fig. 13. Ray tracing from a source located at L
= 6.8 and MIAT = 0°, and emitting in all
permitted wave normal directions at a frequency w
such that 1\0 = w/Qe = 0.3. On the right are
written the starting © values (8 ), and on the
left the 6 values which would be observed at MLAT
=45°.
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Fig. 14. Time of arrival in the region 6.9 < L < 7.1, 20° ¢ MLAT < 25°, of the waves

generated at L = 6.8, MLAT + 0° at five different frequencies (1400, 1120, 840, 560,
and 280 Hz); the electron gyrofrequency at the source is 2800 Hz. On top of each line

the hatched arrays represent the 6
lines, narrow arrays indicate weak di

values represented by open arrays;
rsions in 9. Dashes represent observations just

under the

starting at the end of the time interval considered.

a vectorial autoregressive model (Lagoutte and
Lefeuvre, 1983). Weak secondary peaks or broad
distributions (Figure 10) might be due to errors
in the spectral analysis, or to the noise
produced for instance by the hiss band which
usally accompanies the band-limited chorus
(Cornilleau-Wehrlin et al., 1978; Koons, 1981).
Now, even if they are odd, the douple-peaked
chorus distribution might contain information on
the source, while the others do not. That is why
they are considered here.

The August 14, 1977, chorus event has been re-
corded at L=6.01 and at 1148 LT, in the equato-
rial zone (MLAT = 5.7°) for an electron
gyrofrequency and plasma frequency of 4.42 kHz
and 23.7 kHz respectively. A 21.5-ms resolution
spectrum, obtained from the b_ SFA output, has
been represented in Figure 11.” We have analyzed
the third element, at 1.76 KHz, in the time
interval of 70 ms bordered by the vertical
arrows. Contours of the solution derived from the
magnetic data only are represented in Figure 12.
Again, a WDF with two peaks nearly opposite in ¢
is observed. An analysis based on a two-plane
wave model (Buchalet and Lefeuvre, 1981) shows
that the two-plane wave model is far more likely
than a single-plane wave model. Here the stronger
peak has 6 values greater than the Gendrin angle
(8 = 37°). Although unstable, the solution
ob€ained from the magnetic plus the electric data
seems to indicate that the two wave packets are
propagating with the longitudinal components of
the K vectors in the _Bo direction.

4. Direct Ray Tracing

mthesis

The two wave packets, which simltaneously
reach the satellite in the cases of hiss as well

as chorus, can obviously be produced by two
distinct sources and be propagated to the point
of observation either by a direct ray path or
after several internal reflections in the magne-
tosphere. However, we believe that some of them
at least come from the same source region for the
following reasons. First, they convey a
comparable amount of energy, which would be
surprising for uncorrelated waves. Second, most
of their K vectors are contained in the same
azimuthal plane (¢=¢_ or ¢=¢ + m), which is
more easily attributed to a source-satellite
geometry effect than to a local property of the

Fig. 15. Focusing of the © values around the
positive (8 ') and negative (6 ~) Gendrin angle.
The source $s the same as Figure 13. The starting
@ values are indicated on the right above the

® -Bg+) and (6- Gg_) curves.
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successively at A = 0.6, 0.4, 0.2,

point. Example for reading the graphs:

tBe observation point is = 62°.

medium in the generation region or at the point
of observation.

We propose here to test the validity of such a
model by performing direct ray tracing. We
suppose a source is given and the parameters of
the medium are fixed. Then we study the wave
normal distribution of the waves which could
reach a satellite. We stress that whereas the
obtaining of a two-peaked wave normal distribu-
tion meraly establishes the fact that there is no
reason to reject the model, it does not prove
such a model is right. In order to simplify the
calculations, several hypotheses are made concer-
ning the source, the medium and the propagation

The source is located at L =
and 0.02.
source point. The numbers written above the curves are the 6
a wave emitted a
A_ = 0.6 and with a Gyangle of 30° is seen by the satellite at L =

6.8, MLAT = 0°. It is assumed to emit
The abscissa are the 6 values at the
values at the observation
the normalized frequency
5.8; the © value at

conditions. They will be used in the direct ray
tracing as well as in the inverse ray tracing
(next section). Let us examine them one by one.
First, we assume that the source is isotropic,
i.e., that it emits in all possible wave normal
directions. This is in apparent contradiction
with the idea commonly accepted that the waves
are generated in a narrow cone of emission
(Tsurutani et al., 1979). As a matter of fact we
do not dispute this hypothesis. However, on the
basis of the observations of emissions propaga-
ting at large 6 angles, the equatorial region
included (Lefeuvre et al., 1981, 1983), we do not
see any reason to prefer a cone of emission cen-
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(solid line) and the other at L =

6.4 (dashed lines).

The emission is at the same

frequency (1.12 kHz). The observations are made for crossings of the L shells at three

different latitude values.

tered on the earth magnetic field direction, as
many authors do (Burton and Holzer, 1974;
Goldstein and Tsurutani, 1984). The waves at
large © values are probably not so Landau damped
as is often assumed (Church and Thorne, 1983),
and the instability mechanism of Kennel and
Petschek (1966) and that of Etcheto et al.
(1973), which favors the generation of waves at
low values, are models which can eventually be
adjusted. An isotropic model fits the requirement
for longitudinal as well as for oblique propaga-
tion.

Second, we take a dipole field model for the
earth magnetic field and a diffusive equilibrium
model for the plasma. Both hypotheses have been
checked via on-board measurements (S-331 for the
field, and S-301 and S-304 for the plasma) for
the September 25 and June 20 hiss events as well
as for the August 15 chorus event.

Third, we suppose that propagation take place
far from any gradient in plasma density (plasma-
pause) and is essentially nonducted. Such hypo-
theses are consistent with the observations we
discuss here.

Fourth, we assume that all the K vectors are
contained in the local geomagnetic meridian
plane, allowing the use of the Stanford two-

dimensional ray tracing program (Burtis, 1973).
Such a hypothesis is difficult to justify on the
basis of the propagation characteristics found
for the hiss and chorus events analyzed in sec-
tion 3. However, one has checked (L. Cairo, per-
sonnal communication, 1984) that the information
obtained on the source position and on the
distribution of the K vectors within the source
is basically the same if one applies the Cerisier
(1970) three-dimensional ray tracing program.
Considering the simplicity of the representation
and of the interpretation of the two-dimensional
ray tracings, and the similarity of the findings
provided by the three-dimensional ray tracing, we
have chosen to refer only to the two-dimensional
ray tracing. Results on the three-dimensional ray
tracing, which supposes a different approach,
will be published elsewhere.

Note that in the geomagnetic meridian plane
the K vectors whose ¢ angles are equal to zero
are oriented upward while the K vectors whose %
angles are equal to T are oriented toward the
earth. In order to facilitate the notation, from
here on we shall consider that the first ones
have positive 6 values (0 < 8 <7/2) while the
others have negative 6 values (-m/2<8 < 0 ). From
here on the characteristic wave parameters will
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Fig. 18.
equator, the other at MLAT = 4.6°.

be labeled with the subscript O when referring to
the source and with the subscript p when refer-
ring to the observation point.

Ray Path From A Point Source

Let us start our simulation with a single
point source located at the value L = 6.8 of the
McIlwain parameter (the plasmapause is around
L = 4) and at the magnetic equator (MLAT = 0°).
The normalized frequency A= w/Q at the equator
is given the value A = 0.3, which is less than
the limit A = 0.5 Yhere the propagation laws
change. Rays corresponding to plane waves emitted
with different 6 values are traced on an L ver-
sus MLAT graph %Figure 13). For waves emitted
with negative © values the ray paths are shown
with dashed 1inds while the others are shown with
solid lines. On the right are written the ©
values at the equator (6 ) and then the 6 values
at MLAT = 45°. As alreaay pointed out by Burtis
(1974), it is clear that waves emitted with
different 8 values can reach the same point of
observation®after having followed different ray
paths.

This point is made still clearer in the follo-
wing simlation. Rays are generated from the same
source point (L = 6.8, MLAT = 0°), at 1400, 1120,

o

Same as Figure 16. Here there are two sources at L = 6.8 ; one is

0°

30° 60° -60° -30° 0° 30° 60°

at the
840, 560, and 280 Hz (A = 0.5, 0.4, 0.3, 0.2,
and 0.1), with polar anfles 6, spaced by 48 =

5°. A rough statistic is made on the arrival time
T and on the 9 values 8_ of the waves which reach
the region: 6.9 < L < 781, 20° € MLAT < 25°. The
results are summarized in Figure 14. At 1400 Hz
all the rays arrive between T = 0.5 and 0.8 s.

The € values are generally positive (or if
negative, close to 0°). They have been emitted
with © values such that - 60°<8 < - 30°. At

1120 HZ the situation is sligh’clyomore complex.
Positive 6 values are observed at 0.4 < 1 < 0.6,
while lar'gg negative 8 values are seen at 0.8 <
T< 0.9 s. The first have been generated from a
wide angular spectrum (-60° < 6, < 0°, or - 30° <
8, < 0°), and the second with "a narrow angular
spectrum centered on 6 = - 60°. Although some
negative 6_ values (dasRed arrays) may be seen at
T < 0.8 é), it seems difficult to observe the
two-peaked WDF's, described in the previous
section, for a nonstationary phenomenon of the
chorus type. However, this is quite possible,
particularly for fuzzy chorus elements, at 840 Hz
and above all at 560 Hz. In the first case the
negative 6 values are due to waves generated at
60 = - 6§’° while the positive © values are
produced by a wide angular spectr centered on
90 = 0°. In the second, the two wave packets are
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Fig. 19, Inverse ray tracing from the observa-
tion point for the September 25, 1977, event. The
asterisk only represents the crossing point of
the rays that started with €_ values equal to the
6 values of the peaks of the"WDF's.

generated by very narrow angular spectra, one at
6 = - 75°, the other at 6 = 40°. At 280 Hz
tBere is nearly 1 s between the arrival times of
the positive and negative ©_angles, which means
that a two-peaked WDF car’ be found only for
phenomena very stationary in time.

Note that the situation is about the same if
the observation is made on a satellite which
moves in relation to the point source. At 280 Hz,
with a satellite velocity of the order of 5 km/s,
the Doppler effect does not exceed 2 Hz, even for
waves propagating at very oblique € angles
( T<0.95). At the other frequencies where the
waves are not so oblique, it is less than 0.5 Hz.

Confirming the observations made from the GEOS
data, we also find that, moving away from the
source, the values of the similateds waves con-
centrate around the Gendrin angle, reaching the
resonance angle when both angles are practically
merged, i.e., when the local normalized frequency
is such that A <<1. This is illustrated in Figure
15 where the differences & - 6g* (with 6g* the
positive Gendrin angle) and 6 - 8 ~ (with 8  the
negative Gendrin angle) are plogted versn_é the
magnetic latitude MLAT; the 6 values at the
emissions are written above the curves. One check
is that 20° off the equator most of the waves
have 8 values that are within 10° of the Gendrin
angle. All the 9 values have converged toward ©
for MLAT = 40°, when 6 = 0 . The rapidity of th&
convergence toward 6 ® is ‘a function of the A
values. As a matter of fact it decreases with A.

Now even if the model of an isotropic point
source seems to be perfectly consistent with the
two-peaked WDF's of Figures 5, 8, and 9 and if it
can eventually be used for the WDF of Figure 12,
it does not explain all the observations made on
the GEOS satellite. This is the case of a two-
-peaked WDF found for a chorus event on September
21 around 0700 UT. The event is observed practi-
cally up to 4 kHz. The plasma parameters are Qe =
6 kHz and 1 = 20 kHz. The analysis is made at
w = 3.33 kHz,e i.e., for a'local value of A grea-

Lefeuvre and Helliwell: Characterization of Sources

ter than 0.5 (A= 0.55). The simltaneous
presence of two wave packets implies either that
the source is extended in L and MLAT values or
that the waves which are observed come from
different region sources. In the present -case
where the power spectra seem to indicate a mix of
different chorus elements, it is the latter
hypothesis which is the most likely.

Observation on a Satellite

To have a better understanding of the GEOS 1
observations,let us examine whan can be received
on a satellite crossing the L shells of the earth
magnetic field at constant magnetic latitude
values when the source, assumed to be localized
and isotropic, is located at the equator
(MLAT = 0)at L = 6.8. To illustrate, we plot the
L values at which a wave emitted with a given 8
angle (the abscissa) reaches the latitude o
observation; some ©_ values at the point of
observation are giver for information (Figures 16
to 18). The energy transfer from the source to
the satellite is measured by the ratio AL/A€ . It
is optimum for AL/A® — 5 0 and minimum® for

o
AL/AG —> =,

The results at MLAT = 10° , for waves emitted
at A = 0.6, 0.4, 0.2, and 0.02, are summarized
in ngur'e 16. As predicted, for A_ > 0.5, only a
single wave can be detected at each L value since
the energy transfer is far from optimum. For
A < 0.5 there is a zone, centered on the L value
of the source, for which several waves can be
simultaneously observed. Hence for A = 0.4 the
waves emitted at 90 = - 60°, as well Qs the waves
emitted at - 25° and 0°, are seen at L = 6.8 with
8_ values at the point of observation respec-
tgvely of the order of - 20°, + 25°, and + 40°.
The zone of multiple observations increases when
A is decreased while the efficiency of the
energy transfer decreases. The zone disappears
for very low A values (see A = 0.02) where the
more oblique waves fall in %he resonance cone
before reaching the satellite position. The
optimum zone of multiple observations is not
easy to determine. It could relate to the A=
0.34 peak in chorus occurrence observed on 0G0 3
(Burtis and Helliwell, 1976).

As shown in Figure 17, following, for instan-
ce, the solid curves, the zone of mltiple
observations at 1.12 kHz extends in L values when
the satellite crosses the L shells at higher
latitudes. This is consistent with statistics
made on the WDF's of the GEOS 1 hiss event
(M. Parrot, personal communication, 1984).

In the same figure have been superposed the L
versus 6 graphs representing the observation on
the same satellite of a second point source
located also at the equator, but at a lower L
value (L = 6.4), and emitting at the same
frequency (1.12 kHz). Although most waves of the
two sources are seen at different L values for a
point of observation close to the source
(MLAT 220°), they tend to merge at greater
distances. Assuming a continuous source between
L = 6.4 and 6.8, one can observe several wave
packets. Hence at MLAT = 30° and L = 6.6 we see,
reading from left to right, first a wave packet
where the 6 values vary between -~ 40° and - 70°,
a second whose € values vary between 0° and 40°,
and a third wherB the ep values are concentrated
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Fig. 21. Inverse ray tracing from the WDF of the
August 14, 1977, chorus event. Top panel: the
small € values (6_ = 15°, 30°) are given the

azimuthal value ¢ £ 7 (curves 2,1) and the large
@ values (6_ = 50°, 60°) are given the azimuthal
value ¢ =%0 (curves 4,3). Bottom panel: the
values of the azimithal angles are reversed.

around 78°. The weak energy transfer between the
point source and the satellite (AL/A§ —> =) is
compensated for by the extension of the source
region between L = 6.4 and L = 6.8. In the same
way, extending the source in latitude (Figure
18), one broadens the observed wave packets, some
of them having a tendency to overlap.

Note that to a certain extent, which has still
to be defined, extended sources might explain
some two-peaked WDF's observed for local A values
greater than 0.5.

The fact that three-peaked distributions sug-
gested by Figures 17 and 18 are not observed in
GEOS 1 data may have several explanations. First,
due to the poor resolution of the WDF's in the 0 ,
¢ domain, two close peaks might be seen as a
single broad peak. Such an explanation seems to
work well, particularly with the broad WDF of the
June 20 hiss event. Second, the source might be
nonisotropic, which would mean, for instance,
that the peaks due to the rays that started with
small © values do not exist. We shall see now
that this is effectively what comes out from the
inverse ray tracings.

5. Inverse Ray Tracing
Inverse Problem

In a given medium the ray tracing programs are
perfectly invertible. The ray path traced from
the point of observation to the source, with an
initial K vector K and a final K vector K , is
exactly the same ad the ray path traced from the
source to the point of observation with an
initial K vector - K_ (here the minus sign means
a change of T - §°in 6 and of T in ¢ ), the
final K vector being obviously - K . Therefore,
assuming the characteristic par'am_g:,er's of the
medium are known, we can consider that the
problem of localizing a source from a WDF
estimated in a fixed point of space is an inverse
problem which is well posed, i.e., which admits a
unique solution.

However, the accuracy of the localisation is a
function of the source satellite geometry and of
the plasma composition. Close to the generation
region, and in a low-density plasma, a good reso-
lution can be expected, at least if the WDF is
accurate enough. On the other hand, far from the
generation region, and in a dense plasma, the
localisation of rays coming from different
sources is such that there are strong uncer-
tainties in Figures 17 and 18.

The wave normal distribution at the source can
be stable even if there are strong uncertainties
in the exact source positions. At MLAT = 30°, for
instance, whatever the exact L and MLAT values of
the source in the domain 6.4 <L < 6.8, 0°< MLAT<
6°, we are sure that a wave observed with 6_= 80°
has been emitted with 6 = 20°. P

The hypotheses made for inverse ray tracings
are the same as in section 4, except that we no
longer need to assume an isotropic source. As
already stated, the debatable hypothesis we make
here is that the waves propagate in the magnetic
meridian plane. The variation of the 8 values
along the ray path depends on the initial value
of the azimuthal angle made by the K vector
(Thorne, 1969). Taking ¢_ = O at the very point
of observation where the "WDF indicates values of
the order of 60° or 70° induces errors in the
source position as well as in the wave normal
distribution determination at the source. We can
expect those errors not to be too important when
the source-satellite distance is not too large.
This has been checked by applying the Cerisier
(1970) three -dimensional ray tracing program
(Cairo, personal communication, 1984). Detailed
results will be published elsewhere.

September 25, 1977, Hiss Event

As a first approximation we can consider that
the wave energy of the September 25, 1977, event
is conveyed by two wave packets, one having its
K vectors with 6 values included within the
iBterval 60°, 80°P and the other its K_ vector
with 0 _ values included within the TAinterval
[- 40°, 220°]. The shift in 8 between the solu-
tions of Figure 5 has no importance here since
the rays are traced assuming that all the K
vectors are contained in the 1local magnetic
meridian plane (¢=0 orm ).

Rays traced from the observation point P
(L = 6.43, MLAT = 29.1°) with fp values equal, on
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the one hand to 60° and 80° and on the other hand
to - 40° and 20°, are displayed in Figure 19.
Although the ray tracing does not garantee convex
properties between the rays, particularly in the
vicinity of the starting point, most of the rays
started with 6  values between 60° and 80° or
between - 40° and - 20° stay in the limit of the
curves plotted in Figure 19. This is the case,
for instance, of the rays starting with ® values
equal to the & values of the peaks of e WDF,
and for which the crossing point has been
represented by an asterisk.

Let us first try to interpret separately the
ray tracings that started with negative ©_ values
(dashed lines) and with positive 6 valueB (solid
lines). Rays represented as dashed lines crossed
at a point whose coordinates (here L= 6.7, MLAT =
- 30°) are very sensitive to slight variations in
the medium parameters. The wave normals are very
oblique (6 < - 60°) over the major pat of the ray
path, the equatorial region and the region around
the crossing point included. This demonstrates
that the Landau damping is not very efficient or
is negligible in relation to the amplification
rate. Rays represented as solid lines do not
cross. According to the concentration in
azimuthal angle of the K vectors observed at
point P (¢ = 45°) this probably means that the
source (or amplification) region occupies a broad
region of space (6 $ L S 6.5, ~ 20° S MLAT $
0°). Again, most of the K vectors have large
negative 6 values.

It then turns out that the waves observed at
point P, with positive as well as negative 8
values, emerge from the same, very broad source
region (6 < L s 6.5, - 20° 5 MLAT < 0°). The
wave normals within the source are concentrated
in a very narrow cone of propagation,
-85°56 s - 55°, Referring to figure 17and 18, we
note that the absence of an emission cone at
positive 6 values seems to contradict the
hypothesis of an isotropic source (section 4).

June 20, 1077, Hiss Event

Because of real modifications of the hiss
event in the time interval of 22 s, or of
uncertainties in the course of the analysis, the
differences between the WDF's of Figures 8 and 9
are much too important to allow a unique ray
tracing study as in the previous case.
Accordingly, we have considered 6 intervals of
[50°, 80°] and [- 30°, 0°] for EBhe WDF of the
first sweep (top panel of Figure 8) and 6
intervals of [30°,78°1 and [- 70°, - 20°] for th®
WDF of the second sweep (bottom panel of Figure
8). Moreover, as plasma measurements made on
board GEOS have shown that we were relatively
close to the plasmapause, which is not surprising
at 1842 LT under magnetically quiet conditions,
each study has been done under two hypotheses. In
the first the inner bound of the plasmapause has
been fixed at L = 5 while in the second it has
been fixed at L = 5.5. The results of the four
analyses are displayed in Figure 20 with the same
conventions as Figure 19.

In the light of the previous remarks, several
comments can be made.

1. As already stated, the asterisk showing the
crossing point between the rays that started with
ep values equal to the € values of the peaks of

the WDF's, does not represent a point source.
However, it is very useful for evaluating the
displacement of the region source, from one sweep
of the SFA's to the other, or from one plasma-
pause position to the other.

2. Rays seem to emerge from a common region as
broad as the observation point is far from the
plasmapause.

3. In contrast to what was observed in the
September 25 hiss event, the source is probably
on the same side of the equator as the
observation point.

4. Except in the close vicinity of the obser-
vation point, the wave normals have large
positive © values (45° < 8 < 80°), which means
that the remarks already made about the
efficiency of the Landau damping or on the
amplification mechanisms still hold. The reader
will note that on September 25 the K vectors had
large negative © values within the source.

5. In Figures 10 and 18, the absence of a cone
of emission at negative 6 values is an indication
that the source is not isotropic.

August 14, 1977, Chorus Event

Because the two peaks of the WDF of the August
14, 1977, chorus event (Figure 11) are
practically 90° off the magnetic meridian plane,
two calculations have been done. In the first,
the peak corresponding to the large € values
(50° < 6_< 60°) has been given the azimuthal value
¢ = 0°,Pand the peak corresponding to the small 6
values (15° < 8. « 30°) has been given the
azimuthal value "¢= m. In the second the azimu-
thal values are reversed. In both cases, rays
have been traced toward and away from the equator
(Figure 21).

In the present ray tracings, as well as in the
three-dimensional ray tracings (L. Cairo, perso-
nal communication, 1984), no clear common source
region can be found. This can be interpreted in
several ways. First, the spectral matrix estima-
tion, performed with a method inadequate for
signals of the chorus type, leads to an erro-
neous WDF. In such a case, ray tracings have no
meaning. Second, the observation is made within
the source region. However, such a hypothesis
does not fit with the slope of the risers of
Figure 11, which rather indicates that the chorus
elements have been propagated. Third, at the
observation point, there is a merging of waves
generated in different regions of space. This is
actually the more probable explanation.

6. Conclusion

Wave distribution functions (WDF) obtained for
natural electromagnetic emissions observed on
GEOS 1 have been interpreted in two different
ways. First, a model source has been assumed, and
the propagation characteristics of the waves have
been evaluated, at different points of space, by
direct ray tracings. Second, region sources have
been located, and the wave normal distribution in
the sources estimated, by inverse two-dimensional
ray tracings started from estimated WDF's.

Direct ray tracings have enabled us to demons-
trate that waves, generated from a single isotro-
pic point source, can reach a point of space by
different ray paths, producing multipeaked WDF's.
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According to the errors in the data and to the
limitation in the resolving power of the method,
those multipeaked WDF's may easily be seen as
two- peaked distributions similar to the one
determined for the GEOS data. Even, if such a
model seems to be well adapted for phenomena of
the hiss type, for which the stationarity in time
masks the differences in time delay of the
different waves, it probably does not work for
phenomena of the chorus type, known as very
weakly stationary in time. It has been noted that
the probability of obtaining a two-peaked WDF is
maximum when the observation point is at the L
value of the source. Tt increases when the
normalized frequency at the source (A ) is
decreased and/or when the source-sat2llite
distance is increased. Furthermore, direct ray
tracings have taught us that there is a tendency,
for the unducted waves, to be propagated with
their 8 values close to the Gendrin angle which
approaches the resonance angle as A tends toward
zero.

Inverse ray tracings, started from the propa-
gation characteristics determined by the WDF's,
and performed for field and plasma parameters
measured on GEOS, have enabled us to obtain
information on the recent history of the observed
waves. For VLF hiss it is shown that waves
characterized by a two-peaked WDF emerge from the
same broad region of space, located near the
equator, and extended in L value ( AL = 0.5) as
well as in MLAT value (AMLAT = 10° or more). In
this region the wave normals are very oblique,
which demonstrates that the Landau damping effect
is small relative to the amplification rate.
Those findings seem to be typical of VLF hiss
observed out of the plasmasphere. The question
of whether such regions can be identified as
source regions or not is very delicate. However,
it is a hypothesis which cannot be ruled out.
Inverse ray tracings performed from a single
chorus element do not allow us to draw a clear
conclusion. They seem to indicate that the
two-peaked WDF determined is caused by waves
coming from different point sources. In any case
a two-peaked WDF observation is rather the excep-
tion for chorus, which is consistent with direct
ray tracings.

Note that three-dimensional ray tracings per-
formed on the emissions discussed here confirmed
the two-dimensional ray tracings (L. Cairo, per-
sonal communication, 1984).

Now, if the regions of space from which the
September 25, 1977, and the June 20, 1977, hiss
events emerge are effectively source regions,
what can be said about generation mechanisms?
Most of the present thinking on the subject is
based on the quasi-linear theory introduced by
Kennel and Petschek (1966) and evaluated in more
detail by Etcheto et al. (1973). In this theory
the waves are amplified, in the equatorial
regions, by the Dopppler-shifted electron
gyroresonance instability. The main problems are,
first, that important growth rates are obtained
for propagation vectors parallel to the earth
magnetic field direction only (Kennel and Thorne,
1967) and, second, that even for such waves,
growth rates theoretically predicted for a pass
of the wave through the amplification region are
not sufficient to account for hiss intensities
observed experimentally. One cculd expect to

modify the condition for obtaining a maximum
growth rate by varying the particle distributions
used in the calculation. Operating that way,
Brinca (1972) predicts large growth rates for
oblique propagations, but for frequencies close
to half the electrongyrofrequency only. Another
way to adjust the Kennel and Petschek mechanism
to the data would be to compensate the weakness
of the wave amplification by recycling a large
amount of the energy back to the equator. Such a
model has been proved to work very well (Roux et
al., 19082; Rauch and Roux, 1982) for waves
observed on GEOS 1 and 2, below the protongyro-
frequency. Waves emitted in the left-handed mode
are returned in the equatorial region follewing
very closed paths. The focusing of the rays
compensates the obliqueness of the K vectors in
the amplification region. However, the first
three-dimensional ray tracings show that the
process is not so efficient in the ELF and VLF
ranges. As a consequence one must probably look
for another generation mechanism. Although it is
beyond the scope of this paper to propose new
theories, it seems that a first step of research
would consist in trying to reconciliate the
Kennel and Petschek mechanism with the data by
taking into account feedbacks of the wave field
on the particle distribution function in a manner
similar to that of Helliwell and Inan (1982) for
the generation of discrete emissions and chorus.

The problem is very different for plasmasphe-
ric hiss, for which reflections at the plasma-
pause allow the waves to return, with K vectors
along the earth magnetic field, in the equatorial
region (Church and Thorne, 1983; Huang et al.,
1983). However, if a new generation mechanism is
found outside the plasmasphere, it will be sur-
prising if it does not apply inside.
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