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Direction Finding of Half-Gyrofrequency VLF Emissions in
the Off-Equatorial Region of the Magnetosphere and
Their Generation and Propagation
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Research Institute of Atmospherics, Nagoya University, Toyokawa, Aichi, Japan

M. PARROT AND F. LEFEUVRE

Laboratoire de Physique et Chimie de I’Environnement, Centre National de la Recherche Sciéntiﬁque
Orleans, France

The spectra of VLF/ELF emissions in the off-equatorial region in the outer magnetosphere are, on
occasion, found to consist of upper and lower bands with a frequency gap between them. The wave
normal directions of the upper band VLF emissions have been determined by means of wave distribution
function analyses based first obn the measurement of three magnetic field coniponents only, and then with
the additional use of an electric field component. It is found that the wave distribution functions are
composed of two peaks whose central wave normal angles § with respect to the magnetic field at a
geomagnetic latitude of ~ 17° are close to the local oblique resonance cone 8,,, but whose values of 6 are
always about 15°-20° less than @, at a higher latitude of ~26°. This observed wave normal behavior is
compared with the theoretical prediction from direct ray tracing studies using the hypothesis deduced
from a previous investigation that the waves are generated at the equator with wave normals close to .
A combination of this comparison and inverse ray tracing in which the initial wave normal directions are
those determined from the wave distribution analysis has yielded the result that the 6 values of the upper
band VLF emissions are very close to 6, at the equator and that the normalized frequency there, A_, is
above 0.5. Hence the upper band VLF emissions are identified as being “half-gyrofrequency” VLF
emissions generated in the vicinity of the magnetic equator, with their wave normals close to 6,,,. The
characteristics of propagation between the equatorial source region and the observing positions have

been investigated by direct ray tracing. The generation mechanism is also discussed.

1. INTRODUCTION

In addition to strong electrostatic “odd half-harmonic emis-
sions” [Kennel et al., 1970; Kennel and Ashour-Abdalla, 1982],
VLF emissions with frequencies above half the electron gy-
rofrequency (w/wg 2 0.5 where w is wave frequency and wy is
electron gyrofrequency), called “half-gyrofrequency emissions,”
have occasionally been observed by satellites near the geo-
magnetic equator in the magnetosphere beyond the plasma-
pause by Coroniti et al. [1971], Tsurutani and Smith [1974],
Burtis and Helliwell [1976], Maeda [1976], and Hayakawa et
dl. [1984]. All of these except the last were unable to specify
the wave model (electromagnetic or electrostatic), but several
authors have speculated about generation mechanisms. Re-
cently, Hayakawa et al. [1984] have elucidated the detailed
characteristics of the emissions by determining the wave
normal directions of the waves observed in the vicinity of the
equator on the GEOS 2 satellite. They found that the wave
northal directions of the emissions are very close to the
oblique resonance cone 8, for whistler mode propagation,
which means that they are quasi-electrostatic whistler mode
waves. This conclusion is supported by the measured ratio of
the électric and the magnetic field intensity. On the basis of
these results, Ohmi and Hayakawa [1986] have suggested an
electrostatic instability in a realistic two-component mag-
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netospheric plasma consisting of cold electrons and populated
low-energy (suprathermal) electrons of energy of the order of a
few tens of electron volts and with a temperature @nisotropy
sufficient to drive an instability. From the work by Hayakawa
et al. [1984] the equatorial generation of these emissions is to
be expected with the lowest frequency produced being nearly
coincident with one half of the electron gyrofrequency neéar
the equator. In order to make further studies of the generation
and propagation of these waves, it is highly desirable to inves-
tigate observations in the off-equatorial regions of the mag-
netosphere.

The present paper is complementary to the previous equa-
torial study of Hayakawa et al. [1984] and presents the
characteristics and the direction-finding results of supposedly
half-gyrofrequency VLF emissions observed by the GEOS 1
satellite at two different geomagnetic latitudes in the off-
equatorial region of the magnetosphere. It follows the dp-
proach adopted by Lefeuvre and Helliwell [1985] for hiss
emissions. The observed properties of wave normal directions
in the off-equatorial regions are first compared to results ob-
tained by three-dimensional ray tracing performed with values
of the plasma and wave parameters similar to those en-
countered ori GEOS 2 [Hayakawa et al., 1984]. The waves are
supposed to be half-gyrofrequency VLF emissions generated
at the equator, with their wave normals close to 6. Then
inverse ray tracings are conducted from the observation points
toward the equator, starting with the wave normals deter-
mined in the off-equatorial regions. The wave normals at the
equator are compared with the previous equatorial observa-
tions by Hayakawa et al. [1984] and with the theoretical study
by Ohmi and Hayakawa [1986]. These ray tracing studies in
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Analyzed Events

Satellite Location

Plasma Parameter

L Value

Date uT R, Rg; A, deg Su» kHz Jp kHz MLT Kp
Oct. 12, 1977 0652 6.93; 174 7.60 2.711 109 1005 5
Sept. 19, 1977 1148 6.84; 26.2 8.00 3.490 19.2 1202 4

combination with the direction-finding measurements enable
us to investigate (1) whether half-gyrofrequency emissions are
generated only in the vicinity of the geomagnetic equator, (2)
whether their wave normals at the source region are close to
0., and (3) the subsequent propagation if the generation
region is considered to be at the equator.

2. DATA SOURCE AND DIRECTION-FINDING
METHOD

The field data are signals obtained by the S-300 experiment
on board the GEOS 1 satellite which measures continuously
the electric and magnetic components of the wave field. The
received signals are subjected to on-board analyses by the
sweep frequency analyzers (SFAs) and the correlator. Six
SFAs, which may be connected to any sensor combination,
have a bandwidth of 300 Hz and are swept in frequency in the
range 0-77 kHz. Before being telemetered to the ground, the
signals are transposed in frequency, passed through identical
low-pass filters at 450 Hz, and sampled at 1.488 kHz. The
correlator autput, after suitable Fourier transformation on the
ground, yields a spectrum of bandwidth 2.5 kHz during the
ELF part of a special survey mode or 5.0 kHz during the VLF
part. The orbit of the satellite is given by Knott [1978], and a
detailed description of the GEOS S-300 experiments is given
by Jones [1978] and S-300 Experimenters [1979].

The spectral matrix at each Fourier component is estimated
by using the SFA magnetic data during the VLF part. Several
direction-finding methods have been proposed (see Lefeuvre et
al. [1981, 1982], for example), but in the present paper we
utilize only the wave distribution function (WDF) method in
which the maximum entropy concept is applied to the mea-
sured spectral matrices [ Lefeuvre et al., 1981, 1982; Hayakawa
et al., 1986]. In order to illustrate the direction-finding results,
we adopt a Cartesian coordinate system Oxyz where the z axis
is parallel to the earth’s magnetic field B,, the x axis is in the
magnetic meridian plane and is directed toward the earth, and
the y axis completes the orthogonal set and is directed west-
ward. The wave normal direction k is characterized by the
polar angle 6 between k and B, and by the azimuthal angle ¢
with respect to Ox. It should Be noted that this Cartesian
coordinate is different from the one in the work by Lefeuvre et
al. [1982] and Hayakawa et al. [1984].

3. WAVE SPECTRA AND WAVE NORMAL DIRECTIONS
OF THE EMISSIONS OBSERVED IN THE
OFF-EQUATORIAL REGION OF THE
MAGNETOSPHERE

After looking at many VLF spectrograms from the GEOS 1
satellite, we have selected two events with intensity sufficient
for direction finding and at different geomagnetic latitudes.
These events are listed in Table 1. The event of October 12,
1977, is observed at the smaller geomagnetic latitude A, of
17.4°, whereas the event of September 19, 1977, is recorded at
the higher latitude, A, = 26.2°. In the table are listed the L

value and plasma parameters (electron gyrofrequency
Ju (=wy/27) and electron plasma frequency f,). The two
events were observed before or around local noon. The geo-
magnetic activity Kp is also indicated. The wave character-
istics for these events are described below.

3.1. The Event of October 12, 1977

Figure 1 illustrates the ELF spectrogram of VLF/ELF
emissions in a range up to 2.5 kHz encompassing the time
during which the direction-finding measurement was made,
and it indicates that VLF emissions are composed of two
bands separated by a frequency gap at ~ 1.0 kHz. The fre-
quency gap is much smaller than the half-gyrofrequency (f}/
2 = 1.356 kHz) at the observing point. The lower band is very
intense and mainly consists of structured chorus emissions.
The upper band VLF emissions are relatively weak; this band
consists of only a few structured elements. If we suppose that
the generation mechanism as proposed by Ohmi and Haya-
kawa [1986] is operative for the upper band emissions at the
satellite position, the wave frequency to be excited must be
higher than the local f,/2. This prediction is in obvious dis-
agreement with the observation, which is suggestive of the
source being located at a region with smaller geomagnetic
field. These upper band emissions will later be shown to be
half-gyrofrequency VLF emissions at the equator.

The direction-finding computation was attempted for sev-
eral time intervals and frequencies, but mainly because of the
weak signal strength, only a few cases were successful. An
example of one such WDF is illustrated in Figure 2, which
corresponds to the upper band VLF emission at a specific
frequency of 1057 Hz. The power spectral density for this, the
strongest event, is only about 2.0 x 10~ % y2/Hz. The WDF is
presented in the form of contours of wave energy density in a
polar diagram with a linear scale of wave energy running from
0 to 10. In the figure we have only illustrated the part of the
solution in the range of 0 £ 6 < n/2. The outermost circle
corresponds to 8 = 90°, while the circle drawn as a heavy line
indicates the position of the oblique resonance cone @, for
whistler model propagation (cos 0, = w/w, [Helliwell,
1965]). We have confirmed, using the detailed gray-scale spec-
trograms, that the relevant frequency is above the frequency
gap at the time in question. The gray scale displays are used
for all the data used in the present paper for examining the
spectral shapes and the location of the frequency gap. In the
figure caption we have indicated the stability parameter Q and
prediction parameter P,, which are the indices of numerical
stability of the solution. When Q < 1, the solution is con-
sidered to be stable, and for P, = 1, the data are considered to
be correctly fitted (see Lefeuvre et al. [1981, 1982] for further
details). The information on the three eigenvalues (4, > 4, >
A5) of the measured spectral matrix is also given [ Buchalet and
Lefeuvre, 1981; Hayakawa et al., 1984, 1986].

The WDF in Figure 2 is seen to exhibit two peaks, com-
pletely separated from each other, their ¢ being separated by
about 180°. The wave energy associated with the main peak is
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in close proximity to the region of 8 = 0,,, over a wide range,
of the order of ~45° in ¢. The 0 value of the main peak is
about 14° from the circle of 0,,,. The 0 value of the secondary
peak is much closer to §,,. Another reliable WDF has been
obtained for this event with intensity ~10~5 y2/Hz, which
alsao shows that the WDF is doubly peaked, but with both

peaks being much closer to 8,,,.

3.2. The Event of September 19, 1977

Two successive examples of the spectrograms of VLF/ELF
emissions during 88 s starting at 1148:14 UT are presented in
Figures 3a and 3b. These are quite different from the previous
event (see Figure 1). The spectrograms are clearly composed of
upper and lower bands which are equally intense (more than
103 y2/Hz) and which overlap on some occasions. At a later
time in Figure 3b the upper band becomes the more intense.
The frequency gap inferred from the spectrograms is around
1.3 kHz, which is again much less than the half-gyrofrequency
(1.745 kHz) at the observing point. The emissions.in the lower
band are found to be clearly structured: in this case, rising
tones or chorus. The frequency spectrum of the upper band is
quasi-continuous, more similar to hiss. Its bandwidth is found
to be of the same magnitude as observed at the equator [Haya-
kawa et al., 19847, which is much larger than the bandwidth
given by Coroniti et al. [1971].

The determination of WDFs has been performed over a
time interval of 1 min starting at 1148:58 UT, and at several
other time intervals and frequencies. The total number of the
estimated WDFs was 15. Four examples are presented in Fig-
ures 4a—4d, which are in the same format as Figure 2. Only the
mqgnetic' field components have been utilized in the analyses,
which results in there being an ambiguity in the sense of prop-
agation [Lefeuvre et al., 1981; Hayakawa et al., 1984, 1986].
Again, only the sector 0 < 6 < =n/2 is illustrated in each figure.
The WDFs in Figure 4 are seen to be double-peaked. Among
them the two peaks in Figures 4q, 4b, and 4d are completely
detached, while the two peaks in Fjgure 4¢ are not so well
separated from each other. The characteristics of the main
peaks in the figures are quite similar, particularly in Figures
4a, 4b, and 4¢. Their central 8 values are about 15°-20° inside
the 6,,,, and their ¢ values are not so far from each other as in
Figure 2. It is difficult to know whether the ~ 30° rotation in
¢ of the main peak in Figure 4d as comparéd to Figures 4a—4c
is due to errors in the data caused mainly by spectral analysis
or to a different source-satellite geometry. The intensity and ¢
value of the secondary peaks are quite variable. There is a
strong similarity between Figures 4b and 4c, on the one hand,
and between Figures 4a and 44, on the other hand. In con-
clusion, we can say that the propagation characteristics of the
hiss-type emissions of the upper band during the 1-min inter-
val show features which seem constant in time. The wave
energy is mainly conveyed by the waves whose wave normal
directions have @ values relatively close to the resonance cone
(15°-20° inside 6,,)) and ¢ values around 90° (the k vectors are
~90° off the magnetic meridian plane). Some energy is also
conveyed by waves whose wave normals have 8 values as
large as those of the main peaks but whose ¢ values are
apparently random. The above 0 characteristics are confined
to be generally true for the whole of this event as can be seen
in Figure 5a, which is based on the analysis of all the WDF
computed. The occurrence histogram of ¢ including the main
and secondary peaks is plotted in Figure 5b. It indicates that
¢ is distributed over the whole range [ — =, =], although there
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270°

Fig. 2. The wave distribution functions (WDFs) in the form of contours of wave energy at 1057 Hz at 0655:49.356 UT
on October 12, 1977. The scale of WDFs is lincar and runs from 0 to 10. The three eigenvalues (1, > Ay > A,) are
estimated from the spectral matrix derived only from the magnetic field components (4;/A; = 0.12 and 1,/4, = 0.3). Also,
the numerical stability of the solution is indicated by the two parameters, the stability parameter Q and prediction

parameter P, (Q = 1.16 and P, = 2.65).

seem to be two occurrence peaks at ¢ ~ —135° and ¢ ~ 75°,
which may or may not be significant.

To remove the ambiguity in the sign of the k direction,
further analyses have been attempted including one electric
field component, E,. Taking into account the uncertainty in-
volved in estimating the coupling impedance between the elec-
tric antennas and the plasma (P. M. E. Decreau, private com-
munication, 1979), the same criteria of acceptance of a solu-
tion have been used as were used by Parrot and Lefeuvre
[1986]: (1) Q@ S 1 and P, ~ 1, (2) the solution obtained from
three magnetic plus one electric data must be consistent with
the solution derived from the magnetic field components
alone, and (3) the number of sign differences between the po-
larity of the real and imaginary parts of the spectral matrix
predicted from the solution and that of the measured spectral
matrix should not be more than 2. (See Parrot and Lefeuvre
([1986] for further details.) As a result of analyses for all cases,
no solution satisfying the above three criteria was found,
mainly because the solutions were unstable. Despite this, the
solutions seemed to indicate two peaks, main and secondary,
propagating from lower to higher latitudes. This was based on
the comparison of the ratio of the powers in the two hemi-
spheres, 0 < 8 < n/2 and n/2 £ 0 < = in each case. The fact
that we are unsuccessful in having a distinct separation in the
wave power propagating from and toward the equator seems
to be due to the uncertainties in the electric field measure-
ments,

3.3. Summary of the Wave Properties Observed
Away From the Equator

The experimental study based on the observations at two
geomagnetic latitudes (A,, = 17.4° and 26.2°) has yielded the
following results.

1. The wave spectra at both geomagnetic latitudes are
composed of two bands; the lower band consists of chorus
emissions, and the upper band is the subject of the present
papet. The spectra of the upper band emissions are not always
smooth steady hiss hands. The emissions in Figure 3 are of the
hiss type, but those in Figure 1 are structured and impulsive
ones. These impulsive structures seem to be very different from
the corresponding structures observed by Tsurutani and Smith
[1974], who observed chorus with much smaller df/dt and
falling tones. This variety of frequency spectra of the upper
band emissions is similar in nature to odd half-harmonic elec-
trostatic emissions [ Kennel and Ashour-Abdalla, 1982].

2. The bandwidth of the upper band is 300-500 Hz, which
is nearly of the same magnitude as that observed previously at
the equator [Hayakawa et al., 1984] but is much larger than
that observed off the equator (A, ~ 10°) by Coroniti et al.
[1971].

3. The frequency gap between the two bands is found to
be always much smaller than the local f/2, which is indica-
tive of the source being located at a position with smaller
geomagnetic field.
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(a)

270°

270°

Fig. 4. WDFs on September 19, 1977: (a) 1148:58.711 UT, f = 1510 Hz, A,/A, = 0.203, 4,/4, = 0032, Q = 1.70, and
P, =097; (b) 1149:07.827 UT, f= 1557 Hz, A,/A, = 0.068, A,/A, = 0.041, Q = 1.07, and P, = 1.29; (c) 1149:24.855 UT,
f=12009 Hz, 1,/4, = 0112, 1,/4, = 0.142, @ < 0.66, and P, = 0.88; and (d) 1149:46.355 UT, f = 1916 Hz, A,/4, = 0.215,
43/4, = 0.063, Q = 0.45, and P, = 0.69.






MUTO ET AL.: OBSERVATION OF HALF-GYROFREQUENCY VLF EMISSIONS

(Q)

; 1]

m T T T L T L) L] L] L]
€ 0 2 4 6 8 10 12 14 16 18 20 22 24 26°
= & Bobs(=0Ores —Hobs)
[X)
o
- (b)
o
H
£ 4
=
2
0 L} L] T L} T L] T v T L] L] L)

0 90 180°
$obs

Fig. 5. The distribution of # and ¢ values at the observing point,
A,, ~ 26°: (a) the occurrence histogram of the difference between 6
and 6__. and (b) the occurrence histogram of the observed ¢ value.

res

4. The analyses show that the WDFs are double-peaked
and that the wave energy tends to be mainly conveyed by
waves whose 0 values are very close to 0, at the smaller
latitude (A,, ~ 17°), whereas the  values are farther from 0,
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(about 15°-20° inside 6,,,) at the higher latitude (A, ~ 26°).
There seems to be no definite tendency in the ¢ distribution,
the ¢ values being distributed over a large range. Finally, both
the main and secondary peaks indicate that the waves have
propagated to the observing points from the direction of the
equator.

4. RAY TRACING STUDIES

To estimate the wave normal directions of the upper band
emissions at the geomagnetic equator, which is considered as
a possible source region based on the experimental work of
Hayakawa et al. [1984], we have carried out inverse ray trac-
ing toward the equator, reversing the wave normal direction
determined at the observation points as an input parameter.
Before describing the results of the inverse ray tracing, it is
interesting to report first on some direct ray tracing starting
the waves at the equator, with their wave normals close to @,_,,,
as found experimentally from Hayakawa et al. [1984] and
theoretically suggested by Hashimoto and Kimura [1981] and
Ohmi and Hayakawa [1986]. These direct ray tracing results
will be shown to yield useful information on the propagation. .

4.1.

The ray tracing program used is a three-dimensional one
developed by Cerisier [1970]. The ray paths are computed by
a modified version of Haselgrove’s [1954] ray tracing equa-
tions which is more suitable than the usual one for waves
propagating near a resonance, as will be discussed later. The
refractive index is calculated with the approximation that the

Ray Tracing Method and Magnetospheric Model

(b)
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res

— 1.0°. The variation of ray paths: (@) L versus LAT and (b) LONG versus LAT. The variation of wave normal direction

along the ray path: (c) ¢ versus LAT (0

Tes

is also indicated by the dashed lines) and (d) ¢ versus LAT. (Note: for ¢, = 180°,

¢ remains 180° along the path, but we have a discontinuous jump from ¢ = 0° to ¢ = 180° for ¢, = 0° in association with
the corresponding discontinuous variation of 6.) The parameter ¢, is the initial azimuthal direction.
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Fig. 7. The effect of changing the wave frequency A on the ray path and on the corresponding wave normal direction.

Only the variations of L (on the right) and of @ (on the left; 6
LAT, = 0.0° (equator), and the initial wave normal angle 8, is changed here to 6,

as dashed lines again) with LAT are illustrated.
— 2.0°, to be compared with the results

res

res

in Figure 6. The value of A is only illustrated in the top panel for ¢, = 0°, but-one can easily find which curve refers to
which A because the general properties of the curves are the same for all ¢,

medium consists of a cold collisionless plasma composed of
electrons and several species of ions. The density model is the
same one defined by Cerisier [1970], which is derived from the
isothermal diffusive equilibrium of electrons and positive ions
[Angerami and Thomas, 1964]. Since the range of L in which
we are interested is L = 5.5-10, the density model is adjusted
so as to match the density as actually observed by satellites
[Chappell, 1972]. The density is assumed to be 3.2 cm ™3 at the
geocentric distance r of 43,317 km (r = 6.8 Rg; Rp is the
earth’s radius), and the density variation in the equatorial
plane in the range 6.5 < L < 7.75 is about r~*¢, in good
agreement with the satellite measurement of Chappell [1972].
Longitudinal density gradients and duct structures are not
considered. Finally, the geomagnetic field is assumed to be
that of a céntered dipole model.

In the following ray path results, the spatial location of the
ray'is described by its geomagnetic latitude LAT, its geomag-
netic longitude LONG, and its L value. The propagation
vector k is calculated at each point of the ray path, in a local
Cartesian coordinate system Oxyz, as deﬁned in section 2. The
k vector whose ¢ =0 is oriented toward lower L shells,

b

whereas the one with ¢ = = is oriented toward higher L shells.
We denote by 6, and ¢, the 8 and ¢ values at the starting
point of ray tracing.

4.2. Direct Ray Tracing

Figures 6a and 6b illustrates the variations of ray paths for
waves started at LAT,, = 2°, L, = 6.5, with an initial 6 angle
0, = 0,., — 1.0° and a specific frequency, A = 0.6. The variable
parameter is the mmal -azimuthal angle q&o, which is varied
from 0° to 180°. The behav;or for ¢, = 180°~360° can be
understood easily from the correspondmg ¢o =0~ 180° The
frequency is chosen to correspond to the fmain energy peak in
the frequency spectrum observed by Hayal;awa et al. [1984].
The initial latitude of 2.0° is tentatively chosen because we
have confirmed that the shift in initial latitude by about 5° has
no 51gn1ﬁcant influence on the general tendencies, as will be
presented in the followmg discussion.

The ray with ¢, = 0° is found as in Figure 6a to propagate
toward larger L shells, because the initial k near the initial
emission region is directed toward lower L shells (¢, = 0°),
and the corresponding ray direction is directed in the ¢ ==
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Fig. 8. The result of inverse ray tracing: (a) the result corresponding to the event of Figure 4a and (b) the result
corresponding to the event of Figure 4b. In each figure the left-hand panels refer to the main peak, while the right-hand
panels refer to the secondary peak. The top and middle panels indicate the variations of wave normals 6 and ¢ from the
observing point to the equator, and the bottom panels the variations of the L value of the ray path.

direction, as can be easily understood from the form of refrac-
tive index surface at the frequency A = 0.6. As seen [rom
Figure 6a, the ray with ¢, = 0° increases its L value monoton-
ically with LAT up to ~25°, followed by a nearly constant L
value (9.2-9.5). For the ray with ¢, = 20° the L value in-
creases up to LAT ~ 20° and then decreases slowly with in-
creasing LAT. The variation of L value with LAT becomes
less conspicuous for larger ¢, values, such as 45°. The rays
with ¢, larger than 90° exhibit a quite different behavior from
those with ¢, < 90°. The L values of the former rays are seen
to show a monotonic decrease. The variation of LONG with
LAT is illustrated in Figure 6b; it shows that up to LAT ~ 40°
the maximum deviation in LONG for a complete range of
0 < ¢, < mis about 20°.

Figures 6¢ and 6d illustrate the variations of wave normal
directions (6 and ¢) along the ray paths. The solid line refers
to the @ variation with LAT, while the dashed line indicates
the corresponding variation with LAT, of 6, along the ray
path for comparison with 6. The features of the 6 variation are
very different in the two ¢, regions; that is, the # variation
when ¢, is close to 0° is completely different from that for
¢y > 10°. For ¢, = 0° the 0 value decreases to depart from
the 6, slowly in the range of LAT < 20°. Above that value
there is a very significant departure from the local 8_. For
¢, = 10° the difference (0,., — 0) slowly increases with LAT
until a critical LAT (~17° in this case) and then becomes
nearly constant. This tendency is confirmed for other larger
values of ¢, with the following slightly different features: (1)
the critical LAT becomes smaller with increasing ¢, up to

o = 45°; for ¢, 2 45° no critical latitude appears; and (2)
(6,.s — 0) becomes smaller with increasing ¢,. The ¢ variation
along the ray path is displayed in Figure 6d. The ¢ value
tends to be collimated into the magnetic medium planes
¢ ~ 120°-180° during the course of propagation for all ¢, 2
10°. Of course, as is easily understood from the figure, the
wave with @, closer to ¢, = = tends to be collimated into the
magnetic meridian plane earliest, and the wave with ¢, ~ 0°
takes a longer time (or larger LAT) to approach that plane.
These characteristics in ¢ variation are the same as already
found for smaller frequencies (A < 0.5) by Cairo and Lefeuvre
[1986].

Although the results are not presented here, the general
forms of ray paths are nearly the same as in Figures 6a and
6b, when taking L, = 6.0-8.0 in steps of AL, = 0.5 for a fixed
LAT, in the range 0°-5° except that the curves are shilted.
The dependence on LAT, is such that the general character-
istics are essentially unchanged, except that it takes more time
for waves to be focused into the magnetic meridian plane for
larger values of LAT,, such as 4°-5°,

The most important parameters to have a significant influ-
ence on ray paths are the wave frequency A and 6,. In order
to examine this influence in greater detail, calculations have
been performed with the following conditions: Ly =6.5;
LAT, = 0° (equator); 0, = 8,,, — 2.0°; and A is varied [rom
0.55 to 0.7 in steps of 0.05, for different ¢,. The computational
results are presented in Figure 7. The following features are
pointed out.

1. In comparison with Figure 64, where 6, = 6, — 1.0°,

res
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Fig. 9. Summary of the results of inverse ray tracing studies for
the event of September 19, 1977. (a) The occurrence histogram of 6 at
the equator, in the form of A8 = 6,.,.,, — 0., () The occurrence
histogram of the normalized wave frequency A, at the equator. (c)
The occurrence histogram of L ;. These figures are based on all the
main and secondary peaks. (d) The occurrence histogram of the differ-
ence in L, for the main and secondary peaks for each case. (¢) The
correspondlng difference in LONG (ALONG,).

the departure in L from L, becomes smaller for this smaller 6,
(=6,,, — 2.0°) for the same A and ¢,. Namely, the wave with
wave normal closer to 8, tends to suffer a greater traversal,
with a larger departure in L from L, as would be expected.

2. The general characteristics of the @ variation are the
same whatever A is, but the increase in A shifts the curves

toward smaller LAT.

4.3. Inverse Ray Tracing

In this section we perform inverse ray tracing toward the
equator, which is considered to be the source region, using the
inverted observed wave normals at the observation positions
as the starting wave normals. Inverse ray tracing has been
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carried out for the events on October 12 and September 19,
1977 (Table 1).

Figures 8a and 8b represent two examples of the results of
inverse ray tracings for the events shown in Figures 4a and 4b,
respectively. In each figure the left-hand three panels refer to
the main peak, and the right to the corresponding secondary
peak. The top and middle panels represent the variations of
wave normal direction k (0 and ¢) during the propagation
from the observation point to the equator, and the bottom
panels indicate the variation of L value. In the top panels the
local 8, , along the ray path is also plotted for comparison.
Let us examine, in detail, Figure 8a. For both main and sec-
ondary peaks, 0 is found to approach the local 6, toward the
equator, and the 6 value at the equator is only a few degrees
inside 6,,,. The corresponding ¢ variation indicates that the ¢
values approach ¢ ~ 0 for both peaks. Hence the result of
inverse ray tracing is in accord with the corresponding direct
ray tracing result with ¢, ~ 10° (see Figure 6a). The L value
at the equator is found to be about 6.8 for both main and
secondary peaks. Although not shown, the difference in
LONG at the equator for the two peaks is about 17°. Note
that the equatorial normalized frequency is A, = 0.567 for the
main peak and A, = 0.578 for the secondary peak, while the
normalized frequency at the observing point is A = 0.432 for
both peaks. Very similar variations in 8, ¢, and L are recog-
nizable for the main and secondary peaks in Figure 8b. The
equatorial normalized frequency is 0.577 for the main peak
and 0.516 for the secondary peak, while A = 0.446 at the ob-
serving point.

The summary of inverse ray tracing results for all events on
both days is given in Figure 9. Figure 9a gives the occurrence
histogram of the 8 value with respect to 8., at the equator,
Figure 9b that of the normalized frequency A,,, Figure 9c that
of the L value at the equator, Figure 9d the difference in L,
for the main and secondary peaks for each event, and Figure
9¢ the occurrence histogram of the difference in LONG for the
two peaks for each event. Figure 9a implies definitely that the
value of the upper band emissions is always very close to 0,
at the equator. Figure 9b indicates that the wave frequency
seems to be always above one-half the equatorial electron
gyrofrequency (the wave frequency is randomly selected from
the whole range in the upper band spectra, and so the mini-
mum frequency in Figure 9b should be of significance). Figures
9d and 9e show that the source region of the main and second-
ary peaks for each event is very limited in L,, (of the order of
AL, ~03 at maximum) but rather extended in LONG
(ALONG,, < 20°). Such source regions are expected to be lo-
cated in the range of L., = 6.0~7.2 as in Figure 9c.

4.4. Summary of Ray Tracing Studies

The following facts have emerged from the inverse ray trac-
ing studies in combination with the direct ray tracing results:

1. The wave normal direction 6 of the upper band VLF
emissions (both main and secondary peaks), traced backward
to the equator, is found to be in the vicinity of 0. The
normalized frequency A, is always above 0.5. The ¢ value in
the equatorial region is around the meridian plane (+5°).
Since the number of observing points is very limited, the ¢
information is not as important, because the observed ¢ value
is strongly dependent on the relative location between the
observing point and the source region. The variation of k from
the observing point toward the equator confirms the model of
a wave generation at 6 close to 6,
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2. The inverse ray tracing results for the main and second-
ary peaks for all events have yielded that the difference in L.,
is relatively small, AL, < 0.3, but the difference in LONG,, is
rather large, <20°, suggesting a source region well elongated
in longitude. Such source regions are located in two L regions,
L., = 6.0-6.4 and L., = 6.7-7.2 for the events studied here.

5. COMPARISON OF THE RAY TRACING RESULTS
WITH THE OBSERVATIONS AND DISCUSSION
OF WAVE GENERATION AND PROPAGATION

In this section we discuss the comparison between the ob-
servational facts (wave spectra and wave normal directions) in
section 3 and the theoretical direct ray tracing and inverse ray
tracing started with the wave normal directions determined in
the off-equatorial regions.

The most important conclusions derived from the inverse
ray tracings are summarized in section 4.4: (1) the 8 values in
the equatorial region are close to 0,,, and (2) A, is above 0.5.
Point 2 is strongly indicative of a generation of the upper
band VLF emissions in the vicinity of the equator. This result
is consistent with our previous direction finding, made exactly
at the equator [Hayakawa et al., 1984], which indicated that
upper band VLF emissions appear mainly above one-half the
equatorial gyrofrequency (w/wy = 0.5). Point 1 seems to lend
further support to our model of wave generation in the quasi-
electrostatic model [Hayakawa et al., 1984]. As a result we
can conclude that the upper band VLF emissions analyzed
here can be identified with confidence as being “half gy-
rofrequency” VLF emissions, excited just around the equator,
with their wave normals close to 8,.,. It is a propagation effect
which places the frequency gap at frequencies smaller than
half the gyrofrequency at the observing points. Furthermore, it
should be noted that the lower band chorus emissions are also
believed to be generated in those source regions by higher-
energy hot electrons [Hayakawa et al., 1984].

As a generation mechanism of the “half-gyrofrequency”
VLF emissions, Ohmi and Hayakawa [1986] have proposed a
theory which is briefly described below. Recent satellite
measurements of energetic particles [Bahnsen et al., 1985]
have shown that the energetic electron (hot electron) data in
the equatorial plane at L ~ 6.6 could be fitted, on many oc-
casions, by a sum of two Maxwellian distributions with tem-
peratures of ~100 eV and a few keV. The densities as well as
energy fluxes vary strongly with geomagnetic activity, while
the cold plasma density is relatively stable. Hot electrons are
expected to have a temperature anisotropy, and Ohmi and
Hayakawa [1986] have proposed a plasma condition that
consists of cold electrons and low-energy (suprathermal) hot
electrons with a temperature of the order of a few tens of
electron volts, which can be unstable to half-gyrofrequency
waves in terms of an electrostatic electron cyclotron (Harris-
type) instability. The theoretical prediction by Ohmi and Haya-
kawa [1986] is found to be in good agreement with the obser-
vational facts in the present paper. It should also be added
that when the population of higher-energy electrons with a
temperature of a few keV is increased, we can expect the exci-
tation of lower band chorus emissions as in Figures 1 and 3 in
terms of an electromagnetic electron cyclotron instability
[Hayakawa et al., 1984].

Finally, we comment on the bandwidth of the upper band
emissions because it is closely related to the generation mech-
anism. As summarized in section 3.3, the bandwidth of the
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upper band in the present paper is nearly of the same mag-
nitude as that of our previous equatorial observation [Haya-
kawa et al., 1984], while Coroniti et al. [1971] observed a very
narrow band off the equator (A, ~ 10°). Hashimoto and
Kimura [1981] and Ohmi and Hayakawa [1986] have suggest-
ed that emissions which propagate to high latitudes should be
of narrow bandwidth, like those of Coroniti et al. [1971]), if we
assume a relatively wide generation region within which the
temperature anisotropy decreases significantly with increasing
latitude. However, as is found in section 5, the generation
region estimated in this paper is considered to be localized to
a narrow region around the equator where the change of tem-
perature anisotropy is negligibly small, so that the bandwidth
of the upper band emissions is mainly determined by the gen-
eration characteristics around the equator. So the discrepancy
in the observed bandwidth may possibly be due to the differ-
ent characteristics of the source region.
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