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Abstract. Electron holes excited in the auroral kilometric radiation (AKR) source region in
presence of a very dilute cool electron background are interpreted as causing the observed
fine structure in AKR radiation. Using high time and frequency resolution measurements of
the FAST wave tracker, we demonstrate that a substantial part of the AKR emission consists
of a large number of elementary radiation events that we interpret as traveling electron
holes that may have resulted from the nonlinear evolution of electron acoustic waves
and have the properties of Bernstein-Green-Kruskal modes. Estimates of the propagation
velocity of these structures are in good agreement with theory. Power estimates show that
each elementary radiation event may contribute ~ 103~* W of power to AKR implying
that a moderately large number of elementary radiators is required to reproduce the total
AKR emission. The elementary radiation structures are sometimes reflected from the
acceleration potential or become trapped in larger structures like ion acoustic waves or ion
holes. The observations indicate that the radiation efficiency is highest at the turning point
where the velocity of the elementary radiators with respect to the reflector system vanishes.
Monitoring the time variation of the frequency drift of the elementary radiators allows to
qualitatively infer about the mesoscale motion of the AKR source region and the spatial

extension of the mesoscale field-aligned electric potential drops.

1. Introduction

Pritchett [1984], Pritchett et al. [1999], and Winglee and
Pritchert [1986] first proposed that auroral kilometric radi-
ation (AKR) is most effectively generated by the electron-
cyclotron maser mechanism acting on a so-called horseshoe
electron distribution. It has theoretically been predicted by
Chiu and Schulz [1978] that such distributions may evolve
in the interaction of a mirroring electron beam with a field-
aligned electric potential and has been subsequently ob-
served by Delory et al. [1998]. The prediction of genera-
tion of AKR by these distributions [Pritchett and Strange-
way, 1985] has been confirmed by observations from the
FAST spacecraft [Carlson et al., 1998a] of both particles
and waves in the AKR source region [Ergun et al., 1998a,
1998b; Strangeway et al., 1998, 2000].
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It is crucial for this theory that the plasma be very dilute
such that the ratio f2,/f2 < 1 of electron plasma to cy-

clotron frequencies is sufficiently small in order to prevent
wave damping. In addition, the horseshoe distribution allows
for an extended region in phase space where the perpendicu-
lar phase space gradient 0 f./Ov; > 0 of the electron veloc-
ity distribution is positive. This property strongly increases
the growth rate over that of the ordinary loss-cone electron-
cyclotron maser mechanism of Wu and Lee [1979]. Such a
distribution also possesses a positive gradient 8 f / Ov >0
in the parallel direction which in the presence of a how-
ever weak cool background plasma density excites electron
acoustic waves [Winglee and Pritchett, 1986]. The electron-
cyclotron maser and electron hole instabilities therefore do
not develop independently but share the available free en-
ergy stored in the particle distribution.

In this paper we present evidence for the presence of non-
linear electron acoustic waves or electron holes in the AKR
source region. At the edges of the acceleration region, elec-
tron acoustic waves are excited very strongly reaching am-
plitudes of up to E = 1 Vm™! [Portelette et al., 1999]. Us-
ing high-resolution wave tracker data of FAST during AKR
we investigate the properties of the frequency and time fine
structure of AKR and demonstrate that a considerable frac-
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tion of the emission consists of a large number of elemen-
tary radiation events which we interpret as the signature of
the interaction of localized electron acoustic waves (electron
holes) with the horseshoe electron particle distribution. The
large-scale dynamics of the AKR source region may be in-
ferred from the spectral drift of the elementary emissions.

Since our observations have been performed in the up-
ward current region, the issue is somewhat controversial.
Previously, electron holes have been reported mainly from
the downward current region in the auroral zone [Carlson
et al., 1998b; Ergun et al., 1998a] where large numbers of
electron holes have been detected by the FAST spacecraft.
Observations of similar structures in the upward current re-
gion are sparse though not absent [Ergun et al., 1999]. In all
those cases, indication of the existence of such holes is de-
rived from the 32-kHz electric wave form. Because of lack
of time resolution it is much more difficult to infer about the
electron distribution function in the electron holes. A few
such measurements have been collected by Carlson et al.
[1998b] and by Ergun et al. [1999] for the downward cur-
rent region only. We are therefore faced with the problem of
the apparent rarity of electron holes in the upward current
AKR source region.

In the following we will take the observation of the dis-
tinct AKR fine structure as evidence for the presence of large
numbers of electrons holes in the boundaries of the upward
current region. Fine structure in AKR had already been ob-
served earlier for instance by Gurnett and Anderson [1981]
though not with the now available time and frequency res-
olution. In our previous paper [Pottelette et al., 1999] we
argued that the main source of plasma turbulence is just lo-
cated at the boundaries of the auroral density cavity where
very strong broadband noise is observed regularly. There
is still an appreciable amount of cold plasma at this place
which is needed to excite the electron acoustic turbulence.
Because of the lack of cold plasma in the center of the accel-
eration region, electron acoustic turbulence will be weak in
this region. So one does not expect that electron holes will
be generated here.

The broadband noise at the edges of the AKR source re-
gion, on the other hand, may consist of a large number of
electron holes [Dubouloz et al., 1993; Berthomier, 2000].
These are however difficult to resolve in the spectra as well
as in the electron distribution function. In the high time-
resolved wave spectra they appear as highly localized and
very intense (up to several 100mV m~!) electrostatic fea-
tures in the kHz range [Pottelette et al., 1999, Figure 2] of
very narrow transverse spatial extension of down to some
tens of meters. Thus we claim that the AKR fine structure is
generated at the boundaries of the ionospheric plasma cav-
ities and reflects the properties of the turbulence in this re-
gion.

2. Observations

VLF wave measurements [Strangeway et al., 1998] in the
upward current density cavities which serve as the AKR
_source have provided support for the hot (>1keV) electron
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component to be much in excess of cold background elec-
trons. The accelerated ion beam observed in this region pro-
vides the neutralizing background. These properties indicate
that the plasma has undergone acceleration in a mesoscale
field-aligned electric potential which lifts the electron dis-
tribution, backscatters electrons, and generates the cold ion
beam along the magnetic field. The combined action of the
electric potential and the mirror force thus leads to spreading
of the original parallel electron beam into a distribution that
assumes an incomplete ring or horseshoe-like shape in phase
space [Ergun et al., 1998a, 1998b].

2.1. AKR Source Region

Plate 1 shows a sequence of FAST wave and particle mea-
surements in the AKR source region obtained on January 30,
1997, at ~ 2200 MLT (orbit 1750). The spacecraft was at an
invariant latitude of ~68° and was traveling poleward, near
apogee, at an altitude of 4300 km. The AKR event shown
took place in the upward current region. Figures 1a and 1b
display the respective omnidirectional ion and electron en-
ergy fluxes versus energy and time for the same time period.
Plates 1c and 1d give the electric power spectral densities
at high (4 kHz to ~ 600kHz) and low frequencies (32 Hz to
16 kHz), respectively.

Since the data have been described in a different context
by Pottelette et al. [1999], we here mention only the main
features of the event. The edge of the AKR source region
manifests itself as the location of steep increase of the ion en-
ergy and upgoing ion beam formation caused by the auroral
acceleration process. FAST entered this region at ~0616:33
UT (Plate 1a). Here the cold electron density, however small,
is still significant. Afterward, the spacecraft stayed for ~24s
inside the AKR source region (Plate 1c). The electromag-
netic AKR emission is generated at and also slightly below
the local nonrelativistic electron-cyclotron frequency f.. at
~340kHz (dark line in the plate), which in the current un-
derstanding of the emission process is an indication of the
relativistic modification of the maser emission which causes
the X -mode cutoff to be below the nonrelativistic electron-
cyclotron frequency. The modulation of the AKR shows the
radiation to be in the X (Z) mode with the Z mode appear-
ing as the weak radiation extending well below the cyclotron
frequency down to 200 kHz.

In the low-frequency part of the spectrum (Plate 1d) the
source region exhibits weak O-mode radiation identified
from its opposite polarization which is out of phase with
that of the X (Z)-mode in Plate lc, and the VLF emission.
The O-mode emission weakens close to the total plasma fre-
quency, while the VLF emission is cutoff at this place. The
latter gives an estimate for the hot plasma density, which has
been found to be in good agreement with the particle obser-
vations under the assumption of a very dilute cold electron
background [Pottelette et al., 1999]. The density of this hot
population was n, & 0.3cm™3. The O mode has a signif-
icant magnetic component. Its cut-off provides a measure-
ment of the total electron density. The gap between the two
cutoffs in Plate 1d thus gives an indication of the contribu-
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Plate 1. Fast particle and wave data in the AKR source auroral density cavity. (a) Ion and (b) electron

energy spectra for same time interval of orbit 1750. (c) HF wave spectrogram showing transversely po-
larized AKR emission at f.. (dark line at ~340 kHz) in X and below in Z mode and VLF waves. (d)
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. (¢) Wave tracker

observations during the indicated zoomed time interval of orbit 1750, showing the steady drifting in fre--

quency emission feature embedded into a large number of fast drifting narrow band elementary emitters.
(f) Similar tracker data taken during orbit 1761.
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tion of the cold plasma density. Clearly, its density is not
constant across the cavity. Unfortunately, owing to propa-
gation effects and weakening the O-mode cutoff is not as
well defined. Estimating a ~ 1 kHz bandwidth of the gap one
finds a tentative value of n, =~ 0.01cm™2 for the remaining
cold background plasma density.

A more precise estimate than the O-mode cutoff yields
can be obtained from the following argument. The wave
mode characterizing the minor cold electron population is
the electron acoustic mode. In the parallel acceleration re-
gion it manifests itself as the transient broadband wave bursts
[Pottelette et al., 1999] seen in Plate 1d. Such transient emis-
sions occur in large number at frequencies less than ~ 1 kHz
inside the AKR source region. According to the theoretical
prediction [Winglee and Pritchett, 1986] the weak electro-
static emissions indicate the presence of a minor cold elec-
tron component, if they are in the electron acoustic wave
mode. Figurel on its left-hand side shows 100ms of the
electric field signal during one of the electrostatic bursts
when the antenna was parallel to the magnetic field. The
burst has typical amplitudes of E ~10mVm™1!. Its fast
Fourier transform (FFT)-spectrum is plotted on the right in
Figure 1. This spectrum is broadband, typical for electron
acoustic turbulence, showing a cutoff at ~800 Hz. Interpret-
ing this cutoff as the cold plasma frequency fp. [Dubouloz
et al., 1993], one finds that the cold plasma density amounts
to n. ~ 0.008 cm~3, corresponding roughly to the 3% of the
total plasma density estimated above from the O-mode cut-
off. This confirms the previous assertion [Strangeway et al.,
1998] of close to vanishing cold electron density in the cen-
ter of the AKR source.

The energetic electrons (Plate 1b) form a widely spread
downgoing beam of energy between 5 and 20keV. At the
same time, close to 10keV energy upgoing ion beams appear
in Plate 1a in the center of the AKR source.

At the locations where the spacecraft enters the AKR
source, crossing its equatorial border at 0616:32 UT, and
where it leaves the source, crossing the polar border of the
source at 0616:57 UT, strong perpendicular electron heat-
ing up to keV energies is observed in the electron distribu-
tion with peak flux at 90° and 270° as has been reported
by Pottelette et al. [1999]. The drop in ion energy observed
simultaneously indicates that the spacecraft crossed the nar-
row region where the ionospheric ion background is acceler-
ated upward until it forms the ion beam encountered in the
AKR source.

The nature of the broadband wave noise in the AKR
source boundaries has been discussed by Pottelette et al.
[1999]. This noise appears in coincidence with the perpen-
dicularly heated electrons. It has been shown to be entirely
electrostatic and consisting of coherent, narrow, spatially
well separated wave packets [cf. Pottelette et al. [1999], Fig-
ure 2]. The electric field of the broadband noise is polarized
mainly parallel to the ambient magnetic field. It has been
argued there that most of this spectrum propagates in the
electron acoustic mode which is generated in presence of
a mixture of hot and cold electrons when the cold electron
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Figure 1. (left) Wave form and (right) Spectrum of the low
frequency broadband emission in the acceleration region in-
dicating the presence of electron acoustic waves. From the
upper frequency cutoff of this noise at ~800Hz one ob-
tains an estimate of the residual cold electron plasma density
ne/np ~3% .

density is higher than in the AKR source region itself. This
is in agreement with the incomplete acceleration of ions and
electrons in this region. The spectrum of this emission also
contains a component in the ion acoustic mode.

Figure 2 displays the variation of the moments calculated
from electron spectrometer data. These calculation neglect
particle fluxes below 80 eV in order to avoid the contribution
of photoelectrons. Note that in the narrow transition region
the parallel electron temperature drops from several keV to
a few 100eV.

FAST ORBIT 1750
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Time (s)

Figure 2. Electron moments during crossing of the upward
current region. Note the steep 1 order of magnitude drop in
parallel electron temperature (bottom panel) at second 26
when the spacecraft crosses the acceleration region. Here the
cold electron density becomes substantial.
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2.2. Narrowband Drifting Radiation Sources

The event in which we are interested took place during
the period when FAST was in the center of the AKR source
region at time 0616:48 UT. It occupies only 6s of time.
The event was observed by the wave tracker instrumenta-
tion aboard FAST [Ergun et al., 1998b]. The bandwidth of
each tracker snapshot is 16 kHz with 100-Hz resolution, and
the time resolution per sweep is 16 ms. The duration of the
tracking time in each window was fixed to 1 s. The wave
tracker tries to detect the maximum intensity of the emis-
sion. When it has found an emission maximum it tries to
follow its motion across the spectrum.

The event that attracts our interest appears in Plate le as
the intense drifting emission starting near ~368 kHz and
moving up to ~390kHz within ~5s. The bandwidth of
this emission is of the order of only 1kHz. Since the lo-
cal cyclotron frequency during this time interval was near
~340kHz, this drifting emission feature is well above the
resonant maser emission frequency which by maser the-
ory in the relativistic case should maximize even below the
electron-cyclotron frequency. This implies that we observe
a strongly localized drifting AKR source situated roughly
~140km below spacecraft. The increase in emission fre-
quency indicates that the structure is moving along the mag-
netic field downward into the ionosphere. Somewhat closer
inspection of the emission also shows that it is highly vari-
able in bandwidth and intensity while its spectral drift is
practically constant moving at a rate of ~ +4.5kHzs™*
which corresponds to a downward displacement velocity of
v &~ 45kms™1.

Plate 1f shows another example of narrow band drifting
structures well above the local cyclotron frequency observed
in FAST orbit 1761 (on January 31, 1997) at 0644:56 UT.
The overall event was described by Strangeway et al. [1998]
in their Figure 1. As in orbit 1750, the spacecraft on this
orbit was also inside the AKR source. The high frequency
suggests a generation altitude below spacecraft. In contrast
to orbit 1750 the tracker simultaneously detected two narrow
band emission features at different central frequencies. The
two features are highly variable in bandwidth and emissiv-
ity. It is obvious from Plate 1f that they behave about inde-
pendently. The higher-frequency feature is nearly stationary
while the lower frequency feature moves upward in the spec-
trum. At the end of the event the two features approach each
other and start moving in company, apparently staying for a
while in constant separation distance of ~3 kHz, which cor-
responds to roughly 15km along B. Interestingly, the two
radiation sources do not merge. Instead, the lower-frequency
source approaching the higher-frequency source from above
pushes the latter down the field line. This is the first obser-
vation of this kind. We interpret it as the interaction of two
electric field layers of equal polarity which we identify be-
low tentatively as ion holes.

2.3. Fine Structure of Drifting Events

The drifting features seen in Plates le and 1f exhibit a
number of interesting properties. First, the main feature is
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extraordinarily narrowband. The instantaneous bandwidth
being of the order of not more than 1kHz. Second, the fea-
ture drifts at nearly constant speed of +(4 — 5)kHzs™!.
Third, closer inspection of the dynamic spectrum uncov-
ers some even more interesting properties. The weak emis-
sions both above and below the main drifting emission ex-
hibit themselves a frequency drift which is much faster than
that of the main slowly drifting feature. Fast drifts like these
correspond to small-scale localized radiation sources which
move at velocities in the range of 300-1000 km s ! along the
field. The average value of the drift speed of these sources is
~500kms~!. Both types of elementary localized radiators,
above and below the latter, seem in the average to drift to-
ward the main structure in a way as if they are attracted by
it. During this motion they amplify and when dropping into
the main structure they seem to make up a large part of the
emission from the main feature.

The tracker recordings of the drifting structures during
FAST orbit 1761 (Plate 1f) show a similar but slightly dif-
ferent behavior. Here the main structures were nearly im-
mobile but split into two different events one drifting the
other not drifting. Figure 3 shows a high-time resolution plot
of the most interesting part of this event. Inspection of the
drifting and nondrifting features reveals that the emission is
practically made up of the narrow but fast drifting features
which seem to be captured inside the main feature and some-
times even turn around. This is particularly well seen in the
upper part of the emission at second 1-2 where one clearly
observes fine-scale features to turn around at the very cen-
ter of the slowly drifting or even standing main emission.
In this case the fast drifting features come from both sides
and stop in the center. In other cases one also observes that a
structure continues across the main feature. We will go into
more detail when describing an interpretation of these events
in a heuristic model of AKR fine structures we are going to
develop below. Another example of a narrow band feature
detected on orbit 1773 is shown in Figure 4. Here the main
feature is nearly stationary over most of the observational
tracker period. As in the other cases, however, closer inspec-
tion shows that this main feature as well consists of a large
number of narrow band fast drifting emission events which
accumulate in its center. Apparently, they are attracted from
both sides to the center in this case.

3. Discussion
3.1. General Considerations

The current observation of the AKR fine structure in the
AKR source region must be viewed in the light of the gen-
eral characteristics of the AKR source as presented by Er-
gun et al. [1998a] and Strangeway et al. [1998, 2000]. Their
conclusions may be summarized as follows: the AKR source
region coincides largely with the auroral low-density accel-
eration region. Since this region carries an upgoing field-
aligned current, one observes in addition to the precipitating

hot auroral electrons upgoing ion and downgoing electron
beams.
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Figure 3. High time and frequency resolution plot of tracker
data for the orbit 1761 event in Plate 1f. Elementary radi-
ation sources moving downward (upward in frequency) are
reflected at the position of the main emission band. At their
turning points they cause the strongest intensity in AKR.
When moving upward (to lower frequencies) the emission
weakens again. Many of these structures overlay to compose
an apparently continuous AKR emission.

Contrary to previous model assumptions where the elec-
trons have been assumed to possess a loss cone distribution,
the hot auroral electrons form a particular distribution which
consists of a field-aligned part and an incomplete ring distri-
bution with almost no electrons in the reflected cone. Strong
evidence for the presence of such distributions, which have
been given the name of horseshoe distributions, has been
provided by FAST [Delory et al., 1998]. The ring-like part is
produced by mirroring of auroral electrons under the action
of the mirror force in the magnetic field and by additional
downward acceleration in the same field-aligned electric po-
tential that accelerates the ion beam upwardly. The presence
of this field-aligned potential drop also ensures that the resid-
ual amount of cold electrons is small.

Under these conditions the electron-cyclotron maser has
been shown to not being fed by the loss cone but taking its
free energy from the horseshoe distribution and thus effec-
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Figure 4. Wave tracker recording during FAST orbit 1773.
The plot shows a nearly stationary (v ~ 0) narrow band
emission feature at ~ 430 kHz. The band is obviously com-
posed of many small emission events. Most of these perform
high-frequency drifts toward and away from the band iden-
tifying the band as an reflector for the elementary emitters.

tively from the field-aligned electric potential [Ergun et al.,
1998a; Pritchett et al., 1999]. It is crucial that the emitted
radiation has its maximum below the local nonrelativistic
electron-cyclotron frequency f.. close to the relativistic R-
X-mode cutoff frxy,r < fee, which for weakly relativistic
electrons even is also below the local electron-cyclotron fre-
quency. This has first been demonstrated by Pritchett [1984]
and Strangeway [1985] and agrees perfectly with observa-
tion. It provides a strong argument for the presence of the
horseshoe maser action in generation of AKR.

To make clear what is meant here, we note that the free-
space electromagnetic R- X mode in plasma in magnetoionic
theory has a low-frequency cutoff frx, =~ fee + fﬁe [ fee
at wavenumber k£ = ( above the (nonrelativistic) cyclotron
frequency where the wave is reflected. Taking into account
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Figure 5. (top) Sketch of the particle distribution functions
f(v). Unstable spectra W (k) of electron and ion acoustic
waves as function of wave phase speed w/k are indicated by
shading. Both types of waves move downward in the cold
electron and ion frames. (bottom) The mechanism of elec-
tron hole growth when a hole is moving into the hot particle
distribution fp,(vy).

the relativistic effect, the cyclotron frequency is replaced by
fee/y where v = (1 — v?/c?)~1/2, which reduces the cy-
clotron frequency as well as the cut-off. At the same time the
maser resonance condition kyvy = 27[f — fee/v(v),v1)]
shows that the relativistic resonance line in (v, v))-space
becomes a circle for k) = 0 and therefore lies entirely in-
side the horseshoe distribution. Thus the horseshoe distribu-
tion favors strictly perpendicular propagation of the X mode
for largest growth rate.

The properties of the electron-cyclotron maser radiation
generated by the horseshoe have been discussed in the above
references (see also Ergun et al. [2000]). The group veloc-
ity of the excited mode is about perpendicular to the local
magnetic field at excitation site which lies in the general au-
roral density cavity (fpe < fce). Propagating away from the
excitation site, spatial and temporal variations of the local
plasma density cause corresponding variations in the R-X
mode cutoff and lead to scattering of the radiation during
propagation away from the place where it has been gener-
ated. The picture is complicated by the dependence of the
cutoff from resonant particle energy. The relativistic effect
for too low-energy particles is too weak to reduce the cutoff
sufficiently for escape of the radiation. On the other hand,
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since the cyclotron and plasma frequencies both increase to-
ward the downward direction, most of the radiation energy
will be ultimately reflected upward and, unless reabsorbed
at a site where its frequency matches the local upper hy-
brid resonance, it will be directed by scattering away from
Earth. This discussion thus lets us expect that the radiation
is channeled away from Earth into free space where it can be
observed by spacecraft like FAST.

Adopting this point of view, we may immediately con-
clude that the high-frequency drifting AKR structures we
present in this note cannot have been generated locally at the
position of the spacecraft. They are at a much too high fre-
quency, well above the local electron-cyclotron frequency,
and in addition exhibit a frequency drift which cannot be
brought into accord with any changes in the local f... It is
natural to assume that the emission has been generated at a
remote location relatively far below the FAST spacecraft in

(4]

v, (10% km/s)

Horseshoe v

\

0 VH v,

Figure 6. (top) Sketch of the horseshoe distribution as mea-
sured by FAST [after Delory et al., 1998]. The hyperbolas
are the lines which mark the borders between trapped and
lifted particles in a field-aligned electric potential field. The
inner part of the distribution has been cut out because it is
populated by photo electrons. (bottom) Schematic of the lo-
cal deformation of the distribution by an electron hole mov-
ing at speed vy < vp, ¢ downward. The isodensity lines are
deformed by the presence of the hole.
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a much stronger field region. The emitter of the radiation has
obviously been moving along the field in order to account for
the rapid frequency drift of the radiation feature. In addition,
the source must have been highly localized in space. This is
suggested by the overall narrow bandwidth of the emission
of Af ~ 1kHz. This bandwidth corresponds to a distance
of As ~ 5km along the magnetic field.

Even more intriguing than this general argument is the
existence of the very large number of extraordinarily fast
drifting emission features. Their instantaneous bandwidths
sometimes amount to the order of only ~100Hz and occa-
sionally may have been even less and unresolvable by the in-
strument. Note that such narrow bandwidths have been sus-
pected ‘already earlier but have not been taken for serious
in the literature [e.g., Strangeway et al., 2000]. The elemen-
tary features might have field-aligned extensions from a few
100m to 1 km only while their perpendicular scale may be
down to the several 10-m range. In many cases they seem

to be attracted by the main slower drifting source both from
below and from above.

Figure 3 shows an example of this attraction with the fast
drifting elementary emission sources approaching the main
feature from above (increasing frequency), being reflected
when hitting the main feature and returning upward along
the magnetic field. Many of these elementary features radi-
ate strongest during the short time interval of their reflection.
Closer inspection of Figure 3 even suggests that except for
the main features, almost all of the radiation in Figure 3 is
made up of elementary emission events. AKR seems to con-
sist of the accumulate effect of very many such tiny point
sources contributing to the broad spectrum. The fainter ele-
mentary radiation features in Figure 3 emit the radiation un-
der an unfavorable angle for detection by the spacecraft. This
can be understood when referring to the high degree of direc-
tivity of the emission of radiation. In the horseshoe electron-
cyclotron maser mechanism, radiation is emitted nearly per-
pendicularly (within ~2° of the normal to the local magnetic
field direction) propagating in the X mode.

The most tantalizing among the problems posed by the
above observation of the large number of elementary drift-
ing AKR sources raises the following questions: (1) Why is
the radiation produced in such narrow elementary features?
(2) What is the nature of the fast and slow drifting features?
(3) What causes the reflection of the elementary radiators?
In other words: Why seem the elementary features to be at-
tracted by the main and slowly drifting source? (4) Why is
the emission at the reflection point in many cases the most
intense?

3.2. Electron Hole Dynamics

It is not easy to answer these questions definitively. Here
we attempt a more speculative explanation.

There are only few possibilities which can lead to nar-
rowband emissions when sticking to the horseshoe electron-
cyclotron maser, in particular when considering fast plasma
drifts along the magnetic field. Pritchett et al. [1999] have
provided arguments based on numerical simulations of AKR
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Figure 7. (top) Reflection of a hole at the E layer when
the hole coming from above and being a positive charge
is rejected by the field-aligned electric field. (bottom) The
resulting deceleration of the hole in phase space. The hole
moves toward v = 0 parallel velocity and at negative (up-
ward) speeds leaves the horseshoe distribution. Under these
conditions it ceases generating radiation.

horseshoe maser emission in the auroral density cavity that
the bandwidth can hardly be less than ~1kHz. The band-
widths reported in the present paper are smaller by roughly 1
order of magnitude and can therefore hardly be explained by
spatial amplification effects in the above model. Moreover,
the whole picture of high spectral resolution AKR emission
strongly suggests that a large part of the emission itself is
made up of narrowband fast drifting structures which we be-
lieve to be real elementary emitters. The simplest assump-
tion is thus still to identify the emission sources with such
real, drifting small-scale physical objects.

In order of being able to emit, these objects must be em-
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Figure 8. Schematic of the interaction of two E) layers of
same polarity and initial field-aligned separation of ~60 km
as suggested by the observations. The upper layer (E);)
moves down (increasing gyrofrequency f..) at about ion
acoustic velocity (v||~c;,) toward the stationgry (\{elocity Y|
~0) lower lying layer (E)2). When interacting with E)j2, it
either will come to rest or push the lower layer downward
at about same speed (see Plate 1f). The electric equipoten-
tials are assumed to be small- or mesoscale with transverse
dimension the order of some ~10 km as suggested by the
observation. Many such layers may make up a large-scale
potential of some approximately kV (as suggested by Er-
gun et al. [1998a]), capable of accelerating ions to keV ener-
gies. Nothing is said here about the physical nature of such
electric field layers, but under the conditions in the auroral
magnetosphere as investigated in the present paper, it seems
reasonable to assume that such layers are connected with ion
acoustic structures [Gray et al., 1991] which show all prop-
erties of ion holes.

bedded into an unstable particle distribution and must be
able to stimulate radiation. Though there is some similar-
ity in the emission feature with interplanetary type III or
U bursts, the emission cannot have been caused by drift-
ing electron bunches emitting close to the plasma frequency
or its harmonics. This is inhibited by two facts: the small-
ness of the plasma frequency in the auroral source which
would require that the observed emission is an extremely
high harmonic of the plasma frequency which in itself is an
entirely impossible assumption. The other fact is the compa-
rably slow drift speed of the elementary sources which is far
below any acceptable electron beam speed and would restrict
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the resonant excitation to the zero-energy electrons. Such
electrons are far away from any resonance and can cause
nothing but Landau damping. Thus the sources must be re-
lated to nonlinear wave features that evolve in the auroral
AKR source.

When transforming the frequency drifts into spatial veloc-
ities, the slowly moving main features propagate at a veloc-
ity ranging from some 10-100 km s !, obviously sometimes
with high variability (cf. for instance the difference in the
drifts of the main structures in Plates le and 1f). As the data
of orbit 1761 (Plate 1f) show, the speed of one single event
may even change drastically especially when two such fea-
tures undergo mutual interaction. The range of the observed
velocities does not allow to identify the structures with one
particular known single wave mode of a hot plasma as a
causative agent though it roughly matches that of ion acous-
tic waves. This suggests that these slowly drifting structures
are nonlinear features evolving under the local conditions
met in the auroral plasma.

The most probable such features are ion holes which are
formed during the nonlinear evolution of ion acoustic waves
as is known from numerical simulations [Gray et al., 1991].
These simulations also showed that interacting holes expe-
rience strong variations in their drift velocities. They even
may reverse their direction while remaining their integrity.
This is possible when the velocity change happens on a faster
timescale than the decay time of the hole. Note also that the
velocity is not galilean invariant such that the observed ve-
locity may not coincide with the speed of the structure rela-
tive to the background plasma. It is the latter that determines
the range of existence of the holes.

The fast moving elementary features, on the other hand,
have speeds which are generally larger than several 100
kms~! when they are sufficiently far away from their lo-
cation of reflection. Speeds of this magnitude fall into the
range of electron acoustic velocities, depending on the tem-
perature of hot electrons and the cold-to-hot electron density
ratio. Transforming the instantaneous bandwidth of these el-
ementary events into a longitudinal spatial extension the size
of the elementary events will be of the order of ~ 3 — 10 Ap
which is roughly comparable to the expected sizes of non-
linear electron acoustic waves which under certain condi-
tions may evolve into electron solitary structures [Dubouloz
et al., 1991, 1993] or electron holes [Omura et al., 1996;
Berthomier, 2000].

Electron hole formation in presence of a ring or horse-
shoe distribution has not yet been explored theoretically and
is outside of this paper. However, in analogy to the known
evolution of electron holes we propose a qualitative model
which partially explains a number of properties of the ele-
mentary radiation events. Electron holes evolve in the inter-
action of hot and cold electron plasma [Omura et al., 1996].
They are known as nonlinear BGK modes [Muschietti et al.,
1999]. Such nonlinear states are similar to ion holes which
evolve in the nonlinear state of the ion acoustic instability
[e.g., Gray et al., 1991; Berthomier et al., 1998] which is
driven by the difference in electron and ion drifts. In anal-
ogy, in the electron hole case the source of free energy is
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the difference in the drifts and temperatures of the hot and
cold electron populations [Omura et al., 1996; Berthomier,
2000]. In this view the hot-cold electron plasma interac-
tion excites electron acoustic waves which evolve into soli-
tary waves which in certain parameter ranges form electron
holes.

Figure 5 shows the schematic evolution of such a one-
dimensional hole for a given hot-cold electron distribution
configuration. Since the density of the electron hole is con-
served, it effectively grows when moving into the denser part
of the electron distribution. When the hot plasma dominates
this is the hot distribution. Since the hole is a localized de-
crease in electron number [Muschietti et al., 1999] it implies
a decrease in electron density and, at the same time, an in-
crease in velocity space gradient in the region of the hole.
Depending on the direction of this gradient it might be in fa-
vor or not of generation of radiation. (Note that increases in
density as expected for compression act in a similar way but
are not in favor of radiation because they violate the condi-
tion of most intense emission [Strangeway, 1986], which is
coupled to the relativistic drop of the X -mode cutoff below
fce.) In addition, the hole contains a dilute heated plasma
component, slightly hotter than the environment. In phase
space this appears as small bulges at the boundaries of the
hole.

There may exist different types of electron holes. The
ones that resemble most simple finite though small ampli-
tude solitons of the kind of Korteweg-deVries (KdV) solu-
tions obey an inverse proportionality between their size and
their amplitudes and speeds. Another class whose shape de-
viates considerably from the KdV bell-shaped solitons, has
larger amplitude. In certain parameter regimes its amplitudes
increase with size and speed. This property was recovered by
Muschietti et al. [1999] from a BGK solution in a two com-
ponent electron plasma.

Berthomier [2000] has investigated electron acoustic soli-
tary waves within the full parameter space and has shown
that these solutions evolve in the nonlinear state of such plas-
mas even in the fluid approximation. They can thus be under-
stood as another family of solitary solutions. KdV solitons
occupy only a subvolume of the parameter space which is of
very small measure. Thus the more general electron acous-
tic solitary structures correspond closely to electron holes
and obey the same dependence on size and speed attributed
to those. The propagation speed of a hole is related to the
electron acoustic solitary wave speed which spans a wide
range but is generally slower than the hot electron thermal
speed. When considering an additional drift of the hot com-
ponent, the holes are riding on the drifting part of the dis-
tribution. One thus expects that the holes, which we believe
form the elementary radiation sources, propagate downward
in the upward current region together with the hot electron
component but at a lesser velocity.

Though the dynamics of electron holes is different from
that of ion holes, one can qualitatively stress the formal anal-
ogy to ion holes and suggest that the drift velocity of an
electron hole should not necessarily be conserved but will
change when the hole interacts with either other electron
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holes or when it occasionally encounters an ion hole. This
is just what is observed in the data.

Each electron hole, being a depletion in electron density,
cuts out a certain interval of the electron phase space. This is
shown schematically in Figure 6 where the hole appears as a
narrow strip in phase space. Clearly, electrons with high par-
allel speeds having much larger energy than the hole poten-
tial in the moving frame of the hole are not affected. On the
other hand, the range of perpendicular velocities involved is
large, typically of the order of the hot thermal speed of the
electrons as indicated in Figure 6. Observations of the PO-
LAR spacecraft indicate that electron holes are rather spher-
ically symmetric [Franz et al., 2000], a conclusion which has
also been drawn by Berthomier [2000] from simplified mag-
netized theory in strong magnetic fields. Because electron
holes possess a lack of negative charges, they are positively
charged entities possessing a positive potential. The Debye
length amounts to a few 100 m. Typical spatial sizes thus
range from 100 m to few kilometers.

3.3. Modulation of Radiation by Electron Holes

In order to provide a heuristic argument for the modu-
lation of the radiation in presence of an electron hole let
us inspect Figure 6, which suggests that the hole has two
effects on the distribution. The part overlapping the horse-
shoe distribution decreases the density and introduces addi-
tional phase space gradients. In the theory of the electron-
cyclotron maser emission the gradient relevant for genera-
tion of radiation is the partial perpendicular velocity gradi-
ent on the electron distribution function f(v), v, ), namely,
O0f(vi,vy,t)/Ovy, where v, is the component of the ve-
locity perpendicular to the magnetic field. Since the horse-
shoe distribution corresponds to an incomplete electron ring
in phase space the derivative of the distribution function with
respect to v can be expressed as the sum of two terms, the
first one is the derivative with respect to electron pitch an-
gle a, the second is the derivative with respect to electron
velocity v: '

of _

sin « 8—f

ov

0
cosa_]i .

v v O

Because of the symmetry of the distribution function, the
derivative 0/0a =~ 0 with respect to « can be neglected
in the right half plane, yielding 8f/0v, =~ sinadf/dv.
Clearly, for @ = 0 this expression vanishes and is maximum
somewhere close to @ ~ m/2. Hence, an electron hole gen-
erated close to the center of the horseshoe and decelerated
to zero velocity will encounter increasingly favorable con-
ditions for local generation of radiation. Moreover, its finite
extension in v and v causes additional local perpendicular
gradients on the distribution as indicated by the isodensity
lines in Figure 6. These do also favor emission or radiation
when contributing to the perpendicular phase space gradient
in the relativistic emission process. Qualitatively, we may
thus expect that an electron hole self-consistently evolving
in the horseshoe distribution can produce elementary radia-
tion of the kind observed with highest emissivity when the
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hole is retarded and comes about to rest. In particular, at its
reflection point the hole will radiate strongest because of the
coincidence of the above conditions, sin & ~ 1 and the steep
gradient in v. This will add to the total emission from the
entire horseshoe and cause its fine structure.

Retardation of the electron hole can be caused when the
electron hole riding on the back of the hot electron popu-
lation during its downward motion enters the region of the
upward directed electric field which accelerates ions upward
and electrons downward. Since the electron hole effectively
is a small mass (and hence small momentum) positive charge
in the electron plasma it will be retarded by the upward elec-
tric field and will be reflected until ultimately becoming ac-
celerated upward again. This is precisely the case seen in the
observations. Figure 7 visualizes such a model. Thus, in the
presence of a reflecting parallel electric potential drop elec-
tron holes may even come briefly to rest with respect to the
plasma. This is different from electron holes moving in an
electrically neutral plasma where their speed relative to the
plasma background is prevented from becoming zero.

We can estimate the power emitted in one elementary
radiation event. The color code respectively gray scale in
the measurements (not shown in Plates le, and 1f and Fig-
ures 3 and 4) indicate an electric field intensity of (E?) =
1075 — 1079 (A f/Hz) V2m~2 for each of the intense ele-
mentary radiation sources. The bandwidth of the elementary
radiation source is about Af ~ 100 Hz. Assuming a dis-
tance between source and satellite of roughly D ~ 100 km,
the above intensity corresponds to an AKR power of

e Af D \’/AQ
P(f) ~ 107 <100Hz) <105m> (T) W

typically emitted by each of the elementary events. Here A f
and D are measured in the units as indicated, and we as-
sumed that the radiation is emitted into a solid angle AQ} =
7 where we take into account that the radiation is partially
directed when escaping from the source to free space. When
the directivity of radiation is more pronounced, the estimated
power is reduced.

The above estimate gives is a relatively large power emit-
ted per elementary radiation source. The observation (cf.
Figures 3 and 4) suggests that there are many of such ele-
mentary sources in one AKR event which contribute to the
total emission in AKR. In order to reproduce the total in-
stantaneous power of P,o; ~ 107" W in AKR, one thus
needs between 10476 such elementary radiators. Each of
them should have a typical volume of 10° m3. If all radia-
tors are densely packed into a cube this yields a total volume
of V = 1013715 m3 or a side length L ~ 20 — 100 km of the
cube for the entire AKR source. Such a total volume is in
reasonable agreement with the expected size of the radiation
source in total. We therefore conclude that a substantial part
of the AKR emission seems to be made up of spatially local-
ized small moving emitters which interact with the general
horseshoe distribution and are themselves generated by non-
linear interaction in the hot electron plasma in the auroral
zone.
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4. Conclusions

In summary, we have shown that the AKR under “normal”
conditions is composed of a large number of elementary ra-
diation events, which either make up for all the radiation or
may be superposed on a continuum radiation background.
They move at moderate speeds along the magnetic field,
which are in the range of the electron and ion acoustic veloc-
ities. These elementary radiation events have their sources in
spatially localized wave structures which are located at the
edges of the auroral upward current density cavity.

We have intentionally identified the faster drifting entities
as electron holes/electron acoustic solitary structures of rela-
tively small size. These features are excited by the tempera-
ture difference between the dilute cool electron background
still present in the edge region and the hot approximately few
keV electric field accelerated electron plasma drifting down-
ward in the upward electric field region. The elementary ra-
diation sources ride on the hot component but at a consider-
ably lower speed. Being electron holes they appear as posi-
tive charges on the electron horseshoe background distribu-
tion, deforming this distribution and contributing to favored
weakly relativistic radio emission. Moving downward along
the magnetic field line the elementary radiation sources are
retarded and reflected from the general field-aligned upward
electric field which is present in the electric field layer. When
reaching zero speed, radio emission is most amplified by
the holes. After reflection the holes move upward again and
cause only weak emission. The radiation emitted by the ele-
mentary sources will be scattered at density inhomogeneities
and will ultimately escape from the cavity and reach the
spacecraft.

Observation of fine structure of this kind provides infor-
mation about the local dynamics of the auroral zone turbu-
lence. In particular it provides an indication of the existence
of layers carrying parallel electric potential drops as shown
schematically in Figure 8. It moreover suggests that at a par-
ticular time there may exist several highly localized such
field-aligned electric field layers of field-aligned extension
of merely a few km in the auroral acceleration region. This
gives very strong support to the idea that most of the large-
scale auroral field-aligned potential drop is made up of many
mesoscale structures adding up to the ~10 keV large-scale
electric potential drop as proposed by Bostrom et al. [1988],
Pottelette et al. [1993], Carlson et al. [1998b], and Ergun et
al. [1998a].

We have presented the first remote observation of such
localized potential layers and their mutual interaction. This
was possible only on the way of analyzing the fine structure
of remotely detected AKR. These layers, in our observations
found in the upward current region, are of same generally
upward polarity, as can be inferred from their repulsive in-
teraction which is obvious from Plate 1f.

The large number of elementary sources, which are seen
in the high resolution measurements (Figures 3 and 4) of
AKR, also suggests that a substantial fraction of AKR is gen-
erated in such elementary sources. This again provides fur-
ther support for the newly developed model [Pritchett and
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Strangeway, 1985; Strangeway et al., 1998; Ergun et al.,
1998a, 1998b; Pritchett et al., 1999] of relativistic horseshoe-
maser generated radio emission in very dilute low-/ plasma
while suggesting its modification in order to include the ex-
istence of the large number of elementary radiators reported
in the present paper.
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