
GEOPHYSICAL RESEARCH LETTERS, VOL. 26, NO. 16, PAGES 2629-2632, AUGUST 15, 1999

Modulated electron-acoustic waves in auroral density
cavities: FAST observations
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C. W. Carlson,2 J. P. McFadden,2 and I. Roth2

Abstract. We report on FAST observations of large am-
plitude (up to 500 mV m−1) envelope solitary waves at the
edges of the AKR source region. These edges are character-
ized by the presence of two electron populations: a domi-
nant hot (∼ keV) component and a minority cold (< 60 eV)
component. The nonlinear waves are recorded when the
spacecraft passes the base of the parallel auroral accelera-
tion region. They form intense packets of electron acoustic
waves. The modulation is due to ion acoustic waves. These
structures are electrostatic and propagate along the mag-
netic field at speeds of a few 100 km s−1. They may play
a crucial role in the acceleration processes taking place in
these regions.

1. Introduction

Observations by the FAST satellite with orders of mag-
nitude higher time and frequency resolution than provided
by previous missions have detailed the density cavities that
serve as the source regions of Auroral Kilometric Radiation
(AKR) [Ergun et al., 1998a; Delory et al., 1998]. Measur-
ing the electron number density in these regions is difficult,
especially at low energies, where spacecraft photo-electrons
often pollute the electron flux. Analysis of VLF wave mea-
surements [Strangeway et al., 1998] provided evidence for
the hot (> 1 keV) electrons to be the dominant electron
component in these regions.

Here we show that the boundaries of the plasma cavities
exhibit signatures of electron acoustic wave activity. Elec-
tron acoustic waves are known to contribute most to elec-
trostatic high frequency noise excited in a two-component
electron plasma when the density of the cold population is
small compared to the density of the hot electrons [Tokar
and Gary, 1984]. These conditions are given at the edges
of the cavity where cold and hot electron densities mix.
Under conditions of strong excitation and in the absence
of simultaneously excited ion acoustic waves, the electron
acoustic waves readily evolve into electron acoustic soli-
tons which propagate at a speed faster than the electron
acoustic velocity vea = vh

√
nc/nh, which is the hot elec-

tron thermal velocity vh multiplied by the root of the
cold (nc) to hot (nh) electron density ratio. Dubouloz et
al. [1991b, 1993] have demonstrated that electron acoustic
solitary waves induce a broadband turbulent electric noise
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spectrum which exhibits a maximum in the neighbourhood
of the cold plasma frequency. It is an ideal indicator of the
presence of a cold electron component.

Electron acoustic waves like Langmuir waves are high
frequency density waves. They may become trapped and
modulated by ion acoustic density perturbations, leading
to modulation and generation of electron acoustic envelope
solitons [see e.g., Dubouloz et al., 1991, 1993]. As we are
going to demonstrate below, in the high time resolution of
the FAST observations this kind of nonlinear structures are
observed at the base of the parallel acceleration region each
time the spacecraft enters into the upward ion acceleration
region.

2. Observations

Figure 1 collects a sequence of wave and particle data
recorded during the passage of the FAST satellite through
the AKR source region on January 30, 1997 at ∼ 22 MLT
(orbit 1750). The spacecraft was at an invariant latitude
of ∼ 68◦ and was travelling poleward - near apogee - at an
altitude of 4300 km. The event shown took place in the
upward current region. Figures 1a and 1b give the electric
power spectral densities at high (4 kHz to ∼ 600 kHz) and
low frequencies (32 Hz to 16 kHz), respectively. Figures 1c
and 1d display the respective omnidirectional ion and elec-
tron energy fluxes versus energy and time for the same time
period. Electron pitch-angle distributions at two different
times are given in Figures 1e and 1f.

The FAST satellite entered the AKR source region at
about 06:16:33 UT when auroral ion acceleration caused the
sudden increase in the energy of the upgoing ions visible in
Fig. 1c. Subsequently the satellite stayed for ∼ 24 s inside
the AKR source region as is obvious from Figure 1a. This
figure shows the presence of electromagnetic AKR emission
generated at (and also slightly below) the local electron gy-
rofrequency fce at about 340 kHz (which is the dark line in
the figure). The electron fluxes below 60 eV at this entire
time period were polluted by spacecraft photo-electrons. At
higher energies the whole region showed the presence of ∼ 5
to ∼ 20 keV precipitating electrons throughout the AKR
source, while the equatorial and polar borders of the source
region which were crossed at 06:16:32 UT and at 06 :16 :57
UT, respectively, indicated the presence of large numbers of
electrons at perpendicular pitch angles with well expressed
peak fluxes at 90◦ and 270◦ (Figure 1f).

Upgoing ion beams of energies approaching 10 keV in
the center of the AKR source (Figure 1c) have also been de-
tected. The ion pitch angle distributions show no evidence
for neither downgoing nor a detectable low energy ion com-
ponent. The entirety of these observations is consistent with
the spacecraft passing two regions of parallel potential drops
above and below its orbit.
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Figure 1. Fast wave and particle data in auroral density
cavity. (a): HF wave spectrogram showing transversely po-
larized AKR emission at fce (dark line at ∼ 340 kHz) in
X and below in Z mode and VLF waves. (b): VLF wave
spectrogram showing parallel polarized O mode, electron
acoustic and ion cyclotron (dark line at ∼ 200 Hz) waves.
At base of AKR source broadband electron acoustic waves
appear. (c): Ion and (d): electron energy spectra for same
time interval. (e) and (f): Electron pitch-angle distributions
in cavity and at base of AKR source with empty upward
cone (v‖ < 0), fast (conical) electron beam (v‖ > 0), and
hot electrons. Note the strong perpendicular heating of the
latter (f) around 16:57 UT at the base. The white circle
centered at v = 0 excludes the photo electrons.

Two wave modes above ∼ 1 kHz were recorded in the
source region, as seen from Fig. 1b which is a blow-up of
the lowest frequency part of Fig. 1a. Inspecting Fig. 1a,
one observes that the spin modulations of the AKR, which
is in the X-mode, and the low frequency waves are anticor-
related. Hence the low frequency modes of Fig. 1b have
their electric fields polarized along the magnetic field. The
mode in the lowest frequency range has a well defined up-
per frequency cutoff which during the passage of the space-
craft increases gradually from ∼ 4.5 kHz up to ∼ 5.5 kHz.

This frequency range matches almost perfectly the plasma
frequency of the hot electron (∼ 60 eV) population whose
density was measured by the electrostatic analyzers to be
nh ≈ 0.3 cm−3. This mode can be identified with the natu-
ral Langmuir wave. Its cutoff is the local plasma frequency.
The nearly invariable maximum near ' 12 kHz belongs to
the second mode. This mode has a significant magnetic com-
ponent. Consequently it is not locally generated. Rather it
is the electromagnetic O-mode which is cut off at the total
plasma frequency. These results confirm those previously
obtained by Strangeway et al. [1998]. They show that al-
though the presence of photoelectrons may induce spurious
signals, the density of the hot electrons can be inferred from
the properties of the VLF waves. Inside the AKR source
region this energetic population dominates.

We now turn to the observation of intense broadband
noise emissions which occur at the time when perpendicu-
larly heated energetic electrons appear at the equatorial and
polar edges of the AKR source region. These events took
place around 06:16:32 UT and 06:16:57 UT (cf. Fig. 1). The
broadband noise was lacking any measurable AC magnetic
field signal. Thus it is almost electrostatic. In the following
we concentrate on the event at 06:16:57 UT when the space-
craft arrived at the base of the parallel acceleration region,
as indicated by the sudden drop of the ion beam energy
from∼ 6 keV to ∼ 100 eV (see Fig. 1c).

The left part of Fig. 2 displays 20 ms of data covering
this event. In the right part of Fig. 2 we show the spectrum
of these waves taken over 300 ms, when the electric antenna
was parallel to the magnetic field. The electric field sig-
nal was dominated by a series of large amplitude, strongly
modulated coherent wave packets which were spatially pe-
riodic and had a recurrence period of ∼3 ms correspond-
ing to waves of frequency ∼ 300 Hz, well in the hydrogen
ion acoustic frequency range. Note the strong localization
of the wave packets in time and space and their separa-
tion by gaps of nearly vanishing wave amplitude. Also note
the strong monochromaticity of the high frequency waves
trapped wave in the localized wave packets as indicated by
the intense ' 5 kHz peak in the spectrum at the right. Mea-
surements performed by the two orthogonal electric anten-
nae suggest that the wave field was directed almost perfectly
parallel to the magnetic field. The 5 kHz emission line can
be interpreted as the cold electron plasma frequency yield-
ing a cold number density of ∼ 0.3 cm−3. During this event
the hot (> 60 eV) electron density peaks near ∼ 1.5 cm−3.
Hence, the secondary much frequency weaker emission at
' 12 kHz matches the value of the total plasma frequency.

3. Discussion and Conclusions

In order to infer about the excitation mechanisms of the
dominant wave modes, viz. the electron acoustic and ion
acoustic waves, we recall that from Fig. 1c-1f four different
particle populations can be identified at the edge of the AKR
source region. The first is the downward directed anisotropic
energetic auroral electron beam (or electron conic) near
15−25 keV. This beam is fast, vb ' 6×104 km s−1, and rel-
atively dense, nb ' 0.024 cm −3, which is about 0.1% of the
total plasma density. Its parallel and perpendicular temper-
atures are Tb‖ ≈ 1 keV, Tb⊥ ≈ 3 keV. Its distribution peaks
parallel to the magnetic field. Hence, it is responsible for
the excitation of the Langmuir wave spectrum at the total
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Figure 2. Left: Wave form of broadband noise at base of
AKR source. The signal consists of highly coherent (nearly
monochromatic frequency of trapped wave) wave packets.
Right: Frequency spectrum of broadband noise showing the
electron acoustic wave (at ∼ 5 kHz) and total plasma fre-
quency (at ∼ 12 kHz) peaks. The broad LF maximum near
300 Hz belongs to the ion acoustic wave spectrum participat-
ing in the 3 ms modulation of the electron acoustic waves.

plasma frequency. Probably it is also involved in excitation
of other high-frequency modes and in AKR.

In addition to the electron beam one has the hot auroral
electron component with temperatures comparable to the
beam, and a dilute (nc/nh ≈ 20%) cold electron compo-
nent, as well as the energetic but relatively cool upward ion
beam. Since we are definitely in the region of a nonvan-
ishing parallel electric field and upward currents there is no
need for total electric charge compensation. The hot and
cold electron components are moving downward though at
substantially different velocities, vDh ' 200 − 300 km s−1,
vDc < vDh . The latter velocity is not possible to determine
from the measurements. The ion beam, on the other hand,
propagates upward at speed of about vbi ∼ 100 km s−1,
which is substantially lower than in the center of the elec-
tron density trough, while the temperature of the ions, taken
from the spread of the distribution function in Fig. 1c, is also
decreased at the bottom of the acceleration region. There
are no cold background ions above detectability of the in-
strumentation.

Except for the auroral electron beam, the three parti-
cle components provide the free energy and the propagation
conditions for waves. Figure 3 shows a sketch of their dis-
tribution functions. In the frame of the cold slowly drifting
electron distribution the hot auroral electrons form a broad
distribution centered at vDh > vDc . This is equivalent to
the case of an ion acoustic instability (the electron acoustic
instability is the analogue to the ion acoustic instability with
the only difference that it suffers stronger damping because
of the easier mobility of the cold electrons than the ions in
the former). Under these conditions electron acoustic waves
become unstable. For instability a very dilute cold electron
population is needed [Tokar and Gary, 1984]. The physical
reason is that for nonnumerous cold electrons the damp-
ing of the electron acoustic waves is strongly reduced while
the cold electron component allows the waves to propagate.
This condition is satisfied here, with the waves propagat-
ing on the cold electron background while riding on the hot
with wave speed vc < vea < vDh which requires vDh > vc.

In analogy to the ion acoustic case, the latter condition for
instability is not very restrictive as the grainedness of the
electron phase space causes electron holes to evolve in the
bulk of the hot beam as evidenced by Ergun et al. [1998b].
They lower the instability threshold supporting the genera-
tion of a broad spectrum of electron acoustic waves. Using
the ∼ 1 keV parallel electron temperature of the hot com-
ponent one finds a typical wavelength of electron acoustic
waves of λea ∼ 1 km.

The excitation of ion acoustic waves can be understood
when neglecting the cold electrons. Ion acoustic waves
propagate on the ion component. They are thus carried
by the ion beam. The condition for instability is that
vDh > cia = vh

√
me/mi. Since the ion beam is upward

propagating in the opposite direction of the hot electrons
this condition is easily satisfied (see Fig. 3). The waves are
excited in a broad range of phase velocities below the hot
electron component drift velocity 2πfia/k < vDh. These
waves can be excited up to the ion plasma frequency, which
yields for their wave number cut-off kia < 2πfpi/vDh. The
typical wavelength of these waves is of the order of λia ∼ λea.
In the cold electron frame these waves move upward with the
ion beam. In the fixed system of the Earth, however, they
move downward together with the higher frequency electron
acoustic waves because their phase velocity is so close to
vDh. We therefore end up with a situation where all the
electrostatic waves are essentially moving down. In such a
scenario the ion acoustic waves can both modulate and trap
electron acoustic waves to generate wave packets similar to
the observed packets. Trapping is in principle possible up
to any multiple half of the electron acoustic wavelength.

The discussion shows that obviously the data support
the view that a pre-existing field-aligned potential is the ul-
timate cause of the excitation of the observed wave spectra.
However, their nonlinear evolution and modulation may also
contribute to secondary generation of localized fields and
further acceleration. It is interesting to investigate the pon-
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ea-waves
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Figure 3. Sketch of the particle distribution functions f(v)
leaving out the auroral electron beam. Unstable spectra
W (k) of electron and ion acoustic waves as function of wave
phase speed ω/k are indicated by shading. Both types of
waves move downward in the cold electron and ion frames.
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deromotive force acceleration of cold electrons [Pottelette et
al., 1993] in the resulting envelope solitons. The pondero-
motive force potential can be calculated from the nonlinear
term in the particle (fluid) equation [Treumann and Baumjo-
hann, 1996]. When the high frequency field is identified with
the electron acoustic wave field, the electric potential for
electrons assumes the form ∆φ‖ ≈ (ε0/4enc)E

2
‖. Taking the

observed values of E‖ ∼ 200mVm−1 and nc ∼ 0.3 cm−3,
the energy that the cold electrons can get interacting in the
parallel direction with one electron acoustic soliton amounts
to ∼ 2 eV. This may look as a rather weak value. However,
interaction with many solitons may lead to substantial ac-
celeration. Electric potential drops may also result from the
spatial arrangement of many microscopic solitary structures,
when every elementary potential drop contained in each sin-
gle soliton adds up along the field line over mesoscale dis-
tances as proposed by Pottelette et al. [1993] and Ergun et
al. [1998b].

The above results have been confirmed for other FAST
orbits as well. In short, from wave observations we have
inferred that: (1) electron acoustic waves are generated at
the edges of the AKR source density cavity; (2) these obser-
vations enable us to determine the density fraction nc/nh;
(3) modulated electron acoustic solitons are recorded each
time the spacecraft enters the base of the parallel acceler-
ation region; (4) the waves have typical parallel scales of
∼ 1 km and are moving downward at a velocity of a few
hundred km s−1; (5) the waves are the ultimate result of a
parallel electric field in the upward auroral current region,
they may, however, themselves self-consistently contribute
to the generation of such large-scale parallel electric fields.
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