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Abstract: The co-existence of hiss and chorus is frequently observed on board
satellites in the outer magnetosphere, and chorus emissions are observed in the
data from GEOS-1 satellite to start nearly at the uppermost frequency of the hiss
band. The direction finding measurements have been made for these hiss-trig-
gered chorus events. On the basis of the direction finding results and detailed
analysis of the fine structures in the hiss band, we have suggested a generation
model how a chorus is triggered by a hiss such that some coherent wavelets near
the top of the hiss band phase-bunch electrons at the equator, and these phase-
bunched electrons radiate a coherent signal as they move away from the equator.
Also, theoretical computations have been carried out in order to explain the df/d¢,
@ value (the polar angle between the wave normal direction and the Earth’s mag-
netic field) and other factors by means of a two-dimensional ray-tracing method.
The differences between the experimental and theoretical values are pointed out,
and some possibilities to remedy these discrepancies are discussed.

1. Introduction

The wave phenomena and wave-particle interaction processes in the outer mag-
netosphere have been investigated from the standpoints of both geophysics and plasma
physics. Among the fundamental and unsolved problems connected with plasma
physics in the outer magnetospheric plasma, one of the greatest concern is to know
the connection between two types of magnetospheric VLF/ELF emissions (hiss
(CoRNILLEAU-WEHRLIN et al., 1978; HAYAKAWA et al., 1986a, b, ¢) and chorus (BURr-
TIs and HELLIWELL, 1976 ; GOLDSTEIN and TSURUTANI, 1984; HAYAKAWA ¢t al., 1984)),
in particular whether or not these two are essentially different. The phenomenon
suitable for this study is ‘“‘hiss-triggered chorus”. Two different mechanisms have
been suggested so far for triggering a chorus. The one attributes it to hiss which
is considered to be incoherent and turbulent, because the previous satellite and ground
observations have indicated that a chorus is often accompanied by a background
hiss (BUrRTIS and HELLIWELL, 1976; CORNILLEAU-WEHRLIN et al., 1978; Koons, 1981),
although chorus is, on many occasions, spontaneously generated. Another pos-
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sible stimulus to trigger a chorus is pointed out by LUETTE et al. (1977) to be a power
line harmonic radiation, and they have concluded that man-made VLF noise such
as a power line radiation plays an important role in triggering chorus, although this
hypothesis has been questioned by TSURUTANI et al. (1979). We will study this
problem by means of many hiss-triggered chorus events observed by GEOS-1 satel-
lite.

The wave data observed on board GEOS-1 satellite were utilized to examine
the wave characteristics (the rate of frequency increase, the dependence of chorus
triggering rate on the hiss intensity etc.) of hiss-triggered chorus events and then
we calculated the wave normal directions of hiss and chorus emissions by means
of wave distribution function direction finding measurements. On the basis of
these experimental results, we will present a model how a chorus is triggered by hiss.

2. Wave Characteristics of Hiss-Triggered Chorus and the
Wave Normals of Hiss and Chorus

The field data are signals obtained by the so-called S-300 experiment on board
GEOS-1 satellite, which measures continuously the electric and magnetic field com-
ponents of the wave field (S-300 EXPERIMENTERS, 1979). The observed signals are sub-
jected to onboard analyses; the swept frequency analyzers (SFA’s) and a correlator.
Six SFA’s which may be operated with any sensor combination, have a bandwidth
of 300 Hz and are swept in frequency in the range 0-77 kHz. Before being telem-
etered onto the ground, the signals are transposed in frequency, passed through
identical low-pass filters at 450 Hz and sampled at 1.488 kHz. A spectral matrix
composed of the mean auto-power and cross-power spectra among the multiple
field components at each Fourier component is estimated by using the magnetic
SFA data. In the present paper we use the direction finding measurement based
on the wave distribution function (LEFEUVRE e al., 1981; HAYAKAWA et al., 1986a)
in order to know the wave normal directions, not only for chorus but also for hiss.

The observation of hiss-triggered chorus is made on the satellite during the period
of about 30 minutes from 1212 to 1241 UT on 21st July, 1977, at an L value of 6.5-
6.7, at geomagnetic latitude from 6.8 to 8.5 and LT=~13 h. A few sonagrams in
the ELF band (0-2.5 kHz) are selected and illustrated in Fig. 1. As seen from Fig.
1(a), a lot of chorus elements are seen to appear from an intense hiss band. The
chorus is intensified compared with the hiss band, and the starting frequency of a
chorus is asymptotic to the hiss band, and this feature indicates obviously that hiss
is the cause and chorus is an effect therefrom or a consequence. Although the hiss
in Fig. 1(b) looks stronger than in Fig. 1(a), the actual hiss intensity is about one
order of magnitude smaller than that in Fig. 1(a); hence we can find no chorus trig-
gering. A study of the relationship between the chorus triggering rate and the hiss
intensity has indicated that there exists a threshold hiss power, only above which
a significant chorus triggering is expected (power threshold effect).

The starting frequency of chorus emission seen in Fig. 1 is about 0.9 kHz and
the final frequency is about 1.6 kHz. The duration of a chorus element is about
1.0 s, and the rate of frequency increase df/dt, in linear fit, of chorus elements is found



86 HAaTTORI, HAYAKAWA, SHIMAKURA, PARROT and LEFEUVRE

E 17
N0 OU PROCRAMME CP10 21/ 7,77 12K 1SMW 385

[ . LATITUDE  6.75 DEG. TETA  9.97 0EC. BV S
G E O S LONCITUDE 19,38 DEG.  FHI 336.53 DEC. 8C €505
OESTINATAIRE OR DISTANCE  6.51 R B4 98

FPE = 4£,3¢0 KHZ SJ01
FCE = 3.063 kHZ CHAMP 11

M= 3115679975
kHz MODE GENERAL. & . (a)
2.5 - - T o -
z. i i P g -
-EY1'5"_fH/2 ' ) ;. .' T of !, fo ; ¢ ) ut A" mo0e
o'; : o Sy oz T f. ' l)u i ’Ji"“-:‘lﬂ{' ¥ 1 M‘:ﬂt}{'sﬂ‘ , ! : 2
’ o w - P o s
oY, = .1022€+03 PAX, = ,9¢BOEOS
kEz . . (b)
2.3 .
2. -
EYL'"" fu/2 I " rooc
0.5 - RN APPSR i b DN SN SN R LR (P ACARRCR S o
T 0 et - = = = -
e 20 E™ W@ s
MOYe & 19126002 DAL, & L C262E¢0<

Fig. 1. A few examples of the spectrograms of hiss-triggered chorus emissions observed on board
GEOS-1 satellite.
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Fig. 2. Direction finding results of hiss (a) and chorus (b). The wave normal angle (9) with
respect to the magnetic field is plotted as a function of frequency.

to be around 0.7 kHz/s, which seems to be a typical value at these L values and at
these LT’s (BURTIS and HELLIWELL, 1976).

The measurements to determine the wave normal directions of the causative
hiss and resultant chorus have been performed and Fig. 2 is their result. It is under-
stood from this diagram that the hiss emissions make small angles less than 30° with
the magnetic field, or rather we find a high concentration of §<20°, which means
that the hiss propagates approximately along the magnetic field. On the other hand,
the characteristics of wave normals of chorus in Fig. 2(b) are very different from
those of hiss. At relatively lower frequency, ¢ is found to be smaller than 15°, but
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we find a greater scatter at higher frequency (>1.6 kHz). There are two distinct
groups in @ values; one is a smaller § group with # less than 15° and the other is
a larger @ group (25°<6<55°). The azimuthal angles of wave normals are located
within 60° from the magnetic meridian plane.

Next we discuss the fine structures within the hiss band. Detailed spectral
analyses by means of maximum entropy method have yielded an occasional occur-
rence of monochromatic coherent wavelets within the hiss band, and their duration
is tens of milliseconds (Tsuil et al., 1989). It is quite reasonable to suppose that
the intensity of such coherent wavelets is also enhanced in correspondence with the
average intensity of hiss over a certain bandwidth (48 Hz) used. These coherent
wavelets in the upper side of the hiss band are supposed to phase-bunch resonant
electrons in the vicinity of the equator. Figure 3 illustrates the intensity of hiss
observed on board GEOS-1 satellite, which is the intensity averaged over a certain
bandwidth (48 Hz). In order to estimate the reasonableness of phase-bunching
by coherent wavelets in the hiss band, we calculate the phase-bunching time (HELLI-
WELL, 1970), and Fig. 4 shows the dependence of the phase-bunching time on the
magnetic intensity of hiss. If we take a bandwidth of 4 Hz for the coherent wave-
lets, and we take the most probable value from Fig. 3, the phase-bunching time (Tb)
(HELLIWELL, 1967, 1970; Koons, 1981) is found to be shorter than 10 ms, because
the hiss intensity in the present paper is very high when we take into account the
intensity range of VLF emissions as observed in HELLIWELL (1970). On the other
hand, the wave-particle interaction time (Tr) which is calculated based on the in-
homogeneity of medium (HELLIWELL, 1967; ScHuLz, 1972), is 100 ms (and the in-
trinsic bandwidth due to inhomogeneity around the equator (ScCHuLZ, 1972; KoOoONS,
1981) is 10-20 Hz). When we compare Tb with Tr, it is found that Tb is much shorter
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Fig. 3. The occurrence histogram of the average hiss intensity.
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Fig. 4. The relationship between the phase-bunching time (Tb) and magnetic field intensity
of hiss.

than Tr. Therefore, some coherent wavelets near the top of the hiss band are able
to phase-bunch the electrons at the equator. The large difference of the rate of
chorus triggering in Fig. 1 can be explained in terms ‘of the difference in the intensity
of the causative hiss, because very weak hiss in Fig. 1(b) is unable to phase-bunch
the electrons, leading to no chorus triggering.

3. Generation Mechanism of Hiss-Triggered Chorus

Based on the observational features mentioned in the previous section, we can
draw the following scenario on how a chorus is triggered from the hiss band. Hiss
is so far considered to be incoherent and turbulent. But this is not true, and we
understand that monochromatic and coherent wavelets or local maxima near the upper
edge of the hiss band can be found on many occasions. These coherent wavelets
might be related with the theoretical prediction by NUNN (1986), who suggested
from his computer simulation on the wave-particle interaction in an intense band-
limited hiss that some nonlinear wave-particle interaction might cause a broad-band
spectrum to fragment into narrow-band forms. As discussed in the previous section
on the basis of a detailed consideration of phase-bunching time using |the measured
intensity, the interaction time due to the inhomogeneity around the equator, in-
trinsic bandwidth, and so on, such coherent wavelets are strong enough to phase-
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bunch the electrons at the equator. The hiss was also found to propagate along
the magnetic field according to the results of direction findings, and this condition
is very preferable for an effective phase-bunching. As these electrons phase-bunched
in the vicinity of the equator, move adiabatically away from the equator along the
field line, they radiate, toward the equator, a Doppler-shifted coherent wave which
satisfies the cyclotron resonance condition and the dispersion relation, resulting in
the detection of a ‘c‘horus at the satellite. The emission frequency is shown as a
function of emission latitude in-Fig. 5. Chorus is assumed to be generated at each
latitude with §=0°, which seems to be supported experimentally by the direction
finding for chorus at normalized frequency below 0.3 (HAYAKAWA et al., 1984; GoLD-
STEIN and TSURUTANI, 1984). The subsequent propagation in two different modes
(ducted and non-ducted) are considered here. For the non-ducted propagation
we carry out a two-dimensional ray-tracing computation because the observed az-
imuthal values were found to be rather close to the magnetic meridian plane as men-
tioned before. The shape of a chorus is determined by the time delay as a function
of frequency computed as the sum of the travel time for the electrons phase-bunched
initially at the equator to move to the emission latitude plus the group delay time
of the emission from the emission latitude to the satellite. The dynamic spectra
theoretically predicted for the above two propagation modes are shown in Fig. 6
for a specific equatorial pitch angle (aeq=45°) of the resonant electrons, which fits
best with the experimental one as in Fig. 1.

It is found from Fig. 6 that the theoretical df/dt is 1.08 kHz/s for ducted prop-
agation and 0.80 kHz/s for non-ducted propagation. The same calculations were
carried out for resonant electrons with different equatorial pitch angles, and Table
1 summarizes those results for the df/ds. In these computations, we adopted a dif-
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Fig. 5. The relationship between the emission frequency and emission latitude.
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Fig. 6. The theoretically predicted dynamic spectra of chorus emissions. Te is the time during
which the electrons phase-bunched at the equator, travel to the emission region, and Tg
is the time delay during which the emitted wave propagates back to the satellite.

fusive equilibrium model for the plasma density and a dipole model for the magnetic
field, such that the equatorial value along the geomagnetic field line of L=6.67 of
gyrofrequency and plasma frequency are 2.853 kHz and 19.2 kHz, respectively. The
longitudinal energy of resonant electrons with equatorial pitch angle 45° is found
to be about 5.5 keV and the total energy is 10.9 keV.

Table 1 indicates that as equatorial pitch angle increases, the value of dfjdt¢ be-
comes smaller. The df/dt observed on board GEOS-1 satellite was about 0.7 kHz/s,
and when we compare the observed value with these theoretical ones in Table 1,
non-ducted propagation seems more acceptable than ducted propagation, and the
case of aeq =30° seems to show the best fit.

As for the non-ducted mode, we discuss theoretically two other important wave
behaviors; one is the variation of & at the satellite location with emission latitude,
and the other is the deviation of rays at the satellite latitude from the initial L value
on which waves are emitted. Figure 7 illustrates that the theoretically obtained
value of # at the satellite position is larger than 35°, and this is greatly different from
the direction finding results in Fig. 2. Figure 8 demonstrates the geocentric distance
of rays at the satellite latitude as a function of the emission latitude, and the broken
line indicates the actual satellite geocentric distance. This figure shows that for
higher emission latitude (correspondingly higher frequency), it is more difficult to
detect the emission at the satellite. Judging from these considerations, we have
to think of the following factors to resolve the above discrepancies; (1) an extent
in L value of the generation region, (2) the emission angle is not §=0° and (3) a
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Table 1. The theoretical values of df]dt (in kHz/s) with different equatorial pitch angles in the
case of ducted and non-ducted propagation modes.

Equatorial; « Ducted Non-ducted
pitch angle ¢ ‘propagation propagation
30° 0.93 0.72
45° 1.08 0.80
60° 1.13 1.07

WAVE NORMAL DIRECTION 0 (degq)

30
Fig. 7. The wave normal direction () o ]
at the satellite latitude as a function 20 o 10 50
of emission latitude in the case of non-
ducted propagation. EMISSION LATITUDE (deq)

combination of ducted and non-ducted propagation modes. These three conditions
or factors are briefly discussed below. Although condition (1) must be taken into
account in the generation model, the computation results are not found to remedy
the discrepancy concerning the # value at the satellite latitude in the case of emission
generated with §=0°, and the obtained df/d¢ is found to exhibit a greater difference
from the observation. Therefore, even if factor (1) really exists, it is not a dominant
factor.

Next we consider the influence of condition (2). It has been pointed out that
the waves at the normalized frequencies below 0.3 are generated at 6~0° (HAYA-
KAWA et al., 1984; GoLDSTEIN and TsuRUTANI, 1984). However, GOLDSTEIN and
TSURUTANI (1984) suggested that it seems likely that chorus is generated near the
Gendrin angle (6g) at the normalized frequencies above 0.3. The frequency range
we are dealing with in this paper, lies in a range from 0.3 to 0.43 of normalized fre-
quencies, and so it may be possible to assume the oblique instability at ;. We take
some characteristic emission angles and the ray tracing results are shown in Fig.
9 as a function of emitted frequency. We understand that these results correspond
to the frequency dependence of ¢ value of an individual chorus element at the satellite
latitude. 'In Fig. 10 we paid attention to the frequency dependence in Fig. 2 of in-
dividual chorus elements, and a line connecting a few dots belongs to one chorus
element. This diagram is based on Fig. 2. A comparison of Figs. 9 and 10 yields
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Fig. 9. The theoretical variation of § at the satellite in the case of non-ducted propagation with
the wave generation with wave normals at @g and 6res—5.0, together with the case of wave
generation angle 9= 30°.

that most of the observed # values seem to exist within the theoretical curves cor-
responding to 6; and @ —5.0° (fres: Oblique resonance angle). Unfortunately we
do not have a complete set of direction finding results over individual chorus elements,
and so that we cannot reach any definite conclusion for this effect. However, the
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observed ¢ dependence at the satellite is rather well explained and also the df/d¢ seems
to be quite similar to the observation.

Finally, we discuss factor (3). It is very convenient to explain with this factor
the statistical results of direction findings shown in Fig. 2, i.e., the smaller § group
less than 30° is the consequence of the ducted propagation, and a larger # group
more than 30° is attributed to the non-ducted propagation as given in Fig 7. Al-
though we discussed these possible factors or conditions, we cannot say definitely
which one of them is more dominant than any others, and further observational

studies are required.

4. Conclusion

We studied the mechanism of hiss-triggered chorus emissions in the outer mag-
netosphere observed on board GEOS-1 satellite and a detailed description of observa-
tional results and the physical implications will be published elsewhere. The process
of hiss-triggered chorus is composed of the following two stages. There are occa-
sionally monochromatic and coherent wavelets in the preexisting hiss band, whose
duration is tens of milliseconds. Those wavelets in the hiss band are found to prop-
agate-along the geomagnetic field line and those in the vicinity of the upper edge
of the hiss band are found to be able to phase-bunch the resonant electrons at the
equator. Then, as the phase-bunched electrons move away from the equatorial
plane, they radiate Doppler-shifted coherent waves toward the equator due to the

coherent cyclotron instability.
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The important characteristics to be studied are the df/dr and wave normal di-
rection (). In the present paper we paid attention to the difference of these values
between the observation and theoretical prediction, and we suggest three possibilities
to reduce these differences. We found that two possibilities among the three seem
to be more important; one concerns with the emission angle of waves and the other
is the co-existence of ducted and non-ducted propagation modes.

Unfortunately, we cannot point out definitely which factor is most significant.
We present a general scenario of hiss-triggered chorus based on the GEOS-1 satellite
data, but there remain many unsolved finer problems in this scenario. We can list
the following important future experiments so as to obtain a very definite story of
hiss-triggered chorus. (1) The fine structures in the hiss band should be investigated
by means of a sophisticated spectral analysis with high resolution. Also, we have
to trace the coherent wavelets in the hiss band and then to trace the frequency and
intensity of the subsequent chorus, which would be of great importance in the micro-
physics of hiss-triggered chorus. (2) In order to reduce the discrepancy concerning
the wave normal angle and df/dz (especially wave normal angle) and to resolve the
problems raised in this paper, further extensive studies should be carried on the basis
of the data from the equatorial and off-equatorial observations, and, in these studies,
the direction finding would be of great importance. The comparison of the char-
acteristics obtained in this paper with those at different latitudes would provide us
with significant information. (3) In the proposed scenario, we assumed that the
interaction region moves with the participating electrons and this is an extreme case
of the drifting oscillator model of HELLIWELL (1967). The comparison of the wave
characteristics (bandwidth, df/d¢, @ value etc.) at different latitudes will provide use-
ful information whether this model is acceptable or the generalization by HELLIWELL
(1967) is required. Also, the wave normals other than 0° will be investigated. These
studies are all in progress, and we will report on these subjects in the near future.
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