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A detailed analysis of the ULF noise observed on the GEeS magnetic antennas in the frequency 
range - 0.2-12 Hz has revealed the properties of structured emissions occurring just above the proton 
gyrofrequency whose existence was reported by Russell et al. (1970) and Gurnett (1976). These waves 
are observed in the vicinity of the geomagnetic equator at all L values between -4 and -8. They 
propagate in a direction perpendicular to the dc magnetic field. The waves consist of harmonically 
related monochromatic emissions. The fundamental frequency is generally of the order of the local 
proton gyrofrequency. Sometimes the fundamental and first harmonics are missing. If there is more 
than one fundamental frequency present, nonlinear coupling often occurs between the different 
emissions. The amplitudes of individual events vary from some tens of milligammas to some hundreds. 
Their duration ranges from some tens of minutes to some hours. Within the range of sensitivity of the 
detectors (10 -2 3/Hz -1/2 at 1 Hz, 10 -3 3/Hz -1/2 at 8 Hz) the average probability of emission occurrence 
during a given hour is 12%, this number increases to ---30% during the afternoon and in the pre- 
midnight sectors. Simultaneous observations of proton fluxes, as obtained from the two GEeS particle 
experiments show that these waves are often associated with distribution functions peaking at some 
energy (5 •< E •< 30 keV) for 90 ø pitch angle particles. This ring-like distribution provides the energy 
source for the excitation of non-resonant (k•} = 0) instabilities near nF.+ (n = running number). A 
theoretical model is presented that qualitatively explains the main characteristics of the observed 
waves. 

1. INTRODUCTION 

The magnetic equator is more and more recognized as 
being a region where specific phenomena occur. Besides of 
the fact that this is the region where plasma sheet particles 
are injected [Winckler, 1970; Mauk and Mcllwain, 1974], 
where drift shell splitting and/or convection effects induce 
anomalous pitch angle and/or energy distributions [Ashour- 
Abdalla and Cowley, 1974; Roederer and Hones, 1974; 
Smith and Hoffman, 1974; Kivelson and Southwood, 1975; 
Konradi et al., 1973; Solomon, 1976] and where thermal 
heavy ions are concentrated [Young, 1979], it is also the 
region where most of the recently discovered waves have 
been found to be localized. This is true in the whole 

frequency range from below the ion frequency range up to 
the electron plasma frequency and above. 

Contrary to classical whistler mode waves and to ion 
cyclotron waves that propagate more or less along the 
magnetic field lines and that therefore can be detected on the 
ground, these recently discovered waves propagate in a 
direction perpendicular to the dc magnetic field and are 
observable only on board spacecraft. In the VLF range, 
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electrostatic waves with such characteristics have been 

thoroughly analyzed [i.e., Kennel et al., 1970; Fredricks and 
Scarf, 1973; Shaw and Gurnett, 1975; Christiansen et al., 
1978; Kurth et al., 1980]. Their possible emission mecha- 
nisms have been discussed in great detail [i.e., Ashour- 
Abdalla and Kennel, 1978; R6nmark et al., 1978; Hubbard 
and Birmingham, 1978; Hubbard et al., 1979] as well as their 
influence on the diffusion and acceleration of electrons 

[Ashour-Abdalla et al., 1980]. 
In the ULF range the situation is quite different although 

waves propagating in a direction perpendicular to the dc 
magnetic field have a similar importance with respect to the 
dynamics of protons. There are few experimental observa- 
tions, and the theoretical implications of the existence of 
these waves has been underemphasized. In the frequency 
range between the proton gyrofrequency and the lower 
hybrid frequency, electrostatic as well as electromagnetic 
waves can propagate in directions perpendicular to the 
magnetic field. The purpose of this paper is to bring new 
material relevant to this category of phenomenon. 

The reasons for a lack of observations in this frequency 
range are easy to understand. There are two types of 
equipment able to detect the magnetic components of ULF 
waves in space: dc magnetometers and ac search coils. The 
dc magnetometers that were carried on different spacecraft 
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have not enough sensitivity nor sufficient frequency cover- 
age for the detection of weak magnetic fields (< 0.53/) in this 
frequency range (see the introduction of Young et al. [ 1981]). 
Search coils are well suited for the detection of ac magnetic 
fields, in the upper part of the ULF spectrum (f • 20 Hz), 
but their sensitivity decreases in the lower part of the 
spectrum. Besides, in the Pc 1 frequency range (a fraction of 
hertz) one is usually faced with the spurious and intense 
signal induced at the spin frequency by the rotation of the 
antennas in the dc magnetic field. The advantages of the 
GEeS search coils in this respect are (1) to have a good 
noise figure in the low-frequency part of the ULF spectrum 
(< 10-23/ß Hz -1/2 at 1 Hz and < 10-33/ß Hz 1/2 at 8 Hz [S- 
300 Experimenters, 1979]) (2) to be almost insensitive to the 
spin-induced signal, because of the existence of an onboard 
'despin' system and of the implementation of efficient algo- 
rithms at the processing stage [Robert et al., 1979]. 

In addition to the search coil magnetometer the two GEeS 
spacecraft are equipped with a dc magnetometer, electric 
antennas, with two instruments for measuring the cold 
plasma density and with two sets of particle detectors to 
cover the energy range of interest (--- 1 to --- 50 keV) for ions 
[Knott, 1975]. 

Among the quasi-monochromatic ULF waves which have 
been detected onboard GEOS 1 and 2 [Pertaut et al., 1978; 
Gendrin et al., 1978; S-300 Experimenters, 1979] one catego- 
ry consists of ion cyclotron waves (ICW). They are polarized 
in a plane perpendicular to the dc magnetic field, usually 
with a left-handed circular polarization when observed at the 
equator and with a linearly polarized or a fight-handed 
polarization when observed at high magnetic latitudes. Their 
frequency lies below the proton gyrofrequency FH+, close to 
the He + gyrofrequency. They have been found to be associ- 
ated with the presence of thermal or suprathermal He + ions 
[Young et al., 1981]. The second category of waves, which 
are the subject of the present paper, have quite different 
characteristics. They are mainly polarized along the dc 
magnetic field B0 (i.e., they propagate in directions perpen- 
dicular to B0) and their circular component is always fight- 
handed. They have frequencies above FH+ and present a 
harmonic structure. They are observed only in the vicinity of 
the mangetic equator. 

The existence of waves with similar characteristics was 

reported long ago, but the number of publications, dealing at 
least with the observational aspects of these waves, is very 
limited. By analyzing 29 orbits of eGe 3 during which data 
transmitted at high bit rate were available for the dc magne- 
tometer, Russell et al. [1970] were able to describe some of 
the characteristics of a ULF noise occurring only in the 
vicinity of the magnetic equator (at L values between 3.8 and 
5.1) with wave normal vectors almost perpendicular to B0. A 
line structure was detected but only in one case a clear 
harmonic structure between the different components of the 
noise was identified (their Figure 9). Extending this study to 
lower L values (from 2 to 3.5) with the help of some 15 
events detected onboard IMP 6 and Hawkeye 1, Gurnett 
[197.6] was able to confirm some of these characteristics and 
also to present spectrograms by showing a large number of 
harmonics. The frequency spacing between these harmonics 
(extending from ---2 to ---16 Hz) was not satisfactorily 
identified, and no extensive study of these phenomena was 
ever pursued. An explanation of the origin of these waves 
was given in neither of these two papers. Gul'elmi et al. 

[1975] were the first to propose a mechanism that accounts 
for the generation of these waves. The possible conse- 
quences of these waves on energetic electrons [Russell et 
al., 1970] or heavy ions [Gurnett, 1976] were also discussed. 

Another attempt to study equatorial ULF/ELF emissions 
was made with the Explorer 45 search coil experiment 
[Taylor et al., 1975; Taylor and Lyons, 1976]. The poor 
sensitivity of the experiment (only waves with amplitudes 
larger than 0.4 3/were reported) and the lack of frequency 
resolution (signals were integrated in two frequency bands 
from 1 to 3 Hz and from 3 to 10 Hz) did not allow a precise 
study of these emissions. However, two categories of waves 
were distinguished. The first was identified as ICW's, gener- 
ated below the proton gyrofrequency within the plasmas- 
phere. The second, going to higher frequencies and generat- 
ed outside the plasmapause, is possibly related to the 
structured emissions discussed above and is the subject of 
the present paper. 

This paper contains three main sections. In section 2, the 
wave characteristics are analyzed. After a brief summary of 
the experimental technique, some typical events are present- 
ed. The polarization and frequency structure of these emis- 
sions are described. A statistical study is done of their 
occurrence as a function of radial distance, magnetic lati- 
tude, and local time. Section 3 is devoted to the presentation 
of particle data associated with these events. The two 
particle experiments, one in the low-energy range (E • 20 
keV) and the other in medium energy range (E •> 20 keV), 
are described as well as the technique used for deducing iso- 
density curves in the v•, vñ plane. The characteristics of the 
proton distribution functions associated with the wave 
events are described. In section 4 a model is presented in 
terms of which the observed emissions are interpreted as 
magnetosonic waves excited at multiples of the proton 
gyrofrequency by ring distributions. 

2. ULF WAVE OBSERVATIONS 

2.1. Experimental Technique 

Both magnetic and electric fluctuations in the ULF range 
are continuously recorded on the GEeS satellites, up to 
•11.6 Hz (the sampling frequency is •- 23 Hz). The three 
magnetic components (Bz parallel to the spin axis of the 
spacecraft, Bx and Br in the plane perpendicular to the spin 
axis) are measured, whereas only one electric component is 
detected: Er, perpendicular to the spin axis. 

Technical characteristics for both magnetic and electric 
antennas are given elsewhere [S-300 Experimenters, 1979]. 
We only mention here that at 2 Hz the sensitivity for the 
magnetic components is 5 x 10 -6. T2/Hz. The analyzing 
procedure applied to the magnetic data on a routine basis is 
described by Robert et al. [1979]. It mainly gives rise to grey 
scale plots (see Figure 1) in a frequency versus time repre- 
sentation; the larger the power of the signal, the darker the 
corresponding signal on the spectrogram. BR and BL are the 
fight-hand and left-hand polarized components, respective- 
ly, of the wave in the plane perpendicular to the spin axis. 
These components are obtained by combining the measured 
signals Bx and Br according to a technique that was defined 
by Kodera et al. [1977]. The proton gyrofrequency (as 
deduced from the dc magnetometer experiment S-331) is 
superimposed on the spectrograms. The value of the power 
spectral density (psd) that corresponds to the darker level 
(black) is indicated in the caption. It corresponds to the 0-dB 
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Fig. 1. Frequency-time spectrograms of ULF waves observed on August 25, 1978, on GEOS 2. In all such 
spectrograms the frequency range is 0 to 10.5 Hz. Intensity reference level (black) is 10 •/Hz at 1 Hz. The three panels 
refer either to the circular components that are right handed (BR), left-handed (BL) in the plane perpendicular to the spin 
axis, or to the component that is parallel to the spin axis (Bz). The angle between the spin axis and the dc magnetic field 
0is •- 13 ø, the distance 6.6 RE, and the magnetic latitude hm = -3ø; LT = UT + 2 hours, 25 min. Integral proton fluxes 
perpendicular and parallel to Bo are also plotted. The cold plasma density No is high during the event. Harmonic 
emissions I, II, and III are strongly polarized along Bz, i.e., along the dc magnetic field, and are considered as 
magnetosonic waves. Event IV is left handed and is identified as ICW's (The faint line at = 7.8 Hz is a spurious signal). 

level of the grey scaling grid, which is presented on the top of 
the figures, and it is usually different for the three compo- 
nents. Note that this number is valid for an emission at 1 Hz 

and that in order to obtain the correspondence between the 
same grey level at another frequency and the psd, one must 
multiply it by 1/f 2. This is due to the fact that the higher 
frequencies have been artificially enhanced, on these grey- 
scaling plots, in order to balance the tendency of natural 
emissions to be less intense at higher frequencies. 

The angle 0 between the spin axis and the static magnetic 

field is usually very small on GEOS 2, but it can be large 
(30 ø) on GEOS 1. Thus, in order to identify without ambigu- 
ity the polarization of the signal, it is sometimes necessary to 
perform a change'of reference frame. This has not been done 
on a routine basis, but the spectra of selected events have 
been displayed in a reference frame where Bz is aligned with 
the dc magnetic field. 

As the spacecraft longitude has been changed a few times, 
the relation between LT and UT may differ for different 
events. 
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2.2. Description of Typical Events 

In this paragraph, some events are presented in order to 
illustrate the general characteristics of magnetosonic ULF 
emissions. 

2.2.1. August 25, 1978 (Figure 1): LT - UT + 
2.25. This case illustrates the complexity of these kinds of 
emissions. It occurred during a weak storm starting around 
09.00 UT (Kp = 30 between 12.00 and !5.00, Kp = 2+ 
between 15.00 and 18.00). A strong ring current injection 
occurred between --•17.00 and 19.00 as evidenced by the 
increase of the flux of protons (E > 24 keV) and by the 
decrease of FI•+, the dc magnetic field B0 changing from 105 
7 at 17.00 to 50 7 at 18.00. The wave event itself can be 
divided into four independent emissions. 

Emission I consists of very monochromatic, harmonically 
related emissions starting at 1315 UT. The spectrograms 
show that the Bz component is stronger than the BL and BR 
components. This is more clearly evidenced on an amplitude 
versus frequency plot taken around 1318 UT, in which a 
frame of reference with the Z axis parallel to B0 has been 
used (Figure 2). The parallel component is 20 to 30 dB larger 
than BR which in turn is 6 to 10 dB larger than BL. The 
amplitude of the harmonics decreases with the order of the 
harmonic at a given time, the odd harmonics disappearing 
first as time elapses (throughout this paper we will define the 
nth harmonic as the one whose frequency is equal to n times 
the fundamental). 

Emission II starts around 14.15, with a fundamental 
frequency equal to the local Fi•+. Its frequency increases 
with time and then decreases (apparently it is the same event 
which continues until -1700 UT). Again the Bz component 
is larger than B• or Ba (at 1450 UT f.i. Bz = 95 m7, B• = 18 
m7, Br = 3 m7 for the fundamental). The second harmonic 
has still a large amplitude (Bz = 50 m7 at 1450 UT). 

Emission III starts at 1540 UT, just after a telemetry drop 
out. At that time Bz = 350 mT, Bn = 38 mT for the 
fundamental, and Bz = 170 m7 for the second harmonic. 
This emission is strong, and their spectra are rather broad. 
The frequency increases with time until --• 1645 UT (a time at 
which the fundamental approaches 2 Fi•+), whereas the local 
proton gyrofrequency remains constant. A fine structure is 
visible in the last part of the emission, as it was the case for 

emission II near 1500 UT. These structures, which seem to 
be produced by a wave-wave coupling mechanism, will be 
discussed later. 

The fourth emission is of a completely different nature. Its 
frequency is much smaller than Fi•+. It has no harmonic 
structure, and it is mainly polarized in the plane perpendicu- 
lar to B0, with a tendency for the left-handed polarization to 
be stronger than the right-handed one. 

This illustrates the fact that there are two kinds of quasi- 
monochromatic emissions in the ULF range: the ion cyclo- 
tron waves (emission IV), which are extensively described 
by Young et al. [1981], and the waves that are the subject of 
the present paper (emissions I, II, III). Another example of 
an almost simultaneous occurrence of the two types of 
waves with their different polarizations is given elsewhere 
[Gendrin, 1980, Figure 3]. Because the Bz component is the 
strongest one for these waves, it is the only one that will be 
displayed for the following examples. 

2.2.2. August 9, 1978 (Figure 3a): LT = UT + 
1.11. The emission occurs above 3 Hz with a frequency 
separation Af between the different bands close to the 
proton gyrofrequency Fi•+. These bands seem to be harmon- 
ically related to a fundamental at f0 = Af • FI•+, which is 
not detected. This fact demonstrates that the observed 

harmonic structure is real; i.e., it is not due to a saturation 
effect in the electronics or in the analyzing procedure. The 
wave has a weak intensity. The strongest bands have a Bz 
component equal to 30 m7 (at 4.3 Hz and 2249 UT) and to 12 
m7 (at 7.8 Hz and 2400 UT). The cold plasma density 
measured by the S-301 experiment is very low (- 2 cm-3). 

One may also notice that this emission contains short 
duration elements with a dispersive structure. 

2.2.3. August 20, 1978 (Figure 3b): LT = UT + 2.04. 
This event is interesting because it also shows that all the 
harmonics are not always present and that during the course 
of the event some other harmonics may appear. At 1850 UT 
there are only two lines, labelled a and b, which are 
harmonically related. Some 13 min later, lines c, d, e, and f 
appear. Clearly, all these lines are harmonically related. For 
instance, at 1925 UT, their frequencies are multiples of the 
same frequency f0 = 1.16 Hz; this is slightly lower than the 
local proton gyrofrequency (1.36 Hz). It is interesting to note 
that the strongest lines near 1900 UT (lines a and b) and near 

GEOS 2 AUG.25,1978 
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Fig. 2. Power spectrum for a 44-s time interval selected from data of Figure 1. A change of the reference frame was 
performed, leading to a Bz component aligned with the dc magnetic field (see text). 
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Fig. 3. Frequency-time spectrograms of the Bz component for two different events. (a) August 9, 1978, emissions 

occur at Xrn = 0 ø, at 6.6 R• and 0 = 13.5ø; LT = UT + 1 hour, 11 min and No = 2 cm -3. The black reference level is 0.05 
72/Hz at 1 Hz. This kind of successive short duration events is typically observed in the night sector. One may note the 
absence of fundamental and first harmonics, which is evidence that these structures are not generated by nonlinear 
effects within the electronics. (b) August 20, 1978, event occurs at Xrn = -2 ø, 0 -'- 11 ø. TL = UT + 2 hours, 04 min and 
No = 8 cm -3. The black reference level is 0.1 72/Hz and 1 Hz. At 1900 UT, emissions a and b and at 2000 UT emissions 
c and f are harmonically related. 

2000 UT (lines c and f) are themselves harmonically related. 
The amplitude of the most intense wave is continuously 

increasing from --- 20 m7 at 1900 UT to 90 m7 at 2045 UT. 
The cold plasma density is rather high (--- 8 cm -3) and stable 
for such a night time event (--- 2100 < LT < 0100). 

2.3. General Characteristics 

Here we will report characteristics of the harmonic emis- 
sions that are deduced from the examination of hundreds of 

events. 

2.3.1. Polarization. As clearly evidenced on Figures 1 
and 2, the magnetic component of the kind of emission which 
is studied in this paper is almost aligned with the dc magnetic 
field B0, contrary to ICW's whose magnetic c6mponent is 
contained in the plane perpendicular to B0. The wave vectors 
of these emissions are therefore orthogonal to B0. The BR 
component of these waves is generally weak, but it is still 
larger than the BL component, which indicates that the 
waves are right-hand polarized. 

The amplitude of the electric component of these waves is 
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usually below the sensitivity threshold of the electric field 
experiment (2 x 10 -4 V m -1 Hz -1/2 around 1 Hz). For 
instance, if one assumes that the phase velocity of the wave 
v, is --• 1000 km s -1, the electric sensor will respond only to 
waves whose magnetic component is larger than 2 x 10-4/ 
106 T Hz -1/2 = 0.2 3/Hz -1/2. Typical spectral power densities 
are usually smaller than this value. Consequently, these 
waves are not, in general, detected by the electric field 
experiment. However, strong events can be also detected by 
the electric antennas; in this case, the ratio E/B has been 
found to be close to the Alfven velocity VA (D. Jones, 
private communication, 1980). 

All these characteristics are those expected for waves 
propagating in the magnetosonic mode. Henceforth these 
emissions will be designated as magnetosonic waves (MSW). 

2.3.2. Harmonic structure. The harmonic structure of 

MSW's detected on board GEeS is a general feature, which 
can clearly be identified on the spectrograms. The three 
events 1, 2, and 3 of Figure 1 are good examples of such a 
behavior, which does not depend on the frequency of the 
fundamental. The first event is just below Fi•+; the second 
event, which also starts below Fi•+, has a frequency that 
increases with time and that crosses Fi•+. The fundamental 
of the third event is well above the local proton gyrofrequen- 
cy. 

Obviously, it has been checked that these harmonic struc- 
tures are not due to nonlinear effects occurring in the 
detecting system. Indeed, for most of the events, the signals 
are not very intense, the amplifier is in its highest gain 
configuration. 

On Figure 4, the spectrum of another typical event is 
plotted. The spectral power density has its maximum not at 
the frequency of the fundamental but at the 3rd and 4th 
harmonics. We have seen that frequencies corresponding to 
the fundamental may not be even visible. This is another 
proof that the harmonic structure is real and that it is not 
produced by the electronics. 

As will be shown later the number of harmonics can be 

large (>8) so that the spectrum may extend well above the 
Nyquist frequency œNY (-- 11.6 Hz) of the ULF experiment. 
Consequently, aliasing effects can occur: a strong signal at a 

frequency f > fNY will induce an apparent signal at the 
frequency 2fNy -- f. Indeed such effects have already been 
observed [see Pertaut et al., 1978, Figure 8]. Another 
example is shown Figure 5. The waves above 5 Hz, which 
are polarized along B0, consist of quasi-monochromatic 
emissions that exhibit a complex frequency-time structure 
with both increasing and decreasing frequencies. The stron- 
gest decreasing signal (a) around 8 Hz is observed at its real 
frequency: F = 4 Fi•+. Conversely, signals with increasing 
frequencies (b, c, and d) are due to the aliasing effects; for 
instance the lowest frequency (F --• 6 Hz) can be understood 
as an image at frequency F = 2 FNy -- 9 Fi•+ of a signal at a 
frequency 9 Fi•+ and similarly for the other two which are 
images of the 8th and 7th harmonics. 

2.3.3. Frequency range. The waves that we are study- 
ing have their fundamental around or above Fi•+. Occasion- 
ally, these emissions can be detected well below Fi•+, with a 
fundamental between Fi-ie+ and 2 Fi-ie+, in a frequency range 
where ICW's are generally observed. Conversely, ICW's 
that are left-handed polarized in the plane perpendicular to 
B0 can be sometimes detected just below Fi•+. This is clearly 
illustrated in Figure 5. Thus the frequency domain of the two 
kinds of waves overlap. However, and despite some excep- 
tions, one can say that MSW's occur above Fi•+, whereas 
ICW's are observed well below FH+. But is it better to 
characterize MSW's by their polarization than by their 
frequency. 

As said above, the frequency range covered by the emis- 
sion can well exceed the frequency range of the ULF 
experiment. But there is another amplifier, onboard GEES, 
that is operated from time to time and that gives the wave 
form of the signals in the frequency range from a few hertz to 
450 Hz [Cornilleau-Wehrlin, 1981]. On some occasions this 
amplifier did operate at a time during which MSW's were 
detected by the ULF experiment. The corresponding spec- 
trum, integrated over 20 s, is presented on Figure 6. In this 
event, three harmonically related emissions occur simulta- 
neously, the fundamentals being at frequencies fl = 9.45 
Hz, f2 = 11.65 Hz, and œ3 = 13.25 Hz. Harmonics up to 5 œ1, 
4 f2, and 3 œ3 are visible. This shows that even at the 
geostationary orbit, harmonically related emissions can have 

GEOS 2 JAN 9 , 1979 
.-. 3 

16.08 - 16.10 UI 

O I 2 3 •. 5 IS 3 tt 9 10 11 12 

FREQUENCY (HZ) 

Fig. 4. Power spectrum for the interal 1608-1610 UT on January 9, 1979 (spectrogram not shown). At this time 
GEOS 2 was located at hm = -2 ø and LT = UT + 2 hours, 26 min. A change of reference frame was performed to align 
the Bz component with respect to Bo. 
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Fig. 5. Frequency-time sp½ctrogr•ms of the B•. •nd Bz components for August 12, 1978, on OEOS 2. •h½ bl•ck 

reference level is 0.3 -?/Hz at 1 Hz. 0 -'- 12 ø, hm -" 0 ø, and LT = UT + 1 hour, 22 min. Two different events are detected 
simultaneously. Although close to FI•+, the event I is clearly left-handed polarized in the plane perpendicular to Bo and 
therefore belongs to ICW. At larger frequencies a NSW is observed that is polarized along the static magnetic field. In 
spite of the complexity of the event II, an harmonic structure can be recognized (see text). 

frequency components up to 50 Hz at least, confirming the 
original discovery of Russell et al. [ 1970] at L values around 
5. 

2.3.4. Nonlinear coupling. When the signals are 
strong, an harmonic structure may be the consequence of 
wave-wave coupling; this is particularly true when the waves 
are monochromatic because the coupling process is then 
coherent. Figure 6 illustrates this effect. If one calls f• (j' = 1, 
2, 3) the frequencies of the fundamentals, one observes 
emissions at the frequencies f• + f•, and 3 f• + f•,. 

The spectrogram of Figure 7 shows another example 
observed on August 23, 1978. The emission starts at 1537 

UT, exactly at the proton gyrofrequency. From thereon it 
splits up into three independent emissions. The first has a 
frequency which decreases with time; let us call it the 
emission at fl. The two others have a frequency which 
increases with time, f2 and f3. As time proceeds a number of 
other lines appear. A strong intensity enhancement occurs 
when the line 2 f• merges with the line f3- A detailed 
spectrum, (Figure 8) taken around 1637 UT and integrated 
over 44 s shows that (1) harmonics up to 9 f•, 6 f2 and 5 f3 
are visible, and (2) almost all the combinations nf• + fk, 
where n - 2, 3, 4, are observed. 

Although the signals are rather strong (the fundamental 



6226 PERRAUT ET AL.' WAVE-PARTICLE INTERACTIONS ABOVE FH+ 

u• 
z 

GEOS 1 

JULY 2 1977 

fl 

o 20 40 

FREQUENCY ( Hz ) 

Fig. 6. Power spectrum (up to 50 Hz)-integrated over 20 s for 
the July 2, 1977, event around I100 UT; hrn = -6 ø, LT = 1348. 
Three fundamental frequencies fl, f2, and f3 and their harmonics 
can be distinguished. Different couplings between these three emis- 
sions are also observed. 

at f0 reaches 0.5 3' Hz-U2) they are still some 30 dB below 
the saturation of the amplifier and telemetry systems, so that 
this nonlinear coupling is not of experimental origin. 

Let us summarize the properties of these observed ULF 
waves: their magnetic field is almost aligned along the static 
magnetic field B0 and the weak component in the plane 
perpendicular is right-hand polarized. They are harmonically 
related and the fundamental is generally around or above the 
proton gyrofrequency. The fundamental and lower harmon- 
ics may sometimes be missing. When several emissions are 
simultaneously present, with different fundamental frequen- 
cies, wave-wave coupling may occur. 

2.4. Statistical Study 

This study is made with the help of both GEOS spacecraft. 
GEOS 2 being at an almost constant and low magnetic 
latitude will help us to find the local time dependence of 
these events. On the contrary, GEOS 1, which explored a 
wide range of magnetic latitudes (Kin) and radial distances 
(R), will be used to study the R, hm dependence of the 
harmonic emissions. 

2.4.1. Dependence on radial distance and geomagnetic 
latitude. The GEOS 1 satellite has explored regions be- 
tween L --• 4 and L --• 8, in a magnetic latitude range -15 ø < 
hm < + 30 ø. We therefore had the opportunity to investigate 
if these harmonic emissions could be detected, within the 
explored volume. On Figure 9, the range of geomagnetic 
latitude and geomagnetic local time that was explored by 
GEOS 1 between May and October 1977 is represented. The 
hatched areas correspond to regions that were inaccessible 
because GEOS 1 was not visible from the Darmstadt receiv- 

ing station. Note that in fact in the regions corresponding to 
L <• 4.5, we do not have any valid measurement, because the 
spacecraft was entering the inner magnetosphere for which 

AUG. 23,1978 

-"-- lO 

z 
LU 
D 5 
ct 
LU 

U. 

GEOS 2,'S300 

.. 

UT 1:-5.3.0 16...30-- 17,30 

lO 

o 

18.3o 

Fig. 7. Frequency time spectrogram for August 23, 1978. The black reference level is 0.1 y2/Hz at I Hz; 0 = 12 ø, hrn 
= -3 ø, LT = UT + 2 hours, 18 min, and No = 45 cm -3. Three different fundamentals f•, f2, and f3 can be distinguished, 
leading harmonic production and wave-wave coupling to many lines, especially around 1630 UT. 
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Fig. 8. Power spectrum for a 44-s time interval selected within the event presented on Figure 7, at 1637 UT. A change 
of reference frame was performed to align Bz with respect to Bo. 

its equipments were not expected to function. The boundary 
curves between accessible and inaccessible regions have a 
smooth seasonal variation. However, they do present dis- 
continuities for the periods at which the spacecraft apogee 
was moved in longitude. The solid lines correspond to 
countours of constant geomagnetic latitude, the dashed lines 
correspond to countours of constant L value, and the 
vertical bars show the time during which strong harmonic 
emissions were observed. It is clear that most emissions 

occur in a restricted range of Nm, i.e., when the spacecraft is 
in the vicinity of the magnetic equator (IXml < 10ø). On the 
contrary, there does not seem to be a specific range of L 
values (between 4.5 and 7 at least) where these emissions 
can be observed, provided the satellite is not too far from the 
magnetic equator. These findings agree with those of Russell 
et al. [1970]. 

They have also to be compared with those of Gough et 

al.'s [1979], who studied the occurrence of VLF electrostatic 
emissions between the electron gyroharmonics and who also 
found that these emissions were concentrated near the 

geomagnetic equator (their figure 2). 
2.4.2. Local time distribution. The study covers four 

months of data (August-November 1978) obtained with 
GEOS 2. The total number of magnetosonic waves detected 
in a given local time hour is represented on Figure 10a. 
When an event extended from one hour sector to the next 

one, it was counted in both sectors. The histogram shows 
that these events are rather common at the geostationary 
orbit. On the average, there is a 12% probability to detect 
such an event within a given hour. Magnetosonic emissions 
are very common and are restricted to a limited range of 
magnetic latitudes. They have not been measured before 
because of their rather low amplitude (•< 0.37). The histo- 

tn 6o 
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DATE (1977) 

Fig. 9. Latitudinal dependence of MSWs. The geomagnetic 
local time intervals between the hatched area were explored by 
GEOS 1. The continuous lines correspond to iso-magnetic latitudes, 
whereas the dotted lines correspond to the iso-L values. Abrupt 
changes in July and September are due to a change of the longitude 
of the GEOS 1 apogee. MSWs are represented by vertical bars. The 
emissions are mainly located in the vicinity of the magnetic equator. 

M LT (HOURS) 

Fig. 10. Local time distribution of MSW's and their relationship 
with medium energy protons. The number of MSW's detected 
during 4 months on GEOS 2 during a given hourly interval is plotted 
on (a). The average energy of precipitating auroral protons (0.4 < E 
< 30 keV) measured on AUREOLE 1 satellite is the grey area on 
(b). An estimation of the Alfven energy EA at the geostationary orbit 
is superimposed (cross-dashed line; see text). 
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gram shows that there are only a few events detected 
between 0300 and 0900 LT. Maxima of occurrence are 

observed around noon and midnight. For these periods there 
is a 50% probability of observing magnetosonic waves. In 
the afternoon and evening sectors, the probability is of the 
order of 30%. 

In the following section we will see that the generation of 
these waves is directly related to the shape of the proton 
distribution function in the equatorial plane. Prior to illus- 
trating this link, let us point out that there is striking 
agreement between the local time distribution of the waves 
and the variations of the mean energy of auroral protons (0.4 
< E < 25 keV) as a function of the local time (Figure 10b). 
These last measurements were obtained at auroral latitudes 

by Galperin et al. [1976], on board the polar orbiting satellite 
AUREOLE 1 at ionospheric altitudes; nevertheless, the 
authors have shown that at least the most energetic compo- 
nent of the proton spectrum at this low altitude is similar to 
the spectrum that exists in the equatorial plane. Moreover, 
the evolution of the shape of the spectrum and of the mean 
energy as a function of the local time is well explained by 
models involving proton injection and subsequent drift from 
a source region in the nightside of the magnetosphere [Mauk 
and Mcllwain, 1974]. The spectra observed in the source 
region and in the nightside of the auroral oval are character- 
ized by one or several marked peaks having energies around 
10 keV. These maxima are still more pronouned in the noon 
sector, owing to compression of the magnetic field on the 
dayside. In fact, the mean energy deduced from these 
measurements is almost equal to the energy corresponding 
to this maximum. However, low-energy protons, drifting 
eastward under corotation can directly reach the morning 
sector. In this local time region, for latitudes corresponding 
to the geostationary orbit, the observed spectra have no 
maximum and the average energy is rather low [Sauvaud et 
al., 1981]. 

In order to establish more quantitatively the relation 
between the histogram of magnetosonic waves and the local 
time distribution of these energy peaks for protons, it is 
necessary to anticipate the main result of the theoretical 
discussion which will be given in section 4. Magnetosonic 
waves can be amplified by proton distributions that present a 
peak at a certain energy, provided that this energy exceeds a 
threshold given by 1/2 m VA 2, the Alfven energy. This last 
parameter has been determined by using an averaged local 
time distribution of the cold plasma density with a bulge 
around 1800 LT, deduced from measurements obtained with 
the GEeS 2 relaxation sounder [Higel and Lei, 1982]. For 
the evaluation of the magnetic field we have used the regular 
daily variation observed at the geostationary orbit. In these 
conditions, the Alfven energy presents (cross-dashed lines 
on Figure 10b) a well pronounced minimum around 1800 LT 
and remains below the proton average energy curve between 
0900 and 2400 LT, therefore magnetosonic waves can be 
amplified in this region of the magnetosphere. In the morning 
sector the Alfven energy is above the mean energy of 
protons, thus the waves cannot be generated. 

3. ENERGY SOURCE OF MAGNETOSONIC WAVES 

3.1. Proton Data Presentation 

The wave phenomena described above occurred near the 
proton gyrofrequency and its harmonics. Therefore protons 
in the keV energy range are likely to destabilize them. 

Furthermore, since their phase velocity is close to the 
Alfven velocity the energy of these protons must exceed the 
Alfven energy (see Figure 10b). In order to identify the 
energy source of these magnetosonic emissions we have 
undertaken a careful analysis of the shape of the proton 
distribution function. 

The two-dimensional particle data analyzed in this section 
were measured on board GEeS by the following two experi- 
ments: (1) S-310 (Kiruna Geophysical Institute), which cov- 
ers the proton energy range from 0.3 to 20 keV, and (2) S-321 
(Max Planck Institut fiir Aeronomie), which covers the 
proton energy range from 20 to 3300 keV. 

The S-310 experiment has been described in detail by Borg 
et al. [1978, 1979], and only its principal characteristics will 
be recalled here. The spectrometers consist of a series of 10 
electrostatic analyzers and associated channeltrons, pointing 
in different directions, with a band pass zXE/E that varies 
between 9% and 27% (depending upon the analyzer), and an 
acceptance angle that is approximately equal to 6 x 6 ø. 

The full range of pitch angles swept during a spin period 
(--- 6 s) depends on the angle between the magnetic field line 
of force and the satellite spin axis that points to the north 
during the first period of the GEeS 1 mission. A good pitch 
angle coverage is generally obtained over one hemisphere 
(90-180ø). The normal mode gives a full spectrum every 3 
min: 32 energy levels are successively scanned, each energy 
level being sampled every 86 ms during a full spin period. 
When the characteristic time for temporal fluctuations is less 
than 3 min, fewer energy steps are scanned (fast mode) in 
order to obtain meaningful data in a shorter time interval. 
The energy spectra shown in this work correspond to sweeps 
over 8 energy levels, that is during approximately 45 s. Since 
several different detectors are used to obtain a wide pitch 
angle coverage, all the data have been corrected. In a first 
step, a correction has been applied in order to avoid the 
contamination due to solar UV and high-energy cosmic rays. 
Then each individual count relative to a given detector is 
intercalibrated with respect to those of D2-D8 group, with D- 
7 as a reference. Finally a full energy-angle matrix is 
obtained: 32 (or 8) energy levels for each of the 18 pitch angle 
intervals. 

A second charged particle spectrometer detects energetic 
protons (> 20 keV). It has been described by Korth et al. 
[1978]. This instrument contains four solid state detector 
telescopes with look directions relative to the spin axis of 
23 ø , 46 ø , 83 ø , and 106 ø , respectively, and angular resolutions 
of - 5 ø in elevation and _ 2 ø in azimuth. The energy 
distribution of the protons was determined in 11 approxi- 
mately logarithmically spaced energy channels in the range 
from 20 keV to 3.3 MeV. For each direction the sampling 
time amounts to 0.344 s per 5.5 s. In addition, protons with 
energies > 27 keV were recorded continuously in four 
directions with a time resolution of 0.172 s. No identification 

of the different ion species was possible. For the interpreta- 
tion of the data we assume that most of the ions are protons. 
This assumption is supported by a direct comparison of 
fluxes with the mass spectrometer (a complete discussion is 
found in section 4b of Balsiger et al. [1980]). While we 
cannot rule out the presence of heavy ions, based on the 
above arguments they probably contribute less than 10% to 
the energetic ion fluxes reported here. 

From the differential energetic spectra obtained over 45 s 
or 3 min for S-310 or over some 5 min for S-321, the phase 
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Fig. 11. Comparison between MSWs and energetic protons July 1, 1971. The energy, pitch angle distributions, and 
distribution functions f(V) in the velocity space measured over --- 3 min are drawn on the top. Two-dimensional 
isocontours of f(v•, Vz) are labelled in units of 10 3 (cm 2 s sr keV2) -l. A peak at 7 keV and on the 90 ø pitch angle is clearly 
seen (two left panels). Two different maxima in the direction perpendicular to Bo are evidenced (right panel). Of/O Vz is 
> 0 in the close vicinity of these peaks. The wave power spectrum computed simultaneously is drawn below. A change 
of reference frame was performed to align Bz with respect to Bo ß Fi-i., and its harmonics are also plotted. 
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Fig. 12a. Same as Figure l l, for July 2, 1977. Again a peak at 18 keV is observed on the three kinds of plots. The 
wave power spectrum until 11.6 Hz is plotted in the frame aligned with respect to Bo. The power spectrum above 11.6 
Hz is given in Figure 6. 
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Fig. 12b. Same as Figure 11 for July 2, 1977, 27-min later with respect to Figure 12a. The particle date have a 
monotonic spectrum, and no waves are detected during this time interval. 

space density, f(v), has easily been determined according to 
the relation: 

f(v) or 
J(E, a) 

(cm-2 s-1 sr-1 keV -2) 

where J(E, a) is the flux corresponding to the central energy 
of the explored energy step and where one assumes that all 
ions are protons. Consequently, the proton data presented 
here consist of three complementary plots (Figures 11, 12, 
and 13). On the left, are represented the energy spectra for 
some characteristic pitch-angles: around 90 ø or 120 ø and 

160 ø . In the middle panel the pitch angle distributions for 
typical energies are plotted. (In this study, the selected 
energies are those close to the peak of the energy spectrum, 
which clearly provides the free energy source). On the right, 
isocontours of the phase space density in the (o•, o•_) 
velocity space are drawn. As mentioned above, the cycle 
being limited to 1- or 3-min time intervals, only a portion of 
the (o•, oñ) space is explored during a spin period of GEOS 1 
(especially between 80 ø and 176 ø during this period). This last 
kind of plot is of particular interest for studying wave- 
particle interactions, especially since Of/0oñ > 0, while 
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Fig. 13. Same as Figure 11 for July 28, 1977. Again a large peak at --• 12 keV on the 90 ø pitch angle is observed on 
the three plots. The wave power spectrum drawn below is complex. It can be considered as 2 different superimposed 
emissions a and b without fundamentals. 



PERRAUT ET AL.' WAVE-PARTICLE INTERACTIONS ABOVE FH+ 6231 

waves are observed. Therefore peaks in a direction perpen- 
dicular to the magnetic field are observed that can provide 
free energy for wave growth. Let us now investigate in detail 
these correlations between wave occurrence and proton 
rings having O f /Ov ñ > O. 

3.2. Relationships Between ULF Waves and Proton 
Rings 

The S-310 and S-321 proton data measured during July and 
August 1977 on board GEeS 1 have been systematically 
examined. This analysis has led to select some events 
corresponding to simultaneous detection of ULF waves and 
typical distribution functions of energetic protons. These 
selected events were observed on the dayside of the magne- 
tosphere (mostly around 12 MLT) at radial distances greater 
than 5 Re. 

In Figure 11, data are shown corresponding to the July 1, 
1977, event. The energy distribution between 300 eV and --• 5 
keV approximately fits with an exponentially decreasing 
function with intense fluxes (106-107 cm -2 sr -• s -•. keV-2). 
This is characteristic of the spectra observed by GEeS 1 in 
the equatorial plane of the magnetosphere [Borg et al., 
1978]. At higher energies, a peak around 7 keV is detected. 
As evidenced by the middle panel of this figure, this peak is 
not only energy dependent, but it also depends upon the 
pitch angle. The largest maximum is for pitch angle close to 
90 ø and a limited energy range. This is confirmed by the right 
panel where two distinct peaks are clearly visualized' one for 
U• --• 1250 km/s and the second at Uñ --• 1850 km/s. Owing 
to their particular shape, these peaks will be referenced to as 
rings in the perpendicular direction (Of/Ova_ > 0 for small 
parallel velocities). Notice that in the present case there is 
also an almost empty loss cone. 

The proton density in the ring (nr) was computed by using 
a standard method: the numerical computation of the zero 
order moment of the distribution function f(v): rtr -- f f(v) d 3 
v. Therefore one has to integrate the two-dimensional ex- 
perimental function over the pitch angle and the energy 
around the peak, and assuming azimuthal symmetry. 

In this example one obtains a high value of the density rtr 
= 1.6 cm -3 around 7 keV. 

At the same time, harmonic emissions are detected in the 
ULF range. The fundamental f• is equal to 1.8 FI-i+ and the 
.first harmonic is clearly seen. The second one is not well 
defined. The amplitude at f• is 10 m3'. 

In Figures 12a and 12b, two successive sequences within a 
time lag of 27 min are displayed. The first measurements 
were obtained around 1335 MLT, at hm -• -6 ø (figure 12a). 
In this sequence a ring of trapped protons around 18 keV is 
superimposed to the monotonic decreasing component, 
which is always observed. The pitch angle distribution is 
strongly anisotropic in the plane perpendicular to B0. The 
loss cone is depleted as it is often observed on board GEeS 1 

[Borg et al., 1978]. The ring density is --• 0.6 cm -3 around 18 
keV. At the same time an emission is observed in the ULF 

range at f = 9.4 Hz, i.e., around 4 FI-i+. For this event, which 
occurred at a round hour in universal time, we had the 
opportunity to analyze the waves in the ELF range and the 
results have been presented on Figure 6. Up to fifth harmon- 
ics are detected in addition to fl. Besides, two other 
fundamentals (f2 = 11.65 Hz and f3 = 13.25 Hz) with their 
harmonics appear, as well as combination of these frequen- 
cies. 

Twenty-seven minutes later (Figure 12b), the peak at 18 
keV has completely disappeared. The energy spectrum has a 
monotonic behavior. The ULF waves have also disap- 
peared. 

During these two events (July 1 and 2, 1977) there are no 
proton data available from S-321 experiment. 

A last example is given Figure 13. Data obtained simulta- 
neously by S-310 and S-321 have been merged together. It is 
worth noticing that the absolute values of f(v) deduced from 
the two different experiments well agree in the intermediate 
energy range around 20 keV. A ring around 12 keV is again 
observed on the energy spectrum, with a maximum at 90 ø 
pitch angle. At higher energy, f(v) is always monotonous 
without any peak, only an empty loss cone is observed. The 
magnetosonic waves detected during this period show a 
complex spectrum, which consists of two different series of 
emissions: an and brn. 

These comparisons between energetic protons and ULF 
waves are summarized in Table 1, together with Figures 11, 
12, and 13. They lead to the conclusion that when the proton 
distribution f(v) has a peak in the direction perpendicular to 
the magnetic field (which corresponds to a ring by symmetry 
around B0) for a perpendicular velocity U x larger than the 
Alfven energy, magnetosonic waves are generally detected. 
Such a connection between the proton distribution function 
and magnetosonic waves supports the interpretation, given 
in the next section, concerning the origin of these waves. 
The energies of the particles that are involved in these three 
cases are below 25 keV. Experiment S-321 shows a mono- 
tone decrease in the spectrum. Therefore the energy range of 
S-310 experiment seems to be more suitable for these 
studies. However, there are no continuous data sequences 
with a good pitch angle coverage. This has greatly limited 
detailed investigation of wave-particle correlation. For this 
reason the wave events presented in this section are some- 
what less impressive than those shown in the previous 
section. It is also worth recalling at this point that MSW's 
are more commonly observed on GEeS 2 than on GEeS 1. 
This is because the former is close to the magnetic equator 
when MSW's take place, while the latter spent most of its 
trajectory outside of the region where MSW's are detected. 
Therefore most of the MSW's events displayed here were 
recorded on GEeS 2. Unfortunately, GEeS 2 data from the 
S-310 experiment are not presently available. It is clear that 

TABLE 1. Characteristic Values of the Ring Distributions and Plasma Parameters Measured During Magnetosonic Events Observed in 
the Month of July 1977 

Hour, Ntot, mVA2/2, nr, Er, 
Date UT L )kin(ø) B, 'y cm -3 keV cm -3 keV p Uñ/VA 

July 1, 1977 11.16 6.25 -4 134 65 0.69 1.6 7.1 0.02 3.2 
July 2, 1977 11.02 5.68 -6 158 9 6.9 0.6 20 0.07 1.7 
July 28, 1977 11.12 6.1 4 146 80 0.66 0.17 12 0.002 4.3 
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a wave particle comparison based on GEOS 2 data would be 
much better. 

These ringlike distribution functions for the protons were 
not systematically observed when magnetosonic waves were 
detected. One must first notice that when a ring is observed 
as shown above, a loss cone distribution along Bo (vñ = 0) is 
sometimes also observed that could also provide a free 
energy for magnetosonic waves. However, we have not 
found any wave event during which a loss cone was ob- 
served without a ring. 

Second, another kind of correlation between proton data 
and harmonically related emissions has been found: a sud- 
den increase in the particle flux at 90 ø pitch angle often 
corresponds to a sudden commencement of a magnetosonic 
wave event [see Pertaut et al., 1978, Figure 10]. A detailed 
analysis of these events show that they correspond to sharp 
gradients in the spatial distribution of energetic protons. 
Such kinds of distribution are likely to occur in the dayside 
of the magnetosphere because of shell splitting effects in- 
duced by magnetic drift on particles that are freshly injected 
in the nightside during substorms. This last type of events 
will be studied in detail elsewhere. 

4. DISCUSSION AND COMPARISON 

WITH THEORETICAL MODELS 

In section 2 it has been shown that ULF waves that are 

observed above the proton gyrofrequency in the vicinity of 
the equator can be regarded as magnetosonic waves. On the 
other hand, in section 3 it has been shown that one possible 
free energy source that can account for the generation of 
these waves consists of tinglike distributions of energetic 
protons. Motivated by these observations we have devel- 
oped a simple theoretical model for magnetosonic waves 
generation that includes a cold plasma plus a tinglike distri- 
bution characterized by 

Itr Nc 
f = - + 

2 qrv •_ 2 qrV ñ 

where n• and Nc are the ring and cold plasma densities, 
respectively, and Uñ is the ring velocity in the perpendicular 
direction. It is important to emphasize that the instability 
that is investigated here is basically a hydromagnetic insta- 
bility, since it still operates when k• = O. Accordingly, the 
growth rate depends on the beam density rather than on the 
slope Of/Orñ as it would have had for a kinetic instability. Of 
course, for a small but finite k• and a smoother distribution 
of protons one has in principle to take care of both effects in 
order to determine the exact numerical value of the growth 
rate. Since the hydromagnetic growth rate is proportional to 
X/-•nr (the ring density), its contribution is generally domi- 
nant. Thus the present model is certainly oversimplified. 
Yet, as will be shown later it shed some light upon the 
connection between the observed magnetosonic waves and 
the energetic proton distribution. We have shown in part 2 
that the waves are characterized by an ac magnetic field 
strongly aligned with the dc magnetic field Bo, therefore 
demonstrating that the wave normal component parallel to 
Bo, k• must be very small. Then the precise shape of the 
proton distribution is not important because the instability is 
hydromagnetic. Let us notice that if k• was not much smaller 
than kñ the waves would be strongly damped by the main 
body of the proton distribution (ring excluded); this will be 
discussed at the end of this section. Before going into the 

detail of the calculations let us mention that similar calcula- 

tions with a less singular distribution function (a loss cone 
one) were performed by Gul'elmi et al. [1975]. However, 
these authors have used an analytical model that is not valid 
for frequencies on the order of the proton gyrofrequency, as 
is generally observed. Therefore, we have been obliged to 
use a more complete dispersion relation that can only be 
solved by nl•merical methods. Conversely, our calculations 
are limited to normalized frequencies X = f/Fn+ smaller than 
--• 10. This is sufficient for most of the comparisons discussed 
here, since the ULF experiment, for which data are system- 
atically displayed, has a frequency range limited to 11.6 Hz. 
In some cases, such as the one displayed on Figure 6, we 
have performed a special analysis of the ELF range. Since 
magnetosonic waves were found to extend up to frequencies 
f • 50 Hz (with much smaller amplitudes, however), our 
calculations must be completed by those of Gul'elmi et al. 
[1975] as far as these ELF magnetosonic emissions are 
concerned. 

It is worth mentioning that other authors have tried to 
interpret the origin of the waves discovered by Russell et al. 
[1970] and Gurnett [1976]. Curtis and Wu [1979] have shown 
that relativistic effects can induce resonances even when k• 
= 0, therefore leading to an imaginary dispersion relation 
and consequently to instabilities. Although protons do not 
need in such a theory to be highly relativistic (E --• 1 MeV is 
sufficient for exciting fast magnetosonic waves), our results 
show that these waves are associated with protons of much 
lower energies whose fluxes are far more important. It is 
difficult to comment on the results of the other authors who 

found that MSW's can be excited by anti-loss cone distribu- 
tions [Bhatia and Lakhina, 1980a] as well as by loss cone 
distributions [Bhatia and Lakhina, 1980b]. 

4.1. Computation of the Growth Rate 

The distribution function given in (1) has been used for the 
calculation of the integrals in the general expressions of the 
determinant of the dispersion relation given by Krall and 
Trivelpiece [1973], for the Vlasov theory of small amplitude 
waves in an uniformly magnetized plasma. 

The different terms of the determinant become 

1 1 1-p p 

Dxx = •-•-•+ +-- rn 1 - s 2 x 

+n 1 n 2 

+•hn-x - Jn(Jn- -- Jn+0 (2) 

1 1 1-p p +n 1 

Dyy = 7 + -- + rn 1 -x 2 x n-x 

1 h 

• (Jn-1 - Jn+l) 2 + T(Jn-1 - Jn+l)(Jn+2 + Jn-2 - 2Jn) 
(3) 

Dxy = - Dyx 

Dxy=i x(i •2) +- X _ It --X 
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4 

q-- (Jn+2 q- Jn-2- 2Jn) (4) 
4 

Where the parameters introduced in these expressions are 

X = kñ U_L/•'•H +' ' 

Y = COv/•'•H+ ---- C/V A where covi is the proton plasma 
pulsation and V A is the Alfven velocity; 

p---- rtr/Ntot is the ring density normalized to the total (cold 
plus hot) proton density; 

rn the ratio of the proton and electron masses; 
Jn the Bessel function of order n. 

The instability being assumed to be hydromagnetic, the 
dispersion relation becomes simple: 

Dxx . ayy -- axy 2 -- 0 
In order to solve this equation we assume that X is 

complex and k = kñ real. Thus 
X= Xr + iXi 

The real part of X, Xr gives the frequency of the emission, 
whereas the imaginary part X i gives the growth rate. 

In order to achieve the computations we must fix the ' 
parameters. This is done by assuming a range of variation of 
p and Uñ/VA that is deduced from the measurements. In 
Table 1, three events that occurred during the month of July 
1977 have been selected and the measured parameters are 
given. One sees that p varies between 2 x 10 -3 and 7 x 10 -2, 
whereas Uñ/VA varies between 1.7 and 4.3. The computa- 
tions have therefore been made for values of p and Uñ/VA 
situated in this range. Three examples are presented on 
Figures 14-16. 

All examples show that the real part of the dispersion 

f) = 0.02 

U i /V A = 1.5 

a 

i i i I I 

0 10 

NORMALIZED WAVE NUMBER,.• 

b 

Fig. 15. (a) Same as Figure 14, but Ux/VA = 1.5. (b) The 
normalized growth rate y/11i_i + is plotted as a function of X = kx Ux/ 
11i-I+. The growth rate y is only large in regions where the dispersion 
relation has complex conjugate roots (dashed portions). It peaks for 
different values of X corresponding to the intersection between the 
different horizontal branches (co = nlln+, i.e., X = n) and the 
dispersion curve co = kx VA for the cold magnetosonic mode. 

x 
- 7 

>,. 

z 6 
Li,,I 
:::) 
Cl 5• 

)O =0.02 

Ui /VA= 0.8 

0 
0 10 20 

NORMALIZED WAVE NUMBER, .,• 
Fig. 14. Dispersion relation for magnetosonic waves propagat- 

ing perpendicular to the magnetic field in a cold plasma (electrons 
and protons) containing a ringlike distribution of energetic protons 
with a relative density p = 2%. The ring velocity U•_ is smaller than 
the Alfven velocity VA, (UffVA = 0.8). The cold plasma dispersion 
relation co = k•Va is drawn (dashed line). The growth rates 3' 
deduced from the computation are very small (<10 -z2) in this case 
and are not represented. 

relation is characterized by multiple branches. In each of 
these branches co- nigH+ except in the close vicinity of the 
cold plasma dispersion curve where the frequency is single 
valued and is linked to the wave number by co --• kñ Va (the 
cold plasma dispersion relation). These branches may join 
monotonically (Figure 14) from co = nigH+ to co = (n + 1)•H+. 
In this case the dispersion curves resemble the ones that are 
valid for extraordinary ULF waves propagating with k• = 0 
in a thermal plasma [see Curtis and Wu, 1979, Figure 2]. 
There is no instability, the interaction being nonresonant and 
the dispersion equation being real. In other regions of the co, 
k•_ plane (upper part of Figure 16, or Figure 15), there are 
ranges of k_L for which the real dispersion relation has only 
complex roots; these are the regions of non resonant instabil- 
ity. A similar situation was shown to occur for perpendicu- 
larily propagating electron cyclotron harmonic waves in the 
presence of ring distributions [Tararonis and Crawford, 
1970]. 

As far as growth rates are concerned, two cases must be 
considered. For tings of weak densities (p --• 0.02) the 
computations show that the growth rate ), is positive only 
when the average velocity of the ring is larger than the 
Alfven velocity (Uñ/VA • 1). It is maximum at the crossing 
points of the cold plasma dispersion curve (co = kñ V•) and 
the 'tinglike' solutions (co = nfh-I+). The growth rate in- 
creases with n, which may explain why sometimes only the 
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Fig. 16. Same as Figure 14, but with a strong ringlike distribu- 
tion of protons (p = 10%) and with Uz/VA = 0.5. Important growth 
rates are observed although Uz/VA < 1. 

higher harmonics are observed (Figure 3). For large values 
of n (n = 8 in Figure 15), 3' seems to decrease when n 
increases. In fact, when Uz/VA is large the envelope of the 
growth rate is oscillating. These oscillation reflect interfer- 
ences between the zeroes of the Bessel function. We consid- 

er them as unphysical because they would not appear with 
smooth distribution functions. 

For more intense rings (p--- 0.1, Figure 16), the relations 
Uz/VA > 1 is no more a condition for the medium to be 
unstable. A jump in the dispersion branches from the nth to 
the (n + 1)th gyroharmonic still occurs at o• = k zVA, but 
waves are unstable in some of the regions where nlli•+ = 
k•_ U.•. The number of gyroharmonics excited in this case is 
much less than in the previous cases. 

This change in the generation conditions fits with experi- 
mental observations. In the nighttime, U z/VA is lower than 
in the dayside since VA is larger, but p is rather large because 
in the injection region nr is large, whereas the cold plasma 
density Nc is small. Therefore there is no restriction on the 
Uz/VA ratio. In the dusk and dayside region p = nr/Nc has 
much decreased so that one must have Uz/VA > 1, which is 
easily satisfied as a consequence of the large increase of Nc. 
On the morningside, on the other hand, only low energy (•<5 
keV) protons can be brought there by the global convection 
plus corotation mechanism and Uñ/VA is not sufficiently 
large to allow MSW's to be generated. 

4.2. Harrnonicity of the Emissions 

As emphasized earlier, most of the observed magneto- 
sonic waves have spectra that are characterized by an 

harmonic structure. Growth rate calculations performed 
here as well as those performed by Gul'elmi et al. [ 1975] lead 
to the conclusion that wave growth is limited to the near 
vicinity of the various gyroharmonics (at least for a weak 
ring). Many observed events do present such a structure. 
However, as emphasized in part 2, some events have a 
fundamental frequency that is not close to Fi•+ but still 
exhibits a clear harmonic structure. For instance one can 

have F• = 1.5 Fi•,, F2 --• 3 Fi•,, etc. Such a frequency 
spectrum cannot be described a priori by the present calcula- 
tions. There are three possible interpretations for this effect. 

1. One likely possibility is that magnetosonic waves are, 
in their source region, generated at Fn = nFi-I, and then 
while propagating inward or outward penetrate in regions 
where Fi•, is different; accordingly, their normalized fre- 
quencies vary, thus explaining why locally Fn • nFi-I+. The 
interesting aspect of this interpretation is that one obtains 
harmonically related waves everywhere because they had an 
harmonic structure in their source region. This model is 
illustrated in Figure 17. However, with such a model we 
should expect to have the largest amplitudes in the source 
region, that is when F --• nFi-I, (provided that the wave 
propagates radially. This is not always observed. 

2. A second possibility is that the hypothesis used in the 
calculations namely that k• - 0 is not valid and that the 
instability is due to a loss cone distribution (the ring being 
just the limit of this loss cone type distribution). Then the 
instability becomes kinetic and the resonance condition: w - 
k•V• = nfli-I, is now compatible with w •: nlli•,. Neverthe- 
less, such a model cannot account for the harmonicity in the 
observed spectra because it would lead to (.O n -- (.On_ 1 • •'•H + 
instead of the observed harmonic structure. 

It is also worth mentioning that magnetosonic waves 
corresponding to k•/k•_ not much smaller than unity (as 
required in order to provide an interpretation of the shift Am 
= w - nlli•,) would be strongly damped by lower energy 
protons (Eth "• 2 keV) which are observed to be generally 
isotropic (see figures in section 3). 

Incidentally, such an absorption effect, not taken into 
account in the computations leading to Figure 14 to 16, could 
be at the origin of the events for which the first harmonics 

Source R 0 time 

Fig. 17. Radial propagation of MSWs. One assumes that in the 
source region, harmonic emissions with a fundamental in the close 
vicinity of the local FI-i+ can be generated. These waves with k•_Bo 
can radially propagate in other regions where the fundamental 
differs from the local FI-i,; the harmonic character of the emission is 
conserved. 



PERRAUT ET AL.' WAVE-PARTICLE INTERACTIONS ABOVE Fi•+ 6235 

are not detected (Figure 3). The growth rate due to the 
energetic and anisotropic part of the distribution function 
exceeds the damping due to the less energetic but isotropic 
part, only for the higher harmonics. 

3. A third possibility is that the harmonic structure has a 
nonlinear origin; for instance, the second harmonic could be 
generated by beatings between two waves at the 'fundamen- 
tal' frequency. For such an interpretation to be valid it is 
necessary that the fundamental has the largest energy level, 
which is generally observed but is somehow contradicted by 
the fact that the linear growth rate increases as the order of 
the harmonic increases. 

It is difficult to test this last interpretation a priori since, as 
said above, the observed harmonic structure can be ex- 
plained by (1) as well as by (3). Nevertheless, in some cases 
one can prove that the shape of the spectrum is determined 
by nonlinear effects. (This has been discussed in section 2.3 
and illustrated by Figures 6 and 8. This cannot be interpreted 
by (1) and thus clearly points out at a nonlinear origin for the 
observed structure, as the one suggested in (3). Therefore 
sometimes, if not always, the observed harmonic structure 
of the spectrum seems to be related to nonlinear effects. This 
is not surprising, even with moderate amplitudes, since 
unstable waves lie on or close to the dispersion relation •o = 
kzVA, a 'linear' relation that favors strong mode-mode 
coupling. In other words, the necessary conditions for mode 
coupling 

D(toi, ki) = 0 

ks + k2 = k3 

t.O 1 + 0)2 -- 0) 3 

are automatically satisfied provided that k•i = 0 and roi/k•_i 
=VA. 

5. CONCLUSION 

Because of its high sensitivity and good frequency resolu- 
tion, the ULF experiment onboard GEeS has allowed for a 
detailed study of a type of quasi-monochromatic emissions 
occurring in the vicinity of the geostationary orbit and that 
were previously mentioned to exist at lower radial distances 
[Russell et al., 1979; Gumerr, 1976]. These emissions have a 
long duration (up to 5 hours) and intensities ranging from 
---30 to 200 my. They are characterized by their polarization 
and their frequency structure. 

Contrary to other ULF emissions observed in this fre- 
quency range [Perraut et al., 1978; Young et al., 1981] these 
waves are mainly polarized along the dc magnetic field B0, 
implying a propagation vector almost orthogonal to it. The 
ratio of the magnetic component parallel to B0 to the 
components perpendicular to it is high (•- 20-30 dB). When 
they are observable, the circular components of these waves 
are right handed. When simultaneous measurements with 
the GEeS electric antenna are available, these measure- 
ments show that the ratio E/B is of the order of the Alfven 

velocity. Therefore these waves have been identified as 
magnetosonic waves (MSW) propagating in a direction al- 
most perpendicular to B0; they are likely to propagate 
radially, but detailed ray tracing of MSW' s that are presently 
under progress are necessary to assess this point. 

These waves do have a well-defined fiarmonic structure. 
The number of harmonics is high (up to 8 harmonics have 
been observed) so that their frequencies often exceed the 
frequency range of the ULF experiment (11.6 Hz). In one 

occasion when the GEeS ELF experiment was operated in a 
suitable mode, emissions up to 50 Hz have been observed. 
The fundamental frequency of the emission generally lies in 
the vicinity of the local proton gyrofrequency, but this is not 
always the case. If an event contains more than one funda- 
mental frequency, nonlinear coupling between the different 
harmonics often occurs. 

The MSW's are strongly confined in the equatorial region 
(within _+ 10 ø) and at all radial distances explored by GEeS 1 
(4 •< R/Re •< 8). They are a rather common phenomenon at 
the geostationary altitude (GEES 2), the probability of 
detecting such an event within a given hour is approximately 
at an average of 12% and reaches 50% near noon or 
midnight. MSW's are often observed within the plasmas- 
phere, but they have also been observed outside the plasma 
pause in the night sector. 

Complete distribution functions of low (<20 keV) and 
medium (>20 keV) energy protons, as deduced from two 
particle experiments onboard GEeS [Borg et al., 1978; 
Korth et al., 1978] have been drawn for some events. 
Examination of these distribution functions shows that when 

a peak exists in the energy spectra and when this peak is 
more pronounced for 90 ø pitch angle (a ringlike distribution 
function for v• = 0), MSW's are simultaneously observed. 

A simple model has been used to compute in the hydro- 
magnetic limit (flute mode) the stability of such ringlike 
distribution functions. This model extends to frequencies 
closer to the proton gyrofrequency than previous calcula- 
tions made by Gul'elmi et al. [1975]. It accounts for most of 
the observed characteristics of MSW's. Indeed MSW's are 

destabilized when the perpendicular velocity of the ring Uz 
exceeds the Alfven velocity; it also predicts the observed 
polarization and frequency structure, F = nFi•+. However, 
the latter characteristic (F = nFi•+) is not always observed, 
which can apparently be explained by radial propagation of 
MSWs. Furthermore some of MSW's characteristics clearly 
indicate that strong nonlinear mode-mode coupling are oper- 
ating. This is not surprising since the dispersion relation of 
unstable wave is roughly given by ro = kz VA, which indeed 
favors nonlinear effects. The saturation mechanism of the 

flute instability remains to be investigated. It is suggested 
that during their propagation MSW's get a small k•. Then 
they are likely to be cyclotron damped by the main body of 
the proton distribution function. According to this tentative 
interpretation the free energy in the ring (5 < E < 20 keV) 
would be transferred through MSW's to the low-energy 
protons (0.1 < E < 5 keV). 
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