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Abstract. Investigating the process of electron accelerationKey words. Space plasma physics (charged particle mo-
in auroral regions, we present a study of the temporal evolution and acceleration; numerical studies). Magnetospheric
tion of the interaction of Alfén waves (AW) with a plasma physics (plasma waves and instabilities)

inhomogeneous in a direction transverse to the static mag-
netic field. This type of inhomogeneity is typical of the

density cavities extended along the magnetic field in auro- .
: : : . 1 Introduction
ral acceleration regions. We use self-consistent Particle In

gsrl:liﬁ]loelg:r)es\;gl]lljjtlgrzogfst:\v;I(:Ir;catl:gr:;)len(tact)ic:?/f/);?/ggczstr\:\?elflugs-rhe near-Earth space environment is often considered as
. ) . gr ' a plasma laboratory where it is possible to investigate ba-
the trajectories of ions and electrons in phase space. Phys|-

. . . ic plasma processes thanks to in-situ spacecraft measure-
cal processes are studied down to the ion Larmor radius an

. ._ments. It is interesting, when it is possible, to extrapolate
electron skin d_epth scgles. We show that the A\.N propag_atlpr%his knowledge to remote astrophysical environments where
on sharp density gradients leads to the formation of a signif-

icant parallel (to the magnetic field) electric field (E-field). in-situ observations are difficult or not yet feasible. In this

X . frame a particularly general and important plasma mecha-
It results from an electric charge separation generated on th P v P P

density gradients by the polarization drift associated with theﬁlsm which still needs to be elucidated is the particle accel-

. . ! : eration in highly magnetized plasma which is characteristic
time varying AW E-field. Its amplitude may reach a few per- ghly mag P : S
. : among others, of the auroral magnetospheric acceleration.
cents of the AW E-field. This parallel component accelerates . . : :
An interesting feature of space plasma is the quite com-

electrons up to keV energies over a distance of a few hundred . L
; . mon existence of small-scale structures of the electric field

Debye lengths, and induces the formation of electron beams. . . . o
aligned with the ambient magnetic field (on the scale of a few

These beams trigger eleptrostatlc plasma |nstab|l|t|¢s WhICQens of Debye lengths). The formation of these structures,
evolve toward the formation of nonlinear electrostatic struc-,,_ o : . A
their stability, and their role in the global organization of the

tures (identified as electron holes and double layers). When . LY .
X . lasma and in the energy redistribution between fields and
the electrostatic turbulence is fully developed we show tha . ) ) . .
. . . articles, are questions of general interest in space physics.
it reduces the further wave/particle exchange. This sequen : .
. . . he existence of small-scale E-field structures has long been
of mechanisms is analyzed with the program WHAMP, to

) . . o . reported in the literature, in environments as diverse as the
identify the instabilities at work and wavelet analysis tech- . X

: . : solar wind (Mangeney et al., 1999), the terrestrial bow shock
nigues are used to characterize the regime of energy conve

. : ) fBaIe et al., 1998, 2002), the auroral regions (Temerin et al.,
sions (from electromagnetic to electrostatic structures, from .
. . . 1982), and the magnetotail (Omura et al., 1996). They usu-

large to small length scales). This study elucidates a possiblé LTI ) L
ally appear in situations where particle acceleration is ob-

nari nt for th rticl leration and the wav .
scenario to account for the particle acceleration and the wa Served. Thus, the observations of auroral features (UV and

dissipation in inhomogeneous plasmas. It would consist Oftrsadio emissions with which they are associated on Earth) on

successive phases of acceleration along the magnetic fiel ; )
the development of an electrostatic turbulence, the thermal(.-jUplter (Clarke et al., 2002) suggest that they may also ex

S . ist in extraterrestrial magnetospheres. Whether these struc-
ization and the heating of the plasma. T
tures are the cause or consequence of the acceleration is not
clear. Indeed, particle acceleration in non-collisional plas-
Correspondence toV. Génot mas is a long standing issue. Whereas observations show the
(vincent.genot@cesr.fr) existence of particle flux with energy reaching a few keV in
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the terrestrial auroral zone, the natural idea which could ex{Chaston et al., 2002) the acceleration region. It turns out that
plain these flux, consisting of invoking a parallel to the am- the Poynting flux associated with high-altitude Adfvwaves
bient magnetic field E-field, is challenged by the extremelyis sufficient to power electron acceleration to energies and
large parallel conductivity of the medium. This conductivity fluxes required by auroras. A study of the Poynting flux as-
is likely to short-circuit any parallel E-field. Therefore, nu- sociated with kinetic Alfén waves, at Freja altitude, showed
merous theories and models have been developed to tacktdat it is well directed and large enough to power locally ob-
this challenging question, although searchs for parallel elecserved accelerated electrons (Volwerk et al., 1996). The way
tric fields are not the only path which has been explored. Fotthis energy is transferred to particles is a key question which
example, microscopic processes may (i) introduce anomathe present article proposes to address.
lous resistivity along the auroral magnetic field lines, (Pa- When one tries to understand how the formation of par-
padopoulos, 1977), (ii) create small-scale non-linear struc-allel E-fields can be associated to wave propagation, one re-
tures (Bostdm et al., 1988; Mlkki et al., 1993; Mottez etal., alizes that other elements inherent to the medium must be
1992), or (iii) directly transfer energy from high frequency invoked in order to form and maintain such fields. It is in-
waves (Bingham et al., 1984, 1988). On larger scales, globatleed the interactions of waves with natural turbulent regions,
ionosphere/magnetosphere electrostatic potential differencgsdasma boundaries (magnetic gradients) or highly inhomo-
can also develop over the whole auroral field lines, as in thegeneous regions (density or temperature gradients) which
strong double-layer model (Miura and Sato, 1980) or in theseem likely to provide efficient electron energization mech-
kinetic model initially proposed by Alfén and Rlthammar, anisms. Regarding turbulence, stochastic wave/particle in-
(1963); see also Chiu and Schulz (1978). teraction has been advocated (Bryant et al., 1991), in auroral
Although several of those mechanisms may coexist forand other contexts, with a process equivalent to the Fermi ac-
a given environment, direct observations of parallel elec-celeration mechanism. In solar context, Heyvaerts and Priest
tric fields suggest that they likely play an important role in (1983) have developed the phase mixing concept to account
particle acceleration (Andersson et al. 2002a; Ergun 2001)for coronal heating in regions where magnetic gradients are
The nature of the electric field configuration which leads tolarge (see also Ruderman et al., 1999). It is in an equiv-
the most efficient acceleration is still controversial. Is it the alent context that we propose here to investigate the com-
large-scale (in the 1000 km range) static fields correspondplex interaction of an AW with a highly structured plasma,
ing to U-shaped potential structures, as revealed by Dynamitike the one encountered in the auroral zone. Recent analyti-
Explorer and Viking spacecraft observations, for instance?al work on kinetic AW in inhomogeneous plasma has been
Those of a wavy nature as Freja spacecraft measurement®nducted by Baronia and Tiwari (2000) in a different geom-
tend to show? Or the strong double layers measured by Fagtry than presented here, though; they report that the density
spacecraft? However, a general agreement seems now fohomogeneity is the fundamental source of free energy for
emerge in which all these views are correct (see Lysak andhe growth of the kinetic AW, and associated field-aligned
Song, 2003) to the extent that they explain different featurescurrents. Simulations in the ionosphere contextéNat al.,
of observations. Auroral electron acceleration by electric2000) have shown how parallel electric fields are formed on
field would be operated by at least two mechanisms: largedensity gradients and velocity shears when self-consistent
scale quasi-static potential drop (accounting for the classideedback of the ionosphere is taken into account. Study-
inverted-V scenario), and fields associated with wave activitying the substorm growth phase, Le Contel et al. (2000) de-
(accounting, in particular, for beams in the particle distribu- veloped a kinetic approach in which a parallel electric field
tions). grows proportionally to the pressure gradient. Experimen-
In an attempt to conciliate both aspects, together with Po+tal studies conducted with the Large Plasma Device (Gekel-
lar observations, Janhunen and Olsson (2000) developed man et al., 2001, and references therein) also investigated
model based on a large-scale O-shaped potential structurihe Alfvén wave/inhomogeneity interaction: they reveal that
which is associated with plasma waves to produce electroshear Alf\ien waves which result from current filaments at
energization. Observations by the Fast spacecraft (Ergun efcales of several electron skin depths have a parallel elec-
al., 2002a) have shown that quasi-static parallel electric fielddric field. Finally, recent observations of the Cluster mission
are responsible for electron acceleration, in the upward cur{Marklund et al., 2001) seem to support the same line: in-
rent region; they are self-consistently supported as obliquereased field-aligned current and electric field are observed
double layers (Ergun et al., 2002b). However, in the auroralon three satellites which encountered a density gradient re-
context, the high dynamical variations of the auroral patternsgion, whereas the fourth satellite, embedded in a plasma with
associated with their small spatial scales (in the km rangelniform density, exhibits no variation on these two quanti-
would suggest an important part to be played by waves. Foties.
about 10 years, observations show the importance ofelfv Our model of the formation of parallel electric fields asso-
waves, and more generally of low frequency waves, in par-ciated with AW propagating in density gradients has been ini-
ticle acceleration (Louarn et al., 1994; Seyler et al., 1995;tially described in @not et al. (1999), using the cold plasma
Andersson et al., 2002b). The role of Afw waves in car- model. The basics of parallel field formation and subse-
rying the input energy flux appears to be prominent and hagjuent particle acceleration were tested with self-consistent
been studied both above (Keiling et al., 2002, 2003) and inPIC simulations in ®not et al. (2000), whereaséBot et
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al. (2001) focused on the long-term evolution of the sys-tion for the electron dynamics while it retains the full ion
tem. This model was able from simple, initial ingredients dynamics. This enables one to save considerable computing
(an inhomogeneous plasma and low-frequency electromagtime, a precious point for simulating low frequency phenom-
netic waves), to reproduce many features observed in auroena. Nevertheless, phenomena of frequencies larger than the
ral plasmas. However, although the chain of individual pro- electron cyclotron frequency are not described in this treat-
cesses was well understood, the model remained on a denent. The time step of the simulation can be larger than the
scriptive level without further investigation of the physics electron gyroperiod without incidence on the validity of the
at work. Recently, simulation works (Silberstein and Otani, results, if the phenomena have characteristic scales longer
1994; Mandrake et al., 2000; Miyake et al., 2000; Omura etthan the electron gyroperiod. It enables one to follow the full
al.,, 2001; Newman et al., 2001; Umeda et al., 2002) havenon-linear evolution of the simulated system down to elec-
re-emphasized the potential importance of nonlinear electrotron inertial length or ion Larmor radius scales. The basics
static structures in the particle acceleration. As these strucef this code, which uses parallel coding, is described by Mot-
tures appear naturally in our simulation system, we revisittez et al. (1998). A detailed discussion on its application to
their generation process in the light of the above cited worksauroral physics may be found iré@ot et al. (2000), whereas
and more particularly, we address the question of the regimehe introductory discussion by&aot et al. (2001) focused on
of parameters which favors the formation of the different the difficulty in comparing simulation parameters and natu-
structures. ral ones. In the following we summarize the important points
Another key mechanism presented here is the energy cagelevant to the present study.
cade toward small length scales which seems to correspond In the code, the time, the velocity, the mass, and the charge
to a conversion from an electromagnetic to an electrostaticare, respectively, normalized @, ¢, m., ande, the elec-
regime. We thus address the question of the way energy retron charge. The ambient magnetic field amplitude is given
distribution occurs when a plasma departs from an equilib-by the value of the rati@../w,.. The electric field is nor-
rium state. We investigate the development of the variousmalized towp.cm./e. The mass ratia;/m. is reduced to
instabilities seen in the system using the program WHAMP.100, in order to follow both electron and ion dynamics within
Depending on the initial AW amplitude, two instabilities are a reasonable computation time.
likely to play a role in the energy cascade: the Buneman in- e use the spatial configuration given in Fig. 1. The sim-
stability and the beam-plasma instability, which is the major ylation box is a grid of 204864 cells having an individ-
cause of small-scale structure formation. We use a waveletg| size of 0.0%c/wpe)?. The box thus physically corre-
analysis to study the energy scale conversion. We classifgponds to~1000 km in the parallel direction ang40km
the small-scale structures and distinguish: 1) unipolar strucin the transverse direction, assuming a density of 1&m
tures, termed weak double layers in the auroral and solarhe system is periodic in both directions. Since the length
wind contexts (an accumulation of such structures may besf a grid cell must be of the order or smaller than a Debye
an efficient acceleration mechanism), from 2) dipolar struc-length 1, the electron temperature cannot be smaller than
tures, termed electron holes because of their shape in phagg|imit value. In our simulations the electron thermal ve-
space. These electron holes are responsible for particle trafocity, v,., is 0.1 in normalized unit, and ten times larger
ping and we present, in the Appendix, an analytical analysighan the ion thermal velocity,;; (which implies T,=T;).
which is compared to simulation results. The density in the middle of the cavity is typically four times
In Sect. 2 we present our model. In Sect. 3 we give anjess than the one on both sides. The density variations per-
overview of the evolution of the system, and we analyze thependicular to the magnetic field occur on about one electron
growth of the parallel electric field and electron accelerationinertial length. The simulations presented here describe the
in Sect. 4. Section 5 is devoted to an analysis of the Bunemaimpulsive response of this static inhomogeneous plasma to
instability, and Sect. 6 presents the beam-plasma instabilityan incoming electromagnetic flux associated with AW. The
the subsequent formation of small-scales and the differenplfy en wave initialized in the system propagates from the
electrostatic structures. In the discussion, Sect. 7, we revievieft to the right and has no associated parallel electric field.
the energy cascade process, and in the conclusion we propose the following, we describe the evolution of the system on
some possible plasma environments where the model may bgeveral Alfven periods for perturbations up é®,/B=0.05.
applied. By varying this initial amplitude, it will be possible to in-
vestigate the non-linear response of the plasma and the insta-
bility triggering. The Alfven wavelength, equal to the size
2 Model of the box, is sufficiently long to restrict the propagation to
a domain of a small wave number, where the Alfiwave
As our aim is to investigate how small spatial scales associyispersion is practically negligible since the ion cyclotron to
ated with density inhomogeneities perpendicular to the maga|fy en frequency ratio i®.; /w4 =4. The normalized Alfén

netic field modify the AW propagation, the minimal require- ye|ocity is 0.4 which gives a plasma to magnetic pressure ra-
ment is to use a 2-D model. We developed an implicit 2.5-D (

(2-D space, 3-D field and velocity components) eIectromag-t'O /324%

netic gyrokinetic code which uses a guiding centre descripis ~5x10P.

2
%) = 0.0025. The total number of particles

VA
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Fig. 1. Configuration of the simulation. The Alén wave propagates in ti#edirection and the density gradients are in fhéirection.

3 General overview of the simulation results

We present here a summary of the evolution observed as the
wave propagates. The rapid evolution of the system may be
tracked on the parallel component of the electric field. Start-

ing from zero value (initiak=k,.=k|, i.e. E;=E=0), the

behavior of this component may be schematically described
in the following phases: a linear growth phase with possi-
ble development of instabilities, a nonlinear phase leading to
small-scale structures and finally a recovery phase. These
phases, observed and labeled in Fig. 2 and Fig. 3, are quickly
described below and detailed in the following sections of the

paper.

The plots in Fig. 2 and Fig. 3 display the parallel compo-
nent of the electric field on the density gradients of the cavity,

for § B/B=0.05 ands B/ B=0.025, respectively. We use the

periodicity of the model to present a double-sized box along
the magnetic field which eases the visualization of important
features. We also describe the action of the parallel electric

field on the particles (a history of the particle energy is pre-

sented later).

— During an initial phase, a parallel electric field is cre-
ated in the density gradient regions, on spatial scales of
the order of the incoming AW wavelength=£204.8).

This initial phase corresponds te:350 in Fig. 2 and
to <500 in Fig. 3 (see label 1). This long rangk
reaches maximum amplitude of, respectivei.02E |
and ~0.01E,. This is the order of magnitude ob-
tained for an inertial Alfén Wave withk, ¢/w,.~1 and
Al/A~0.03.

— Due to the direction of propagation of the incoming AW
(here toward; > 0), a dissymmetry appears in the en-
ergy exchange with the electron population since the

positive z-traveling electrons are preferentially acceler-

ated. Therefore, the maximum acceleration occurs in
regions where the parallel electric field is opposite to
the direction of the incoming wave propagation.

For sufficiently large wave amplitudes, a first instability
is triggered during this initial stage. Its signature on the
parallel electric field can be seen as backward propagat-
ing, small wavelength waves in Fig. 2, starting-a850

(see label 2, the corresponding stripes have a negative
slope in this position-time representation, indicating a
negative velocity). Nothing comparable can be seen in
Fig. 3.

As a result of the particle acceleration, runaway elec-
trons escape from the region where they have been ini-
tially accelerated and create a beam, downward from
the acceleration region. The formation of the electron
beam, which has been systematically observed in the
simulations, marks the end of the initial linear stage.

Indeed, this beam becomes unstable. An electrostatic
beam-plasma instability suddenly takes place and leads
to a fast re-organization of the parallel electric field into
small-scale nonlinear structures. This is observed from
t=450 and fromr=600 in Fig. 2 and Fig. 3, respectively,
(see label 3).

Different types of nonlinear structures form. Some of
them keep a modest amplitude, they do not present a
reversal of the electric field and can be assimilated to
weak double layers. Stronger ones, associated with
the reversal of the field, are also observed and present
similarities with electron holes in which particles are
trapped.
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Fig. 2. Time evolution of the parallel electric field averaged on Fig. 3. Similar to Fig. 2 for the low amplitude cas&3/B=0.025.
the density gradient (large amplitude casg8,/B=0.05). Two pe- The Buneman instability (label 2 in Fig. 2) is not triggered.
riodic simulation boxes have been piled up to reveal the formation

of small-scale structures. Labels 1-4 correspond to the predomi-

nance of: the large-scale field (1), the Buneman instability (2), thethen, for sinusoidal perturbations,(is the polarization ve-

beam-plasma instability (3), the large-scale field again (4). locity),
_oaEx @
— The system recovers from its previous nonlinear phase’” = wd’ B’
dominated by small-scale structures. The large-scale o S
one (box sized) progressively returns to be the predomi-The E x B velocity in thex direction is given by
nant structure of the parallel electric field (fraril000) E.B E
(see label 4). =22~ 3
VExB = —p3 R 3

In the following sections we shall focus on each physical pro-For the Alfven wave, we haveE,~E,, therefore
cess described above. VExB/Vp=wci/wa; this ratio is greater than 3 in the simula-
tion, and even for a large amplitude wave, this yields a polar-
ization velocity smaller than the ion thermal speed. However,
4 Linear formation of the parallel electric field since theE x B-drift is not mass dependent, it is the same for
electrons and ions and does not lead to electrostatic effects.
We recall that the initialization is such that the parallel com- On the contrary, the polarization drift is proportional to the
ponent of the electric field is initially zero. In the simple mass. It is therefore negligible for electrons and only signif-
cold plasma model studied inéBot et al. (1999), it has been jcantly displaces ions. This causes the formation of a space
shown that the polarization drift induced on the density gra-charge sufficient to build a large-scale parallel electric field,
dient plays a leading role in the formation of a space chargeas shown below.
and the subsequent parallel electric field. Let us here esti- |et us now estimate the behaviour of the electric field from
mate the order of magnitude of this drift, how it compares tothe Poisson equation assuming that the parallel electric field
the E x B-drift, and finally, what parallel electric field may remains zero. From the Poisson equation we get in normal-
be expected. The ion polarization current can be written:  jzed units,

n; IE o
T = mev, @) Exbar = @ 2 (80 @

Jx =
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14 In Fig. 2 we notice that the time scale of the formation of
the parallel electric field component s very short. Is it consis-
tent with the initial linear theory? From Eq. (2) one sees that
from the beginning of the wave propagation, the polarization
drift is active to separate ions from electrons. The maximum
drift is obtained after half the Alfen period which corre-
sponds t0~250;o;el. Being a plasma response to electric
non-neutrality, the parallel electric field grows on a time scale
given by the plasma period. Therefore, the field response to
the drift is almost instantaneous and the field formation is
completely driven by the growth of the drift which directly
generates the electric non-neutrality. Indeed, in Fig. 2 we
notice that the maximum of the parallel electric field is ob-
tained around 250;}. Starting fromr=0, we can follow its

growth both in amplitude and length scale:taiSOw;el the

parallel extension i&z>~50c/w,., whereas at=250a);gl we
measureAz2~100c/w,. (half the Alfven wavelength). These
regions of parallel fields are centred on the regions where
A B the maximum drift is expected to occur and thus, where the
08 o4 02 Vel 02 o4 electric space charge begins forming.
The parallel electric field whose formation mechanism is
Fig. 4. Electron velocity distribution function leading to the Bune- described here is directly responsible for most of the particle
man instability atwp,.r=320 andZ=162/w,. (below label 2 in  acceleration. However, it must be stressed that the situation
Fig. 2) in the density gradient region. is not equivalent to electrostatic acceleration. If we suppose
a static parallel electric field of the for#y = — A sinkz, an
electron with no initial velocity would be accelerated tod®.4
(the wave velocity) over half a wavelength far-0.0012 in
, ) ) code normalized unit. This value is consistent with the max-
yvhere (Ax)max IS the largest spatlal_separayon of th? imum E reached after growth. However, the parallel field in
ions from the electrons on the density gradient. Typi-yhe simulation is not static, which greatly modifies the char-
cally:  (A)mar=2vp,,, /wa=1. We assume a factor 4 ,.iaristics of the acceleration. In particular, due to the large
in the decrease of the density, as in simulations, and,qnagation velocity of the wave the acceleration of thermal
Up=Uppg SINkz — wat), With vy, =0.006 which corre- o icjes is limited. If we consider the regions of negative
sponds to the typical value calculated from Eq. (2). Thenp, a6 field, electrons with negative velocities will be very

|Exlmax~0.75. This means that, in the absence of the jije ecelerated during their encounter with the field, while
parallel electric field, the electrostatic perturbation inducedg|ecirons with small positive velocities will be accelerated
by the polarization drift driven space charge would be oney, ;i qickly overtaken by the field. Only originally fast elec-
order of magnitude larger than the Afiwic perturbation ¢ \hich almost travel with the wave and see a static field,
(Eaw=v485=0.08). Two conclusions can be drawn from iy he syficiently accelerated to form a suprathermal pop-
this calculation. First, the parallel electric field clearly plays |, ation which is later seen as a beam. Therefore, the energy
an important role in restoring electro-neutrality. As the low gaineq py electrons is a function of their initial velocity, as

mertla_elegtron_s are the fastest moving partlcle_s, the parge|| a5 the amplitude and the velocity of the wave. We shall
allel direction is the preferred one for the setting of the ., back to this question in Sect. 7.

neutralization electric field. The electron acceleration is

thus a direct consequence of the formation of small electri-

cal non-neutralities on the density gradients. Second, frong Early stage instability: the Buneman instability
(Ax)max>1 we deduce that the space charge extends up to 10

Debye lengths across the magnetic field on the density gradik et us present this instability and the way it is sensitive to the
ent location {/wp.Ap=10). This is an estimate of the width initial conditions: adient size (%w./c) andéB/B=0.025.

of the acceleration region. Actually, this scale corresponds tdn the(z, r) plane in Fig. 2, the instability manifests itself
what is expected from a direct measure on particles: for in-as small-scale structures of the parallel electric field with a
stance, for the simulation presented in Fig. 3a éhGt etal.  typical wavelength of a few/w,.. This perturbation travels
(2000), which presents comparable conditions to the preserttackwards (towards<0) and is seen as early a§61t=260
simulations, the space charge extends-@GnDebye lengths.  for z=125%/w).. In Fig. 3 the instability could be expected
In the parallel direction, the length is half the A#fiw wave-  to appear later because of the wave lower amplitude. In fact,
length (the distance on which the polarization drift keeps theit is not triggered at all, which suggests that a threshold exists
same sign). above which the instability develops.

Arbitrary unit
I B e A e e e e L S R e s s
o b e e b

o
EY
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w,t=480

0 50 100 150 200

0 50 100 150 200

Fig. 5. Parallel electric field and parallel electron phase spaag at=480 (§ B/ B=0.05). The electric field is shown in the 2-D simulation

box with colour-coded amplitude and with density contours overlaid; the “0.67” line coarsely defines the middle of the region of density
variation along theX direction. The bottom panel is the electron velocity distribution function in the parallel velocity direction and along

the magnetic field. Each dot corresponds to a particle in this coordinate space. Only electrons located in the lower gradient region have beer
selected.

This particular signature of the electric field is not seen To validate the previous scenario, we investigate the condi-
on the magnetic field components: the perturbation is elections mandatory for the triggering of the Buneman instability
trostatic and appears to be the consequence of a large dif the regime of parameters of the simulation. We perform a
turbance on the electron distributions. Indeed, the electronsumerical analysis of the Maxwell-Vlasov linear equations
gained large amounts of energy from their interaction withwith the program WHAMP (Rnnmark, 1982). We use par-
the parallel electric field and, locally on the gradient, this ticle mass ratios analogous to those of the simulations. Al-
energy can be such that the whole electron distribution isthough our model is not homogeneous, as long as the rel-
shifted in velocity space. This is shown for the large am- evant perpendicular wavelengths of the unstable waves are
plitude case in Fig. 4, in a region where the electric field issmall in comparison with the inhomogeneity length scale,
positive. The velocity drift corresponds to twice the ther- the homogeneous approximation is adequate. As a matter of
mal velocity. Such a situation is likely to trigger the Bune- fact, we observed that the conditiog.; ¢; /vin.=2 (as seenin
man instability. For the lower amplitude case, the drift is Fig. 4) leads to a positive growth rate with WHAMP, whereas
also present in the equivalent region but is not larger than they,; s/ /v:ne=1 or less leads to a stable situation,; s, is
thermal velocity. the velocity drift of the electron distribution function. For
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Fig. 6. Electron velocity distribution function leading to the beam-

plasma instability aiw,.r=480 andZ=188&/w,. (between la-
bels 2 and 3 on Fig. 2) in the density gradient region.

comparison, the conditiowy,; ¢, /v:1.=2 leads to stability for
a plasma with highew,. /w,. than in the simulation (which
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same position range, the parallel electric field shows a suc-
cession of positive and negative peaks just below the density
contour line labeled “0.67”, which corresponds to the middle
of the gradient region. These structures are similar in shape
to the larger structures described in the following section. A
plot of the electron phase space for the low amplitude case
would not show the trapping structures, as it does not show
instability in Fig. 3. We thus conclude that for sufficiently
intense AW, able to trigger a drift velocity larger thang,

the Buneman instability of ion acoustic waves explains the
backward propagating small-scale structures of the parallel
electric field.

6 Scale transition through the beam-plasma instability

6.1 The beam-plasma instability and associated field struc-
tures

In the region of minimum parallel electric field, a part of elec-
trons are accelerated to velocities larger than the wave phase
velocity and form a beam. This is shown in Fig. 6, where
the beam velocity distribution peaks &0.55. This beam
becomes unstable with respect to the plasma and gives rise
to the beam-plasma instability. The signature of the insta-
bility is clearly seen on the parallel electric field component
(see Fig. 2) which displays narrow electrostatic structures in
which particles may be trapped. We identify two kinds of
structures with different scales and amplitudes. Both are dif-

corresponds to more magnetized or less dense situationsjerent from the ones associated with the Buneman instability
Also, we note that in the theoretical expression stating theand previously described.

condition for marginal stability on the wave number, a parti-

cle mass factor is involved:

ma\ 173\ ¥2
kvo = wpe (1+ (—) ) . (5)
m;

— Bipolar structures: the electric potential difference ex-
perienced by an electron traveling across these struc-
tures is zero. Their typical scale is about 100 Debye
length and their amplitude is larger than the large-scale
parallel electric field. They are termed electron holes.

Its value is only~20% higher in the simulation than
in reality: this is an indication that the comparison real-
ity/simulation may well apply. The Buneman frequency is
such thatw,,,/k o vg, and the drifted population is found
in a positive electric field region, thereforg<0 (as seen in
Fig. 4) and the electrostatic waves associated with the Bune-
man instability are backward propagating as actually ob-
served. The maximum growth rate computed from WHAMP
corresponds to a growth time 0f42w;el. This is consistent
with the time between the first appearance of the Buneman
instability perturbations and the time when they saturate and
reach their maximum (see the growth of the perturbation for
125<z<200 and 266w ,.t<425 in Fig. 2). We calculate
wpun=0.085wp,, Which is in the range of the ion plasma fre-

The bulk of them travels at a velocity near the Afv
velocity but the velocity dispersion is not negligible,
leading to velocities between 0.3 and 0.6.

— Weak double layers (DL): smaller in length scale and

amplitude, these unipolar structures present a net poten-
tial difference at their sides. Their typical electric po-
tential amplitude is such tha\®/kT;;,.,<2. They have

the same propagation properties as the bipolar structures
and seem to correspond to a non-symmetric decay of
these bipolar structures. They are associated with a re-
organization of the field and their lifetime is shorter than
the bipolar structures’ stability time.

Figure 7 displays examples of these structures. The dotted

quency: this indicates that the waves are ion acoustic wavedine corresponds to an integration of the electric field, and is
The electrostatic structures associated with the Buneman intherefore proportional to the electric potential. The symmet-

stability are sufficiently stable in time (more than 31;(3)

ric bipolar structure is seen as an unipolar electric potential

and reach amplitudes£(~0.002) large enough to trap par- with no net difference at its sides. Both structures can be lo-
ticles. This is seen in the electron phase space in Fig. 5: focated in the top panel of Fig. 8: the DL is observed-al48
140<z<200 some round-shaped trapping structures are cenand x~1.5, inside the lower gradient, whereas the bipolar
tred on negative velocities(—0.1). Simultaneously in the structure is at~125 andv~3.
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Fig. 7. Two different electric field structures at the same time (solid line). The spatial extension along the magnetic field is similar. The
dashed line on both plots is proportional to the integrated electric field, i.e. the electric potential: it is non-null for the weak double layer (left
panel), whereas it is zero for the symmetric bipolar structure (right panel).

These double layers are similar in amplitude to those6.2 Investigation with WHAMP
commonly observed in the auroral zoneA@/kTyj.2=1).
They are much larger than those observed in the solapimilarly to what we have done for the Buneman instability,
wind (eA®/kT;,.~10-3), but smaller than those recently We investigate with WHAMP the plasma instabilities which
reported by FAST dA®/kT;,.>20) and discussed later may develop inthe plasma at this stage of the evolution of the
(Sect. 6.3). system. The distribution functions shown here are computed
from all the particles located in the negative gradient region.
L . . The local plasma frequency is then smaller than the plasma
Investigating the spatial scales of the electron holes ('nfrequency outside the cavity.

Fig. 8 and quivalent views a_t other time;) reveals a paral- To initialize WHAMP we use the parameters derived from
lel to perpendicular length ratio ef2—4. Different analyt- the distribution given in Fig. 6 aivy.r=480: v;,,=0.12,

ical studies supported by observations (Franz et al., 20001')the_beam=0_13’ Varif1=—0.05, Varifr—beam=0.5,

(SLT?ELE%?OI‘)(;rhp(?;vsen\:(;ryw?tﬁzz)ecij rglighalé ?nprt]ﬁgcgk]ﬂjap%e—beam/ n.=0.17. These values indicate that the plasma
— ce pe ’

! ¢ . is likely to be unstable to the weak beam instability which
lations. However, these studies focus on uniform plasmas

) . ) . ) ) exists in the regime:
while electron holes in our simulations appear in the inhomo-
geneous region. The density gradient may confine the struc-,,,,_, No—beam \ /2
ture spread in the perpendicular direction. From the middle ( > .
of the gradient, we observe in Fig. 8 that the electron holes
extend further towards the lower density side, whereas théhis is confirmed by WHAMP: a positive growth rate is
higher density side is less extended; electric fields are indeetbund in the range Qkc/w,.<6 with a maximum growth
more easily short-circuited in a denser medium. Howeverrate atkc/w,.=3 which corresponds to wavelength@0i p
a recent analytical study in cylindrical geometry (Chen and(its value is y;qx=6w.;=0.24w,.). The associated fre-
Parks, 2002) showed that for a fixed potential amplitude andjquency is in the range of the plasma frequency and corre-
perpendicular scale size, the parallel scale size has a loweponds to Langmuir waves excited by weak beams. These
bound but no upper bound. Also, for a fixed potential ampli- waves are effectively observed on a dispersion plot obtained
tude the perpendicular scale size has a lower bound. Therdsy a double Fourier transform of the field given in Fig. 2
fore, for a fixed potential amplitude the aspect ratio of the (not shown). At the same time, for the low amplitude case,
electron holeL /L can take a broad range of values (both the conditions of the plasma are less in favor of the trig-
<1 and>1) but there exists a restricted domain where thisgering of the instability, but still a positive growth is found
ratio has to be-1 for physical solutions to exist. This analy- in the same wave number rangg,(=0.1, vise—peam=0.1,
sis allows the situations observed in the simulations. Varifr=—0.04, Varifi—beam=0.3, Nepeam/n.=0.1). The

(6)

Vdrift—beam ne
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Fig. 8. Similar to Fig. 5 forw,.t=640. The “0.47" line in the upper panel marks the middle of the gradient region.

maximum growth rate is smalletfq.x=3.8w;=0.150).) largerz as the beam propagates (note the broadening of the

and is obtained for a slightly smaller wavelength than in thesmall-scale structure location for 5&@ .7 <800).

previous case. However, the associated frequency is still in

the range of the plasma frequency. In conclusion, the re6.3 Comparison with another simulation

sults of the investigation with WHAMP are consistent with

the evolution shown in Flg 2 and F|g 3. The lower the ini- In Newman et al. (2001), the authors investigate the for-

tial wave amplitude, the smaller the velocity of the electron mation of double layers and electrons holes with 1-D sim-

beam and the smaller the instability growth rate of the Lang-y|ations in which a beam turns the plasma instable. They

muir waves. show how electron holes form and evolve toward a strong
For high wave amplitude, Eq. (6) is fulfilled in the whole double layer éA®/kT;,.>20) whose associated unipolar

region of the negative electric field. In Fig. 2, ones ob- electric field is similar to those observed with FAST. Their

serves the fluctuations associated with the instability fromFig. 1c, which displays the electron phase spage,i,

7=140c/wpe 10 2=19Q/w ), atw,.t>~450. On the contrary, presents features very similar to those seen in our Fig. 8, in

in Fig. 3, the development of these fluctuations is slower andalmost the same length scale and velocity rangef.~5,

they appear more gradually, first in the region where elec-Az~100kp). In particular, in front of the electron beam are

trons have experienced the field for the longer time, i.e. onstructures similar to the ones seen fo<G3<120 in Fig. 8

the trailing edge of the negative electric field, and then forand zoomed in Fig. 9. What are the differences? First, if
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Fig. 9. (Left) zoom on the electron hole observed in the large amplitude casg.a=640 (see Fig. 8), and (right) analytical solution of
electron hole from a simple model (see Appendix for details).

we concentrate on this particular structure, the field associpower spectra are then plotted as a function of position and
ated with it in our simulation is clearly dipolar, whereas it scale. We chose a Morlet wavelet; actually, the choice of
is unipolar in Newman et al. (2001). In brief, they have a the function is not critical as long as one is interested in
double layer, we have an electron hole. In our case, we seewavelet power spectra (Torrence and Compo, 1998). A dif-
closed ring in phase space, whereas their case presents a p&erent function would lead to the same positions and scales
tial ring. The fact that in our simulations we do not see thefor the peaks in the spectra, and this is precisely these posi-
evolution toward a strong double layer may be linked to thetions and scales which we are interested in. We present the
free energy source: the electron beam. Indeed, in Newmalkarge amplitude case for which each scale regime is clearly
et al. (2001) the beam is sustained during the whole simuladistinguishable. The results are displayed in Fig. 10. For
tion and able to supply free energy to the evolving structuresach panel, the upper part is the parallel electric field aver-
(electron holes and then strong double layers), whereas in ouaged on the negative density gradient and the bottom part is
case, the beam is a transient phenomenon which vanishes #se result of the wavelet analysis. A},.t=160, the electric
acceleration stops and electrons becomes trapped (see Secfigld is mainly organized on the large-scale, of the order of
for a further analysis of this evolution). Our simulations fol- the size of the simulation box, 204,8v,., which explains

low Newman et al. (2001) in their conclusion that “the pres- the red line in the power spectrum at this scale. The rest of
ence of a strong DL might be sufficient but not necessary forthe spectrum is noise around the electron skin depth scale.
electron-hole generation”. We expect that a longer accelerakater, atw,.t=280, the large-scale is still present but one
tion phase (related to a combination of longer wavelengthsees the formation of localized structures on a tgw .
increased wave amplitude, and decreased gradient size) this corresponds to the fine structures associated with the
bound to lead to a more persistent beam, and may give risBuneman instability. A detailed analysis at close successive

to the formation of a strong DL. times reveals that these structures propagate toward the neg-
. ativez. This is not easy to detect as the negative velocity is
6.4 Formation of small-scale structures small (the stripes are almost vertical in Fig. 2, near label 3).

. ) For instance, note how between,.r=280 andw,.t=344,
A way to study the evolution of the system is to present thethe power maximum between scale 1 and 10 has extended

characteristic length scales associated with the parallel elec{oward the left whereas its right edge remained stationary.
tric field. Indeed, changes in this quantity reveal adequately-q |ater times, there is a quick transition to another kind

the change in the system regime (linear to nonlinear, eleCys gy \cryres: they are the ones associated with the beam-

tromagnetic to electros_tatic_). We perfo_rm awe_lvelet ar_‘alySiSplasma instability; they are more extended along the mag-
of the parallel electric field in the density gradient region aSetic field direction (mostly larger than dv,.), and their

a function of the position parallel to the magnetic field and ., ver aimost completely overtakes the large-scale electric
at different times. The contours of the colour-coded wavelet
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Fig. 10. Wavelet analysis of the parallel electric field at different times of the simulation. For each panel, the upper part is the time series of
the parallel electric field averaged in the (negative) gradient region; on the bottom part, the wavelet power spectrum is plotted as a function
of the position along the magnetic field and the scales of field structures. The colour code, in logarithmic scale, is common to all panels.
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field power (see the spectruma},t=760). The last three 1.0 \
panels reveal that these structures propagate toward the pos- SANGE
itive z and quickly evolve. They also become dispersed in
length scales: from an initial scale 88c/w),., they go down

to ~5¢/wp. and up to~30c/wp.. This decay is the conse-
quence of a complex evolution of the nonlinear structures ~ ©-8[ dissipatie
which interacts with one another by crossing and merging.
This particular aspect needs to be further investigated. This
wavelet analysis is not able to discriminate between the dif- —
ferent natures of the structures: weak double layer or bipolar, ¢
as both of them do have similar length scale and form in the =
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7 Discussion of the general wave/particle energy ex-
change

0.4

In Fig. 11 we present the parallel kinetic electron and wave
energies as functions of time. On both curves, three different - /(2)
regions may be distinguished: a region of variations, aregion 0.2 L L L J1
of plateaus, and another region of variations. The first region 500 1000 1500
corresponds to the formation of the parallel electric field and Time (w,.™)
its installation over large spatial scales. This field accelerates
electrons. Afterv100;o 1 the wave to electron exchange rate Fig. 11. Wave (label 1) and electron (label 2) energies as functions
is almost ConStanMW/E)ﬂ:cst in Fig. 11). This situation  °f time over~4 Alfvén periods.
continues up te-50Qw7, 1, when the beam-plasma instability
occurs and structures the field on small-scales. The secon@lay be difficult to disentangle between the actions of both
phase then begins when both energies plateau, which indironlinear instability-associated structures. Also, the associ-
cates that the wave/particle system reaches an equilibriurted wave perturbations dO not overtake the large-scale field
This is the direct consequence of the action of the electrorin amplitude (see=32Qw,} in Fig. 10) as do the perturba-
holes: they stop the acceleration process as they trap the paions of electron holes.
ticles in their electric field. This is illustrated by the vortex  In order to understand the energy history in the linear
structures to which they are associated with in the electrorphase of the simulation, we performed comparisons with a
phase space (see Fig. 9 and the analytic development in theeriodic 1-D particle test model. We used a propagating sinu-
Appendix). The weak double layers are known to be able tosoidal electric field along the magnetic field direction, model-
accelerate particles, as the net difference between their sidégg the parallel electric field characteristics derived from the
is not null. However, in our simulations, given their relative large amplitude simulation case (same velocity, same average
weakness and their small lifetime, a few ten&gfj, they  amplitude). Electrons becomes accelerated by this field and
would only be able to lead to electron acceleration if theytheir kinetic energy is recorded as a function of time. The
were numerous enough along a given field line, which is notenergy curves are similar to PIC simulation ones for about
the case. Finally, as the electron holes dominate the fieldne Alfvén period. Later, the nonlinearity associated with
structure, the net result is a stop in the acceleration processhe beam-plasma instability, and the subsequent structuring
The associated plateaus in energies persist as long as theskthe field, prevent comparing both evolutions. Before this
electron holes are sufficiently structured. When they de-time, however, this simple linear model (electrostatic field,
cay (fromt=~100(lo;el), the large-scale electric field slowly i.e. no potential vector, no magnetic gradient effects) is able
overtakes the electron holes amplitude and then dominateto reproduce the characteristics of the electron energy. This
the general field structure. Consequently, electron accelerasonfirms that the early stage of the simulation may be simply
tion starts again, pumping wave energy. This second acceledescribed in terms of an electrostatic moving accelerator.
ation phase is, however, less efficient (the slope of the curve Finally, we noticed that fos B/B=0.025 the wave en-
is smaller than in the first phase, befmféOOw;el), because ergy decreases for one Alin period and then slightly in-
the parallel electric field amplitude is smaller as wave dissi-creases for another period (evolution not shown). There is
pation occurred. a corresponding feature on the electron energy which de-
The Buneman instability has no noticeable influence oncreases on the second Adfiv period. In fact, high am-
the wave and particle energies, although it presents somplitude leads to electron trapping in the electrostatic struc-
structures similar to the electron holes. In fact, it appearstures, whereas lower amplitude does not lead to as much
just before the beam-plasma instability, which is linked to trapping because the sinusoidal part of the wave is still
the quenching of the wave/particle energy exchange, and ipresent: for lower amplitude the electrostatic structures do
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not completely overtake the linear long wavelength parallel — Two kinds of nonlinear structures are identified: weak
electric field. When the linear field dominates, some parti- double layers, observed in different plasma contexts, but
cles are decelerated when they enter the positive pakj of here similar to the ones of the auroral regions; electron
(ahead on the magnetic field line) which decreases the elec-  holes responsible for particle trapping.

tron energy; as the total energy is conserved, the wave gains

back energy. A similar behaviour is naturally observed with Although the actual model possesses some limitations (pe-
the 1-D model where no nonlinear effect intervenes. In con-fodical system, cautions when comparing simulation param-
clusion, the nonlinearity plays an important role in the simu- eters and results with observed ones), it has the advantage to
lation as it blocks the return of energy from the particles to-Present, in a self-consistent way, a complex chain of pro-
wards the wave, a situation observed in either the 1-D modef€sses which are usually exposed separately. In this extent,

or the self-consistent simulation initialized with a small wave the ability to show the energy and regime conversions is a
amplitude. key point, whereas models tend generally to work in one

regime or the other. Our model has been tested in the au-

roral context but it awaits application in other astrophysical
8 Conclusions contexts. Inhomogeneities and low frequency waves are in-

] . ] deed encountered in many environments. For instance, the

In this paper, we present results from simulations of amogel may be relevant in the ionosphere and in the tail of
model which considers the interaction between Aifwaves magnetospheres. Broadening the scope of the applications,
and transversely inhomogeneous plasma. Starting from inigpe laboratory experimenters could make good use of such
tial conditions which mimic observational ones, numerousy model to explain their observations; on larger scales, we
features observed in the auroral context have been selfsqyiq also think of the external (non collisional) solar corona
consistently reproduced: the presence of high energy elecsnq galactic jets where mechanisms accounting for accelera-
trons, the presence of electric field parallel to the ambient;on are needed. For the latter, there are indeed suggestions
magnetic field, a high level of structure for both fields and 4t an instability occurring at the base of the jets, where the
phase space. In order to go beyond this observationall aYensity is inhomogeneous, is able to launch Atiwaves
pect, several tools have been used to decompose the diffefyarigre and Tagger, 2002); the subsequent interaction of
ent processes at work. Thus, we emphasized the role ofese waves with the medium density may provide accelera-

nonlinearities and instabilities in the rapid conversion from 5, following processes analogous to those presented in our
an initial low-frequency electromagnetic regime, to a high- ,o4el.

frequency, electrostatic one. Therefore, this model offers a
general framework in which electron acceleration and wave
dissipation in inhomogeneous media may be explained.  Appendix A Analytical model for the electron hole

We summarize below the main findings of the paper:
The electron phase space displayed in Fig. 8 exhibits a typi-
cal electron hole signature arount80. We may reasonably
expect the size of the phase space ring (the electron trap) to
be related to the amplitude of the parallel electric. To demon-

— The Buneman and weak beam-plasma instabilities havétrate this we develop a simple electron hole model, in order
been identified by the program WHAMP. This analysis t0 find an analytical expression which relates the amplitude

also rules out the possibility for these instabilities to be Of the trapping electric field to the size of the hole in the
numerical. (z, v;) plane. This may give an indication of the physical

process at work behind the complex behaviour exhibited on
— The amplitude of the incident Aln wave controls the left side of Fig. 9.

the system evolution; in the low amplitude case the |n the moving structure frame, we choose a sinusoidal
Buneman instability is not triggered, whereas the beam-g|ectric field: Ey= — Eqsinkz(t) (Eo>0), which will accel-
plasma instability and the associated small-scale strucerate electrons located ak@<x/k, and solve the reduced
tures appear for high and low amplitudes. They appeaf|ectron equation of motion:
more quickly in the high amplitude as the linear parallel
electric field reaches larger values, and therefore leads 2, _
earlier to the formation of an energetic electron beam. M55 = ¢EoSinkz(1) (A1)

— The linear growth of the parallel electric field is found
to provide an electron acceleration consistent with the
one of a moving potential difference.

B Thi evolut|c;n of wave alnd %arncle ﬁngrgles ?]re ShOWnWith no asymptotic development of the sinus. It is a nonlin-
to be exactly antl-correlated, emphasizing the energy,, equation similar to the one of the pendulum oscillation

exchange_ involved in the wave dissipation ar?‘?' eIeCtror7\Nithout the small angle approximation. Integrating for the
acceleration processes. The energy deposition rate '§elocityv
Z

constantin the linear acceleration phase, whereas it can-

cels out when particle trapping by nonlinear structures 9z
occurs. vy = o = V2(C — Acoskz(t)) (A2)

and positior; we obtain
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rF@,r) = kv/At (A3) Bingham, R., Bryant, D. A., and Hall, D. S.: A wave model for the
aurora, Geophys. Res. Lett., 11, 327, 1984.

with A—¢Bo ,_ [ 24 s_arcsin (C+A)(1_Coskz(t))]l/2 Bingham,. R., Bryant, D. A_., and Hall, D. S.: Auroral electron ac-

mk ! C+A” 2(C—Acoskz(1)) ’ celeration by lower-hybrid waves, Ann. Geophys., 6, 159, 1988.

andF is the elliptic integral of the first kind and is a con-  Bostivm, R., Gustafsson, G., Holback, B., Holmgreen, G., Kosk-
stant which depends on the initial velocity. In Eq. (A3) the inen, H., and Kintner, P.: Characteristics of solitary waves and
time ¢ is an explicit function of the positiog. weak double layers in the magnetospheric plasma, Phys. Rev.

In the case of a closed trajectory, we obtain from Eq. (A2): Lett., 61,82, 1988.
Bryant, D. A., Cook, A. C., Wang, Z.-S., de Angelis, U., and Perry,

oE ¢Eolz C. H.: Turbulent acceleration of auroral electrons, J. Geophys.
Av, = 4]0 = \/ 0=e (A4) Res., 96, 13829, 1991.
mk 2tm Chaston, C. C., Bonnell, J. W., Peticolas, L. M., Carlson, C. W.,

. . McFadden, J. P., and Ergun, R. E.: Driven Afvwaves and
where Av; is the width of the electron hole along the ve- electron acceleration: A FAST case study, Geophys. Res. Lett.,

locity axis. We expressed the extension alor!gz'tlaa(is by 29 (11), doi: 10.1029/2001GL013842, 2002.

Az=r=2r/k; Eq. (A4) relates the characteristic scales of chen, L-J. and Parks, G. K.. BGK electron solitary waves

the electron hole to one another. Following these equations, in 3D magnetized plasma, Geophys. Res. Lett., 29, (9) doi:

a plot of an electron trajectory in phase space is given on the 10.1029/2001GL013385, 2002.

right-hand side of Fig. 9. Chiu, Y. T. and Schulz, M.: Self-consistent particle and par-
We apply Eq. (A4) to the electron hole displayed in Fig. 8 allel electrostatic field distributions in the magnetospheric-

(and enlarged in the left part of Fig. 9) and which travels at ionospheric auroral region, J. Geophys. Res., 83, 629, 1978.

v>~0.6c. We measure:Az=7c/w,, and Av,=0.5¢ which CIarl\<e, J. T., Ajello, J., Ballester, G., Ben Jaffel, L., Connerney, J.,

leads to a normalized electric field of 0.014; this is consis- S¢rard J.-C., Gladstone, G. R., Grodent, D., Pryor, W., Trauger,

tent with maxima of the parallel electric field observed in the J,, and Waite, J. H.: Ultraviolet emissions from the magnetic

. . footprints of lo, Ganymede and Europa on Jupiter Nature, 415,
simulations when electron holes are developed (see also the 997p2002 y P P

fifth panel of Fig. 10). This simple analytic model is thus Ergun, R. E., Su, Y.-J., Andersson, L., Carlson, C. W., McFadden,
able to relate the characteristic scales of the electron hole to j p. Mozer, F. S., Newman, D. L., Goldman, M. V., and Strange-
its sustaining electric field, coupling particle and field repre-  way, R. J.: Direct observation of localized parallel electric fields
sentations of the electron hole. in a space plasma, Phys. Rev. Lett., 87, 4, 2001.
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