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GENERATION OF WHISTLER-MODE SIDEBANDS IN THE MAGNETOSPHERE

C. G. Park

Radioscience Laboratory, Stanford University, Stanford, California 94305

Abstract. VLF transmitter experiments con-
ducted_at Siple, Antarctica (L ¥ 4) show that
long (>1 s) keydown signals injected into the
magnetosphere often generate sidebands as a re-
sult of nonlinear interactions with energetic
particles. The spectral characteristics of ob-
served sidebands are quite varied and complex.
The sideband frequency spacing varies from ~2 to
100 Hz, but it bears no simple relationship to
the carrier amplitude, in sharp contrast to the
predictions of some theories. The sideband am-~
plitude is usually 10 dB or more below the car~
rier amplitude, but sometimes it can exceed the
carrier amplitude and also trigger emissions.
Multiple sidebands are often observed, and their
frequency separations from the carrier may or may
not be harmonically related. Sideband amplitudes
may be symmetrical or asymmetrical about the car-
rier. In the asymmetrical case it is usually
the upper sideband that is stronger. Various
sideband generation mechanisms are discussed in
the light of these new experimental data.

1. Introduction

Nonlinear wave-particle interactions between
whistler-mode waves and energetic electrons in
the magnetosphere have been a subject of many
experimental and theoretical studies (see a re-
cent review by Matsumoto [1979] and references
therein). One clear evidence of the nonlinear
character of the magnetospheric wave amplifica-
tion process is the fact that when a monochro-
matic wave is injected into the magnetosphere,
the output wave often contains frequencies dif-
ferent from the transmitted frequency. In 'trig-
gered emissions' the output wave frequency changes
rapidly with time, forming risers, fallers, or
hooks on frequency-time spectrograms [Helliwell,
1965]. Detailed behavior of these triggered
emissions and their generation mechanisms have
been discussed in a number of papers, including
those by Helliwell [1967], Dysthe [1971], Sudan
and ott [1971], Nunn [1974], Helliwell and Crys-
tal [1973], Stiles and Helliwell [1975], Dowden
et al. [1978], and Roux and Pellat [1978]. 1In
another category, one or more quasi-constant
frequency components appear close to the carrier
frequency, with typical spacings ranging from a
few Hertz to a few tens of Hertz. Itis the pur-
pose of this report to describe these 'sidebands'
generated by monochromatic signals from ground-
based transmitters.

Previous observations of whistler-mode side-
band instability in the magnetosphere have been
made by Bell and Helliwell [1971], Likhter et
al. [1971], Park and Chang [1978], Helliwell
[1979], and Chang et al. [1980]. Bell and Hel-
liwell [1971] observed regular ~0.5-s amplitude
pulsations of keydown transmissions from NAA
(located in Cutler, Maine) at 14.7 and 17.8 kHz
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when they analyzed the signal observed at Eights,
Antarctica (75°S, 77°W), using a 300-Hz-wide fil-
ter. Likhter et al. [1971] reported on observa-
tions of amplitude fluctuations with 0.1 to 0.5-s
périod on long pulse transmissions from a Rus-
sian transmitter. Park and Chang [1978], Helli-
well [1979], and Chang et al. [1980] showed ex-
amples of sidebands generated by the VLF trans-—
mitter at Siple, Antarctica (76°S, 84°W; L = 4)
and received at the conjugate station, Roberval,
Quebec (48°N, 73°W).

A number of theoretical studies have been
made of the whistler-mode sideband instability.
In the work of Das [1968] and Brinca [1972] an
input wave at a.given frequency produces fine
structures in the particle distribution function
near the resonant velocity such that the result-
ing distribution function is unstable to wave
growth at adjacent frequencies. The mechanism
studied by Helliwell and Crystal [1973] and by
Newman [1977] involves phasing of the waves ra-
diated by stimulated currents (i.e., phase bunching
of energetic electrons) that are distributed along
a finite length of the wave-particle interaction
region. A feedback process between the input and
stimulated waves results in oscillatory output
wave amplitude. Nunn [1973, 1974] discussed
sidebands that arise from a resonance between
the sideband wave field and the oscillation per-
iod of the phase-trapped electrons. Nunn [1974]
also described amplitude pulsations he obtained
from computer simulations of long transmitter
pulses interacting nonlinearly with the reso-
nant electrons in an inhomogeneous medium. The
pulsations apparently result from alternating
regions of trapping and detrapping within the
interaction region. In the theory of Karpman
et al. [1974] a modulational instability devel-
ops as a result of nonlinear wave-particle in-
teractions in an inhomogeneous magnetosphere.
This instability tends to break up wave trains
into smaller wave packets that would be observed
as' amplitude modulation with a period of the or-
der of the one-hop whistler-mode bounce time.
Lashinsky et al. {1980] suggested that sidebands
can be generated by the van der Pol oscillator
mechanism. .

Raghuram et al. [1977] reported on observa-
tions of the 'quiet band' phenomenon which has
certain similarities to the sideband phenomenon
under discussion here. In the quiet band phe-
nomenon an injected monochromatic signal sup-
presses background hiss in a narrow band (~100-
200 Hz) just below the injected signal frequency.
This quiet band is often accompanied by a narrow
band of enhanced noise below the quiet band. On
frequency-time spectrograms the alternate bands
of suppressed and enhanced hiss give the appear-
ance of a sideband. This phenomenon was explained
in terms of the scattering of near-resonant par-
ticles by the injected monochromatic waves in an
inhomogeneous medium [Raghuram et al., 1977;
Cornilleau-Wehrlin and Gendrin, 1979]. In con-
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trast to the particle scattering mechanism in
the previous paragraph, the quiet band phenome-
non involves slow modification of the particle
distribution function averaged over many par—
ticle bounce periods. (Observed quiet bands de-
velop and decay with time scales of tens of se-
conds.)

In the next section we present some observa-
tional results showing sidebands generated by
VLF transmitter signals. Most of the results
come from conjugate experiments using a trans-
mitter at Siple and a receiver at Roberval. This
will be followed by a discussion of sideband
generation mechanisms in the light of the new
experimental results.

2. Observations of Sidebands

Figure 1 shows a relatively simple example of
sidebands generated by the Siple transmitter and
observed at Roberval. The transmitter format was
CW, but the frequency was shifted from 4.03 to
4,02 kHz, as clearly indicated in the middle of
the record. The symmetric sidebands are ~20 Hz
from the carrier, and their frequencies follow
the carrier frequency when the latter is sud-
denly shifted down by 10 Hz. Note that both
the carrier and the sidebands show rapid and
irregular amplitude fluctuations. Amplitude
measurements with a tunable 5-Hz filter at sev-
eral closely spaced constant frequencies show
that on the average the sideband amplitudes are
about 10 dB below the carrier amplitude. Simi-
lar sideband structure was observed more or less
continuously from ~1200 UT until ~1310 UT, al-
though at times the sidebands became intermittent
or undetectable. When the transmitter was first
turned on it took about 0.5 s for the signal to
grow and produce sidebands.

Figure 2 shows another example of Siple trans-
mitter signals with sidebands. The transmitter
format was CW, but the frequency was shifted up
by 10 Hz on the minute; these frequency shifts
are observed at Roberval after one-~hop whistler-
mode propagation time. In the top panel the
transmitter signal at 4.43 kHz is clearly visible
but weak until about 1332:50 UT, when the signal

becomes intensified and sidebands appear. From
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Fig. 1. An example of sidebands generated by the

Siple transmitter and observed at Roberval. The
keydown transmitter frequency changes from 4.03

to 4.02 kHz at t ® 4 s. The harmonic numbers of
the local 60-~Hz power line frequency at Roberval
are %ndicated on the right [from Park and Chang,
1978]).

that time on the sideband structures appear in-
termittently throughout the rest of the record.
The earlier portion of the record shows a fair
degree of symmetry about the carrier, with a pair
of discrete outermost lines at +60 Hz and some-
what less well-defined inner structures. The
minimum sideband separation discernable on this
record is ~10 Hz (see, for example, near t=10s
in the middle panel). Toward the end of the re-
cord the sidebands become broader and less sym-
metrical, with stronger sidebands appearing on
the higher-frequency side.

A portion of Figure 2 near 1333:15UT is shown
in Figure 3 in expanded scales. When the car-
rier frequency is shifted up by 10 Hz (t = 3 s
on the record), the carrier amplitude drops ab-
ruptly and the sidebands disappear. The termi-
nation of sidebands is marked by an impulse that
resembles the 'band-limited impulse' (BLI) dis-
cussed by Helliwell [1979]. A BLI is also evi-
dent where the frequency shift occurs in the
bottom panel of Figure 2. 1In Figure 3 the car-
rier amplitude grows with time, and at t = 6 s
sidebands reappear with a structure similar to
that before the shift in carrier frequency. 1In
particular the outermost pair of sidebands main-
tain the same spacing of ~60 Hz from the carrier.

Figure 4 shows another portion of Figure 2
in greater detail. (The 6-s segment of Figure
4 is indicated in the middle panel of Figure 2.)
The top spectrogram of Figure 4 was made with a
frequency resolution of 60 Hz, while the second
spectrogram was made with a 6-Hz resolution. As
expected, we can see the correspondence between
sidebands in the high-frequency resolution re-
cord and amplitude fluctuations in the high time
resolution record. The two lower panels show
amplitude versus time records with filter
bandwidths of 300 and 10 Hz, respectively. The
300~-Hz filter covers the entire sideband struc-
tures, and consequently the output shows ampli-
tude fluctuations corresponding to the sidebands.
The bottom panel with a 10-Hz filter bandwidth
shows the amplitude of the carrier, excluding
the sidebands that are prominent in the second
panel. The similar amplitude levels in the two
lower panels indicate that most of the signal
power is in the carrier rather than in sidebands.

A notable feature in Figure 4 is the lack of
any simple relationship between the carrier am-
plitude and the sideband structure. In particu-
lar, the sideband frequency spacing does not ap-
pear to depend on the carrier amplitude, a fact
which has important implications for the sideband
generation mechanism, as discussed in the next
section.

To put this in more quantitative terms, side-
band separations have been measured at l-s in-
tervals between 1333 and 1335 UT, and the results
are plotted in Figure 5 as a function of wave am-
plitude. The amplitude measurements were made
using a 300-Hz-wide filter, but since the carrier
is much stronger than the sidebands, the measured
amplitude can be thought of as the carrier ampli-
tude (see Figure 4). It can be seen in Figure 5
that there is no clear relationship between the
amplitude and sideband separation.

The top panel of Figure 6 shows an example of
strong multiple sidebands on the upper side of
the carrier frequency with a regular period of
~0.5 s. The Siple transmitter format was CW at
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Fig. 3. A portion of Figure 2 reproduced in ex-
panded scales.

4.87 kHz. The lower panels marked A through E
display amplitude as a function of frequency at
a rate of 20 frequency sweeps per second. The
frequency resolution is 6 Hz, the same as the
resolution of the dynamic spectrogram at the top
of the figure. The analyzer used (Federal Sci-
entific Ubiquitous Model UA-6B/H) employs time
compression and data storage techniques that al-
low the output to be displayed at an arbitrary
sweep rate. However, it should be borne in mind
that according to the uncertainty principle, the
time resoultion At = 1/Af =~ 0.167 s. This means
that the frequency sweeps in Figure 6 do not rep-
resent independent measurements unless the fre-
quency sweeps are separated by more than 0.167 s.
Each amplitude versus frequency sweep, however,
gives a meaningful measurement, although it is
not independent of the neighboring sweeps. Note
that the sideband amplitude can be comparable to
or even exceed the carrier amplitude (see, for
example, panel A). Also note that although both
the carrier and sidebands have similar amplitude
variations with time, their phase relationships
are such that strong sidebands are seen when the
carrier amplitude is extremely low. A good ex-
ample of this can be seen in the spectrogram be-
tween D and E. It appears that once sidebands
are generated they can become independent of the
carrier. When the data are analyzed with a 300-
Hz filter centered on 4.87-kHz to cover all the
sidebands the total amplitude shows a 0.52-s per-
iod.

The modulational instability theory [Karpman
et al., 1974] predicts amplitude pulsations with
periods of the order of the whistler-mode bounce
time. In the NAA pulsations reported by Bell and
Helliwell [1971] the whistler-mode bounce times
were ~0.5 s, close to the amplitude pulsation
periods. In the present case, however, the pul-
sation period in Figure 6 is 0.52 s, whereas the
whistler-mode bounce time was found to be 2.15 s
at 1501 UT when the keydown transmission started.
This is not consistent with the predictions of
the modulational instability theory. By compar-
ing the Siple signal bounce time with propagation
delays of lightning-induced whistlers it was also
found that the Siple signal propagated in a duct
located at L = 4.23 with an equatorial electron
density of 313 cm™®. Cyclotron resonance with
the transmitter signal at the equator would re-
quire an electron parallel energy of 640 eV.

Bell and Helliwell [1971] pointed out the pos-
sibility that the 0.5-s amplitude pulsation they

observed could have been the result of a periodic
structure impressed upon the energetic particle
population by Pc 1 hydromagnetic waves. To check
this possibility for the case in Figure 6, sim-—
ultaneous ULF recordings from Roberval were an-
alyzed, but no detectable ULF waves were found
(A. C. F- agser-Smith, private communication, 1979).
The ove. 11 sensitivity of theULF system is con—
servatively estimated at 1 my.

Figure 7 shows the spectrum of a l-s pulse
transmission from Siple observed at Roberval.
Near the front of the pulse, temporal growth of
the signal is quite evident. At t = 0.85 s, two
symmetric sidebands appear at ~+40 Hz from the
carrier frequency. At the end of the transmitted
pulse a falling tone emission is generated, ap-
parently by the lower sideband. Note that the
received pulse is measurably longer than 1 s,
indicating multipath propagation. Also note
the BLI [Helliwell, 1979] that extends ~150 Hz
above the carrier at the end of the pulse. The
1-s pulse transmissions were repeated many times
at 10~s intervals, and the same general features
illustrated in Figure 7 were observed with each
transmitted pulse.

Figure 8 shows two examples of sidebands as-
sociated with CW transmissions from NAA (Cutler,
Maine; L ~ 3.2) and received at Eights, Antarc-
tica. In the top spectrogram only the upper
sideband is seen ~100 Hz above the carrier. The
lower panel, taken only 1 min later, shows sym-
metric sidebands with temporal variations. Be-
tween t = 2 and 4 s the sidebands appear with a
fairly regular period of about 0.5 s. Second-
order sidebands are also evident at +200 Hz from
the carrier.

3. Summary

Sideband observations reported above can be
summarized as follows:

1. Although sidebands generally tend to ap~
pear when the carrier is strong, there is no
simple relationship between the carrier ampli-
tude and sideband frequency separation or side-
band amplitude.

2. Sideband separations from the carrier
range from ~2 to 100 Hz, but at any given time,
sideband separations tend to remain constant
even as the sidebands switch on and off. No
case has been observed where the sideband sep-
aration varies smoothly with the carrier ampli-
tude.

3. Sideband amplitude may be symmetrical or
asymmetrical about the carrier. In the asymme-
trical case it is usually the upper sideband
that is stronger.

4. Multiple sidebands are often observed,
and their frequency separations from the car-
rier may or may not be harmonically related.

5. Sideband amplitude is usually 10 dB or
more below the carrier amplitude, but sometimes
it can exceed the carrier amplitude and can also
trigger emissions.

4. Discussion and Concluding Remarks

Controlled transmitter experiments show that
sideband generation is a fairly common phenome-
non in the magnetosphere. Since sideband spac-
ing is only a small fraction of the carrier fre-
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Fig. 5. Sideband frequency separation plotted as
a function of wave amplitude for the period 1333-
1335 0T, July 26, 1977.

quency (typically ~1%), special high-resolution
analysis is needed to identify sidebands. For
this reason, no statistical description of the
occurrence of sidebands is available at present.
However, based on the selected examples illustrated
above as well as other studies not included in
this paper, it is estimated that perhaps up to
507% or more of magnetospherically amplified trans—-
mitter signals lasting more than ~1 s show evi-
dence of sideband structures.

Many theoretical analyses also indicate that
sideband generation is anunavoidable consequence
of nonlinear wave-particle interactions. Since
observed sidebands show a wide variety of spec~
tral characteristics that can very well involve
different generation mechanisms, it is difficult
at present to rule out any mechanism. However,
it is possible to draw a few tentative conclu-
sions regarding some of the proposed mechanisms
based on the observations reported here.

In one category of proposed sideband genera-
tion mechanisms, the particle phase-trapping
frequency plays a key role. The injected wave
at one frequency interacts with energetic par-
ticles with a finite range of parallel veloci-
ties, producing fine structures in the particle
distribution functions which are unstable to wave
growth at frequencies slightly displaced from the
injected wave frequency [Das, 1968; Brinca, 1972].
In an alternative view the sideband wave field
resonates with the oscillation of the electrons
trapped by the injected wave, thus leading to
the growth of sidebands [Nunn, 1974]. According
to these theories the frequency separation be-
tween the sideband and the carrier is proportional
to the particle phase-trapping frequency, which
in turn is proportiomnal to the square root of
the carrier wave amplitude for a given particle
perpendicular velocity v,. This presents two
difficulties. If there are resonant particles
witha range of v,, i.e., a range of pitch angles,
then we would expect a corresponding spread in
the sideband frequency. Thus it is difficult to
explain many cases of discrete sidebands illus-
trated in the previous section. Furthermore, the
sideband frequency spacing should vary smoothly
with the carrier amplitude; however, this is con-

trary to what is observed experimentally, as
pointed out in the previous section.

Likhter et al. [1971] reported that the side-
band frequency spacing showed a dependence on the
carrier wave amplitude. This statement, however,
was based on a statistical picture and should be
interpreted with caution. They stated that the
frequency spacing 'varied from [observing] ses-
sion to session ..., but during the same session
it remained approximately constant.' In their
statistical picture the observed wave intensity
was adjusted for ionospheric absorption according
to the local time of the observing session. Thus
their limited statistics could have been affected
by this normalization procedure. The fact that
the sideband spacing remained approximately con-
stant during each session is consistent with our
own results reported here.

Another mechanism belonging to the same cate-
gory of the sideband theories mentioned above
was discussed by Abdalla [1970] and Nunn [1974].
In this mechanism, sidebands are generated at the
front of a strong injected pulse by the current
arising from the motion of particles that sud-
denly enter the trap of a propagating wave packet.
This current lasts only until the trapped par-
ticles become completely stirred in the trap.
This phenomenon is not observed in our experi-
ments using relatively little power. The observed
pulses show temporal growth for about 0.5 s or
so before the sidebands become discernible, in-
dicating that the front end of the pulse before
temporal growth is too weak to produce the kind
of transient effect in question.

A fundamentally different sideband generation
mechanism based on a feedback amplification pro-
cess was discussed by Helliwell and Crystal f1973]
and by Newman [1977]. Although there are impor-
tant differences between the approaches taken by
these authors, a common factor is that the side-
bands basically result from the phasing between
the input wave and the stimulated wave. In this
feedback amplifier model the sideban: frequency
spacing depends on a number of factors but most
importantly on the wave propagation and particle
transit times across the interaction region. The
fact that the sideband spacing does not depend
directly on the carrier amplitude is an important
advantage of this mechanism over the other me-
chanisms mentioned above. However, this mecha-
nism runs into difficulties in explaining large
sideband spacings of 60 to 100 Hz that are of
the same order as the typical trapping period.
(Thus far, calculations have been done only for
slow pulsations with periods of hundreds of mil-
liseconds.) Another problem is the fact that
the observed sidebands are often asymmetric about
the carrier, whereas the feedback amplifier me-
chanism should produce symmetric sidebands. One
possible explanation for this apparent discrep-
ancy involves the quiet band phenomenon mentioned
in the introduction. Although the quiet band
can be observed only when there is background
hiss to be suppressed, the same particle scat-
tering process that leads to the quiet band can
presumably occur regardless of whether hiss is
present. The modified particle distribution
function would then suppress the growth of the
lower sidebands the same way it suppresses hiss.
As pointed out earlier, the quiet band mechanism
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Fig. 6. The top panel shows a dynamic spectrogram from Roberval showing the results of a keydown
transmission from Siple at 4870 Hz. Amplitude scans covering portions of the data marked A through

E are shown below.
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Fig. 7. A l-s pulse transmission received at Ro-

berval showing sidebands, a falling-tone emission
and a band-limited impulse.

involves changes in the particle distribution
function over many particle bounce periods and
should be distinguished from sideband generation
mechanisms discussed by Das [1968], Brinca [1972],
and others.

Since the modulational instability theory
[Rarpman et al., 1971] predicts amplitude pulsa-
tions with period of the order of the whistler
bounce time, it is not applicable to the observed
sidebands with spacings as large as 100 Hz. The
van der Pol oscillator mechanism [Lashinsky et
al., 1980] involves frequency pulling of natural
oscillations by injected waves. This mechanism
obviously has difficulty explaining sideband gen-
eration in the absence of naturally occurring
waves. Nonlinear wave-wave interactions involv-
ing hydromagnetic waves or ion cyclotron waves
remain a possibility; however, no observational
evidence in favor of such a mechanism has been
reported to date.
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Fig. 8. Two examples of NAA keydown transmissions

with associated sideband structures received at
Eights, Antarctica.
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