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Abstract. Investigating the procesf electronacceleration
in auroralregions,we present studyof thetemporalevolu-
tion of the interactionof Alfv énwaves (AW) with a plasma
inhomogeneou#n a directiontrans\erseto the static mag-
netic field. This type of inhomogeneityis typical of the
density cavities extendedalong the magneticfield in auro-
ral acceleratiorregions. We useself-consistenfarticle In
Cell (PIC) simulationswhich are ableto reproducethe full
nonlinearevolution of the electromagnetievavesaswell as
the trajectoriesof ions andelectronsn phasespace.Physi-
cal processearestudieddown to theion Larmorradiusand
electronskindepthscalesWe shav thatthe AW propagtion
on sharpdensitygradientdeadsto the formationof a signif-
icant parallel (to the magneticfield) electricfield (E-field).
It resultsfrom anelectricchage separatiorgeneratean the
densitygradientdy thepolarizationdrift associateevith the
time varying AW E-field. Its amplitudemayreachafew per
centsof the AW E-field. This parallelcomponentaccelerates
electronaupto keV enegiesover distanceof afew hundreds
Debyelengths,andinducesheformationof electronbeams.
Thesebeamstrigger electrostatigplasmainstabilitieswhich
evolve toward the formationof nonlinearelectrostaticstruc-
tures(identifiedaselectronholesanddoublelayers). When
the electrostatidurbulenceis fully developedwe show that
it reduceghefurtherwave/particleexchange This sequence
of mechanismgs analyzedwith the programWHAMP to
identify the instabilitiesat work and, wavelet analysistech-
niquesareusedto characterizeéhe regime of enegy corver-
sions(from electromagnetito electrostaticstructuresfrom
largeto smalllengthscales).This studyelucidatesa possible
scenarido accounffor theparticleacceleratiomndthewave
dissipationin inhomogeneouglasmas.It would consistof
successie phasexf acceleratioralong the magneticfield,
the developmentof an electrostatidurbulence,the thermal-
izationandthe heatingof the plasma.

Correspondence to: Vincent.Genot@cesr

1 Intr oduction

The nearEarth spaceervironmentis often consideredas

a plasmalaboratorywhereit is possibleto investicate ba-

sic plasmaprocesseshanksto in-situ spacecrafimeasure-
ments. It is interesting,whenit is possible,to extrapolate
this knowledgeto remoteastroplysical environmentswhere
in-situ obsenationsare difficult or not yet feasible. In this

frame a particularly generaland important plasmamecha-
nismwhich still needsto be elucidateds the particleaccel-
erationin highly magnetizeglasmawhich is characteristic,
amongothers of theauroralmagnetospheriacceleration.

An interestingfeatureof spaceplasmais the quite com-
mon existenceof small scalestructuresof the electricfield
alignedwith theambientmagnetidield (onthescaleof afew
tensof Debyelengths). The formation of thesestructures,
their stability, andtheir role in the global organizationof the
plasmaandin the enegy redistrikution betweenfields and
particles,are questionof generalinterestin spacephysics.
Theexistenceof smallscaleE-field structureshaslong been
reportedin the literature,in ervironmentsasdiverseasthe
solarwind (Mangeng etal., 1999),theterrestrialbow shock
(Baleetal., 1998,2002),the auroralregions(Temerinetal.,
1982),andthe magnetotailOmuraet al., 1996). They usu-
ally appearin situationswhere particle acceleratioris ob-
sened. Thus,the obsenationsof auroralfeature(UV and
radioemissionswvith which they areassociatedn Earth)on
Jupiter(Clarke et al., 2002) suggesthat they may also ex-
ist in extraterrestriaimagnetospheresiVhetherthesestruc-
turesarethe causeor consequencef the accelerations not
clear Indeed,particle acceleratiorin non-collisionalplas-
masis along standingssue.Whereabsenationsshow the
existenceof particleflux with enegy reachinga few keV in
theterrestrialauroralzone,the naturalideawhich could ex-
plain theseflux, consistingin invoking a parallelto the am-
bientmagneticfield E-field, is challengedy the extremely
large parallelconductvity of the medium.This conductvity
is likely to short-circuitary parallel E-field. Thereforenu-
meroustheoriesand modelshave beendevelopedto tackle



this challengingquestion althoughsearchgor parallelelec-
tric fieldsarenottheonly pathwhich hasbeenexplored. For
example, microscopicprocessesnay (i) introduceanoma-
lous resistvity alongthe auroralmagneticfield lines, (Pa-
padopoulos1977), (i) createsmall-scalenon linear struc-
tures(Bostometal., 1988;Malkki etal., 1993;Mottezetal.,
1992), or (iii) directly transferenegy from high frequeng
waves(Binghametal., 1984,1988).0n largerscalesglobal
ionosphere/magnetosphesiectrostatipotentialdifferences
canalsodevelop over the whole auroralfield lines asin the
strongdouble-layemodel (Miura and Sato,1980)or in the
kinetic modelinitially proposedy Alfv énandFalthammay
(1963)(seealsoChiuandSchulz(1978)).

Although several of those mechanismanay coexist for
a given ernvironment, direct obsenations of parallel elec-
tric fields suggesthatthey likely play animportantrole in
particle acceleration(Anderssonet al., 2001; Ergun et al.,
2001). The natureof the electricfield configurationwhich
leadsto the mostefficient accelerations still controversial.
Is it the large scale(in the thousandkm range)staticfields
correspondingo U-shapedpotential structuresas revealed
by DynamicExplorerandViking spacecrafobsenrationsfor
instance? Thoseof a wavy natureasFrejaspacecraftnea-
surementgendto shav ? Or the strongdoublelayersmea-
suredby Fast spacecraff? However, a generalagreement
seemsnow to emege in which all theseviews are correct
(seeLysakand Song(2003))in the extentthatthey explain
differentfeatureof obserations.Auroral electronaccelera-
tion by electricfield would be operatedy atleasttwo mech-
anismes: large scalequasi-staticpotential drop (accounting
for the classicinverted-V scenario) andfields associatedo
wave activity (accountingijn particulay for beamsn the par
ticle distributions).

In anattemptto conciliateboth aspectstogethemwith Po-
lar obsenations, Janhunerand Olsson(2000) developeda
model basedon a large scale O-shapedpotential structure
which is associatedvith plasmawavesto produceelectron
enegization. Obsenationsby the FastspacecraffErgun et
al.,2002a)have shavn thatquasi-statigparallelelectricfields
areresponsibldor electronaccelerationin the upward cur
rent region; they are self-consistentlysupportedas oblique
doublelayers(Ergunetal., 2002b). However, in the auroral
contet, thehigh dynamicalvariationsof theauroralpatterns
associatedvith their small spatialscales(in the km range)
would suggesanimportantpartto be playedby waves. For
aboutl10years,obsenationsshav the importanceof Alfv én
waves,andmore generallyof low frequeng waves,in par
ticle accelerationLouarn et al., 1994, Seyler et al., 1995;
Anderssoret al., 2002). Therole of Alfvénwavesin car
rying theinput enegy flux appeardo be prominentandhas
beenstudiedboth abore (Keiling et al., 2002,2003)andin
(Chastoretal.,2002)theacceleratiomegion. It turnsoutthat
thePoynting flux associateevith high-altitudeAlfv énwaves
is sufficient to power electronacceleratiorto enegies and
fluxesrequiredby auroras.A studyof the Poynting flux as-
sociatedwith kinetic Alfv énwaves,at Frejaaltitude,shaved
thatit is well directedandlarge enoughto power locally ob-
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senedaccelerate@lectrongVolwerk etal., 1996). Theway
this enegy is transferredo particlesis akey questionwhich
the presentrticle proposedo address.

Whenonetries to understanchow the formation of par
allel E-fieldscanbe associatedo wave propagtion,onere-
alizesthat other elementsinherentto the mediummustbe
invoked in orderto form and maintainsuchfields. It is in-
deedtheinteractionf waveswith naturalturbulentregions,
plasmaboundariegmagneticgradients)or highly inhomo-
geneousregions (density or temperaturegradients)which
seemlikely to provide efficient electronenegizationmecha-
nisms. Regardingturbulence,stochastiavave/particleinter
action hasbeenadwcated(Bryant et al., 1991),in auroral
andothercontexts, with a processequialentto Fermiaccel-
erationmechanism.In solar contet, Heyvaertsand Priest
(1983) have developedthe phasemixing conceptto account
for coronalheatingin regionswheremagneticgradientsare
large (seealso Rudermaret al. (1999)). It is in an equv-
alentvein that we proposehereto investigate the comple
interactionof an AW with a highly structuredplasma,like
the one encounteredn the auroralzone. Recentanalytical
work onkinetic AW in inhomogeneouglasmahasbeencon-
ductedby Baroniaand Tiwari (2000)in a differentgeome-
try thanpresentedhere,though;they reportthatthe density
inhomogeneityis the fundamentakourceof free enegy for
the growth of the kinetic AW, and associatedield-aligned
currents.Simulationsin theionospherecontect (Noél et al.,
2000)have shavn how parallelelectricfields areformedon
density gradientsand velocity shearswhen self-consistent
feedbackof the ionospheres taken into account. Study-
ing the substormgrowth phaseLe Contelet al. (2000)de-
velopeda kinetic approachn which a parallelelectricfield
grows proportionallyto the pressuregradient. Experimen-
tal studiesconductedvith the LArge PlasmaDevice (Gekel-
man et al. (2001), and referencegherein)also investicated
the Alfv Enwave/inhomogeneitynteraction:they revealthat
shearAlfv én waves which resultfrom currentfilamentsat
scalesof several electronskin depthshave a parallel elec-
tric field. Finally, recentobsenationsof the Clustermission
(Marklund et al., 2001) seemto supportthe sameline: in-
creasedield-alignedcurrentandelectricfield are obsened
on threesatelliteswhich encountered densitygradientre-
gion,whereaghefourth satellite embeddedh a plasmawith
uniform density exhibits no variationon thesetwo quanti-
ties.

Our modelof theformationof parallelelectricfieldsasso-
ciatedwith AW propagtingin densitygradientshasbeenini-
tially describedn Génotetal. (1999)usingthe cold plasma
model. The basicsof parallel field formation and subse-
quentparticle accelerationvere testedwith self-consistent
PIC simulationsin Génot et al. (2000), whereasGénot et
al. (2001) focusedon the long term evolution of the sys-
tem. This modelwas able from simple, initial ingredients
(aninhomogeneouplasmaand low-frequeny electromag-
netic waves), to reproducemary featuresobseredin auro-
ral plasmas.However, althoughthe chainof individual pro-
cessesvas well understoodthe model remainedon a de-
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scriptive level without further investigation of the physics
atwork. Recently simulationworks (Silbersteinand Otani,
1994; Mandrale et al., 2000; Miyake et al., 2000; Omuraet
al., 2001; Newmanet al., 2001; Umedaet al., 2002) have
re-emphasizethe potentialimportanceof nonlinearelectro-
staticstructuresn the particleacceleration As thesestruc-
turesappeamaturally in our simulationsystem,we revisit
their generatiorprocessn thelight of theabove citedworks
andmoreparticularly we addresshe questionof theregime
of parametersvhich favors the formation of the different
structures.

Anotherkey mechanisnpresentedhereis the enegy cas-
cadetoward small lengthscaleswvhich seemgo correspond
to a corversionfrom an electromagneti¢o an electrostatic
regime. We thusaddresgshe questionof the way enepy re-
distribution occurswhena plasmadepartsfrom an equilib-
rium state. We investicate the developmentof the various
instabilitiesseenin the systemusingthe programWHAMP.
Dependingon theinitial AW amplitude two instabilitiesare
likely to play arole in the enegy cascadethe Bunemanin-
stability andthe beam-plasmanstability which is the major
causeof small scalestructureformation. We usea wavelet
analysigo studytheenegy scalecorversion.We classifythe
smallscalestructuresanddistinguish:1) unipolarstructures,
termedweakdoublelayersin theauroralandsolarwind con-
texts (anaccumulatiorof suchstructuresnaybeanefficient
acceleratioomechanism)from 2) dipolar structurestermed
electronholesbecausef their shapein phasespace.These
electronholesare responsiblefor particle trappingand we
present,in appendix,an analyticalanalysiswhich is com-
paredto simulationresults.

In section2 we presentour model. In section3 we give
anoverview of the evolution of the system,andwe analyze
the growth of the parallelelectricfield andelectronacceler
ationin section4. Section5 is devotedto ananalysisof the
Bunemarinstability, andsection6 presentshebeam-plasma
instability, the subsequenfiormationof small scalesandthe
differentelectrostaticstructuresin the discussionsection?,
we review theenegy cascad@rocessandin theconclusion
we proposesomepossibleplasmaervironmentswherethe
modelmaybeapplied.

2 Model

As our aimis to investigatehow small spatialscalesassoci-
atedwith densityinhomogeneitieperpendiculato themag-
neticfield modify the AW propagtion,the minimal require-
mentis to usea 2-D model. We developedanimplicit 2.5-D
(2-D space3-D field andvelocity componentsglectromag-
netic gyrokineticcodewhich usesa guiding centredescrip-
tion for theelectrondynamicswhile it retainsthefull ion dy-
namics.This enablego sase a considerableomputingtime,
a preciouspoint for simulatinglow frequeng phenomena.
Neverthelessphenomenaf frequenciegargerthantheelec-
tron cyclotronfrequeng arenot describedn this treatment.
Thetime stepof thesimulationcanbelargerthantheelectron

3

gyroperiodwithout incidenceon the validity of the results
if the phenomendave characteristiscalesongerthanthe
electrongyroperiod. It enablego follow the full non-linear
evolution of the simulatedsystemdown to electroninertial
lengthor ion Larmor radiusscales.The basicsof this code,
which usesparallelcoding,is describecdy ?. A detaileddis-
cussionon its applicationto auroralphysics may be found
in Génotet al. (2000), whereagthe introductorydiscussion
by Génotet al. (2001) focusedon the difficulty to compare
simulationparameterandnaturalones.In thefollowing we
summarizeéheimportantpointsrelevantto the presenstudy

In thecode thetime, thevelocity, themassandthechage
arerespectiely normalizedo w;cl, ¢, me, ande, theelectron
chage. Theambientmagnetidield amplitudeis givenby the
valueof theratiow.. /wp.. Theelectricfield is normalizedto
wpecme/e. Themassatiom;/m. is reducedo 100in order
to follow bothelectronandion dynamicswithin areasonable
computatiortime.

We usethe spatialconfigurationgiven on Figure1. The
simulationbox is a grid of 2048x64 cells having an indi-
vidual sizeof 0.01(c/wy.)?. Theboxthusphysically corre-
spondgo ~ 1000km in the paralleldirectionand~ 40 km
in the transwersedirection, assuminga densityof 1 cm™3.
The systemis periodicin both directions. Sincethe length
of a grid cell mustbe of the orderor smallerthana Debye
length \p, the electrontemperaturecannotbe smallerthan
a limit value. In our simulationsthe electronthermalve-
locity, vspe, is 0.1in normalizedunit, andten times larger
thantheion thermalvelocity, v;; (whichimpliesT, = T;).
Thedensityin themiddleof thecavity is typically four times
lessthanthe one on both sides. The densityvariationsper
pendicularto the magnetidfield occuron aboutoneelectron
inertial length. The simulationspresentedceredescribethe
impulsive responseof this staticinhomogeneougplasmato
anincoming electromagnetiélux associatedvith AW. The
Alfv én wave initialized in the systempropagtesfrom the
left to the right andhasno associategbarallelelectricfield.
In the following, we describethe evolution of the systemon
several Alfv énperiodsfor perturbationsipto § B/ B = 0.05.
By varyingthis initial amplitude,it will be possibleto inves-
tigate the non-linearresponseof the plasmaandthe insta-
bility triggering. The Alfv én wavelength,equalto the size
of thebox, is sufficiently long to restrictthe propagtionto a
domainof smallwavenumberwherethe Alfv énwave disper
sionis practicallynggligible sincetheion cyclotronto Alfv én
frequeny ratio is w.;/wa = 4. ThenormalizedAlfv énve-
locity is 0.4which givesa plasmato magneticpressuregatio

2
8= 42— (%) =0.0025.Thetotal numberof particlesis
~5x10°.

3 Generaloverview of the simulation results

We presenthere a summaryof the evolution obsered as
the wave propa@tes. The rapid evolution of the system
may be tracked on the parallel componentof the electric
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Fig. 1. Configuratiorof the simulation. The Alfv énwave ;%opagatesin the Z directionandthedensitygradientsarein the X direction.

field. Startingfrom zerovalue (initial £ = k., = k|, i.e.
E. = E; = 0), the behaior of this componentmay be
schematicallydescribedin the following phases:a linear
growth phasewith possibledevelopmentof instabilities, a
non-linearmphasdeadingto smallscalestructuresandfinally
arecoveryphase ThesegphasespbsenedandlabeledonFig-
ure2 andFigure3, arequickly describedelonr anddetailed
in thefollowing sectionsof the paper

The plots on Figure 2 and Figure 3 display the parallel
componenbf theelectricfield onthedensitygradientsof the
cavity, for §B/B = 0.05 andéB/B = 0.025, respectiely.
We usetheperiodicityof themodelto presentidouble-sized
box alongthemagnetidield which easeshevisualizationof
importantfeatures We alsodescribegheactionof theparallel
electricfield ontheparticles(anhistoryof the particleenegy
is presentedater).

— During aninitial phase,a parallel electricfield is cre-
atedin the densitygradientregions,on spatialscalesof
theorderof theincomingAW wavelength(A = 204.8).
Thisinitial phasecorrespond® ¢ <3500nFigure2 and
tot <5000nFigure3 (seelabell). Thislongrangek)
reachesnaximumamplitudeof respectiely ~ 0.02F |
and~ 0.01F, . Thisis the orderof magnitudeobtained
for an Inertial Alfv én Wave with &k, c/wp. ~ 1 and
AL/A) ~0.03.

— Dueto thedirectionof propagtionof theincomingAW
(heretoward z > 0), a dissymmetryappearsn the en-
ergy exchangewith the electronpopulationsince the
positive z-traveling electronsarepreferentiallyacceler
ated. Therefore,the maximumacceleratioroccursin
regions wherethe parallel electric field is oppositeto
thedirectionof theincomingwave propagtion.

— For sufiiciently large wave amplitudes a first instabil-

ity is triggeredduringthis initial stage.lts signatureon
theparallelelectricfield canbe seenasbackward prop-
agating, small wavelengthwaves on Figure 2, starting
att ~350(seelabel 2, the correspondingtripeshave a
negative slopein this position-timerepresentatioindi-
catinga negative velocity). Nothingcomparableanbe
seeron Figure3.

As a resultof the particle accelerationyunavay elec-
tronsescapdrom the region wherethey have beenini-

tially accelerate@ndcreatea beam,downwardthe ac-
celerationregion. The formationof the electronbeam,
which hasbeensystematicallyobseredin the simula-
tions, marksthe endof theinitial linearstage.

Indeed this beamgetsunstable An electrostatideam-
plasmainstability suddenlytakes place and leadsto
a fastre-omganizationof the parallel electricfield into
small scalenonlinearstructures.This is obsened from
t=450andfrom t=6000n Figure2 andFigure3 respec-
tively (seelabel 3).

Differenttypesof nonlinearstructureorm. Someof
them keepa modestamplitude,they do not presenta
reversalof the electricfield and canbe assimilatedo
weakdoublelayers. Strongerones,associatedo rever-
salof thefield, arealsoobsenedandpresensimilarities
with electronholesin which particlesaretrapped.

The systemrecoversfrom its previous nonlinearphase
dominatedy smallscalestructuresThelargescaleone

(box sized)progressiely returnsto be the predominant
structureof the parallelelectricfield (from t=1000)(see

label4).
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Fig. 2. Time evolution of the parallelelectricfield averagedon the
densitygradient(large amplitudecase,0 B/B = 0.05). Two pe-
riodic simulationboxeshave beenpiled up to reveal the formation
of small scalestructures. Labels 1-4 correspondo the predomi-
nanceof: thelarge scalefield (1), the Bunemaninstability (2), the
beam-plasminstability (3), thelarge scalefield again (4).

In the following sectionswe shallfocuson eachphysical
procesglescribedhbore.

4 Linear formation of the parallel electric field

We recallthattheinitialization is suchthatthe parallelcom-
ponentof the electricfield is initially zero. In the simple
cold plasmamodelstudiedin Génotetal. (1999),it hasbeen
shavn thatthe polarizationdrift inducedon the densitygra-
dientplaysaleadingrole in the formationof a spacechage
andthe subsequenparallel electricfield. Let us hereesti-
matethe orderof magnitudeof this drift, how it comparego
the E x B-drift, andfinally whatparallelelectricfield may
be expected.Theion polarizationcurrentcanbewritten:

_ m;n; 8Ex
Je = g2 ot

= nievp Q)

then, for sinusoidalperturbationgv,, is the polarization
velocity),

UJA,EZ
= — —_— 2
= LB 2)
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—0.005

200

0 100 200 300 400
Z (c/wp)

Fig. 3. Similar to Figure 2 for the low amplitudecaseéB/B =
0.025. The Bunemaninstability (label 2 on Figure 2) is not trig-
gered.

The E x B velocityin thex directionis givenby

E,B. E,

UVExB =

For the Alfvén wave, we have E, ~ E,, therefore
VExB/Vp = wei/wa; thisratiois greatetthan3 in the simu-
lation, andevenfor alarge amplitudewave, this yieldsa po-
larizationvelocity smallerthantheion thermalspeed How-
ever, sincethe E x B-drift is not massdependentit is the
samefor electronsandionsanddoesnotleadto electrostatic
effects.Onthecontrary the polarizationdrift is proportional
to the mass.lt is thereforenggligible for electronsandonly
significantly displacedons. This causeghe formationof a
spacechage sufficient to build a large scaleparallelelectric
field, asshavn below.

Letusnow estimatehebehaiour of theelectricfield from
the Poissorequationassuminghatthe parallelelectricfield
remainszero. From Poissonequationwe getin normalized
units,

|Ez|maz = (1 - Zm—ln)(Ax)mam (4)

where (Az)maqs IS the largest spatial separationof the
ions from the electronson the density gradient. Typically
D (AZ) g = 2vp,,, /wa ~ 1. We assumea factor 4



in the decreasef the densityasin simulationsandv, =
Uponaw SiL(kz — wat), with v, = 0.006 which corre-
sponddo thetypical valuecalculatedrom Equation2. Then
|Exlmaz =~ 0.75. This meansthat, in absenceof parallel
electric field, the electrostaticperturbationinducedby the
polarizationdrift driven) spacechage would be one order
of magnituddargerthanthe alfvénic perturbation £ 4y =
v40B = 0.08).

Two conclusionganbedravn from this calculation.First,
the parallel electricfield clearly playsanimportantrole in
restoringelectro-neutrality As the low inertia electronsare
thefastesimoving particles the paralleldirectionis the pre-
ferredonefor the settingof the neutralizatiorelectricfield.
Theelectronaccelerations thusadirectconsequencef the
formationof small electricalnon-neutralitieson the density
gradients.Secondfrom (Ax),,q. ~ 1 we deducethatthe
spacechageextendsupto 10 Debyelengthsacrosshemag-
neticfield onthe densitygradientiocation(c/wyeAp = 10).
This is an estimateof the width of the acceleratiorregion.
Actually, this scalecorresponds$o whatis expectedfrom a
directmeasureon particles:for instancefor the simulations
presentedn Figure3aof Génotetal. (2000),which presents
comparableconditionsto the presentsimulations the space
chage extendson ~5 Debyelengths. In the paralleldirec-
tion, the lengthis half the Alfv én wavelength(the distance
onwhichthe polarizationdrift keepsthe samesign).

OnFigure2 we noticethatthetime scaleof theformation
of the parallel electric field components very short. Is it
consistentwith the initial lineartheory? From Equation2
oneseesthat, from the begginning of the wave propagtion,
thepolarizationdrift is active to separatéonsfrom electrons.
The maximumdrift is obtainedafter half the Alfv én period
which correspondso ~ 250w;61. Being a plasmaresponse
to electricnon-neutrality the parallelelectricfield grows on
time scalegiven by the plasmaperiod. Therefore the field
respons¢o thedrift is almostinstantaneouandthefield for-
mationis completelydriven by the growth of the drift which
directly generatetheelectricnon-neutrality Indeed on Fig-
ure 2 we notice that the maximumof the parallel electric
field is obtainedaround250w;el. Startingfrom ¢ = 0, we
canfollow its growth bothin amplitudeandlengthscale:at
t = 50w, theparallelextensionis Az ~ 50c¢/w,., whereas
att = 250w, wemeasurelz ~ 100¢/w,. (halftheAlfv én
wavelength). Theseregionsof parallelfields arecentredon
the regions wherethe maximumdrift is expectedto occur
andthus,wheretheelectricspacechage beginsforming.

The parallelelectricfield whoseformationmechanisnis
describechereis directly responsibldor mostof the particle
acceleration However, it mustbe stressedhatthe situation
is not equivalentto electrostatiaccelerationlf we suppose
astaticparallelelectricfield of theform £ = —Asin kz, an
electronwith noinitial velocity would beacceleratedo 0.4c
(thewave velocity) over half awavelengthfor A ~ 0.0012 in
codenormalizedunit. Thisvalueis consistentvith the maxi-
mum £ reachedaftergronth. However, the parallelfield in
the simulationis not staticwhich greatly modifiesthe char
acteristicsof the accelerationln particular dueto thelarge
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propagtionvelocity of the wave the acceleratiorof thermal
particlesis limited. If we considerthe regions of negative
parallelfield, electronswith negative velocitieswill be very
little deceleratedluringtheir encountemwith thefield, while
electronswith small positive velocitieswill be accelerated
but quickly overtalenby thefield. Only originally fastelec-
tronswhich almosttravel with the wave andseea staticfield
will be sufficiently acceleratedo form a suprathermapop-
ulationwhich is later seenasa beam. Therefore the enegy
gainedby electronsis a function of their initial velocity, as
well asthe amplitudeandthe velocity of the wave. We shall
comebackto this questionin section?.

5 Early stageinstability: the Bunemaninstability

Let us presenthis instability, andthe way it is sensitve to
the initial conditions. adientsize (1.9wy./c) andéB/B =
0.025. Onthe (z,t) planeof Figure2, the instability man-
ifestsitself as small scalestructuresof the parallel electric
field with a typical wavelengthof afew c¢/w,.. This pertur
bationtravelsbackwards(towardsz < 0) andis seerasearly
aSw;elt = 260 for z = 125¢/wp.. ONFigure3theinstability
couldbe expectedto appeaiater becausaf the wave lower
amplitude. In fact, it is not triggeredat all which suggests
thatathresholdexistsabove which theinstability develops.

This particularsignatureon the electricfield is not seen
on the magneticfield componentsthe perturbationis elec-
trostaticand appeardo be the consequencef a large dis-
turbanceon the electrondistributions. Indeed,the electrons
gainedlarge amountsof enegy from their interactionwith
the parallel electric field and, locally on the gradient,this
enegy can be suchthat the whole electrondistribution is
shifted in velocity space. This is shawvn for the large am-
plitude caseon Figure 4, in region wherethe electricfield
is positive. The velocity drift correspondso twice the ther
mal velocity. Sucha situationis likely to trigger the Bune-
man instability. For the lower amplitudecase,the drift is
alsopresentn theequivalentregion but is notlargerthanthe
thermalvelocity.

To validatethepreviousscenariowe investicatethecondi-
tionsmandatoryfor thetriggeringof the Bunemarinstability
in theregime of parametersf the simulation.We performa
numericalanalysisof the Maxwell-Vlasov linear equations
with the programWHAMP (Ronnmark,1982). We usepar
ticle massratiosanalogoudo thoseof the simulations. Al-
thoughourmodelis nothomogeneousslongastherelevant
perpendiculawavelengthf theunstablevavesaresmallin
comparisorwith theinhomogeneityengthscale the homo-
geneousapproximationis adequate As a matterof fact, we
obseredthatthe conditionvg,; s+ /vine = 2 (@sseenon Fig-
ure4) leadsto a positive growth ratewith WHAMP, whereas
Varift/Vine = 1 Or lessleadsto a stablesituation;vg,; s is
the velocity drift of the electrondistribution function. For
comparisonthe condition vgy; ¢+ /vine = 2 leadsto stabil-
ity for a plasmawith higherw,. /wp. thanin the simulation
(which correspond$o moremagnetizedr lessdensesitua-
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Fig. 4. Electronvelocity distribution functionleadingto the Bune-
maninstability at w,.t = 320 andZ = 162¢/wp. (belov label 2
on Figure?2) in the densitygradientregion.

tions). Also, we notethatin the theoreticalexpressionstat-
ing the conditionfor maginal stability on the wavenumber
aparticlemassfactoris involved:

N1/ 3/2
Ko = e <1+(6) ) (5)
my;

Its value is only ~20% higher in the simulation than
in reality: this is an indication that the comparisonreal-
ity/simulation may well apply The Bunemanfrequeny is
suchthatwy,, /k « vy, andthe drifted populationis found
in a positive electric field region, thereforevy, < 0 (as
seeron Figure4) andthe electrostatiavavesassociateavith
the Bunemaninstability are backward propagting as actu-
ally obsened. The maximumgrowth rate computedfrom
WHAMP correspond$o agrowth time of ~ 42%;1. Thisis
consistentvith the time betweenthe first appearancef the
Bunemaninstability perturbationsand the time when they
saturateand reachtheir maximum (seethe growth of the
perturbationfor 125 < z < 200 and260 < wpt < 425
on Figure 2). We calculatewy,,, = 0.085w,. which is in
the rangeof the ion plasmafrequeng: this indicatesthat
the waves are ion acousticwaves. The electrostaticstruc-
turesassociateavith the Bunemarinstability aresufficiently
stablein time (more than 300u;el) and reachamplitudes
(E) ~ 0.002) large enoughto trap particles. This is seen
in the electronphasespaceon Figure5: for 140 < z < 200
someround-shapedrappingstructuresare centredon nega-
tive velocities(~-0.1). Simultaneouslyn the sameposition
range,the parallel electricfield shawvs a successiorf pos-
itive and negative peaksjust below the densitycontourline

0 50 100 150 200
z

Fig. 5. Parallel electricfield and parallel electronphasespaceat
wpet = 480 (6B/B = 0.05). The electricfield is shovn in the
2D simulationbox with colourcodedamplitudeand with density
contoursoverlaid;the’0.67’ line coarselydefineshe middle of the
region of densityvariationalongthe X direction. Thebottompanel
is the electronvelocity distribution functionin the parallelvelocity
directionandalongthe magneticfield. Eachdot correspondso a
particlein this coordinatespace Only electrondocatedn thelower
gradientregion have beenselected.

labeled’0.67”, which correspondso themiddleof thegradi-
entregion. Thesestructuresaresimilarin shapeto thelarger
structuredescribedn the following section. A plot of the
electronphasespacefor the low amplitudecasewould not
shav the trapping structures,as it doesnot shav instabil-
ity on Figure 3. We thus concludethat for suficiently in-
tenseAW, ableto trigger a drift velocity larger than 2uv,y,..,
the Bunemaninstability of ion acousticwaves explainsthe
backward propagting small scalestructuresof the parallel
electricfield.

6 Scaletransition thr oughthe beam-plasmainstability

6.1 Thebeam-plasminstability andassociatedield struc-
tures

In theregionof minimumparallelelectricfield, apartof elec-
tronsareacceleratedo velocitieslargerthanthewave phase
velocity andform abeam.This is shovn on Figure6 where
the beamvelocity distribution peaksat ~0.55. This beam
getsunstablewith respecto the plasmaandgivesriseto the
beam-plasmanstability. The signatureof the instability is
clearlyseermontheparallelelectricfield componen{seeFig-
ure2) whichdisplaysnarrav electrostatistructuresn which
particlesmaybetrapped Weidentify two kindsof structures
with differentscalesandamplitudes Both aredifferentfrom
the onesassociateavith the Bunemarinstability and previ-
ouslydescribed.
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Fig. 6. Electronvelocity distribution functionleadingto the beam-
plasmainstability at w,.t = 480 andZ = 188¢/wp. (between
labels2 and3 on Figure?) in thedensitygradientregion.

— Bipolar structures:the electric potentialdifferenceex-
periencedby an electrontraveling acrossthesestruc-
turesis zero. Their typical scaleis about100 Debye
lengthandtheir amplitudeis largerthanthe large scale
parallelelectricfield. They aretermedelectronholes.
Thebulk of themtravelsat velocity nearthe Alfv énve-
locity but the velocity dispersioris not nggligible lead-
ing to velocitiesbetweerD.3and0.6.

— Weakdoublelayers(DL): smallerin length scaleand
amplitude theseunipolarstructurepresentinetpoten-
tial differenceat their sides. Their typical electric po-
tential amplitudeis suchthateA®/kTi,. < 2. They
have the samepropagtion propertiesthan the bipolar
structuresand seemto correspondo a non-symmetric
decayof thesebipolar structures. They are associated
with a reoiganizationof the field andtheir life time is
shorterthanthe bipolarstructuresstability time.

Figure? displaysexamplesof thesestructuresThe dotted
line correspondso anintegrationof the electricfield, andis
thereforeproportionalto the electricpotential. The symmet-
ric bipolar structureis seenasan unipolarelectric potential
with no net differenceat its sides. Both structurescan be
locatedin the top panelof Figure 8: the DL is obsened at
z ~ 148 andz ~ 1.5, insidethe lower gradientwhereaghe
bipolarstructureis at 2 ~ 125 andx ~ 3.

Thesedoublelayersaresimilarin amplitudeto thosecom-
monly obsered in the auroral zone (eA®/kTipe ~ 1).
They aremuchlargerthanthoseobsenedin the solarwind
(eA®/kTipe ~ 1073), but smallerthanthoserecentlyre-
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Fig. 8. Similar to Figure5 for wy.t = 640. The'0.47’ line in the
upperpanelmarksthe middle of the gradientregion.

portedby FAST (eA®/kT;p. > 20) anddiscussedhter(sec-
tion 6.3).

Investicating the spatial scalesof the electronholes (on
Figure8 andequialentviews at othertimes)revealsa par
allel to perpendiculatengthratio ~2-4. Differentanalytical
studiessupportey obsenations(Franzetal., 2000;Singh,
2000)however, expectroughlysphericabhape( L /L =~ 1)
for plasmawith we, /w,e > 1 asin thesimulations However
thesestudiesfocuson uniform plasmaswhile electronholes
in our simulationsappeaiin theinhomogeneousegion. The
densitygradientmay confinethe structurespreadn the per
pendiculardirection. From the middle of the gradient,we
obsene on Figure 8 that the electronholes extend further
towardsthe lower density side, whereasthe higher density
sideis lessextended;electricfields are indeedmore easily
short-circuitedn a densemedium. However, a recentana-
Iytical studyin cylindrical geometry(ChenandParks,2002)
shavedthatfor afixed potentialamplitudeandperpendicu-
lar scalesize, the parallel scalesize hasa lower boundbut
no upperbound. Also, for a fixed potentialamplitudethe
perpendiculascalesizehasa lower bound. Therefore for a
fixedpotentialamplitudethe aspectatio of theelectronhole
L /L, cantake abroadrangeof values(both< 1 and> 1)
but thereexistsa restricteddomainwherethisratio hasto be
> 1 for physical solutionsto exist. This analysisallows the
situationsobsenredin the simulations.

6.2 Investicationwith WHAMP

Similarly to whatwe have donefor the Bunemarinstability,
we investigatewith WHAMP the plasmainstabilitieswhich
maydevelopin the plasmaatthis stageof theevolution of the
system.Thedistribution functionsshovn herearecomputed
from all the particleslocatedin the negative gradientregion.
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Fig. 7. Two differentelectricfield structuresat the sametime (solid line). The spatialextensionalongthe magneticfield is similar. The
dashedine onbothplotsis proportionalto theintegratedelectricfield, i.e. theelectricpotential:it is non-nullfor theweakdoublelayer (left
panel),whereast is zerofor the symmetrichipolarstructure(right panel).

Thelocal plasmafrequeny is thensmallerthanthe plasma

frequeng outsidethe cavity.

To initialize WHAMP we usetheparametergerivedfrom
the distribution given on Figure 6 at wp.t = 480: ve =
0.12, vthe—beam = 0.13, Vdrift = —0.05, Vdrift—beam =
0.5, Ne—peam/ne = 0.17. Thesevaluesindicatethat the
plasmais likely to be unstableto the weakbeaminstability
which existsin theregime:

v n 1/3
the—beam < ( ebeam> (6)

Vdrift—beam Ne

This is confirmedby WHAMP: a positive growth rateis
found in the range0 < kc/wpe < 6 with a maximum
growth rate at kc/wpe = 3 which corresponddo wave-
lengths~ 20\p (its valueis Ymaz = 6we = 0.24wpe).
The associatedrequeny is in the rangeof the plasmafre-
queng andcorrespondso Langmuirwavesexcitedby weak
beams. Thesewaves are effectively obsered on a disper
sionplot obtainedby a doubleFouriertransformof the field
given on Figure 2 (not shawvn). At the sametime, for the
low amplitudecase the conditionsof the plasmaarelessin
favor of the triggering of the instability, but still a positive
growth is foundin the samewavenumberrange(vy,. = 0.1,
Vthe—beam = 0.1, vgripe = —0.04, varifs—beam = 0.3,
Nebeam/Ne = 0.1). The maximumagrowth rateis smaller
(Ymaz = 3.8we = 0.15w,.) andis obtainedfor a slightly
smallerwavelengththanin the previous case.However, the
associatedrequengy is still in the rangeof the plasmafre-
queng. In conclusion,the resultsof the investigation with
WHAMP are consistentwith the evolution showvn on Fig-
ure2 andFigure3. Thelowertheinitial wave amplitude the

smallerthe velocity of the electronbeamandthe smallerthe
instability growth rateof the Langmuirwaves.

For high wave amplitude, Equation6 is fulfilled in the
whole region of negative electricfield. On Figure 2, ones
obsenesthefluctuationsassociatedvith theinstability from
z = 140c/wpe 10 z = 190c/wpe at wpet ~ 450. On
the contrary on Figure 3, the developmentof thesefluc-
tuationsis slower and they appearmore gradually first in
the region where electronshave experiencedthe field for
the longer time, i.e. on the trailing edge of the negative
electricfield, andthenfor larger z asthe beampropagtes
(notethebroadeningf the smallscalestructurelocationfor
550 < wpet < 800).

6.3 Comparisorwith anothersimulation

In Newmanet al. (2001),the authorsinvesticate the forma-
tion of doublelayersand electronsholeswith 1-D simula-
tionsin which abeamturnsthe plasmainstable.They shov
how electronholesform andevolve toward a strongdouble
layer (eA®/kT;. > 20) whoseassociatedinipolarelectric
field is similar to thoseobsened with FAST. Their Figure
1c, which displaysthe electronphasespace(z, v, ), presents
featuresvery similar to thoseseenin our Figure 8 in al-
mostthe samelengthscaleandvelocity range(v /v ~ 5,
Az ~ 100\p). In particular in front of the electronbeam
are structuressimilar to the onesseenfor 60 < z < 120
on Figure 8 and zoomedon Figure 9. What are the differ-
ences? First, if we concentraten this particularstructure,
thefield associategvith it in oursimulationis clearlydipolar,
whereast is unipolarin Newmanetal. (2001).1n brief, they
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Fig. 10. Wavelet analysisof the parallelelectricfield at different
timesof the simulation. For eachpanel,the upperpartis the time
seriesof theparallelelectricfield averagedn the(negative) gradient
region; onthebottompart,thewaveletpower spectrurris plottedas
function of the positionalongthe magneticfield andthe scalesof
field structures.The colour code,in logarithmic scale,is common
to all panels.

have adoublelayer, we have anelectrornhole. In ourcasewe
seea closedring in phasespacewhereagheir casepresents
apartialring. Thefactthat,in our simulationswe do notsee
theevolutiontowardstrongdoublelayermaybelinkedto the
free enegy source:the electronbeam. Indeed,in Newman
etal. (2001)the beamis sustainediuring the whole simula-
tion andableto supplyfree enepy to the evolving structures
(electrorholesandthenstrongdoublelayers) whereasn our
case the beamis atransientphenomenonvhich vanishesas
acceleratiorstopsandelectrongyettrappedseesection? for
afurtheranalysisof this evolution).

Oursimulationsfollow Newmanetal. (2001)in their con-
clusionthat”the presencef a strongDL might be sufficient
but not necessaryor electron-holegeneration”. We expect
thata longeracceleratiorphase(relatedto a combinationof
longerwavelengthjncreasedvave amplitude anddecreased
gradientsize)is boundto leadto amorepersistenbeam,and
may give riseto theformationof astrongDL.

6.4 Formationof smallscalestructures

A way to studythe evolution of the systemis to presenthe
characteristidengthscalesassociatedvith the parallelelec-
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tric field. Indeed,changesn this quantityrevealadequately
the changein the systemregime (linear to nonlinear elec-
tromagnetido electrostatic) We performawaveletanalysis
of the parallelelectricfield in the densitygradientregion as
a function of the position parallelto the magneticfield and
at differenttimes. The contoursof the colourcodedwavelet
power spectraare then plotted as function of position and
scale. We chosea Morlet wavelet; actually the choice of
the function is not critical as long as one is interestedin
wavelet power spectra(Torrenceand Compo,1998). A dif-
ferentfunction would leadto the samepositionsand scales
for the peaksin the spectraandthis is preciselytheseposi-
tions andscaleswhich we areinterestedn. We presenthe
large amplitudecasefor which eachscaleregime s clearly
distinguishableTheresultsaredisplayedon Figure 10. For
eachpanel,the upperpartis the parallel electricfield aver
agedon the negative densitygradientandthe bottompartis
the resultof the waveletanalysis. At wy,.t = 160, the elec-
tric field is mainly organizedon the large scale,of the order
of thesizeof thesimulationbox, 204.8:/w,., whichexplains
theredline in thepower spectrumatthisscale. Therestof the
spectrunis noisearoundtheelectronskindepthscale.Later,
atwy,.t = 280, thelarge scaleis still presenbut oneseeghe
formation of localizedstructureson a few ¢/wy,.: this cor
responddo the fine structuresassociateavith the Buneman
instability. A detailedanalysisat closesuccessie timesre-
vealsthat thesestructuregpropagte toward the negative z.
This is not easyto detectas the neggative velocity is small
(thestripesarealmostverticalon Figure2 nearlabel 3). For
instancenotehow, betweenu,.t = 280 andwy,.t = 344, the
powermaximumbetweerscalel and10hasextendedoward
theleft whereasts right edgeremainedstationary For later
times,thereis aquicktransitionto anotheikind of structures:
they arethe onesassociatedavith the beam-plasménstabil-
ity; they aremoreextendedalongthemagnetidield direction
(mostly larger than 10c/w,.), andtheir power almostcom-
pletely overtalesthelarge scaleelectricfield power (seethe
spectrumat wp.t = 760). The lastthreepanelsreveal that
thesestructureropagtetowardthe positive = andquickly
evolve. They alsogetdispersedn lengthscalesfrom anini-
tial scaleof ~ 8c¢/wp., they godown to ~ 5¢/w,. andupto
~ 30c/wpe. Thisdecayis theconsequencef acomplec evo-
lution of thenonlinearstructuresvhichinteractswith onean-
otherby crossingandmemging. This particularaspecineeds
to befurtherinvesticated. This waveletanalysiss notableto
discriminatebetweenthe differentnaturesof the structures:
weakdoublelayeror bipolar, asbothof themdo have similar
lengthscaleandform in the sameregion.

7 Discussionof the general wave/particle enemy ex-
change

On Figure 11 we presentthe parallel kinetic electronand
wave enegiesasfunctionsof time. Onbothcurves,threedif-

ferentregions may be distinguished:a region of variations,
a region of plateausandanotherregion of variations. The
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Fig. 9. (Left) zoomontheelectronhole obsenedin thelarge amplitudecaseatw,.t = 640 (seeFigure8), and(right) analyticalsolutionof

electronholefrom a simplemodel(seeAppendixfor details).

1.0 I N T M4
| | | ]
o : B
I I I
I I I 1
I I I 4
j j j 1
! | | 4
0.8 dissipatieni I I j
I I
| : dissipatio ] ;3
| | | 1
—~ | | | /(\T
T I I | ~
~ | system | -
? | B . IL\ | K
06 ! re orgomzo‘\om ! <
\E | | | \o
o I I I °
= : : ooce\erot\‘ n =
S I I h
accelerat, O\‘I’W ! ! 49
| | | 1
I I I
047 I I I
I I I
I I I
I I I
I I I
| | |
(2) | 1 1 ]
0.2 Ll Ll Ll 1
500 1000 1500
Time (w, ")

Fig. 11. Wave (label (1)) andelectron(label (2)) enegiesasfunc-
tionsof time over ~4 Alfv énperiods.

first region correspondso theformationof the parallelelec-
tric field andits installationover large spatialscales. This
field accelerateslectrons After ~ 100w, thewaveto elec-

trons exchangerate is almostconstant(|0W/dt| ~ cst on
Figure11). This situationcontinuesup to ~ 500w, when
the beam-plasmanstability occursand structuresthe field
on small scales. The secondphasethen begins when both
enegies plateauwhich indicatesthat the wave/particlesys-
temreachesan equilibrium. This is the direct consequence
of theactionof theelectronholes:they stoptheacceleration
processasthey trapthe particlesin their electricfield. This
is illustratedby the vortex structurego which they areasso-
ciatedin the electronphasespacegseeFigure9 andthe ana-
Iytic developmentin the appendix).Theweakdoublelayers
areknown to be ableto accelerategarticles,asthe net dif-
ferencebetweertheir sidesis not nul. However, in our sim-
ulations, given their relatve weaknessand their small life
time, a few ten of w;el, they would only be ableto leadto
electronaccelerationf they werenumerousenoughalonga
givenfield line, whichis notthe case Finally, astheelectron
holesdominatethe field structure the netresultis a stopin
theacceleratioprocessTheassociateglateausn enepies
persistaslong astheseelectronholesare sufficiently struc-
tured. Whenthey decay(from ¢ =~ 1000w;el), the large
scaleelectricfield slowly overtalesthe electronholesam-
plitude andthendominateghe generaffield structure.Con-
sequentlyelectronacceleratiorstartsagain, pumpingwave
enegy. This secondacceleratiorphases however lesseffi-
cient(the slopeof the curve is smallerthanin thefirst phase,
beforet = 500w561) becausehe parallelelectricfield ampli-
tudeis smalleraswave dissipationoccurred.

The Bunemaninstability hasno noticeableinfluenceon
the wave and particle enegies, althoughit presentssome
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structuressimilar to the electronholes. In factit appears
justbeforethe beam-plasminstability whichis linkedto the
quenchingof thewave/particleenegy exchangeandit may
be difficult to disentanglebetweenthe actionsof both non-
linear instability-associatedtructures.Also, the associated
wave perturbationsdo not overtale the large scalefield in
ampIitude(seet:320w];e1 on Figure 10) asdo the perturba-
tionsof electronholes.

In order to understandhe enegy history in the linear
phaseof the simulation,we performedcomparisonsith a
periodicl-D particletestmodel. We useda propagtingsinu-
soidalelectricfield alongthe magneticfield direction,mod-
eling the parallel electricfield characteristicglerived from
thelargeamplitudesimulationcase(samevelocity, sameav-
erageamplitude).Electronsgetacceleratedy this field and
their kinetic enegy is recordedas a function of time. The
enepgy curvesare similar to PIC simulationonesfor about
one Alfvén period. Later the nonlinearity associatedvith
the beam-plasmanstability, andthe subsequenstructuring
of the field, prevent from comparingboth evolutions. Be-
fore this time, however, this simple linear model (electro-
staticfield, i.e. no potentialvector no magneticgradientef-
fects)is ableto reproducehe characteristic®f the electron
enepgy. This confirmsthatthe early stageof the simulation
may be simply describedn term of an electrostatianoving
accelerator

Finally, we noticedthatfor 6B/B = 0.025 the wave en-
ey decreasesor one Alfv én period and then slightly in-
creasedor anotherperiod (evolution not shawvn). Thereis
a correspondingeatureon the electronenegy which de-
creasen the secondAlfv én period. In fact, high ampli-
tudeleadsto electrontrappingin the electrostaticstructures
whereaslower amplitude doesnot lead to as much trap-
ping becausehe sinusoidalpart of the wave is still present:
for lower amplitudethe electrostaticstructuresdo not com-
pletely overtale the linear long wavelengthparallel electric
field. Whenthe linear field dominates someparticlesare
deceleratedvhenthey enterthe positive partof | (ahead
on the magneticfield line) which decreasethe electronen-
ergy; asthe total enepgy is consered, the wave gainsback
enegy. A similarbehaiour is naturallyobseredwith the 1-
D modelwherenononlineareffectintervenes.In conclusion,
the nonlinearityplaysanimportantrole in the simulationas
it blocksthe returnof enegy from the particlestowardsthe
wave, a situationobsenred in eitherthe 1-D model or the
self-consistensimulationinitialized with a small wave am-
plitude.

8 Conclusions

In this paper we presentresults from simulationsof a
modelwhich considergheinteractionbetweenlfv énwaves
andtrans\erselyinhomogeneouplasma. Startingfrom ini-
tial conditionswhich mimic obsenational ones,numerous
featuresobsenred in the auroral context have been self-
consistentlyreproducedpresencef high enepgy electrons,
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presenceof electric field parallel to the ambientmagnetic
field, high level of structurefor bothfields andphasespace.
In order to go beyond this obsenational aspect, several
tools have beenusedto decomposehe different processes
at work. Thus, we emphasizedhe role of nonlinearities
andinstabilitiesin the rapid corversionfrom aninitial low-
frequeng, electromagneticegimeto a high-frequeny, elec-
trostaticone. Thereforethis model offers a generalframe-
work in which electronacceleratiorandwave dissipationin
inhomogeneoumediamay be explained.
We summarizebelon the mainfindingsof the paper

— Thelinear growth of the parallelelectricfield is found
to provide an electronacceleratiorconsistenwith the
oneof amaving potentialdifference.

— TheBunemarandweakbeam-plasmanstabilitieshave
beenidentifiedby the programWHAMP. This analysis
alsorulesout the possibility for theseinstabilitiesto be
numerical.

— The amplitude of the incident Alfv én wave controls
the systemevolution; in the low amplitude casethe
Bunemarinstability is nottriggered whereaghebeam-
plasmainstability andthe associatedmall scalestruc-
turesappeaifor high andlow amplitudes.They appear
morequickly in the highamplitudeasthelinearparallel
electricfield reachedarger values,andthereforeleads
earlierto theformationof anenepeticelectronbeam.

— Theevolution of wave andparticle enegiesareshaovn
to be exactly anti-correlated emphasizingthe enegy
exchangenvolvedin the wave dissipationandelectron
acceleratiorprocesses.The enegy depositionrate is
constantn thelinearacceleratiophasewhereast can-
celsout whenparticletrappingby nonlinearstructures
occurs.

— Two kinds of nonlinearstructuresare identified: weak
doublelayers,obsenedin differentplasmacontexts, but
heresimilar to the onesof the auroralregions;electron
holesresponsibldor particletrapping.

Althoughtheactualmodelpossessesomelimitations(pe-
riodical systemgautionsvhencomparingsimulationparam-
etersandresultswith obseredones),it hasthe advantageto
present,in a self-consistentvay, a comple chain of pro-
cessesvhich areusuallyexposedseparately In this extent,
theability to shav theenegy andregimecorversionss akey
point, whereasnodelstendgenerallyto work in oneregime
or theother Ourmodelhasbeentestedn theauroralcontext
but it awaits applicationin otherastroplysical contexts. In-
homogeneitieandlow frequeny wavesareindeedencoun-
teredin mary ervironments.For instancethemodelmaybe
relevantin theionosphereandin thetail of magnetospheres.
Broadeningthe scopeof the applicationsthe laboratoryex-
perimentersouldwell make useof sucha modelto explain
their obsenations;on larger scales,we could also think of
the external (non collisional) solar coronaand galactic jets
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wheremechanismsaccountingfor acceleratiorare needed.
For the latter, thereareindeedsuggestionshataninstability
occurringatthebaseof thejets,wherethedensityis inhomo-
geneousis ableto launchAlfv énwaves(Varniereand Tag-
ger, 2002); the subsequeninteractionof thesewaves with
themediumdensitymay provide acceleratiorollowing pro-
cessesnalogoudo thosepresentedn our model.

9 Appendix: Analytical modelfor the electron hole

The electronphasespacedisplayedon Figure 8 exhibits a
typical electronhole signaturearoundz ~ 80. We mayrea-
sonablyexpectthe sizeof the phasespacering (the electron
trap)to berelatedto theamplitudeof the parallelelectric. To

demonstrat¢his we developasimpleelectronhole modelin

orderto find an analyticalexpressiorwhich relatesthe am-
plitude of the trappingelectricfield to the sizeof the holein

the(z, v,) plane.Thismaygive anindicationonthephysical
processat work behindthe complex behaiour exhibited on
theleft of Figure9.

In the moving structureframe, we choosea sinusoidal
electricfield: £y = —Eysinkz(t) (Ey > 0), which will
accelerateslectrondocatedat 0 < z < = /k, andsolve the
reducecklectronequationof motion:

2
m% = eEysin kz(t) (7)
with no asymptoticdevelopmentof the sinus. It is a non-
linearequationsimilar to theoneof the pendulunoscillation
without the small angleapproximation. Integrating for the
velocity v, andpositionz we obtain

v, = % = /2(C — Acoskz(t)) (8)
rF(8,7) = kVAt 9)
with A = < = /24 5 =

. 1/2
arcsin [%} , and F is the elliptic in-

tegral of thefirst kind andC' is a constantwhich depend®on
the initial velocity. In Equation9 the time ¢ is an explicit
functionof thepositionz.

In the caseof aclosedtrajectory we getfrom Equation8 :

eFy _4\/6E0Az

mk 2mm

Av, =4

mk (10)

whereAuw, is thewidth of the electronhole alongthe ve-
locity axis. We expressedhe extensionalongthe z axis by
Az = X\ = 2x/k; Equation10 relatesthe characteristic
scalesof the electronhole to oneanother Following these
equationsa plot of an electrontrajectoryin phasespaceis
givenontheright handsideof Figure9.

We apply Equation10 to the electronhole displayedon
Figure8 (andzoomedon theleft partof Figure9) andwhich
travels at v ~ 0.6c. We measure: Az = T7c/wp. and
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Av, = 0.5c¢ which leadsto a normalizedelectric field of

0.014;this is consistentvith maximaof the parallelelectric
field obseredin thesimulationswhenelectronholesarede-

veloped(seealsothe fifth panelof Figure10). This simple
analyticmodelis thusableto relatethe characteristiscales
of the electronhole to its sustainingelectricfield, coupling
particleandfield representationsf the electronhole.
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