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Abstract. In the auroral zone of the Earth, the electron ac-
celeration by Alfv́en waves is sometimes seen as a precursor
of the non-propagating acceleration structures. In order to in-
vestigate how Alfv́en waves could generate non-propagating
electric fields, a series of simulations of counter-propagating
waves in a homogeneous medium is presented. The waves
propagate along the ambient magnetic field direction. It is
shown that non-propagating electric fields are generated at
the locus of the Alfv́en waves crossing. These electric fields
have a component orientated along the direction of the am-
bient magnetic field, and they generate a significant pertur-
bation of the plasma density. The non-linear interaction of
down and up-going Alfv́en waves might be a cause of plasma
density fluctuations (with gradients along the magnetic field)
on a scale comparable to those of the Alfvén wavelengths.
The present paper is mainly focused on the creation process
of the non-propagating parallel electric field.

Keywords. Magnetospheric physics (Auroral phenomena)
– Space plasma physics (Nonlinear phenomena; Numerical
simulation studies)

1 Introduction

An auroral substorm is an abrupt increase in night-side hemi-
spheric auroral power. The visual displays of the auroras
happen at ionospheric altitudes (typically in the range 60–
400 km). A substantial part of the electron acceleration that
triggers the auroras happens at a few thousands of kilometres
above the ionosphere. Two main families of acceleration pro-
cesses have been identified, associated to quasi-static electric
fields, and to Alfv́en wave electric fields. The acceleration by
quasistatic, and basically non-propagating, electric fields (in-
verted V, or other kinds of localized parallel electric fields)
produces mono-energetic beams of electrons, while those by
Alfv én waves are associated to broadband energy distribu-

tions. Recent observations show that these two families of
processes are not independent from each other.

A series of papers tend to conclude that quasi-static elec-
tric field structures might cause Alfvénic acceleration. An
auroral plasma physics experiment on-board a rocket that
flew into a 100 nT auroral substorm explored an environment
composed of an equatorward region of inverted V electron
precipitation followed by a poleward region of mostly field-
aligned supra-thermal electron bursts. In the inverted V re-
gion (Klatt et al., 2005), the measuredδE/δB implied a sta-
tionary field-aligned current configuration. In the poleward
region, the average electric field included time-varying com-
ponents with periods of 0.5–5 s, andδE/δB was Alfvénic.
The perpendicular scale size of most of these waves was on
the order of a kilometer or less, as expected for acceleration
by inertial Alfvén waves. The role of the Alfvénic accel-
eration in the poleward side of arcs was confirmed by con-
jugate observations from space and from the ground (Frey
et al., 2010). It was proposed byKlatt et al.(2005) and oth-
ers (Asamura et al., 2009; Chen et al., 2005), that the Alfv́en
waves might be triggered by the electron beam caused by
the quasi-static electric fields. Then, the Alfvénic accelera-
tion would be a consequence of the quasi-static electric struc-
tures.

Reciprocally, other papers suggest that Alfvénic processes
might act as the precursors of quasi-static non-propagating
acceleration structures. The optical observations reveal
the development of a much brighter onset arc poleward of
growth-phase arcs (Zou et al., 2010); the Alfvénic acceler-
ation, mostly associated to the poleward side, might act as
a precursor to the quasi-static electric fields.Newell et al.
(2010) combined a very large number of identifications of
substorm onsets from satellite global imagers with DMSP
particle data to investigate the substorm cycle dependence of
the diffuse aurora, monoenergetic aurora (produced by quasi-
static electric fields), and broadband aurora (associated with
Alfv énic acceleration). Although all types of aurora increase
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at substorm onset, they showed that broadband aurora are
notably associated with substorms and, especially, substorm
onset.

Evidences of acceleration structures emanating from
Alfv én waves are also given by the direct observation of
the parallel electric field (parallel to the mean direction of
the magnetic field) (Chust et al., 1998; Chaston et al., 2007)
or by the estimate of the wave Poynting flux (Louarn et al.,
1994; Volwerk et al., 1996; Keiling et al., 2000). More ref-
erences can be found inKeiling (2009). More recently,Hull
et al. (2010) performed a case study of the development of
an acceleration region based on multi-point Cluster obser-
vations in the high altitude auroral zone, across the plasma
sheet and into the polar cap. They have identified an Alfvén
wave dominated system, with its typical broad spectrum of
accelerated particles, in the vicinity of a plasma cavity. After
Alfv énic acceleration, the signature (the so-called inverted
V) of particles accelerated by a quasi-static structure, such
as a strong double layer, was observed. This suggests that
the Alfvénic acceleration process could act as a precursor
to the quasi-static process. But the Alfvén waves might not
only be a cause for inverted-Vs.Ergun et al.(2005) have
reported observations of spiky parallel electric fields associ-
ated to nonlinear Alfv́en waves. Contrarily to inverted-Vs,
these structures do not display any parallel electric current;
they probably belong to an another category of electric field
structures.

Considering the complexity of the auroral processes, it
might be hazardous to state that one family of acceleration
processes (non-propagating structures or waves) is system-
atically the consequence of the other. In the present study,
without arguing against the possibility that quasi-static accel-
eration structures can generate Alfvén waves, we investigate
the opposite case of quasi-static – or more precisely, non-
propagating – electric field acceleration structures triggered
by Alfv én waves.

This paper presents a series of numerical simulations that
investigate the interaction of down-going incident Alfvén
waves with their up-going reflected counterpart. Their abil-
ity to create parallel stationary electric fields is questioned, as
well as to prepare the auroral plasma before the setting of the
acceleration processes. Because the duration of our simula-
tion is short in comparison to the duration of the observed ac-
celeration structures, one cannot conclude unambiguously on
the quasi-static character of the structures generated through
the Alfvén waves interaction, but we will state whether they
are propagating or non-propagating. Complementary to the
observational facts mentioned above, the approach in this pa-
per is determined by a search for simplicity. That is why the
initial conditions in the simulations are rather basic: we con-
sider a plasma that is uniform in density, temperature, mean
velocity and magnetic field. There is no mean current. In
it, we superimpose two Alfv́en waves, or two Alfv́en wave
packets, propagating along the ambient magnetic field direc-
tion X (possibly in both directions), and we observe what

happens, with special attention given to the possible emer-
gence of a parallel electric fieldEX and to the plasma den-
sity.

Because of this simple setting, the present study cannot
pretend to bring any conclusion on the large scale structure
of the auroral zone. Therefore, we cannot involve the large
scale density and magnetic field dependence with altitude,
net potential drops on large scales, etc. Because the numeri-
cal simulations are conducted with a reduced ion to electron
mass ratio, quantitative comparisons with auroral data cannot
be done yet. As well as the analysis of the accelerated parti-
cle distribution function and of the field aligned current, the
quantitative analysis is left for a further stage of this inves-
tigation. This paper focuses on an explanation of the physi-
cal process observed in the simulations that are in the range
of ”microphysics” when compared to magnetospheric scales.
Nevertheless, its potential relevance to auroral physics is the
main motivation of this work.

It has been shown in previous studies (Hasegawa and
Chen, 1975; Goertz, 1984) that, even in the context of lin-
ear theories, Alfv́en waves with an oblique wave vector in-
duce an electric field with a component parallel to the am-
bient magnetic field. This happens provided that the trans-
verse scale is small enough to allowk⊥c/ωp ∼ 1 ork⊥ρi ∼ 1,
wherek⊥ is the wave vector’s component perpendicular to
the ambient magnetic field,ωp is the plasma frequency, and
ρi is the ion Larmor radius. In the present study, we do not
suppose that the Alfv́en waves are already accelerating the
plasma. As the origin of their small transverse scales is not
trivial, it is more careful, for the generality and the simplic-
ity of the initial condition to neglect the presence of small
transverse scale associated to the Alvfén waves. The choice
of setting initially waves without small transverse scale also
comes from the need to explain up-going waves. They should
be the reflected part of down-going waves created in the mag-
netosphere, and reflected upon the ionosphere. Alfvén waves
with small transverse scales of the order of 1 km, like those
associated to acceleration structures described byKlatt et al.
(2005), cannot be reflected efficiently upon the ionosphere
(Lessard and Knudsen, 2001). Therefore, we set initially
waves that propagate along the magnetic field. Because the
Alfv én waves in the present study propagate along the ambi-
ent magnetic field, the linear theory shows that they do not
carry any parallel electric field, even when inertial and ki-
netic effects are considered. Therefore, the setting of a paral-
lel electric fieldEX presented in the next sections is the result
of nonlinear effects.

Let us notice already that we make a distinction between
theX component of a vector (parallel to the ambient – and
uniform – magnetic field) and itsx component, that is paral-
lel to the local value of the magnetic field. The reason why
is explained in Sect.4.
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2 Numerical method and simulation parameters

As in Génot et al.(2000, 2001a, 2004), dedicated to the
physics of auroral Alfv́en waves, the numerical simulations
are made with a EGC (Electron Guiding Center) electromag-
netic PIC code that takes into account the motion of the elec-
tron guiding center and the full ion motion. The boundary
conditions are periodic. A complete description of this code
is given inMottez et al.(1998).

The physical variables are reduced to dimensionless vari-
ables. Time and frequencies are normalized by the electron
plasma frequencyωp0 that correspond to a reference back-
ground electron densityn0. Velocities are normalized to the
speed of lightc, and the magnetic field is given in terms of the
dimensionless electron gyrofrequencyωce/ωp0. The mass
unit is the electron massme. Therefore, the units (starting
from the Maxwell equation in the MKSA system) arec/ωp0
for distances,ωp0/c for wave vectors,e for charges,en0 for
the charge density,cωce/ωp0 for the electric field. In the fol-
lowing parts of this paper, all the equations, numerical values
and figures are expressed in this system of units.

This paper is based on a series of numerical simulations,
whose naming convention is AWC (for Alfvén wave cross-
ing) followed by a number, or a number and a letter. These
simulations share most of their characteristics with AWC001,
which is therefore used as a reference simulation. For the
others, a few parameters are varied. When a physical param-
eter is varied (for instance, a wave amplitude), the number
is different. When only computational parameters are varied
(such as the number of macro-particles), a letter is added to
the name of the simulation.

Here are some details about the parameters and initial val-
ues of AWC001. Two wave packets propagate in a uniform
plasma, in opposite directions along the X-axis. There are
819 200 particles of each species in the simulation; it corre-
sponds to 50 particles per cell. There are 2048 time steps, de-
fined by1t = 0.2, corresponding to a total timetmax= 409.6.
The size of the whole simulation domain is 40961X×41Y ,
where1X = 1Y = 0.1 is the size of the grid cells. There-
fore, the simulation is practically in one dimension. The
electron thermal velocity isvte = 0.1; the ion and electron
temperatures are the same. The ion to electron mass ratio is
reduced tomi/me= 400.

Each wave packet is initialized as the sum of 8 sinusoidal
waves with their maximum – in terms of magnetic pertur-
bation – atX1 = 0 for the first wave packet, andX2 = 241
for the second wave packet. In each packet, the waves have
the same amplitude, given by the wave magnetic field am-
plitude δB = 0.12. The value of the background magnetic
field is B0 = 4. The waves have a right handed circular po-
larization. This corresponds, in parallel propagation, to the
fast magneto-sonic branch of the dispersion relation. Their
wavelengths areλ = λ0/m whereλ0 = 409.6 andm varies
from 1 to 8. The phase velocities vary from 0.45 for the
shortest wave to 0.23 for the longest. (The Alfvén velocity

is VA = 0.2.) The first wave packet propagates downward
(toward positive values ofX) and the second wave packet
propagates upward (toward negative values ofX).

For each of the eight sinusoidal waves (characterized by
the mode numberm), the wave vectorkm is parallel to the
X-direction, which is also the direction of the quasi-1-D
box (with 4096 cells in the x-direction and 4 cells in the
y-direction) and the direction of the ambient magnetic field
B0 = (B0,0,0).

Following a widespread convention, we call the direction
of the wave vector the longitudinal direction. In the present
case, it is given by the X-axis. We say that the direction
of the magnetic field is the parallel direction. With a wave
of infinitesimal amplitude, the longitudinal and the parallel
directions would coincide, but this it is not the case with finite
amplitude Alfv́en waves.

The polarization of each of these sinusoidal waves is
given by initial values of the transverse componentsBY(X),
BZ(X), EY(X), EZ(X) of the electromagnetic field, and by
the particles’ velocity. Each macro-particle, electron (“e”) or
proton (“p”), of index “i” has a random velocity, following
a Gaussian law determined by the temperature, to which is
added a transverse velocity perturbationveY(Xi), veZ(Xi),
vpY(Xi), vpZ(Xi) that depends on the particle’s positionXi

and nature (electron or proton). Each of these functions of
X is of the formF(X) = δB ×fFm × sin(km(X −Xj )) or
F(X) = δB ×fFm ×cos(km(X−Xj )), whereXj is the po-
sition of the centre of the wave packet (one value for each
wave packet), andfFm is a scalar that is different for every
field (BY ... vZ) and every modem. For the magnetic field,
fBm = 1. For the parallel electric field,fExm = 0. The other
values offFm are computed numerically, before the simula-
tion, through the resolution of the linear dispersion equation
of Alfv én waves in the cold bi-fluid approximation, as de-
tailed in the appendix ofMottez (2008). At the center of a
wave packet (represented by the valuesX1 andX2 for the
first and the second wave packets), the amplitude of the mag-
netic field is initially 8×δB, as the wave packet is the sum of
8 sinusoidal waves (labelled by their mode numberm varying
from 1 to 8) with the amplitudeδB.

This way of initializing Alfvén wave packets has already
been applied and tested byMottez and Ǵenot(2011). It was
shown that for a single wave packet propagating on a uniform
plasma, the packet is not destroyed by the dispersion. Apart
from noise at a frequency around the plasma frequency (ω ∼

1), for a moderate wave amplitude, still for a single wave
packet, there is no creation of parallel electric field, or at least
the electric field is below the noise level. This point will be
discussed in the next section for waves of larger amplitude.

The parameters of the other simulations are presented in
Table1. The initial values of the wave packets positionsXj

are varied in a few simulations in order to test any influence
of phase and boundary conditions. Actually, none is seen.
The values ofXj , of no influence, are not specified in Ta-
ble 1. The simulations AWC001 to AWC010 are initialized
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84 F. Mottez: Parallel electric fields

Table 1. Simulation parameters varied from AWC001, and parallel electric field maximum value. Each column contains the data for the wave
packets 1 and 2. RH (resp. LH) is for right-hand (resp. left-hand) polarized waves. D and U mean Downward and Upward propagation. The
simulations AWC001 to AWC009 correspond to wave packets, each packet being the sum of 8 sinusoidal waves with the same amplitude.
This amplitude, given in the columnδB, can be different for the two wave packets. The range of wavelengths is indicated in the columnλ.
In the simulation AWC010-AWC019, there are no wave packets, but only two sinusoidal waves, whose wavelengths are given in the column
λ. Versions “b” are made with more particles. Version “c” is a 2-D simulation (see text). In the last column is displayed the maximum
amplitude of the parallel electric field at any place and any time in the simulation. The maximum intensity is reached at the locus of the wave
packets interactions, except for AWC009, where the most intense value ofEX is associated to plasma wave oscillations. For AWC009, the
second number indicates the amplitude associated with the Alfvén waves interaction.

name N /cell δB polar. dir. λ max(EX(X,t))

wave packet

AWC001 50 0.12 0.12 RH RH D U 51.2-409. 51.2–409. 0.12

AWC002+b 50, 400 0.08 0.08 LH LH D U 51.2–409. 51.2–409. 0.078
AWC003+b 50, 400 0.08 0.08 RH LH D D 51.2–409. 51.2–409. 0.021

AWC004 50 0.16 0.16 RH RH D U 51.2–409. 51.2–409. 0.21
AWC005 400 0.04 0.04 RH RH D U 51.2–409. 51.2–409. 0.016
AWC006 400 0.02 0.02 RH RH D U 51.2–409. 51.2–409. 0.008
AWC007 400 0.08 0.04 RH RH D U 51.2–409. 51.2–409. 0.030
AWC008 400 0.08 0.16 RH RH D U 51.2–409. 51.2–409. 0.11

AWC009 400 0.08 0.16 RH RH D D 51.2–409. 51.2–409. 0.13 atωpe
0.04

sinusoid

AWC010+b 50, 400 (b) 0.08 0.08 RH RH D U 102.4 102.4

AWC010c, in 2-D 40 0.08 0.08 RH RH D U 102.4 102.4

AWC011 50 (b) 0.08 0.08 LH RH D U 102.4 102.4
AWC012 50, 400 (b) 0.08 0.08 LH LH D U 102.4 102.4

AWC013+b 50, 400 (b) 0.16 0.16 RH RH D U 102.4 102.4
AWC014+b 50, 400 (b) 0.04 0.04 RH RH D U 102.4 102.4
AWC015+b 50, 400 (b) 0.08 0.04 RH RH D U 102.4 102.4
AWC016+b 50, 400 (b) 0.08 0.16 RH RH D U 102.4 102.4
AWC017+b 50, 400 (b) 0.04 0.16 RH RH D U 102.4 102.4
AWC018+b 50, 400 (b) 0.02 0.16 RH RH D U 102.4 102.4
AWC019+b 50, 400 (b) 0.02 0.04 RH RH D U 102.4 102.4

AWC020+b 50, 400 (b) 0.08 0.08 RH RH D U 409.6 409.6

with two wave packets. The simulations after AWC010 are
initialized more simply with only two sinusoidal waves prop-
agating in opposite directions. As we will see, this simpler
setting is a good help to better characterize the nature of their
interaction. In simulations AWC13 to AWC019, only the am-
plitudes of the two waves are varied. Actually, these simula-
tions have been done in two versions. The fist corresponds
to 50 particles per cell, as in AWC001–AWC009. Other se-
ries (AWC010b and AWC013b–AWC019b) have been con-
ducted with 400 particles per cell. These simulations “b”,
apart from being less noisy, provide the same results and
the same numerical values (as far as the signal, and not the
noise above it are concerned). The simulation AWC010 has
also a version “c”, made with a bi-dimensional grid of size

2048×1024, 40 particles per cell, and 512 time steps. The
fields computed in this simulation show the same behaviour
as in the 1-D simulations, and they remain invariant in the
y-direction (as were the initial conditions), proving that the
phenomenon under study is basically mono-dimensional.

A series of values of plasma parameters corresponding
to the initial condition of IWC001, ICW002, ICW014 and
ICW020 is presented, in ascending order, in Table2. The
ordering is consistent with the low density regions of the au-
roral zone, but because of the reduced ion to electron mass
ratio, the values are closer to each other than in a real plasma.
We can notice that in ICW001, the wave velocity is quite high
compared to the MHD Alfv́en wave velocity (VA = 0.20).
The small wavelengths components of the wave packet rather

Ann. Geophys., 30, 81–95, 2012 www.ann-geophys.net/30/81/2012/
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Table 2. Plasma characteristic values in the initial conditions of simulations ICW001, ICW002, ICW014, ICW20. For each categories
(lengths, velocities, frequencies, magnetic field), the data is ordered from the smaller to the largest values. The parameters that are varied
from one simulation to another are boldfaced. One can notice that the value of the ion cyclotron frequency is plotted in two lines because of
different orderings in IWC001, IWC002, ICW014 and ICW020. The data about the wave is given for a single wave packet; the characteristics
of the second wave packet are the same, apart from their opposite directions of propagation.

Simulation name ICW001 ICW002 ICW014 ICW020

Lengths

Electron larmor radiusρe 0.025 0.025 0.025 0.025
Debye lengthλD 0.1 0.1 0.1 0.1
Ion Larmor radiusρi 5 5 5 5
Lowest wavelength in the wave packet (m = 8) 51.2 51.2 102.4 409.6
Largest wavelength in the wave packet (m = 1) 409.6 409.6 102.4 409.6

Velocities

Thermal ion velocityvti 0.005 0.005 0.005 0.005
Thermal electron velocityvte 0.100 0.100 0.100 0.100
Lowest phase velocity in the wave packet 0.225 (m = 1) 0.071 (m = 8) 0.32 0.225
Largest wave velocity in the wave packet 0.452 (m = 8) 0.169 (m = 1) 0.32 0.225

Frequencies

Ion cyclotron frequencyωci 0.0100
Lowest freq. in the wave packetωmin (m = 1) 0.0034 0.0025 0.0200 0.0034
Ion cyclotron frequencyωci 0.0100
Largest freq. in the wave packetωmax (m = 8) 0.0556 0.0087 0.0200 0.0034
Ion cyclotron frequencyωci 0.0100 0.0100
Plasma frequencyωpe 1 1 1 1
Electron cyclotron frequencyωce 4 4 4 4

Magnetic field

Maximum wave amplitudeδBmax 0.96 0.64 0.04 0.08
Ambient magnetic fieldB0 4 4 4 4

belong to the high frequency part of the dispersion relation
branch. The simulation ICW002 has been conducted with
two left-hand polarized waves. These waves’ frequencies
(from ω = 0.0087 form = 8 toω = 0.0025 form = 1) are all
lower than the ion gyrofrequencyωci = 0.01), although still
fairly close. We are clearly in the high frequency range of the
Alfv én wave branches, like Electro Magnetic Ion Cyclotron
waves (EMIC), also encountered in the auroral zone. With
the simulation ICW020, the two waves are simple sinusoids,
their phase velocityV8 = 0.22 is close to the MHD Alfv́en
velocityVA = 0.20, and their frequencyω = 0.0034 is a third
of the ion cyclotron frequencyωci = 0.01. They correspond
better to the characteristics of a MHD-like Alfvén wave.

In IWC001, the total wave amplitude magnetic field
reaches 25 % of the background field. This high wave am-
plitude is never met in the auroral zone. ICW001 is clearly
a caricature in the sense that the plasma characteristics are
exaggerated. The counterpart to this excess is a numerical
simulations that could be conducted rather quickly, with a
high signal/noise ratio that allows for an easier analysis of the
physical processes at work. The other numerical simulations

are conducted with wave intensities that are systematically
lower than those in ICW001. For instance, in ICW014, both
waves’ amplitudes (here, simple sinusoids) represent 1 % of
the background magnetic field amplitude, a value more con-
form to those met in the high altitude auroral zone.

3 Electrostatic field at the crossing of two Alfv́en wave
packets

Figure 1 shows the magnetic field componentBZ(X,t) in
simulation AWC001. We can clearly see two structures that
propagate in opposite directions, with a moderate distortion,
until they meet, around time 200. These structures, ini-
tially located aroundX1 = 0 andX2 = 241, are the two wave
packets. They propagate with a uniform velocity and they
are modified but not destroyed after their mutual interaction.
Figure2 shows the longitudinal electric fieldEX(X,t) in the
same simulation. This electric field component is parallel
to the wave vector and to the ambient magnetic field. We
can see high frequency oscillations that do not propagate;
they are simply a noise background oscillating around the

www.ann-geophys.net/30/81/2012/ Ann. Geophys., 30, 81–95, 2012
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Fig. 1. AWC001(two wave packets). Temporal stack plot of the
transverse magnetic fieldBZ(X,t).

plasma frequency (ω = 1). As in Mottez and Ǵenot(2011),
this noise is enhanced at the initial position of the wave pack-
ets because of an imperfect initialization of the Alfvén wave
modes. More interesting, we can see that around time 200,
when the two wave packets strongly interact, there is the
emergence of an electric structure that does not propagate
and that lasts as long as the two wave packets cross each
other.

The simulation AWC002 is the interaction of two packets
of shear Alfv́en waves, characterized for parallel propaga-
tion, as left-hand circularly polarized waves. (The simula-
tions AWC001 involve right-hand polarized waves.) Their
phase and group velocity is smaller, and the simulation is
conducted over a larger number of time steps (up tot =

1200). Here again, when the two wave packets meet, a struc-
tured longitudinal electric fieldEX appears. Nevertheless,
the interaction of the two wave packets takes a time that is
larger than those at which the simulation stops. It is possi-
ble that specific effects associated to the low velocity of the
waves and maybe to ion giro-resonant effects play a supple-
mentary role, not seen with right-hand circularly polarized
waves.
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Fig. 2. AWC001(two wave packets). Temporal stack plot of the
longitudinal electric fieldEX(X,t).

The simulation AWC003 is based on the fact that a right-
hand side polarized packet propagates faster than a left hand-
side polarized one. Therefore, when can test the interac-
tion of two wave packets propagating in the same direction.
Simulation AWC003 shows that when the faster wave packet
reaches the slower one, a parallel electric field structure de-
velops again, as shown on Fig.3. Of course, in this cir-
cumstance, the electric field structure is propagating too, as
the locus of the interaction between the two wave packets.
Nevertheless, the parallel electric field reaches a level that
is about 5 times smaller than in AWC002, in spite of Alfvén
waves of the same amplitude. Therefore, the fact that the two
waves are not counter-propagating may have an influence on
the level of the parallel electric field.

The simulations AWC004–AWC008 test the conditions of
AWC001 with different wave packets amplitudes and initial
locations. As the signal is expected to be lower, because of
smaller wave amplitudes, we have lowered the noise level by
raising the number of macro-particles to 400 per cell. Again,
a parallel electric field structure emerges, as in AWC001.

The last simulation of this series, AWC009 is the superpo-
sition of two neighbouring wave packets of high amplitude
and propagating at the same velocity. Actually, it is similar
to a very intense single wave packet and it appears that there
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Fig. 3. AWC003 (a slower and a faster wave packets). Temporal
stack plot of the longitudinal electric fieldEX(X,t).

is a longitudinal electric fieldEX propagating with same ve-
locity as the waves.

For a better understanding of what happens, a series of
simulations with simpler initial conditions has been made.
They consist of two sinusoidal counter-propagating waves
instead of two wave packets.

Figure 4 shows the magnetic field componentBZ(X,t)

in simulation AWC010. The space time dependency of the
amplitude results from the superposition of the two counter
propagating waves of equal velocity modulus and ampli-
tudes. We can see that there are four wavelengths along the
simulation box (the initially selected mode number ism = 4).
Figure5 shows the corresponding electric fieldEX .

We can see that there is a sinusoidal dependency of mode
m = 8 and of null frequency. In order to confirm this ob-
servation, we have made space-time Fourier transforms of
BY(X,t), BZ(X,t), EX(X,t), EY(X,t), etc. The Figs.6 and
7 show the Fourier transforms ofBZ andEX . As the simu-
lation box is treated with periodic boundary conditions, the
space Fourier transform is clean. The time Fourier trans-
forms is made with 1024 samples, covering the whole simu-
lation. The time series was apodized in a simple way: the
reversed time signal was appended to the direct one. As
the total duration of the simulation is not a multiple of the
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Fig. 4. AWC010 (two sinusoids). Temporal stack plot of the trans-
verse magnetic fieldBZ(X,t).

Alfv én wave frequency, there is a rather important aliasing
effect. Nevertheless, it is possible to distinguish the time de-
pendent modes from those that are constant (in the last case,
there is no aliasing). We can see in Fig.6 that the domi-
nant amplitude is on the modem = 4, in accordance with the
initial conditions, and that the frequency is non zero, with a
peak that is compatible with the theoretical wave frequency
of 0.02. There is a second peak for the modem = 12 that is
two orders of magnitude below, which is not analysed further
in the present study. The Fig.7 shows that for theEX electric
field, the dominant mode corresponds tom = 8 and to a null
frequency. These Fourier transforms confirm what could be
seen in Figs.4 and5. The Fourier analysis allows to go a bit
further. ConcerningBZ (Fig. 6) andBY (not shown), there is
no signal form = 8. The Fourier transforms ofEY andEZ
show an intense peak form = 4 and a smaller form = 8.

These spectra suggest that the modem = 8 seen in the
electric field is electrostatic, and that it is the result of non-
linear wave coupling between the two Alfvén waves. Indeed,
let us call(ωA,kA) and(−ωA,kA) the frequencies and wave
vector of the two counter-propagating Alfvén waves, where
their coupling would result in the two modes(ωA,kA) +

(−ωA,kA) → (0,2kA).
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Fig. 5. AWC010 (two sinusoids). Temporal stack plot of the longi-
tudinal electric fieldEX(X,t).

As mentioned in Sect.2, the simulations ICW001–
ICW019 involve Alfvén waves of quite high frequency, un-
like the Alfvén waves met in the auroral zone. In order to
study the influence of lower frequencies, ICW020 has been
conducted with two sinusoidal waves with the same wave-
length as the length of the simulation box. These waves have
a velocity close to the MHD Alfv́en wave velocity, and a fre-
quency significantly lower than the ion gyrofrequency (see
Table2). This simulation also exhibits a purely electric wave
with a componentEX of finite amplitude, showing the same
characteristics as those described above. The maximum am-
plitude of EX in ICW020 is 0.0036. A similar value is at-
tained in ICW010, made with two sinusoidal waves with the
same amplitude but a four times shorter wavelength. There-
fore, we can conclude that the emergence of the electric field
componentEX is not a consequence of the rather high fre-
quency of the wave on the Alfvénic branches used in the
other simulations.

4 Theoretical interpretation of the longitudinal electric
field

A full MHD approach of a large amplitude Alfv́en wave,
such as the simple wave described byPassot and V́azquez-
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Fig. 6. AWC010 (two sinusoids). Space-time Fourier transform of
BZ(X,t). The horizontal axis displays the spatial mode number, and
the vertical axis represents the frequency. The colour scale shows
the logarithm of the mode amplitudes.

Semadeni(2003), shows that a single wave of finite ampli-
tude in parallel propagation along the magnetic field can be
indeed associated to a mass density perturbation. Due to the
limitations of MHD, the charge density perturbation and the
associated electric parallel field are not investigated by these
authors.

An interpretation of parallel electric fields has been pro-
posed byTsiklauri (2006), in the context of parallel electric
field generation by an Alfv́en wave for an application to Sun
coronal heating. It is based on the fact thatEX is not lo-
cally parallel to the magnetic field. At the location where
the Alfvénic perturbation is high, the intensity of theBY,BZ
magnetic field (1.7) reaches 40 % of the ambient magnetic
field (B0 = 4). Therefore,X is not any more the local paral-
lel direction to the magnetic field. This fact, resulting from
the non-linearity of the waves, will be helpful in the further
interpretation of the phenomenon.

Let X,Y be the frame of the simulation, whereX (the
longitudinal direction) is the direction of the wave vector
k and the ambient magnetic fieldB0. Because of the null
divergence ofB, BX = B0, and the magnetic perturbation
has only Y- and Z-components. For simplicity, but with-
out entailing the generality of the computation, we consider
only the X- and Y-components of the vectors (considering
the Z-component would not change the conclusions). For
two counter-propagating waves, the magnetic perturbation is
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Fig. 7. AWC010 (two sinusoids). Space-time Fourier transform
of EX(X,t). The horizontal axis displays the spatial mode num-
ber, and the vertical axis represents the frequency. The colour scale
shows the logarithm of the mode amplitudes.

written as

BY(X,t)=B1cos(ωt−kX+φB1)+B2cos(ωt+kX+φB2). (1)

Let (x,y) (different from X,Y ) be the orthogonal coordi-
nates, wherex is parallel to the local magnetic field. A mag-
netic field line, because of the perturbation by the waves, is
given by

dY

dX
=

BY

BX
=

BY

B0
. (2)

The conditionE ·B = 0 implies

EX = Eysinθ (3)

whereθ is the angle between the X- and the x-axis, given by

sinθ ∼ tanθ = dY/dX. (4)

As the electric field is perpendicular to the magnetic field,
Ex = 0 andEy can be written as

Ey = E1cos(ωt −kX+φE1)+E2cos(ωt +kX+φE2). (5)

The coefficientsφB1,φB2,φE1, andφE2 are appropriate num-
bers, independent from location and time, determined by the

waves polarizations. From the above equations, the longitu-
dinal electric field becomes

EX =
E1B1

2B0
cos(φB1−φE1) (6)

+
E2B2

2B0
cos(φB2−φE2)

+
E1B1

2B0
cos(2ωt −2kX+φB1+φE1)

+
E2B2

2B0
cos(2ωt +2kX+φB2+φE2)

+
E1B2

2B0
cos(2ωt +φB2+φE1)

+
E2B1

2B0
cos(2ωt +φB1+φE2)

+
E1B2

2B0
cos(+2kX+φB2−φE1)

+
E2B1

2B0
cos(−2kX+φB1−φE2)

For a circularly polarized wave, the Faraday law implies that
φB1 −φE1 = ±π/2 andφB2 −φE2 = ±π/2. Therefore, the
two first terms of the above equation cancel.

With only one wave of modem, this equation reduces to

EX =
E1B1

2B0
cos(2ωt −2kX+φB1+φE1) (7)

and theEX perturbation has a wave vector 2k (mode 2m) that
propagates with the same velocity as the Alfvén wave.

With two waves, we can see the appearance of two other
kinds of signal. The first is a stationary wave of mode 2m,
which corresponds exactly to what is seen on the simulations
AWC010 and AWC011–AWC020. The second is a wave of
infinite length and a frequency 2ω.

We can notice that, according to this explanation, the set-
ting of the EX electric field is not progressive, but quasi-
instantaneous, as seen in our simulations.

Here is a derivation ofEX in the particular case of two
counter-streaming circularly right-handed waves. The wave
coefficients, given in a fully developed explicit form inMot-
tez(2008), are such that, setting arbitrarily the value ofφE1,

φE1 = 0 and φB1 = −
π

2
(8)

φE2 = φ0 and φB2 = φ0+
π

2
, (9)

whereφ0 represents the phase shift between the wave 1 and
the wave 2. As the two waves have the same polarization,
E1B2 = B1E2. Inserting these values in Eq. (6), one finds

EX = +
E1B1

2B0
cos

(
2ωt −2kX−

π

2

)
(10)

+
E2B2

2B0
cos

(
2ωt +2kX+2φ0+

π

2

)
+

E1B2

B0
cos

(
2kX+φ0+

π

2

)
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Table 3. Test of the bi-linear dependency of the maximal Fourier
transform valueẼX(k) of EX as a function of the initial Alfv́en
waves amplitudes. The initial Alfv́en wave amplitudesδB1 andδB2
are given in the columnδB. For a bilinear dependency, the factor
Q = Ẽ0.,8/δB1 × δB2 must be constant. In the columñEx(0.,8),
the values in parenthesis correspond to simulations with 50 particles
per cell, the other values correspond to the simulations with 400
particles per cell. When there is no difference, only one value is
given.

name δB ẼX(0.,8) Q

AWC010 0.08 0.08 502. (505.) 1.00
AWC013 0.16 0.16 1953. 0.972
AWC014 0.04 0.04 127. 1.001
AWC015 0.08 0.04 252. (253.) 1.003
AWC016 0.08 0.16 994. 0.990
AWC017 0.04 0.16 498. (500.) 0.992
AWC018 0.02 0.16 250. 0.996
AWC019 0.02 0.04 64. (62.6) 1.01
AWC020 0.08 0.08 376. (377.) 0.749

The two terms corresponding to a wave of infinite length can-
cel (phase opposition), and those corresponding to the time
invariant signal, in phase, add to each other, making the time
invariant electric field the dominant term.

In the particular case of two counter-streaming circularly
waves of opposite circular polarisation,

φE1 = 0 and φB1 = +
π

2
(11)

φE2 = φ0 and φB2 = φ0+
π

2
, (12)

and

EX = +
E1B1

2B0
cos

(
2ωt −2kX−

π

2

)
(13)

+
E2B2

2B0
cos

(
2ωt +2kX+2φ0+

π

2

)
+

E1B2

B0
cos

(
2ωt +φ0+

π

2

)
.

In that case, the coupling term between the two waves (the
one proportional toE1B2) is purely time dependent, as if for
a wave of infinite wavelength.

The next section is devoted to a comparison of this simple
theoretical model with the simulation results.

5 Testing of the properties of the longitudinal electric
field

This coupling process is typically 1-D, and it should happen
in the same way in a 2-D simulation with the same initial
conditions. This is what has been checked with the simula-
tion AWC010c, made on a box of size 4096×1024 (instead
of 4096×4 for the other simulations). The behaviour of the
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Fig. 8. AWC011. Temporal stack plot of the longitudinal electric
field EX(X,t).

plasma in this simulation is the same as in 1-D, and the fields
remain invariant in the y-direction.

The simulation AWC011 shows the interaction of a left-
hand polarized wave crossing a right hand polarized one. The
electric field is displayed in Fig.8. We can see a mode of
zero wave number and a frequency that is the double of the
Alfv én waves frequency. This is compatible with the other
possible wave coupling, which consists of the difference of
the two initial Alfvén waves, considered as two pump waves,
(ωA,kA)− (−ωA,kA) → (2ωA,0), whose resulting electric
field EX is given by the wave coulpling term in Eq. (13).

According to Eq. (6), the amplitude dependence must be
quadratic, or more precisely, linearly dependent on the am-
plitude of each of the two pump/Alfv́en waves. In order
to check this, the AWC012–AWC019 simulations have been
conducted. The characteristics of the initial Alfvén waves are
the same as in AWC010, except for their amplitude that take
various values. In all cases, an electric field similar to those
in AWC010 is observed. One expects that the amplitude of
the modeω = 0.,m = 8 in the Fourier transform (we use the
notationẼ0.,8) is proportional to the productδB1×δB2 of the
two Alfv én waves. Therefore, a ratioQ = Ẽ0.,8/δB1 × δB2
has been computed. It is displayed in Table3. We can check
thatQ is constant, within a margin of one percent.
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The Fourier transforms displayed in Fig.7 show indeed
that the term of null frequency and 2k wave vector is domi-
nant in the expression ofEX , as seen in Eq. (10). But the two
first terms of this equation are not supposed to be null; nev-
ertheless, they do not appear in the spectrum of Fig.7. Two
other simulations with the same parameters but different val-
ues ofφ0 have been performed, and they show the same be-
haviour. A similar remark can be done about the simulation
AWC009. . . and all the others. This is not explained by the
little theory exposed in Sect.4. The theory given in Sect.4
would correspond to the simulations if only the terms that
couple twodifferent waves would be kept. It would mean
that the different waves couple to each other, but that they do
not couple to themselves. This might be the case if thesingle
sinusoidalsolution of the linear wave equation would also
be a solution of the nonlinear equations, as for ideal MHD
Alfv én waves. If we make this supposition, the only term
remaining in Eq. (10) would be simply

EX =
E1B2

B0
cos

(
2kX+φ0+

π

2

)
, (14)

and this would correspond to what is seen with the simulation
AWC010 on Fig.5, where the electric fieldEX has no time
dependence. Similarly, the only term remaining in Eq. (13)
would be

EX =
E1B2

B0
cos

(
2ωt +φ0+

π

2

)
. (15)

Again, this would correspond to the case of AWC011, where,
as seen on Fig.8, the electric fieldEX is purely time depen-
dent.

6 A glimpse at slower processes

The simulations conducted with two input Alfvén waves
show that the electric fieldEX (whatever sinusoidaly time
or space dependent) reaches a constant amplitude quasi-
instantaneously. Does it mean that there is no slower evo-
lution of the plasma properties? No. Figure9 shows a stack
plot of the electron densityne(X,t). We can see that it has
an increasing modulation associated to the same wave-mode
(m = 8) as the longitudinal electric fieldEX . There is obvi-
ously a link between this amplification of the density mod-
ulation and the particle acceleration by the parallel electric
field EX . But at the same time, a part of the process maybe
connected also to the wave coupling process. Actually, no
amplification is seen either on the perpendicular electric field
componentsEY andEZ, and there is no obvious amplifica-
tion either of the charge density (compatible with a constant
value ofEX). This question will be addressed in more details
in a further study, with a careful examination of the particle
distributions.

Let us notice, for an possible application in the auroral
context, that the growth of the plasma density perturbations
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Fig. 9. AWC010. Temporal stack plot of the electron density
ne(X,t).

is not restricted to the case of sinusoidal waves. It happens
with the crossing of two waves packets, and it can reach a
very high amplitude, as shown in Fig.10. In the auroral con-
text, this modulation of the density would correspond to per-
turbations of the density as a function of the altitude, on a
scale similar to those of the Alfvén wavelength.

7 Conclusions

This paper show a series of numerical experiments about the
interaction of Alfv́en waves propagating in opposite direc-
tions, in a situation that may be relevant for auroral physics.

It is shown, for the first time in the auroral context, that
the interaction of counter-propagating Alfvén waves, with
k⊥ = 0, can generate longitudinal electric field structures.
This process has been simulated with Alfvén wave packets
and with Alfvén sinusoidal waves. The produced electric
field structures do not propagate, provided that the locus of
interaction of the two Alfv́en waves is static.

Actually, a single wave packet of high intensity gener-
ates quasi-instantaneously a parallel electric fieldEX of low
amplitude. The role of the counter-propagating waves re-
sides in the appearance of other space and time dependencies,
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Fig. 10. AWC001. Temporal stack plot of the electron density
ne(X,t).

including the setting of a non-propagative structured longitu-
dinal fieldEX .

Kraichnan(1965) showed that in incompressible MHD,
the non-linear interactions occur only between Alfvén wave
packets travelling in opposite directions. Therefore, the finite
electric fieldEX seen with waves propagating all in the same
direction is the result of compressive or kinetic effects. It
is suggested that theEX electric component is generated by
the distortion of the magnetic field lines by the Alfvén wave.
Because of this distortion, the locally perpendicular electric
field has a finite resulting projection along the X-axis. This
is a non-linear effect that has already been evidenced, with a
single Alfvén wave, in the context of the solar corona physics
by Tsiklauri (2006). It is associated to the growth of a varia-
tion, along the X-axis, of the particle densities; it is therefore
compressive.

The simulations conducted with two sinusoidal Alfvén
waves show that the emergence of the electric field is quasi-
instantaneous. At odds with the electric field, the growth of
the density perturbation is progressive. The precise nature of
the wave coupling associated to the emergence of the den-
sity perturbation and decay (Hung, 1974, parametric insta-
bility; Derby, 1978, effect of the accelerated particles?) has
not been investigated yet.

The interactions observed in these simulations could be
relevant for auroral physics. In that context, the two Alfvén
waves would represent magnetic perturbations propagating
downward, and reflected waves above the ionosphere. There-
fore, we could expect, as in the present simulations, that the
up- and down-going waves have roughly similar character-
istics. Indeed, the amplitude of the reflected wave might
be lower than that of the incident wave, but the simulations
AWC007, AWC008, and AWC015–AWC019 with waves of
different amplitudes have shown that this is not an obstacle
to the growth the longitudinal electric field structures. These
simulations are also associated to a growth of longitudinal
density perturbations.

For computational reasons (to take profit of the guiding
centre approximation for the electron motion), these simula-
tions were conducted with an ambient magnetic fieldB0 = 4
higher than in most regions of the auroral zone. Such high
values (that correspond physically to a ratio of the electron
gyrofrequency to the plasma frequencyωce/ωpe= 4) can be
met only in the deep and localized plasma cavities with sharp
transverse gradients observed in various acceleration regions
(Hilgers et al., 1992; Delory et al., 1998; Chaston et al., 2007;
Janhunen et al., 2004). These cavities are good places for
electron acceleration by Alfv́en waves (Génot et al., 2001b,
2004; Lysak and Song, 2008; Janhunen et al., 2004), but
in the present case, a cavity is not required, and the phe-
nomenon could happen in a denser, less magnetized homo-
geneous plasma. What would happen then? For the same
Alfv én waves amplitude, the magnetic field line distortion
would be larger. Therefore, the projection of the locally per-
pendicular electric field along the X-axis would be larger too,
and this would facilitate the creation of theEX electric field.
Therefore, the process could be even more efficient outside
the auroral plasma cavities seen byHilgers et al.(1992) and
Delory et al.(1998).

Nevertheless, the problem is not completely solved. First,
it is necessary to evaluate the influence of the parallel electric
field on the particle distribution functions. It has been shown,
in the framework of solar physics, that the interaction of sun-
ward and anti-sunward Alfv́en waves of similar amplitude
through non-linear effects generates electrostatic waves and
accelerate proton much more efficiently than in the quasi-
linear diffusion limit (Markovskii et al., 2009). Concerning
auroral physics, does any Alfvén waves-electrostatic waves
interaction accelerate the ions? Do they accelerate the elec-
trons? Might mono-energetic beams be formed as with in-
verted V structures? These will be the topics of a forthcom-
ing study.

Second, we can see in the simulations with wave pack-
ets (AWC001–AWC008) that the parallel electric field struc-
tures remain only during the interaction of the two Alfvén
wave packets. As soon as the wave packets have crossed
each other, theEX structures starts to dissipate. Therefore,
we have not yet created quasi-static inverted V-like structures
that would survive the Alfv́enic acceleration phase (apart
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from the case of AWC002 where it is not yet possible to con-
clude). In order to make quasi-static structures, one could
imagine that in the ionospheric Alfvénic resonator (Chaston
et al., 2002), there would be a quasi-continuous supply of in-
cident and reflected waves, and that these electric field struc-
tures would develop at the antinodes whose existence would
be almost permanent. On the contrary, the density structures
do not disappear after the wave crossing. As can be seen on
Fig. 10, the density perturbation continues to grow after the
wave packets crossing.

The non-linear coupling of counter-propagating Alfvén
waves trapped in an Earth auroral resonant cavity has been
investigated byChian (1995). Although they did not con-
sider the emergence of a longitudinal electric field, they have
shown that electrostatic waves can be generated in that con-
text. In the present study, we show also that these waves can
be the cause of non-propagating density structures.

The projection effect invoked in Sect.4 has already been
studied in a work byKnudsen(1996) concerning the auro-
ral context: there were up and down going Alfvén waves,
but with a slightly oblique direction of propagation, imply-
ing electron inertia effects. The projection effect that was
analysed depended rather on the coupling of each of these
waves with the permanent electric field associated to a field
aligned current sheet. A modulation of the plasma density
was observed, as in the present paper. Low density cavities
can also be created by ion heating localized in a region of a
few gyroradius transverse size. Then, the process is associ-
ated to the growth of lower-hybrid waves and to the pondero-
motive force. It can create small size density cavities (Seyler,
1994; Knudsen et al., 2004). This effect can be amplified by
the action of the mirror force caused by the convergence of
the magnetic field lines in the direction of the Earth (Singh,
1994). Other ways of initiating plasma density variations
have been elaborated in the auroral context. The pondero-
motive force associated to the coupling of an Alfvén wave
and an ion-acoustic wave could create deep density cavities
(Sharma and Singh, 2009). On a larger scale, the growth
of density variations is associated to the ionospheric feed-
back instability, which is a coupling of Alfv́en waves with
the ionosphere (Streltsov and Lotko, 2008). In that case, the
density cavities are not created at magnetospheric altitudes,
but in the bottomside ionosphere, a region that can be ob-
served with ground based radars. Still on a large scale, the
ponderomotive force associated to standing oscillations in
the ionospheric Alfv́enic resonator can create plasma flows
along the geomagnetic field that modify the plasma density
profile (Sydorenko et al., 2008).

At odds with the above cited works, the present study is
based only on the interaction of Alfvén waves above the
ionosphere, it does not require the presence of an electric
current or a large scale background density gradient, and it
does not depend on the mirror force. It can be complemen-
tary to the previous studies, and especially relevant to cavities
formed inside the auroral Alfv́enic resonator.

The simultaneous presence of Alfvénic acceleration and
quasi-static acceleration structures has recently been diag-
nosed outside the Earth auroral zone, in the magnetic flux
tube connecting the planet Jupiter to its satellite Io. The di-
agnostics were made through the analysis of the so-called
S-bursts and N-band radio emissions (Hess et al., 2009b;
Arkhypov and Rucker, 2011) and a combination of data anal-
ysis and numerical simulation (Hess et al., 2007, 2009a). In
a discussion paper, it has been established that the observed
quasi-static structures are below the Alfvénic acceleration re-
gion, but still in the Alfv́enic resonator, in the place where
both the incident and the reflected Alfvén waves have a high
amplitude (Mottez et al., 2010). Although we have no proof
yet that the Alfv́enic acceleration would precede the forma-
tion of quasi-static acceleration structures, the mechanism
presented in this paper might be interesting in the Jovian case
too.
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cesses in the topside auroral ionosphere, J. Geophys. Res. (Space
Physics), 110, 10,doi:10.1029/2004JA010883, 2005.

Knudsen, D. J.: Spatial modulation of electron energy and density
by nonlinear stationary inertial Alfv́en waves, J. Geophys. Res.
(Space Physics), 101, 10761–10772,doi:10.1029/96JA00429,
1996.

Knudsen, D. J., Bock, B. J. J., Bounds, S. R., Burchill, J. K., Clem-
mons, J. H., Curtis, J. D., Eriksson, A. I., Koepke, M. E., Pfaff,
R. F., Wallis, D. D., and Whaley, N.: Lower-hybrid cavity den-
sity depletions as a result of transverse ion acceleration localized
on the gyroradius scale, J. Geophys. Res. (Space Physics), 109,
4212,doi:10.1029/2003JA010089, 2004.

Kraichnan, R. H.: Inertial-Range Spectrum of Hydro-
magnetic Turbulence, Physics of Fluids, 8, 1385–1387,
doi:10.1063/1.1761412, 1965.

Lessard, M. R. and Knudsen, D. J.: Ionospheric reflection of
small-scale Alfv́en waves, Geophys. Res. Lett., 28, 3573–3576,
doi:10.1029/2000GL012529, 2001.

Louarn, P., Wahlund, J. E., Chust, T., de Feraudy, H., Roux, A., Hol-
back, B., Dovner, P. O., Eriksson, A. I., and Holmgren, G.: Ob-
servation of kinetic Alfven waves by the Freja spacecraft, Geo-
phys. Res. Lett., 21, 1847,doi:10.1029/94GL00882, 1994.

Lysak, R. L. and Song, Y.: Propagation of kinetic Alfvén
waves in the ionospheric Alfv́en resonator in the pres-
ence of density cavities, Geophys. Res. Lett., 35, 20101,
doi:10.1029/2008GL035728, 2008.

Markovskii, S. A., Vasquez, B. J., and Hollweg, J. V.: Pro-
ton Heating by Nonlinear Field-Aligned Alfv́en Waves in So-
lar Coronal Holes, The Astrophysical Journal, 695, 1413–1420,
doi:10.1088/0004-637X/695/2/1413, 2009.

Mottez, F.: A guiding centre direct implicit scheme for magne-
tized plasma simulations, J. Comput. Phys., 227, 3260–3281,
doi:10.1016/j.jcp.2007.11.034, 2008.
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