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Electron acceleration by Alfvén waves in density cavities
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Abstract. A new electromagnetic two-dimensional guiding center particle in
cell (PIC) code is used to investigate the propagation of an Alfvén wave in
the perpendicular density gradients that characterize the edges of the auroral
density cavities. It is shown that the wave planes are strongly distorted by the
inhomogeneities of the plasma and that a significant electric field develops in the
direction parallel to the background magnetic field during the propagation. This
field efficiently accelerates the electrons in the parallel direction, and the incident
wave is thus strongly absorbed. The associated dissipation rate is sufficiently strong
to explain a complete wave absorption on the density gradients over a fraction of
wavelength. The electron parallel acceleration is also characterized. It corresponds
to a global parallel acceleration of the electron population. These PIC simulations

suggest that the perpendicular density gradients corresponding to the auroral
plasma cavities play an important role in the auroral particle acceleration.

1. Introduction

The auroral particle acceleration is a still not under-
stood mechanism of general astrophysical interest. It
is indeed related to the existence of electric fields in
the direction parallel to the static magnetic field. How-
ever, the extremely large parallel conductivity of the
collisionless plasmas is expected to immediately short-
circuit them. The formation of fields able to explain
the energization of particles up to the 10-keV energy
range, over spatial and temporal scales compatible with
the observations (a few thousand kilometers along the
magnetic field, for seconds to minutes timescales), then
remains an open issue.

Over the years, many theoretical ideas have been
developed. Some of them are related to microscopic
processes that may (1) introduce a finite conductiv-
ity in the auroral circuit system (anomalous resistiv-
ity concept; see the review of Papadopoulos [1977]),
(2) create a potential difference by the accumulation of
small-scale nonlinear structures (the weak double-layer
model [Block, 1972; Temerin et al., 1982; Mozer et al.,
1983; Bostrom et al., 1988; Madlkk: et al., 1993; Kosk-
inen et al., 1990; Mottez et al., 1992] in the auroral
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region context and [Mangeney et al., 1999] in the solar
wind context), or (3) directly transfer energy from high-
frequency waves to the particle populations (interaction
with lower hybrid waves [Bingham et al., 1984]). At a
radically different scale, other models describe the pos-
sible existence of a global ionosphere/magnetosphere
electrostatic potential difference over the whole auro-
ral field lines (the strong double-layer model (see, for
example, Miura and Sato [1980]) and the kinetic model
initially proposed by Alfvén and Fdlthammar [1963] (see
also Chiu and Schulz [1978])). Although these models
are useful for getting a large-scale and static view of
the auroral regions, a different line of thought deliber-
ately favors the inherent dynamical nature of the au-
roral phenomena. Thus in the kinetic/inertial Alfvén
wave model [Hasegawa, 1976}, the parallel electric field
results from electron inertia effects that modify the dis-
persion of shear Alfvén waves in very oblique propaga-
tion (typically, ki c/wpe ~ 1).

The Alfvén wave model was recently the subject of a
growing interest, since observations by the Freja, Fast
and Interball spacecraft [Louarn et al., 1994; Wahlund
et al., 1994; Seyler et al., 1995; Volwerk et al., 1996;
Stasiewicz et al., 1998; Knudsen, 1996; Chust et al.,
1998; Chaston et al., 1999] have definitively proven
the important role of the low-frequency electromagnetic
fluctuations in the auroral energization processes [Gur-
nett et al., 1984; Boehm et al., 1990; Berthelier et al.,
1991; Gustafsson et al., 1990]. On the theoretical side,
this model has been developed in many different ways.
For example, Goertz and Boswell [1979] have shown
that Alfvén wave packets can present some of the prop-
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erties of electrostatic shocks. In the framework of a
linear model (no effect of the accelerated electrons on
the wave packet is taken into account), the resulting
direct electron energization and the consecutive modifi-
cations of the velocity distribution functions have been
studied by Kletzing [1994]. In a series of papers [Lysak
and Dum, 1983; Lysak, 1990; Lysak and Lotko, 1996],
dynamic models of the ionosphere/magnetosphere cou-
pling that links the anomalous resistivity concept and
the Alfvén wave propagation were proposed. They
can be related to models describing the linear Alfvén
wave propagation over the complete field line in rela-
tion with the formation of auroral structures [Streltsov
and Lotko, 1995, 1999] in the sense that both types of
studies propose a global view of the auroral processes
based on particular features of the Alfvén waves prop-
agation. Various aspects of the nonlinear Alfvén waves
propagation have also been studied in order to describe
the formation of small perpendicular scales in the wave
packet and the creation of parallel electric fields (see, for
example, Chmyrev et al. [1989], Bellan and Stasiewicz
[1998], Shukla et al. [1999], Seyler [1990], and Seyler
and Wahlund [1996]). Recently, one-dimensional self-
consistent simulations have been used to describe the
nonlinear evolution of large-amplitude inertial Alfvén
waves and the formations of electron beams [Clark and
Seyler, 1999].

Despite their variety, these models have all neglected
a possible important aspect of the auroral regions: their
strong density organization in directions perpendicular
to the magnetic field. Small length scale cavities have
indeed been observed in the auroral zone by Viking,
Freja, and more recently by the Fast spacecraft, at al-
titudes ranging from 2000 km to 12,000 km. They cor-
respond to density reduction by factors of 5 to 10 over
a few kilometers. They are rather systematically re-
lated to the presence of a strong electrostatic turbulence
and the formation of upgoing and downgoing electron
beams. More generally, these density cavities thus ap-
pear to be the favorite sites of the particle acceleration
and, following Viking and Fast results, related to the
generation of auroral kilometric radiation [Louarn et
al., 1990; Hilgers, 1992; Hilgers et al., 1992; Carlson et
al., 1998; Strangeway et al., 1998; Ergun et al., 1998].
In order to understand their potential importance for
the acceleration, we recently proposed a model based
on modifications of the Alfvén wave characteristics due
to the propagation in the density cavity [Génot et al.,
1999] (hereinafter referred to as paper 1). Using a sim-
plified linear model in the cold plasma approximation,
we have shown that the propagation of an Alfvén wave
on the density gradients that characterize the edges of
the cavities leads (1) to the rapid formation of small
length scales of the order of ¢/wpe and (2) to the devel-
opment of large-scale parallel electric fields able to ac-
celerate particles up to the observed energies. However,
this first study suffers from a lack of self-consistency
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and does not include the calculation of the energy dis-
sipation.

In the present paper, we extend this first study and
we describe the self-consistent wave/particle evolution
that takes place during the propagation in the plasma
cavities. Using a new gyrokinetic two-dimensional (2-
D) electromagnetic particle in cell (PIC) code that takes
into account the complete ion dynamics and uses an
electron guiding center approximation (the code is de-
scribed in section 2), we simulate the Alfvén wave prop-
agation in a plasma cavity, and we study the forma-
tion of the parallel electric field (section 3). The energy
transfer from the wave to the different particle popula-
tions is estimated (section 4), and we give evidence for
the particle acceleration consecutive to the formation of
parallel electric fields on the density gradients. The as-
sociated deformations of the distribution functions are
discussed in section 5, before the conclusions (section
6).

2. Description of Simulation Method

The acceleration processes at work in auroral regions
are intrinsically at least bidimensional. They involve
simultaneously large magnetohydrodynamic (MHD)
scales (Alfvén waves in parallel propagation) and small-
scale kinetic effects (interaction with the gradients, in-
ertial effects). For physical reasons, neither the MHD
codes nor the hybrid codes that do not include any ki-
netic effect on the electron can address the above men-
tioned issues. On the other hand, the classical kinetic
explicit codes (explicit PIC or Vlasov codes) are too
demanding, in terms of computational time and mem-
ory, to allow 2-D simulations over temporal and spa-
tial scales of interest for the present study. For these
reasons, we have developed a new implicit 2.5-D (2-D
space, 3-D field and velocity components) electromag-
netic gyrokinetic code well adapted to the study of the
propagation of Alfvén waves. This code has been ex-
tensively described by Mottez et al. [1998].

It is basically an electromagnetic PIC code. The
plasma is then considered as an assembly of macropar-
ticles, whose motions are computed individually. They
depend on the electromagnetic field interpolated at the
position of each particle from a grid. The electromag-
netic field is then computed on the grid by using the
Maxwell equations and the charge and current densi-
ties deduced from the positions and velocities of the
macroparticles. The motion of the ions (or macroions)
is computed from the Lorentz force. The originality
of the code lies in the description of the electron dy-
namics. Indeed, as in the strongly magnetized auro-
ral plasma, the mean electron Larmor radius is small
in comparison with all other characteristic lengths, and
the electron dynamics are well modeled by their guiding
centers. The code thus simulates the motion of the elec-
tron guiding centers, taking into account all the guiding
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center drifts. This is described [Northrop, 1963] by the
equation

(1)

When simulating an electromagnetic plasma with an
explicit PIC code [Birsdall and Langdon, 1985; Hockney
and Eastwood, 1988], several timescales must be taken
into account. The aim of an implicit code is to solve
the evolution equations of a dynamical system without
keeping the high-frequency fluctuations. In the direct
implicit scheme, a few variables of the system (at time
step n) are replaced by time-averaged implicit variables.
These implicit variables depend on the state of the sys-
tem both in the past (time n — 1) and in the future
(time n + 1) [Langdon et al., 1983; Hewett and Lang-
don, 1987]. The implicit scheme is then solved by using
a predictor-corrector algorithm.

A rough classification of timescales in a plasma can
help us to understand which physical parameters must

v = —%[E(r) +v x B(r)] - —:—;—VB(r).

be made implicit, according to the problem to be treated.

The higher frequencies are generally those of the light
waves which propagate at velocity ¢. Light waves do
not interfere with the plasma, but the stability condi-
tions of an explicit electromagnetic field equation solver
requires that these waves be described. We use an elec-
tromagnetic field equation solver that is implicit over
the light waves.

The following range of frequencies (after the light
wave high frequencies), in our case where wee > wpe, is
associated with the high-frequency oscillations caused
by the electron gyromotion. When the magnetic gra-
dients are not too high, as in our case where the mean
electron Larmor radius is small in comparison with all
relevant characteristic lengths, the guiding center ap-
proximation gives a good description of the electron
motion in a magnetized plasma and allows the use of
a time step that is large in comparison with an electron
gyroperiod. Our code uses an integration scheme that
allows the description of the ion full dynamics and the
electron guiding center dynamics, based on the direct
implicit algorithm, accurate to the second order in At.

Here are displayed the equations that contain implicit
terms. The other equations, like those of the ion motion
and of the charge and the current density, are the same
as those in explicit PIC codes [Birsdall and Langdon,
1985; Hockney and Eastwood, 1988]. The finite differ-
enced Maxwell’s equations are

1
Ent1 —En = AtV X B,y — ;Aﬂnﬂ/z' (2)

The electric current includes the electron guiding cen-
ter magnetization current —V X pub that comes from the
variation of the magnetic field seen by the electrons dur-
ing their gyromotion around their guiding center.

Bn+1/2 - Bn_l/g = —AtV x En (3)
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1
Bn+1 - Bn+1/2 = —§AtV X En+1 (4)
_ 1 _
En = 5[EBns1 + En-a]. (5)

The implicit guiding center equations of motion are

e
Vn+1/2 = Vp_1/2 + At[—;’l:En - %VBTL(X”)
€ —
—2—7;("114-1/2 + Vn-1/2) X Bn(xn)] (6)
Xn+1 = Xp+ AtV'n-I-l/Z (7)
_ 1 _
Vat1/2 = §[vn+l/2 + Vn—3/2]~ (8)

The magnetic moment p, which is the first adiabatic
invariant, is supposed to be constant. Moreover, a cor-
rection for the parallel velocity is taken into account.
For more details and explanations about these equa-
tions and the way they are solved, see Mottez et al.
[1998].

As electron inertial effects may be important in the
interaction of an Alfvén wave with a density gradient
(creation of an inertial Alfvén wave), we have kept the
description of the plasma oscillations. Therefore our
code can resolve timescales of the order of w;el and has
a spatial resolution of one Debye length Ap. In the
auroral case (at least at high altitudes where we >
wpe), such a code saves an important fraction of the
computational time in comparison with a classical PIC
code. This is a crucial point for realistic 2-D simulations
of the Alfvén wave propagation. By construction, the
code is completely self consistent and retains nonlinear
phenomena.

The ion to electron mass ratio is reduced to 100. The
typical simulation box is a grid of 2048 x 32 cells having
an individual size of 0.01(c/wpe)?. The box thus physi-
cally corresponds to ~1000 km in the parallel direction
and ~20 km in the transverse direction, assuming a
density of 1 cm™3. Since the length of a grid cell must
be of the order of or smaller than a Debye length Ap,
this choice also fixes a lower limit value for the electron
temperature (thermal velocity of 0.1c, in the present
case). A total number of 4 x 108 particles are taken
into account. The running time covers several Alfvén
periods.

To model the cavity, we use a channel-like configura-
tion (Figure 1) with density gradients presenting a typi-
cal scale of ¢/wp, (larger than the ion Larmor radius). It
is important to note that as far as the finite ion Larmor
radius effect is neglected (which here corresponds to the
fact that the density gradient scale is large in compar-
ison with the ion gyroradius), the channel is in MHD
equilibrium. It indeed corresponds to the polarization
of a perpendicular slow magnetosonic wave, whose fre-
quency is equal to zero. Moreover, for this particular
polarization angle, this slow magnetosonic solution in-
cludes the nonlinearities. The polarization is given by
B =B, and c?Ap(z) = —(1/2u0)AB?, where c, is the
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Figure 1. Electron density profile after a few time steps of the simulation. (left) Contours;

(right) cut along z for z = 10.

sound velocity, Ap(z) is the variation of the density, and
AB? is the change (along ) of the square root of the
magnetic field. As the frequency and the polarization
are independent of the wavelength, any density profile
p(zx) is possible. We have set a uniform temperature all
over the simulation domain. The simulation domain ini-
tially contains three zones of constant density and two
zones with a constant gradient. The stability of the
initial configuration has been checked directly by the
simulations. In the absence of incoming Alfvén waves
and for the range of density gradients studied in the
following, no particular phenomena are observed, and
the channel-like configuration stays at rest.

The ambient magnetic field is parallel to the z axis.
Its amplitude is such that wee/wpe = 4. Our choice of
the other simulation parameters is a compromise be-
tween the computer limits and the respect of the order-
ing of the auroral plasma parameters. We have chosen
Ap(= 0.1c/wpe) < pr(= 0.25¢/wpe) < ¢/wpe, where py,
is the ion Larmor radius. In comparison, at Viking al-
titudes, this ordering is typically Ap(= 0.02¢/wpe) <
pr(= 0.2¢/wpe) < c/wpe. This difference (Ap < pr in
the simulation and Ap < pr, in reality) is mainly a con-
sequence of the reduced mass ratio. It can be important
for some particular physical mechanisms. However, in
the present case and concerning the Alfvén wave prop-
agation, the different scales modify the dispersion rela-
tion and control the formation of a nonvanishing par-
allel electric field through the terms &k, c/wpe, k1 pr, or
k1 Ap, where k, is the perpendicular wave number. In
a situation of sudden incoming of Alfvén waves in the
cavity, it is important to respect the first scale at which
the dissipation may occur. This scale is ¢/wp. for both
the simulation and the auroral plasma. For this reason,
we expect that the simulation retains the most impor-
tant phenomena linked to the Alfvén wave dissipation
in the auroral regions.

For this first study, we have used a system periodic in
both the z and z directions (y is the direction of invari-
ance). Clearly, simulations of nonperiodic systems, es-

pecially in the direction of the magnetic field (z, here),
would be of the highest interest in the context of the
auroral physics. With such nonperiodic codes, it would
be possible, for example, to follow the propagation of a
wave packet from the magnetospheric side and to study
its progressive absorption and the associated particle
acceleration as it enters the regions on density inhomo-
geneity. This kind of simulation nevertheless constitutes
a very difficult task for the type of codes used here, and
its development is planned for the future. Nevertheless,
one has to note that in the particular context of auroral
physics, periodic codes along the magnetic field direc-
tion can provide interesting results. Let us comment on
this point.

To obtain a linear polarization of the incoming wave,
we initialize the system with the superposition of an
Alfvén wave and a fast magnetosonic wave propagat-
ing along the ambient magnetic field (k = k, = k).
The characteristics of the initial waves (phase velocity,
for example) are adapted to the plasma conditions ex-
isting outside the density channel. At ¢ = 0, we thus
impose to the system a time-varying electromagnetic
field corresponding to waves that are not expected to be
adapted to the channel configuration. This is an analy-
sis of the impulsive response of the plasma that actually
corresponds to the auroral situation. In case of a sud-
den increase of the electromagnetic energy flux from the
magnetosphere into the structured auroral plasma, the
Alfvén velocity in the auroral region is indeed so large
(105 km/s at an altitude of 10* km) that a low-frequency
electromagnetic wave enters the auroral cavities in a
short time (0.1 s for a cavity of 10%*-km height) com-
pared with its typical period (1 s). The analysis of the
impulsive response of a static inhomogeneous plasma to
the sudden arrival of an electromagnetic flux has then
a lot in common with the actual situation.

"The amplitude of the waves is given by the ratio
dB/By of the perturbed magnetic field over the am-
bient magnetic field. We use high 6B/By ratios (0.01
to 0.05) to overcome the inherent thermal noise of the
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Figure 2. Normalized perpendicular component (eE;/wpecm,.) of the electric field at times 0
(a), 8 wy. (b), 16 wy.! (c), and 128 w,;! (d). The wave period is 512 w,'.

simulation. The phase velocity is 0.326¢ (0.815v4) for
the Alfvén wave and 0.415¢ (1.038v4) for the fast mag-
netosonic wave.

3. Development of Small Perpendicular
Scales and Generation of Parallel
Electric Field

The first noticeable effect of the density gradients on
the Alfvén wave propagation is the fast distortion of the
wave front. Since the Alfvén velocity is larger in the cen-
ter of the channel region than on the sides, small length
scale structures in the wave front are quickly created,
and the initial purely parallel wave vector k turns in
to exhibit a significant k;. This is a way to explain
the progressive rotation of the wave vector during the
propagation; the perpendicular component is here not
taken a priori as is often the case in inertial Alfvén

wave (IAW) studies (like that of Kletzing [1994]). This
is shown in Figures 2a-c. The initially strictly paral-
lel level contours of E, become curved on the locus of
the density gradient. In the present case, perpendicular
scales of the order of c/wp. in the wave front appear
in a small fraction (1/20 typically) of the wave period.
This effect is important in the context of IAW propa-
gation, since it contributes to the formation of parallel
electric field. In the simple linear study proposed in
paper 1 this evolution was not limited, and arbitrary
small perpendicular scales were obtained for sufficiently
long parallel propagation. This is not observed in the
present, more complex simulation. In Figures 2a-c, we
only present the first stages of the evolution. Later (see
Figure 2d), even if the electric field has a more complex
structure, its typical perpendicular scale does not signif-
icantly evolve toward smaller scales. On a linear basis,
there is no reason to stop the scale evolution at ¢/wpe,
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the critical scale at which new effects appear being the
ion Larmor radius (0.2¢/wpe). In the present discussion,
this subsequent nonevolution can be interpreted as an
effect of the dissipation and of the interaction with the
density gradient.

From a simplified linear model (no density variations
along the ambient magnetic field By), one obtains (see

paper 1)
E) (9)

oE| 2 0% (OE,
8z viw? ot? ( oz

where z (z) is the direction parallel (perpendicular) to

By.

Two terms can thus be responsible for the formation
of Ey. In the range of auroral parameters (8 < 1),
the first term of the right-hand side is of the form
kykic? /w2 E,, where ki ~ 1/E,0E,/0x and kj ~
1/E,0E,/0z. Thanks to this term, the distortion of the
wave front contributes to the formation of E} which cor-
responds to classical IAW. The parallel field (and thus
the wave/electron energy exchange) is expected to in-
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crease as smaller perpendicular scales are reached. This
would induce an enhanced wave dissipation at small
scale and thus stop the linear wave front evolution to-
ward smaller scales. In the presence of strong den-
sity gradients, the second term of the right-hand side
can also be important and even dominant as soon as
1/ndn/0x > k. The interpretation of this term is the
following. During the Alfvén wave (AW) propagation,
the polarization drift: j, = m;n;/B20E,/0t, pushes
the ions in the transverse direction on a large parallel
extension. Such a displacement induces a space charge
on the density gradient locus (see Figure 3a). Two ef-
fects are then expected. First, the space charge will
induce the formation of a perpendicular field with a
typical scale related to the scale of the density gradient
(Poisson equation). This contributes to the nonevo-
lution of the electric field perpendicular scale already
mentioned. Second, in the low § auroral plasma, the
nonneutrality can only be restored by the longitudi-
nal dynamics of the particles, hence the formation of
a parallel electric field. Let us illustrate these different
effects.

Normatized unit

Figure 3. Space charge ((n; —n.)/no), dissipation rate (Ji - By /nomec?wpe), and parallel electric
field (eE) /wpecme) at time 200 w, b (w2, = noe? /egme).
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As is shown in Figures 3a and 3c, nonvanishing values
of both the space charge and the parallel electric field
appear quickly during the simulation (less than half the
wave period). The normalized amplitudes are given by
a grey scale, and the contours of the electron densities
are superimposed, in order to localize the density gradi-
ents. During the simulation, the ratio Ej/E | remains
almost constant (about 0.01). In the absence of a den-
sity gradient and for an equivalent k, (kic/wpe >~ 1),
this ratio would be 0.005, that is, half as large. In fact,
the value of the parallel electric field can be coarsely cal-
culated by the same expression as that for the IAW [e.g.,
Goertz, 1986] but where k, is replaced by 1/nfn/0z

2
e on
By _ k (%) ‘ 10)
E, %g—’; 1+ (_g_a_n)z

Nwpe O

The peaks of E| (negative around [z =15, z =500]
and [z =20, z =1500] and positive around [z =25,
z =500] and [z =8, z =1500]) are clearly located on
the gradient locus, where the polarization drift induced
by the perpendicular electric field leads to the largest
space charge. Moreover, following equation (1), the
sign of E is linked to the sign of the gradient (briefly,
E| « %E 1)- In the plot, one also notes that the den-
sity channel oscillates around its initial position owing
to the Ey x By drift, independent of the particle charge.
This is not an important effect, but it is amplified by
our representation as the scales on both axes are very
different: 2048 cells in z compared with 32 cells in .

The process of formation of the parallel electric field
observed here is quite different from the one linked to
the pure IAW propagation which would require the pro-
gressive formation of large k; . In the present case, a
significant parallel electric field appears during the very
initial stage of the simulation. It is due to the effect de-
scribed above, and it is directly linked to the existence
of the density gradient. Whatever the &k, of the electro-
magnetic perturbation propagating on the gradient, a
parallel electric field will appear and will act directly on
the particles. This could have important consequences
in the context of auroral acceleration, since this means
that waves belonging to a much larger spectral domain
in k; than in the classical Alfvén wave model of the
acceleration can efficiently contribute to particle ener-
gization. More generally, one can consider that any kind
of low-frequency electromagnetic fluctuation presenting
an adapted polarization (the perpendicular electric field
must have a nonnull component in the density gradient
direction) can contribute to the acceleration as it prop-
agates into the density cavity.

4. Action on the Particles

To put into relief the energy transfer from the wave
to the electrons, we calculate the total electron kinetic
energy integrated in a region moving at v4 and where
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E) has a constant sign. The mobile calculation box
warps during the propagation to follow the gradients
where E| forms. The energy integrated in this box is
plotted as a function of time in Figure 4. The increase
in energy is about 256% over one Alfvén wave period. It
can be checked that this can be regarded as an increase
in the parallel kinetic energy of the electrons as they
move preferentially in that direction.

In this plot, we can notice an oscillation of period
~250w;el. The corresponding frequency is twice the
Alfvén wave frequency. This oscillation confirms that
the transfer of energy to the electrons is made through
nonlinear interactions with the Alfvén wave. The factor
2 between the frequencies indicates that this interaction
is dominated by quadratic effects (quadratic terms as-
sociated with a wave with a frequency which is twice
the wave frequency).

As is shown in Figure 3b, where the dissipation rate
Jj - By is calculated for the entire simulation box, the
energy transfer mainly occurs on the density gradient.
The extrema of the dissipation rate are obtained on
the gradient where F|| maximizes. Moreover, one notes
that the maxima are given for the negative values of Ej .
This suggests that the energy transfer is more efficient
when the particles are accelerated in the direction of
the wave propagation, i.e., when they are susceptible to
exchange of more energy with the wave (equivalent to a
resonant process). This fact holds even after one wave
period and is likely to hold also in an auroral situation.
However, after this time and on this particular point,
the link between these simulations and auroral physics
becomes less relevant (because of the periodicity), as
was previously pointed out. Using the maximum dissi-
pation rate, one estimates the typical length over which
the Poynting flux P may be absorbed:

APy

Az~ —11
L7y - Byl

(11)

For the simulation presented in Figure 3, one obtains
Az ~ 64 c/wpe, which represents the third of the par-
allel wavelength. This emphasizes the fact that on the
density gradients, where the dissipation rate maximizes,
the wave Poynting flux can be dissipated on less than
a wavelength. This gives an indication of the efficiency
of the wave/particle energy transfer that is expected to
occur at the density gradients.

To specify the type of particle acceleration consecu-
tive to this energy transfer, we computed the potential
drop associated with E|. For instance, in the region
400 < z < 600 in Figure 3c, where the field has a maxi-
mum, one obtains e|®|/mc? = 0.02, which corresponds
to 4 times the thermal energy. Such large parallel po-
tential drops will undoubtedly affect the particles, and
as far as the distribution functions are concerned, one
may expect a strong deviation from the initial Gaussian
shape. This is shown in Figure 5, where the velocity dis-
tribution function for the electrons contained in the box
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Figure 4. Electron kinetic energy integrated in a region of high values of the parallel electric

field.

drawn in Figure 3c, where |Ej| maximizes, is plotted.
One notes a complete shift of the function (that now
peaks at 0.05c) which denotes a global response of the
electron bulk to the accelerating parallel electric fields.
This type of distortion of the distribution functions sug-
gests that these light particles immediately react to the
parallel electric field applied. We do not detect a par-
ticular parallel heating or the formation of a beam in
the present simulation.

Let us note that the energy transfer observed during
the simulation results from a direct interaction between
the electron population and the parallel electric field,
and it is not equivalent to a classical dissipation of the
wave electromagnetic energy due to a resonant effect.
In the present simulation, which lasts only a few Alfvén
wave periods, only the initial state of the wave/particle
interaction is described. It corresponds to a progressive
phasing between the particles (here the electrons in par-
allel motion) and the wave. Later, one may expect that

an equilibrium state is reached in the simulation, with
a periodic exchange of energy from the electromagnetic
field to the particles. However, this equilibrium state is
likely not reached for an Alfvén wave entering the au-
roral cavity. The electrons directly accelerated by the
parallel electric field of the AW are indeed precipitated
and lost in the ionosphere and cannot subsequently par-
ticipate in the energy exchange. The energy exchange
that actually occurs on the edges of a plasma cavity as
the Alfvén wave propagates into it could thus present
analogies with the particle acceleration observed at least
during the initial period of the simulation (over one or
two Alfvén wave periods).

The ion distribution function does not present any
change, and no particular ion/wave energy exchange has
been observed. In theory, an ion energization (heating)
would have been observed if length scales down to the
ion Larmor radius were created during the simulation.
As was already discussed, this is not the case, mainly
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Figure 5. Velocity distribution function for the electrons where |Ej| maximizes.
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because during the linear cascade the first energy ex-
change (and then the wave dissipation) takes place at
c¢/wpe and concerns the electron parallel acceleration.

5. Conclusion

In the present article, we have presented results of 2-
D kinetic simulations of Alfvén waves propagating in a
strongly inhomogeneous low-3 plasma presenting analo-
gies with the auroral plasma (the presence of density
cavities). These simulations were done by using a new
2-D electromagnetic and gyrokinetic code. They mainly
consist in the analysis of the impulsive response of the
inhomogeneous plasma to a sudden variation of the elec-
tromagnetic energy flux and give some indications con-
cerning the wave/particle interactions occurring in the
small-scale auroral plasma cavities. The main conclu-
sions are the following:

1. It is shown that the wave spectrum of an incom-
ing Alfvén wave cascades to small length scales (c/wpe)
in less than one wave period and that, simultaneously,
large parallel electric fields arise on the density gradient
locus. This leads to a significant wave/electron energy
transfer. Nevertheless, in contrast to classical models
of the electron acceleration by inertial Alfvén waves (in
homogeneous plasma), the initial spectrum of the wave
(in k1) coming from the magnetosphere seems to have
a rather minor importance in the formation of the par-
allel electric field. Indeed, for sufficiently short scale
gradients, comparable to those actually observed in the
auroral plasma, the spatial density variation is at the
origin of the leading term in the apparition of the par-
allel electric field.

2. The linear wave cascade is limited typically to a
scale of the order of c/wp.. This is the first scale at
which dissipation occurs during the cascade. It corre-
sponds to the parallel electron acceleration, and con-
sequently, the ion heating that would occur at smaller
scale is not observed for the range of parameters taken
into consideration here.

3. The simulations show that the wave/particle in-
teractions locally result in a global shift of the electron
velocity distribution functions in the parallel direction.
The typical energy gain corresponids to the mean po-
tential drop obtained by an integration of the parallel
electric field along the density gradients.

These three points, which will be studied in more de-
tail in the future, suggest that a large fraction of the en-
ergy flux associated with the Alfvén wave propagation
could be transferred into particle energy in the density
cavities. This proves the possible importance of the per-
pendicular density gradients in the auroral acceleration
processes.
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