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Abstract. Intense electrostatic waves beyond the plasmapause 
have recently been identified at frequencies near the upper hy- 
brid resonance frequency. In addition, the waves occur within a 
band at an odd, half-harmonic of the local electron gyrofrequen- 
ey. These bands of electrostatic turbulence are among the most 
intense waves detected within the earth's magnetosphere. Mea- 
surements obtained with the ISEE i plasma wave receiver show 
that the intense waves appear to be intensifications of an electro- 
static cyclotron harmonic band near the upper hybrid resonance 
frequency. A straightforward explanation of intense waves at the 
upper hybrid resonance frequency exists in the electrostatic 
multi-cyclotron emission theory. For a broad range of plasma 
parameters nonconvective instability or large spatial growth rates 
occur within the cyclotron band encompassing the cold upper 
hybrid frequency. Comparison of spatial growth rate spectra 
with measured wave spectra shows that there is excellent quali- 
tative agreement between the linear theory and the observed 
wave characteristics. 

Introduction 

Intense electrostatic waves near the upper hybrid resonance 
frequency, fvi•a, have been detected near but beyond the plasma- 
pause between ñ50 ø magnetic latitude at all local times [Kurth 
et al., 1979]. The waves detected by plasma wave receivers on 
board Hawkeye i and IMP 6 had amplitudes between i and 20 
mV m -1 and bandwidths typically less than 10g of the center 
frequency. The waves were shown to intensify when fT•x•a •- 
(n + K)fg-, where fg- is the electron gyrofrequency. Their electric 
fields were found to be nearly perpendicular to the geomagnetic 
field, consistent with upper hybrid modes. 

An example of upper hybrid waves from the ISEE I sweep 
frequency receiver [Gurnett et al., 1978] is shown in Figure 1. 
Wave intensity, denoted by shading with darker areas represent- 
ing higher intensities, is displayed as a function of frequency and 
time. The band found near 400 kHz at 2230 UT, which decreases 
in frequency with increasing radial distance, R, is near funs. 
fuH• abruptly decreases at the plasmapause at about 2125 UT. 
The band continues into the outer magnetosphere near the low 
frequency cutoff of the nonthermal continuum radiation, which 
appears as diffuse wave activity generally above 20 kHz. The 
peak intensity of the funs band occurs at about .2110 UT near 30 
kHz with an electric field strength Of.about 7 mV m -•. The dark 
rectangular region is the result of receiver saturation due to the 
intense band. (The quoted field strength was obtained from an- 
other portion of the receiver unaffectpd by saturation.) During 
the event the spacecraft was at about 6.9 ø magnetic latitude, 12.7 
hours magnetic local time, and 5,5•RE radial distance. The weak 
banded emissions below the continuum radiation are diffuse 

electrostatic bands with f •_ (n + •)fg- and amplitudes near 1 
t•V m'L The intensification at 2110 UT appears to occur when 
the 9f•-/2 band merges with the fvx•a band. 

Figure 2 presents data from an outbound pass of ISEE 1 
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which reveal weak, diffuse electrostatic bands between the first 
five gyroharmonics. As in Figure 1, fvi•a follows the lower cutoff 
of the continuum radiation at approximately 15 kHz. The waves 
intensify at each point of intersection where (n + K)fg- • fv•ia. 
There appear to be stop bands between each intensification. 

Simultaneous wave and plasma measurements on board 
Hawkeye revealed a suggestive correlation between intense elec- 
trostatic wave events and 1-20 keV electron intensities [Kurth et 
al., 1979]. Near the geomagnetic equator, where the Hawkeye Le- 
pedea could sample a broad range of pitch angles, virtually all 
events were accompanied by anisotropic distributions of few-keV 
electrons whose intensities peaked at pitch angles near 90 ø. Kurth 
et al. [19.79] demonstrated the existence of at least two possible 
sources of free energy; temperature anisotropy, and a loss-cone 
distribution, that might drive the fvi•a instability. The possibility 
of a bump-on-tail free-energy source was also suggested. Riinn- 
mark et al. [1978] have also reported a loss-cone distribution as- 
sociated with a relatively intense funs event. 

Figure 3 shows a contour plot of the electron distribution ob- 
tained by the ISEE i quadrispherical Lepedea [Frank et al., 1978] 
at the same time as the intense UHR band in Figure 1. There is 
little evidence of a loss cone in this distribution function, but 

there is a distinct temperature anistropy, A = (Tñ /T[[ - 1), of 
about 0.3. Also, notice the relatively flat f(v I ) near 4 x 100 cm 
(see)-•. Although the anisotropy may be a candidate source of 
free energy in the electron velocity distribution function, single 
component calculations [Ashour-Abdalla and Cowley, 1974] indi- 
cate that the small measured anisotropy should not destabilize 
fourth harmonic waves as observed. Detailed analyses of the Le- 
pedea data at pitch angles near 90 ø and v ñ • 4 x 100 cm (see)-• 
reveal a minimum in the distribution function which results in a 

region of positive slope with respect to v ñ. This feature may 
correspond to the bump-on-tail free-energy source suggested by 
Kurth et al. [1979]. We shall discuss the apparent lack of a loss- 
cone free-energy source in the Discussion section. 

Kurth et al. [1978, 19,79] have outlined a scenario to explain 
intense fvi•a waves that draws upon the theory of multi-cyclotron 
harmonic instabilities [Hubbard and Birmingham, 1978; Ashour- 
Abdalla and Kennel, 1978a, b; Ashour-Abdalla et al., 1979a, b]. 
In this paper we first give a qualitative comparison between the 
observations of Figure'•2 and theoretical expectation, and then 
compare the measured spectral amplitudes for the event of Fig- 
ure I and theoretical calculations of maximum spatial growth 
rates as a function of frequency. A parallel, but entirely separate 
comparison of upper hybrid wave amplitudes with multi-cyclo- 
tron theory [Riinnmark et al., 1978] generally supports our con- 
clusions. 

Comparison of Multi-Cyclotron Instability Theory 
With Upper Hybrid Wave Observations 

Ashour-Abdalla and Kennel [1978a, b] and Ashour-Abdalla 
et al. [1979a, b] have parametrically surveyed the spatial growth 
rates of multi-harmonic instabilities using an analytic model of 
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Fig. 1. A frequency-time spectrogram showing intensification of the upper hybrid reson- 
ance band when fvH• • 9fg-/2. Weak, diffuse electrostatic bands occur near (n a- ,•)fg- har- 
monics below fvH•. 
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Fig. 2. A frequency-time spectrogram showing intensifications when f•H• •- (n + ,•i)f•- 
for n - 1, 2, 3, 4, and 5. Notice that as each diffuse band intersects the lower cutoff of the 
continuum radiation near f•H• there is an intensification. There are also stop bands be- 
tween the intensifications as f•H• moves from one harmonic band to the next. 
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the electron distribution. This model consists of a hot electron 
distribution, with a loss-cone free-energy source and a cold elec- 
tron distribution. The free parameters are the strength of the 
loss-cone feature, the hot and cold densities, nh and no, and temp- 
eratures Th and To. Using this model of the electron distribution, 
we have calculated the regions of nonconvective instability, NCI, 
for the first four harmonic bands displayed in Figure 4 as a func- 
tion of ndn• and fvH½/fg', where fw½ is the cold upper hybrid 
frequency. The curves were constructed by searching in wave- 
number space for the maximum spatial growth rate Kt, assuming 
TdTn = 5 x 10-"'. If the group velocity is zero when the temporal 
growth rate is positive, a nonconvective instability is possible. 
Since the waves propagate only slowly, if at all, out of their amp- 
lifieation region, they could reach large amplitudes. 

Near the plasmapause, we expect ndn• > 1 and, therefore, 
fwR •, fw½. Figure 4 indicates that when ndnu • 1.6, NCI oc- 
curs only in the harmonic band encompassing fw½. Convective 
growth or damping occurs at other frequencies. Moreover, there 
are stop bands between each region of NCI. The widths in 
fw½/f•- of the NCI regions and the interspersed stop bands de- 
pend upon TdTh and the strength of the loss-cone distribution, 
and may vary. Ho•vever, the qualitative behavior is general. For 
example, stop bands are expected because of strong damping at 
cyclotron harmonics. We note that the successive appearance of 
intense emissions each time fwR intersects (n + ,•)fz revealed 
in Figure 2 is qualitatively consistent with Figure 4. 

The intense waves near the intersection of fvna and (9/2)fg- 
of Figure 1 would be consistent with Figure 4, if 4 <fvac < 5 
and 1.6 ( ndn•, ( 8. For these parameters, Figure 4 predicts 
rapid growth for the fourth, or 9fg-/2, band. Other bands in Fig- 
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ure I are weak, consistent with the hypothesis that convective 
instabilities may not reach as large amplitudes as those which 
are nonconvective. 

Figure 5 directly compares the measured spectral amplitudes 
corresponding to the intense event in Figure I with calculated 
spatial growth rates as a function of frequency. Since the tem- 
poral growth rate and group velocity depend strongly on 
K l/KII , growth rates calculated at constant wave number are 
not sufficient. Hence, a search of wave-number space for the 
maximum spatial growth rate as a function of frequency is neces- 
sary. Under normal conditions, the plasma wave receiver response 
is largest for the most intense wave. 

In the upper panel of Figure 5, the spectral density of the 
event in Figure 1 is shown as a function of f/f•- taken at a time 
prior to receiver saturation, but when the fw• band was still in- 
tense. ISEE i magnetometer measurements provided the mag- 
netic field to calculate fg- [C. T. Russell, private communication, 
1978]. The lower panel displays the spatial growth rate Ki, nor- 
malized to the hot electron Larmor radius p ,,, as a function of 
f/fz. We chose n•/n• = 3, TdT• = 5 x 10 -•, and fw½ = 4.5 
f•-. There is qualitative agreement between observation and the- 
ory. The lower three bands, which have low amplitudes in the 
upper panel, also have weak convective growth rates. The strong 
fourth harmonic band seen in the upper panel corresponds to 
the strong calculated spatial growth displayed in the lower panel. 
The bandwidths are in general agreement. 

Discussion 

Electrostatic waves observed with the ISEE i plasma wave 
receiver near fv•a qualitatively agree with a linear theory of mul- 
ti-cyclotron harmonic emissions. The peak amplitudes and band- 
widths observed are similar to those calculated for maximum 
spatial growth rates. Measurements on Hawkeye [Kurth et al., 
1979] of similar waves suggest that the electric field polarization 
is also consistent with theory. 

Perhaps the most interesting point of our comparison of ob- 
servations and theory is the open question of what features in the 
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electron velocity distribution function are directly responsible for 
the intense waves near fuzzy. Rdnnmarb et al. [1978] and Kurth 
et al. [1979] have both reported loss-cone distributions in associa- 
tion with the UHR waves and all current theories rely on the loss 
cone as a free-energy source, yet the distribution in Figure 3 
shows only the faintest evidence of such a feature. It is interest- 
ing that the distributions observed before and after the most in- 
tense UHR band with ISEE i and also those observed with ISEE 

2 show stronger loss-cone-like features than the distribution in 
Figure 3. Of course, the very intense electrostatic waves could 
strongly diffuse the energy and pitch angle distributions and thus 
fill in any loss cone in a quasilinear manner [Lyons, 1974; Seni- 
man et al., 1979]. It is also important to consider alternative free- 
energy sources, such as temperature anisotropy and/or a local 
minimum in the distribution function at 90 ø pitch angle. Even if 
the electron distributions in the magnetosphere are weakly un- 
stable, the nonconvective nature of this instability may still pro- 
mote very large wave growth. 

Comparison of theory and experiment at a more quantitative 
level becomes complex from this point on. Great care must be 
taken not to over interpret the measured distribution function, 
which presently does not extend below 200 eV. In a two-com- 

,•ensities and temperatures ponent theory, the ratio of hot-to-cold j 
play highly significant roles in determining the spatial growth 
rates. Thus, knowledge of the form of the low energy electron 
distribution is not only important to estimate the wave group 
velocities, but may also reveal additional sources of free energy 
for wave growth. For example, anisotropies in the cold electrons 
have been observed in magnetospheric plasmas in association 
with electron cyclotron harmonic waves If. I. So•ka, private com- 
munication, 1979]. 

It is still necessary to investigate thoroughly the role of cold 
electrons associated with the intense upper hybrid waves. This 

study will be carried out using the iSEE quadrispherical Le- 
Pedea when it is configured to measure electrons in the energy 
range extending to i eV. To estimate the possible significance of 
a colder component than those electrons shown in Figure 3 we 
have performed sample calculations using a three-component dis- 
tribution (i.e., cold, warm, and hot electrons). We found our 
qualitative results depended primarily upon the warm and hot 
components. Similar conclusions have been independently 
reached by Rdnnmark et al. [1978]. Therefore, the parameter 
searches presented here are probabl,v qualitatively reasonable. 
Nonetheless, detailed comparison with theory awaits measure- 
ments of these lower energy electrons. 

Moreover, the comparison of the amplitudes of the waves, 
which su•rely are in a saturated state, with linear instability 
theory can only be of a qualitative nature. While linear theory 
probably can reliably produce the frequencies of peak ampli- 
tudes, and the overall unstable bandwidth, the propagation and 
nonlinear saturation of the waves must be understood before the 

spectrum can be calculated. 
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