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Abstract. It is known from laboratory plasma experiments
that double layers (DLs) radiate in the electromagnetic spec-
trum; but this is only known qualitatively. In these experi-
ments, it was shown that the electron beam created on the
high-potential side of a DL generates nonlinear structures
which couple to electromagnetic waves and act as a sender
antenna. In the Earth auroral region, observations performed
by auroral spacecraft have shown that DLs occur naturally
in the source region of intense radio emissions called au-
roral kilometric radiation (AKR). Very high time-, spatial-,
and temporal-resolution measurements are needed in order
to characterize waves and particle distributions in the vicin-
ity of DLs, which are moving transient structures. We report
observations from the FAST satellite of a localized large-
amplitude parallel electric field (∼ 300 mV m−1) recorded at
the edges of the auroral density cavity. In agreement with lab-
oratory experiments, on the high-potential side of the DL, el-
ementary radiation events are detected. They occur substan-
tially above the local electron gyrofrequency and are asso-
ciated with the presence of electron holes. The velocity of
these nonlinear structures can be derived from the measure-
ment of the Doppler-shifted AKR frequency spectrum above
the electron gyrofrequency. The generated electron holes ap-
pear as the nonlinear evolution of electrostatic waves gener-
ated by the electron–electron two-stream instability because
they propagate at about half the beam velocity. It is pointed
out that, in the vicinity of a DL, the shape of the electron
distribution gives rise to a significant power recorded in the
left-hand polarized ordinary (LO) mode.
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1 Introduction

Electromagnetic radiation from double layers (DLs) has been
extensively studied in laboratory plasma experiments (Vol-
werk, 1993; Lindberg, 1993; Brenning et al., 2004). The
spectrum was found to contain characteristic peaks around
the electron gyrofrequency and electron plasma frequency
(Gunell and Löfgren, 1997; Löfgren and Gunell, 1998). It
was shown that the electron beam, created on the high-
potential side of the DL, generates high-frequency nonlinear
structures which couple to electromagnetic waves and act as
a sender antenna. These experimental results demonstrated
that there is a possibility of very high efficiency in convert-
ing electric energy to radiation.

In space, spacecraft observations have revealed that the
direct consequence of the electron parallel acceleration pro-
cesses is that the Earth acts as an intense radio source in the
kilometre wavelength range (Benediktov et al., 1965; Gur-
nett, 1974). This offers the possibility of investigating lo-
cally the eventual mechanisms leading to electromagnetic
radiation generation in the vicinity of a DL. The cyclotron
maser instability is now widely acknowledged as being the
most likely mechanism leading to auroral kilometric radi-
ation (AKR) generation (Wu and Lee, 1979; Louarn et al.,
1990; Ergun et al., 2000). In the source region identified as
the auroral density cavity, an unstable horseshoe electron dis-
tribution exhibiting large positive velocity gradients in the di-
rection perpendicular to the local magnetic field provides the
free energy for AKR (Ergun et al., 2000; Treumann, 2006).
Such a distribution is generated when a localized DL ac-
celerates the electrons earthward that propagate into an in-
creasing magnetic field (Chiu and Schulz, 1978). The paral-
lel accelerated electrons need to travel a long distance (sev-
eral thousand kilometres) before forming a horseshoe distri-
bution; this implies that in the auroral region the AKR gen-
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eration takes place far away from a DL. Therefore, these ob-
servational results disagree with those obtained in laboratory
experiments unless another mechanism leading to radiation
generation is identified. Accordingly, there is a need to de-
termine what kind of electron distribution is present and how
the auroral plasma may radiate in the vicinity of a DL. High
time-resolution measurements, both for waves and particles,
are required to identify the presence of DLs which are lo-
calized moving transient structures. The higher resolution of
FAST measurements as compared to previous auroral mis-
sions offers the opportunity to investigate the physical pro-
cesses taking place in the neighbourhood of DLs. These lo-
calized parallel electric fields appear to be located at the in-
terface of the auroral density cavity. We present some ob-
servations, recorded on the high-potential side of a large-
amplitude DL (∼ 300 mV m−1), which highlight the gener-
ation of electromagnetic sporadic emissions in association
with nonlinear coherent structures (electron holes). These
emissions take place substantially (∼ 10 %) above the lo-
cal electron gyrofrequency and the associated wave electric
fields are partially polarized in a direction parallel to the mag-
netic field indicating the probable presence of left-hand po-
larized ordinary (LO)-mode radiation. The measurement of
the Doppler-shifted AKR frequency spectrum allows the de-
termination of the electrons hole velocity. It turns out that the
velocity range is about half the beam velocity, in fair agree-
ment with the electron–electron two-stream instability. The
generated electron holes appear as the nonlinear evolution of
electrostatic waves generated by this instability.

2 Observations

Figure 1 displays 12 s of data (horizontal axis) illustrating
the crossing of an anti-earthward-directed large-amplitude
DL (320 mV m−1) located in the AKR source region. The
FAST spacecraft was at invariant latitude ∼ 68◦ and altitude
∼ 4150 km (orbit 1761). As evidenced in the top panels (a)
the spacecraft approaches the DL from the low-potential side
at ∼ 06:44:44 UT and enters a region of a steep density gra-
dient. Figure 1b and c show the electric field spectral power
density as a function of frequency and time. Panel (b) repre-
sents the electric field spectral power density measured by the
on-board sweep frequency analyser (SFA) as a function of
frequency and time. The frequency span is from 0 to 500 kHz
at 15 kHz bandwidth. The dark line around 365 kHz is fce,
the local electron cyclotron frequency. The waves recorded
near and above fce are AKR; at low frequency (less than
∼ 20 kHz), intense VLF waves can be identified as hiss emis-
sions, which present an upper cut-off near the local plasma
frequency fp (Persoon et al., 1988); the observations imply
that fp� fce. Panel (c) displays plasma wave tracker data,
which has a fine-frequency resolution over a limited band-
width. The frequency axis is from 400 to 420 kHz, with a
32 Hz resolution.

Figure 1. FAST spacecraft observations during the crossing of a
localized double layer. The time duration is 12 s. Panel (a) plots
the parallel component of the anti-earthward-directed DC electric
field together with the density variation. Panel (b) shows the electric
power density as a function of frequency. The on-board sweep fre-
quency analyser spans 0 to 500 kHz, with a 4 kHz bandwidth. The
dark horizontal line is the non-relativistic electron gyrofrequency
fce. Panel (c) reveals the presence of large-amplitude fine spectral
AKR features measured by the plasma tracker. The frequency axis is
from 400 to 420 kHz, with a 32 Hz resolution. In (b, c) the shaded
blue region is correlated with the crossing of the parallel electric
field.

From 06:44:38.717 UT as illustrated in Fig. 1a, accord-
ing to the electron flux measurements, the FAST spacecraft
stays in a region of depressed density (∼ 0.3 cm−3) during
∼ 3 s. In the time interval 3–6 s the spacecraft enters a re-
gion of sharp density gradient. The density is substantially
increased (roughly by a factor 5) and reaches ∼ 1.4 cm−3 in
agreement with the cut-off frequency of the hiss emissions
(Fig. 1b); then it decreases to 0.8 cm−3 and stays more or
less constant during the rest of the selected time sequence.
In accordance with the previous observations from the Polar
spacecraft (Hull et al., 2003), the recorded large-amplitude
parallel electric field takes place at the boundary separating
high- and low-density plasma; this is probably the result of
an ambipolar response of the plasma.

The power displayed in Fig. 1b was measured thanks to
an electric antenna located in the satellite spin plane which
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contains the magnetic field. This antenna rotates at space-
craft spin period (5 s) and alternately measures the parallel
and perpendicular components of the generated AKR elec-
tric fields. It can be seen that, in the region of depressed den-
sity, the AKR emissions occurring near fce are modulated
at twice the spacecraft spin period. This modulation is such
that the largest amplitudes of the recorded electric fields take
place when the antenna is located in the direction perpendic-
ular to the local magnetic field; only very weak amplitudes
are registered in the parallel direction. This indicates that, in
the density cavity, the wave electric field is polarized perpen-
dicular to the ambient magnetic field, which implies that the
radiation is generated in the right-hand circularly polarized
extraordinary (RX) mode (Ergun et al., 1998). In contrast, in
the enhanced-density region, the recorded AKR electric field
displays a significant parallel component, which denotes that
part of the radiation is generated in the LO mode.

The most striking feature in Fig. 1b occurs from
∼ 06:44:45 UT, in connection with the AKR LO-mode gen-
eration, when powerful AKR emissions are recorded at fre-
quencies located significantly (∼ 10 %) above the local elec-
tron gyrofrequency (fce∼ 365 kHz). The AKR power asso-
ciated with this event reaches ∼ 10−6 (V/m)2/Hz; almost 2
orders of magnitude greater than the one measured in the
cavity.

As illustrated in Fig. 1c, in association with the power-
ful AKR emissions which take place on the high-potential
side of the DL, the FAST tracker detects AKR fine spectral
features. These small-scale radiators appear as quasi-vertical
structures with several hundred hertz bandwidths; they ex-
hibit predominantly positive frequency drifts (df/dt > 0)
implying that the radiating structures propagate earthward.

Figure 2 reveals a 10 ms time sequence of the parallel
electric field waveform recorded during the AKR elemen-
tary radiators generation. One distinguishes a series of large-
amplitude (∼ 120 mV m−1) bipolar electric field structures
which characterize the presence of electron holes (EHs); each
of them lasts for about 150 µs. These nonlinear structures
have a spatial extend of a few Debye lengths and are asso-
ciated with a localized positive potential (Schamel, 1979).
They have the polarity of a positive potential pulse. In the ref-
erence frame we are using, a positive value of the associated
parallel electric field corresponds to the earthward direction
which coincides with the beam propagation. It can be seen
that in the present case, EHs always have a parallel electric
field first directed earthward then anti-earthward; such a po-
larity indicates that they are indeed travelling in the electron
beam direction. The present observations are consistent with
the results of numerical simulations which show that EHs
are generated on the high-potential side of a DL; they have
a velocity of the order of the drift velocity of the associated
electron beam (Newman et al., 2001; Goldman et al., 2003).
All through the end of the selected time sequence from∼ 5 to
12 s, the EHs appear in the spectrogram measured by the SFA
as brief emissions of broadband noise (see Fig. 1b); they are

Figure 2. A 10 ms sequence of the fluctuations observed in
the 32 kHz quasi-parallel electric field waveform. The data were
acquired on the high-potential side of the recorded DL at
∼ 06:44:45 UT. They characterize the presence of EHs which have
time spans of about 150 µs with amplitudes of ∼ 120 mV m−1. All
the EHs have a positive then a negative polarity indicating that they
are travelling earthward.

associated with fine AKR spectral features detected by the
tracker.

Figure 3a and b display two electron distributions recorded
during the selected time sequence; they are averaged on
0.8 s. The horizontal axis is the velocity parallel to the
magnetic field; the vertical axis is the perpendicular veloc-
ity. At 06:44:42 UT, inside the density cavity, the distribu-
tion illustrated in Fig. 3a exhibits a well-defined horseshoe
shape and is associated with AKR emissions recorded at
(and slightly below) fce. This distribution exhibits a posi-
tive slope, ∂Fe(v//,v⊥)/∂v⊥ > 0, in a large pitch angle range
and provides the free energy for AKR generation via the cy-
clotron maser instability (Ergun et al., 2000; Mutel et al.,
2007); the excited waves propagate in the RX mode.

Figure 3b reveals the electron distribution recorded at
06:44:45 UT in the regions of enhanced density located on
the high-potential side of the recorded DL; it exhibits a pro-
nounced beam-like character. The peak parallel energy of the
electron beam reaches ∼ 14 keV; it is ∼ 7 keV larger than
in the cavity. The recorded electron distribution can be re-
produced assuming that the electrons which form the horse-
shoe distribution, previously shown in Fig. 3a, have passed
through a localized parallel potential drop of ∼ 7 keV. It can
be seen that the highest energetic electrons form an incom-
plete ring in the pitch angle range θ ∼±45◦. At the same
time, an anti-earthward parallel electric field component is
measured to be of ∼ 300 mV m−1, implying the crossing of
an accelerating structure with a parallel extension of∼ 25 km
which supports the potential drop. In these regions powerful
recorded AKR emissions occur significantly above fce (see
Fig. 1b).
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Figure 3. Panel (a) plots the full-ring horseshoe electron distribu-
tion recorded inside the density cavity at ∼ 06:44:42 UT before the
DL crossing. Panel (b) displays the electron distribution measured
at 06:44:45 UT in the regions of enhanced density located on the
high-potential side of the recorded DL; it exhibits a pronounced
beam-like character. The distributions are plotted in perpendicular,
parallel velocity space. Positive values of the parallel velocities cor-
respond to earthward propagation. Both distributions are averaged
over ∼ 0.8 s. The background electron fluxes with energy less than
∼ 1 keV have been disregarded.

3 Discussion

3.1 Free energy for AKR generation

It is worth remembering that in the theory of the electron
maser emission the gradient relevant to the generation of the
radiation is the partial perpendicular velocity gradient on the
electron distribution function. It can be expressed as the sum
of two terms, namely

∂Fe(v//,v⊥)/∂v⊥ = sinθ
∂Fe(v//,v⊥)

∂v

+
cosθ
v

∂Fe(v//,v⊥)

∂θ
. (1)

The first one is the derivative with respect to the electron
velocity v; the second is the derivative with respect to the
electron pitch angle θ .

The present observations provide interesting information
about the characteristics of electron distributions which pro-
vide free energy for AKR generation. Two main generation
regions are identified:

– Inside the density, cavity the presence of a horseshoe
electron distribution supplies the free energy for AKR
generation. Because of the symmetry of this distribu-
tion function, the derivative ∂/∂θ ≈ 0 with respect to
θ can be neglected, resulting in ∂Fe(v//,v⊥)/∂v⊥ ≈

sinθ∂Fe(v//,v⊥)/∂v. The dominant emission is the RX
mode; it is recorded at frequencies in the neighbourhood
of fce. This is in agreement with previous observations
(Louarn et al., 1990; Ergun et al., 2000).

– At the cavity interface, where sharp density gradi-
ents are located, large-amplitude AKR emissions are
recorded in the presence of a DL; they take place on
the high-potential side of the DL. The free energy is
supplied by an electron distribution exhibiting perpen-
dicular velocity gradients induced by the presence of an
incomplete ring of energetic electrons together with the
existence of a lower-energy tail at localized pitch an-
gles; in these circumstances both terms in Eq. (1) must
be taken into account. The recorded AKR emissions oc-
cur at frequencies located significantly above fce, and
the polarization of the waves indicates the presence of a
significant power in the LO-mode radiation.

3.2 Radiation from electron holes

The present experimental observations show that band-
limited radiation above fce takes place in the presence of
EHs, which may distort the electron distribution and there-
fore modulate the electron cyclotron instability (Pottelette et
al., 2001; Treumann et al., 2011).

In the auroral acceleration region the typical spatial ex-
tension of the EH parallel to the magnetic field amounts to
L// ∼ 1 km (several Debye lengths). Observations from the
POLAR spacecraft indicate that, when the plasma frequency
is small as compared to the electron gyrofrequency, EHs are
rather spherically symmetric (Franz et al., 2000); a conclu-
sion which has also been drawn by Berthomier et al. (2003)
from simplified magnetized theory in a strong magnetic field.
Having a perpendicular size L⊥ ≈ L//, an EH is well-suited
for acting as an efficient radiating antenna in the kilome-
tre wavelength range. At FAST altitudes such a radial size
is well suited to the generation of AKR elementary events
characterized by a 1f ∼ 100 Hz bandwidth (Pottelette and
Pickett, 2007).

Numerical simulations demonstrate that EHs occupy a
substantial part of velocity space while being very narrow
in configuration space (Newman et al., 2001; Goldman et al.,
2003). Due to the finite gyroradius of the trapped electrons,
any EHs generated in magnetized plasmas will necessarily
have a finite extension in perpendicular velocity space. This
extension gives rise to perpendicular velocity space gradi-
ents on the electron distribution function which are confined
to the edges of the EHs in parallel and perpendicular direc-
tion (Treumann et al., 2011). The radiation generated from
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the outer boundary of the hole can be powerful if the local-
ized phase space gradients are sharp enough. Unfortunately
these gradients cannot be experimentally quantified because
the characteristic transit time of EHs across the spacecraft
antenna lasts for a few hundred microseconds. One would
need to measure the electron distribution, say, from 10 eV to
20 keV on the same timescale. Clearly, for the time being, an
instrumentation capable of this cannot be based on a space-
craft.

In terms of the electron velocity components, the reso-
nance condition, for mildly relativistic electrons satisfying
the cyclotron instability, is fulfilled around the following res-
onant circle (Wu and Lee, 1979):

(v//− va)
2
+ v2
⊥
= v2

r , (2)

where va is the centre of the circle in the direction parallel to
the magnetic field

va =
k//c

2

ωce
, (3)

while the radius is

vr =

√
v2

a + 2c2(1−ω/ωce). (4)

In both equations ω is the angular wave frequency, ωce the
angular electron gyrofrequency, k// the wave vector parallel
to the magnetic field, and c the speed of light.

In order to satisfy the general weakly relativistic resonance
condition for the maser instability, the velocity Vh of the hole
must be such that the perpendicular gradients localized at the
hole coincide with the resonance contour given by (2), which
implies Vh = Va. This equality provides a determination of
the parallel wave number through the EH velocity

k// =
ωceVh

c2 . (5)

The above parallel wave number does not vanish as long as
Vh 6= 0. In the observer frame the radiation emitted by an EH
is oblique, while in the electron hole reference frame (where
Vh and consequently k// are 0) the radiation is predominantly
generated in a perpendicular direction and occurs in a fre-
quency range located at or slightly beneath the local non-
relativistic electron-cyclotron frequency fce. As such nonlin-
ear structures propagate earthward, at a velocity of the or-
der of the electron beam velocity, a satellite located below
the altitude of an accelerating DL will mainly observe radia-
tion from incoming holes. In these circumstances, the change
in frequency due to the displacement of an EH along the
magnetic field is described by the relativistic Doppler effect
which, for the observed frequency of the radiation, results in

f = fce

√
1−β2

h

1−βh
, (6)

Figure 4. Enlargement of Fig. 3b illustrating the integration surface
in the EH stationary frame. The centre of the resonant circle (dashed
line) is at parallel velocity Vh, equal to half the beam velocity. Only
the part of this circle which passes the positive perpendicular ve-
locity space gradient contributes to a positive growth rate for the
cyclotron maser instability; it is limited to −45◦<θ < 45◦.

where βh = Vh/c. Fig. 1c shows that, in the presence of
EHs, the excited AKR frequency range is ∼ 410± 10 kHz.
The local electron gyrofrequency is fce∼ 365 kHz; the use
of Eq. (6) leads to Vh∼ (35 000± 5000) km s−1. This is al-
most half the value of the beam velocity (see Fig. 3b). Such
a velocity range is in excellent agreement with the electron–
electron two-stream instability as the generation mechanism
of these nonlinear structures (Treumann and Baumjohann,
1997). It can be seen in Fig. 3b that the drift velocity of the
propagating electron beam is much larger than the electron
thermal stream; this induces an appreciable growth rate of
this instability.

As previously emphasized, radiation generation via the cy-
clotron maser implies the production of a steep positive ve-
locity gradient at the boundary of the EHs, particularly near
the electron beam bounding this nonlinear structure from the
high-speed side. EHs extend in configuration space in the
perpendicular direction, at least over distances of the trapped
electron gyro radius. The presence of these trapped electrons
induces the required velocity space gradients in the perpen-
dicular direction.

An example of an integration surface satisfying the re-
quests ∂Fe(v//,v⊥)/∂v⊥ > 0 is indicated by a dashed line
in Fig. 4. This figure is an enlargement of Fig. 3b, which dis-
plays the two-dimensional electron distribution recorded on
the high-potential side of the DL; the radius of the resonant
circle is Vr = Vb−Vh.
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3.3 Electron cyclotron maser growth rate

Using polar coordinates, the growth rates for the RX and LO
modes can be respectively written as (Mutel et al., 2007)

ωi

ωce

∣∣∣∣
RX
= µR

(πvrc)
2

4ne

(
ωpe

ωce

)2 π∫
0

dθsin2(θ)
∂Fe(v)

∂v⊥

∣∣∣∣
|v|=vr

(7)

and

ωi

ωce

∣∣∣∣
LO
=
π2v4

r
16ne

(
ωpe

ωce

)2 π∫
0

dθsin2(2θ)
∂Fe(v)

∂v⊥

∣∣∣∣
|v|=vr

, (8)

where ne is the number density of energetic electrons and
ωpe is the angular plasma frequency. The integrals must be
solved accounting for resonance along the resonant circle in
velocity space defined by Eq. (2); only the part of this circle
which passes the positive perpendicular velocity space gradi-
ent contributes to a positive growth rate. The dimensionless
factor µR ∼ 0.14 corrects for the effect of the plasma dis-
persion. Note that the dependence of the growth rate on the
velocity distribution appears as a linear function of the per-
pendicular derivative weighted by a simple geometrical fac-
tor centred at 90◦ (RX mode) or 45 and 135◦ (LO mode).
Without the influence of this geometrical factor, the growth
rate for the ordinary mode is smaller than that of the extraor-
dinary mode by O(v2

r /µRc
2).

Using Eqs. (7) and (8), it can be shown that in the auroral
cavity, characterized by the presence of a horseshoe distribu-
tion of the type illustrated in Fig. 3a, the RX to LO growth
rate ratio is ∼ 10−3 (Mutel et al., 2007). In the cavity, the
resonant circle which encompasses the largest velocity gra-
dients is located at the origin of the velocity space of Fig. 3a
(Ergun et al., 2000); its radius is Vr = c

√
2(1− f/fce). The

recorded polarization of the radiation is consistent with X-
mode generation at a frequency located slightly below fce; it
requires k// = 0 in order to fulfill Eq. (2).

As emphasized earlier, in order to quantify the emission
of radiation generated by an EH, it is useful to work in the
reference frame of the hole which is not centred at the origin
of the velocity space. Given the order of magnitude of the ve-
locity range of the EHs recorded at the edge of the cavity, a
resonant circle which satisfies the condition for strong maser
emission is plotted with a dashed line in Fig. 4. Only the part
of this circle which passes the positive perpendicular veloc-
ity space gradient contributes to a positive growth rate; it is
limited to −45◦<θ < 45◦. As seen in Eqs. (7) and (8), the
growth rates of the RX and LO modes are a sensitive function
of sin2(θ) and sin2(2θ), respectively. Given the integration
interval restricted to −45◦<θ < 45◦, the value of the geo-
metrical factor is much larger for the LO mode than for the
RX mode. This may explain the significant power recorded
in the LO at the edges of the auroral density cavity which is
sometimes observed (Louarn, 2006).

4 Conclusions

The present paper provides new additional evidence related
to the generation of elementary-scale radiation by the EHs.

There is undeniable cross-fertilization between labora-
tory and space experiments regarding radiation generation.
The observations performed in the AKR source region
strengthen those previously acquired from laboratory exper-
iments (Gunell and Löfgren, 1997; Brenning et al., 2004).
Actually, part of the AKR radiation appears to be generated
thanks to the existence of nonlinear structures, located on
the high-potential side of a DL, which act as a sender an-
tenna. Such localized large-amplitude parallel electric fields
are recorded inside high-density gradients located at the in-
terface of the auroral cavity. In agreement with previous stud-
ies (Pottelette et al., 2001, 2014; Treumann et al., 2011), the
nonlinear structures which give rise to the fine structure in
the AKR spectrum can be identified as electron holes. A re-
cent theoretical study calculating the AKR growth rates in
the presence of EHs embedded in the electron distribution
supports this interpretation (Zhao et al., 2016).

In the hole frame, the radiation is excited near the lo-
cal gyrofrequency, while, in the satellite frame, the excited
frequency range appears to be shifted up because of the
Doppler effect generated by approaching holes (Treumann et
al., 2011). The use of the measurement of the frequency shift
allows the determination of the EHs velocity; it turns out that
these nonlinear structures move at about half the value of the
beam velocity. Such a velocity range is in excellent agree-
ment with the electron–electron two-stream instability and
implies that the EHs are caused by the nonlinear evolution
of the electrostatic waves generated by this instability. This
is a very fundamental result which shows that the generation
mechanism of EHs can be derived from the characteristics of
the radiation they transmit.

The radiation emitted by an EH has a finite k// and can
consequently escape from the source region. Regarding the
AKR polarization, it has also been underlined that, on the
high-potential side of a DL, the shape of the electron distri-
bution notably enhances the growth rate of the LO mode as
compared to its value in the density cavity.

As EHs seem to be strong sources of non-thermal radio
radiation from the aurora, all these observations suggest that
they should play an important role in other magnetized plan-
etary objects and more generally in astrophysical plasmas.
The formation of EHs and their associated radiation mecha-
nism are highly nonlinear and cannot be accessed by a per-
turbation approach. The only way of investigating such pro-
cesses is through numerical simulations. For the time being,
it is generally believed that the short spatial-scale perpendic-
ular velocity gradient at the hole boundary, generated by the
presence of trapped electrons, is steep and contributes to the
electron cyclotron maser. However, the migration of the EHs
in velocity space, as the electron velocity distribution func-
tion evolves from a beam near the high-potential side of the
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DL, is crucial to the understanding of the role of these nonlin-
ear structures as small-scale radiators. Unfortunately, in the
presence of the converging Earth’s magnetic field, the evolu-
tion of an EH, including its structure, stability (life time) and
propagation speed, remain essentially unexplored by numer-
ical simulations.
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