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Abstract. Investigating theprocessof electronacceleration
in auroralregions,we presenta studyof thetemporalevolu-
tion of the interactionof Alfv énwaves(AW) with a plasma
inhomogeneousin a direction transverseto the staticmag-
netic field. This type of inhomogeneityis typical of the
densitycavities extendedalong the magneticfield in auro-
ral accelerationregions. We useself-consistentParticle In
Cell (PIC) simulationswhich areableto reproducethe full
nonlinearevolution of theelectromagneticwavesaswell as
the trajectoriesof ionsandelectronsin phasespace.Physi-
cal processesarestudieddown to theion Larmorradiusand
electronskindepthscales.Weshow thattheAW propagation
on sharpdensitygradientsleadsto theformationof a signif-
icant parallel (to the magneticfield) electricfield (E-field).
It resultsfrom anelectricchargeseparationgeneratedon the
densitygradientsby thepolarizationdrift associatedwith the
timevaryingAW E-field. Its amplitudemayreacha few per-
centsof theAW E-field. Thisparallelcomponentaccelerates
electronsup to keV energiesoverdistanceof a few hundreds
Debyelengths,andinducestheformationof electronbeams.
Thesebeamstrigger electrostaticplasmainstabilitieswhich
evolve towardtheformationof nonlinearelectrostaticstruc-
tures(identifiedaselectronholesanddoublelayers).When
the electrostaticturbulenceis fully developedwe show that
it reducesthefurtherwave/particleexchange.This sequence
of mechanismsis analyzedwith the programWHAMP to
identify the instabilitiesat work and,wavelet analysistech-
niquesareusedto characterizetheregimeof energy conver-
sions(from electromagneticto electrostaticstructures,from
largeto smalllengthscales).Thisstudyelucidatesapossible
scenarioto accountfor theparticleaccelerationandthewave
dissipationin inhomogeneousplasmas.It would consistof
successive phasesof accelerationalong the magneticfield,
the developmentof anelectrostaticturbulence,the thermal-
izationandtheheatingof theplasma.

Correspondence to: Vincent.Genot@cesr.fr

1 Intr oduction

The near-Earth spaceenvironment is often consideredas
a plasmalaboratorywhere it is possibleto investigate ba-
sic plasmaprocessesthanksto in-situ spacecraftmeasure-
ments. It is interesting,when it is possible,to extrapolate
this knowledgeto remoteastrophysicalenvironmentswhere
in-situ observationsaredifficult or not yet feasible. In this
frame a particularly generaland importantplasmamecha-
nismwhich still needsto beelucidatedis theparticleaccel-
erationin highly magnetizedplasmawhich is characteristic,
amongothers,of theauroralmagnetosphericacceleration.

An interestingfeatureof spaceplasmais the quite com-
mon existenceof small scalestructuresof the electricfield
alignedwith theambientmagneticfield (onthescaleof afew
tensof Debyelengths). The formationof thesestructures,
their stability, andtheir role in theglobalorganizationof the
plasmaand in the energy redistribution betweenfields and
particles,arequestionsof generalinterestin spacephysics.
Theexistenceof smallscaleE-field structureshaslong been
reportedin the literature,in environmentsasdiverseasthe
solarwind (Mangeney etal.,1999),theterrestrialbow shock
(Baleet al., 1998,2002),theauroralregions(Temerinet al.,
1982),andthemagnetotail(Omuraet al., 1996). They usu-
ally appearin situationswhereparticle accelerationis ob-
served. Thus,the observationsof auroralfeatures(UV and
radioemissionswith which they areassociatedon Earth)on
Jupiter(Clarke et al., 2002)suggestthat they may alsoex-
ist in extraterrestrialmagnetospheres.Whetherthesestruc-
turesarethecauseor consequenceof theaccelerationis not
clear. Indeed,particle accelerationin non-collisionalplas-
masis a longstandingissue.Whereasobservationsshow the
existenceof particleflux with energy reachinga few keV in
theterrestrialauroralzone,thenaturalideawhich couldex-
plain theseflux, consistingin invoking a parallelto theam-
bient magneticfield E-field, is challengedby the extremely
largeparallelconductivity of themedium.This conductivity
is likely to short-circuitany parallelE-field. Thereforenu-
meroustheoriesandmodelshave beendevelopedto tackle
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this challengingquestion,althoughsearchsfor parallelelec-
tric fieldsarenot theonly pathwhichhasbeenexplored.For
example,microscopicprocessesmay (i) introduceanoma-
lous resistivity along the auroralmagneticfield lines, (Pa-
padopoulos,1977), (ii) createsmall-scalenon linear struc-
tures(Bostr̈ometal.,1988;Mälkki etal.,1993;Mottezetal.,
1992),or (iii) directly transferenergy from high frequency
waves(Binghametal., 1984,1988).On largerscales,global
ionosphere/magnetosphereelectrostaticpotentialdifferences
canalsodevelopover thewholeauroralfield linesasin the
strongdouble-layermodel(Miura andSato,1980)or in the
kinetic modelinitially proposedby Alfv énandFälthammar,
(1963)(seealsoChiuandSchulz(1978)).

Although several of thosemechanismsmay coexist for
a given environment, direct observations of parallel elec-
tric fields suggestthat they likely play an importantrole in
particle acceleration(Anderssonet al., 2001; Ergun et al.,
2001). The natureof the electricfield configurationwhich
leadsto the mostefficient accelerationis still controversial.
Is it the large scale(in the thousandkm range)staticfields
correspondingto U-shapedpotentialstructuresas revealed
by DynamicExplorerandViking spacecraftobservationsfor
instance? Thoseof a wavy natureasFrejaspacecraftmea-
surementstendto show ? Or thestrongdoublelayersmea-
suredby Fast spacecraft? However, a generalagreement
seemsnow to emerge in which all theseviews are correct
(seeLysakandSong(2003))in the extent that they explain
differentfeaturesof observations.Auroralelectronaccelera-
tion by electricfield wouldbeoperatedby at leasttwo mech-
anisms: large scalequasi-staticpotentialdrop (accounting
for theclassicinverted-Vscenario),andfieldsassociatedto
waveactivity (accounting,in particular, for beamsin thepar-
ticle distributions).

In anattemptto conciliatebothaspects,togetherwith Po-
lar observations,Janhunenand Olsson(2000) developeda
model basedon a large scaleO-shapedpotentialstructure
which is associatedwith plasmawavesto produceelectron
energization. Observationsby the Fastspacecraft(Ergun et
al.,2002a)haveshown thatquasi-staticparallelelectricfields
areresponsiblefor electronacceleration,in theupwardcur-
rent region; they areself-consistentlysupportedasoblique
doublelayers(Ergunet al., 2002b).However, in theauroral
context, thehighdynamicalvariationsof theauroralpatterns
associatedwith their small spatialscales(in the km range)
would suggestanimportantpart to beplayedby waves.For
about10 years,observationsshow theimportanceof Alfv én
waves,andmoregenerallyof low frequency waves,in par-
ticle acceleration(Louarn et al., 1994; Seyler et al., 1995;
Anderssonet al., 2002). The role of Alfv én waves in car-
rying the input energy flux appearsto beprominentandhas
beenstudiedboth above (Keiling et al., 2002,2003)andin
(Chastonetal.,2002)theaccelerationregion. It turnsoutthat
thePoyntingflux associatedwith high-altitudeAlfv énwaves
is sufficient to power electronaccelerationto energies and
fluxesrequiredby auroras.A studyof thePoynting flux as-
sociatedwith kineticAlfv énwaves,atFrejaaltitude,showed
thatit is well directedandlargeenoughto power locally ob-

servedacceleratedelectrons(Volwerketal., 1996).Theway
this energy is transferredto particlesis akey questionwhich
thepresentarticleproposesto address.

Whenone tries to understandhow the formationof par-
allel E-fieldscanbeassociatedto wave propagation,onere-
alizesthat other elementsinherentto the mediummust be
invoked in orderto form andmaintainsuchfields. It is in-
deedtheinteractionsof waveswith naturalturbulentregions,
plasmaboundaries(magneticgradients)or highly inhomo-
geneousregions (density or temperaturegradients)which
seemlikely to provideefficientelectronenergizationmecha-
nisms.Regardingturbulence,stochasticwave/particleinter-
actionhasbeenadvocated(Bryant et al., 1991), in auroral
andothercontexts,with aprocessequivalentto Fermiaccel-
erationmechanism.In solar context, Heyvaertsand Priest
(1983)have developedthephasemixing conceptto account
for coronalheatingin regionswheremagneticgradientsare
large (seealso Rudermanet al. (1999)). It is in an equiv-
alent vein that we proposehereto investigate the complex
interactionof an AW with a highly structuredplasma,like
the oneencounteredin the auroralzone. Recentanalytical
work onkineticAW in inhomogeneousplasmahasbeencon-
ductedby BaroniaandTiwari (2000) in a differentgeome-
try thanpresentedhere,though;they reportthat thedensity
inhomogeneityis the fundamentalsourceof freeenergy for
the growth of the kinetic AW, and associatedfield-aligned
currents.Simulationsin the ionospherecontext (Noël et al.,
2000)have shown how parallelelectricfieldsareformedon
density gradientsand velocity shearswhen self-consistent
feedbackof the ionosphereis taken into account. Study-
ing the substormgrowth phase,Le Contelet al. (2000)de-
velopeda kinetic approachin which a parallelelectricfield
grows proportionallyto the pressuregradient. Experimen-
tal studiesconductedwith theLArgePlasmaDevice (Gekel-
manet al. (2001),andreferencestherein)also investigated
theAlfv énwave/inhomogeneityinteraction:they reveal that
shearAlfv én waves which result from currentfilamentsat
scalesof several electronskin depthshave a parallel elec-
tric field. Finally, recentobservationsof theClustermission
(Marklund et al., 2001)seemto supportthe sameline: in-
creasedfield-alignedcurrentandelectricfield areobserved
on threesatelliteswhich encountereda densitygradientre-
gion,whereasthefourthsatellite,embeddedin aplasmawith
uniform density, exhibits no variationon thesetwo quanti-
ties.

Ourmodelof theformationof parallelelectricfieldsasso-
ciatedwith AW propagatingin densitygradientshasbeenini-
tially describedin Génotet al. (1999)usingthecold plasma
model. The basicsof parallel field formation and subse-
quentparticle accelerationwere testedwith self-consistent
PIC simulationsin Génot et al. (2000), whereasGénot et
al. (2001) focusedon the long term evolution of the sys-
tem. This model was able from simple, initial ingredients
(an inhomogeneousplasmaand low-frequency electromag-
netic waves),to reproducemany featuresobserved in auro-
ral plasmas.However, althoughthechainof individual pro-
cesseswas well understood,the model remainedon a de-
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scriptive level without further investigation of the physics
at work. Recently, simulationworks (SilbersteinandOtani,
1994;Mandrake et al., 2000;Miyake et al., 2000;Omuraet
al., 2001; Newman et al., 2001; Umedaet al., 2002) have
re-emphasizedthepotentialimportanceof nonlinearelectro-
staticstructuresin the particleacceleration.As thesestruc-
turesappearnaturally in our simulationsystem,we revisit
their generationprocessin thelight of theabove citedworks
andmoreparticularly, we addressthequestionof theregime
of parameterswhich favors the formation of the different
structures.

Anotherkey mechanismpresentedhereis theenergy cas-
cadetowardsmall lengthscaleswhich seemsto correspond
to a conversionfrom an electromagneticto an electrostatic
regime. We thusaddressthequestionof theway energy re-
distribution occurswhena plasmadepartsfrom an equilib-
rium state. We investigate the developmentof the various
instabilitiesseenin thesystemusingtheprogramWHAMP.
Dependingon theinitial AW amplitude,two instabilitiesare
likely to play a role in theenergy cascade:theBunemanin-
stability andthebeam-plasmainstability which is themajor
causeof small scalestructureformation. We usea wavelet
analysisto studytheenergy scaleconversion.Weclassifythe
smallscalestructuresanddistinguish:1) unipolarstructures,
termedweakdoublelayersin theauroralandsolarwind con-
texts (anaccumulationof suchstructuresmaybeanefficient
accelerationmechanism),from 2) dipolarstructures,termed
electronholesbecauseof 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 theevolution of thesystem,andwe analyze
thegrowth of theparallelelectricfield andelectronacceler-
ation in section4. Section5 is devotedto ananalysisof the
Bunemaninstability, andsection6 presentsthebeam-plasma
instability, thesubsequentformationof small scalesandthe
differentelectrostaticstructures.In thediscussion,section7,
we review theenergy cascadeprocess,andin theconclusion
we proposesomepossibleplasmaenvironmentswherethe
modelmaybeapplied.

2 Model

As our aim is to investigatehow smallspatialscalesassoci-
atedwith densityinhomogeneitiesperpendicularto themag-
neticfield modify theAW propagation,theminimal require-
mentis to usea 2-D model.We developedanimplicit 2.5-D
(2-D space,3-D field andvelocity components)electromag-
netic gyrokineticcodewhich usesa guiding centredescrip-
tion for theelectrondynamicswhile it retainsthefull ion dy-
namics.Thisenablesto saveaconsiderablecomputingtime,
a preciouspoint for simulatinglow frequency phenomena.
Nevertheless,phenomenaof frequencieslargerthantheelec-
tron cyclotronfrequency arenot describedin this treatment.
Thetimestepof thesimulationcanbelargerthantheelectron

gyroperiodwithout incidenceon the validity of the results
if the phenomenahave characteristicscaleslonger thanthe
electrongyroperiod. It enablesto follow the full non-linear
evolution of the simulatedsystemdown to electroninertial
lengthor ion Larmor radiusscales.Thebasicsof this code,
whichusesparallelcoding,is describedby ?. A detaileddis-
cussionon its applicationto auroralphysicsmay be found
in Génotet al. (2000),whereasthe introductorydiscussion
by Génotet al. (2001)focusedon the difficulty to compare
simulationparametersandnaturalones.In thefollowing we
summarizetheimportantpointsrelevantto thepresentstudy.

In thecode,thetime,thevelocity, themass,andthecharge
arerespectively normalizedto �������� , � , 	 � , and 
 , theelectron
charge.Theambientmagneticfield amplitudeis givenby the
valueof theratio ��� � 
 � ��� . Theelectricfield is normalizedto� ��� ��	 � 
 
 . Themassratio 	�� 
 	 � is reducedto 100in order
to follow bothelectronandion dynamicswithin areasonable
computationtime.

We usethe spatialconfigurationgiven on Figure1. The
simulationbox is a grid of 2048� 64 cells having an indi-
vidual sizeof 0.01 ��� 
 � ������� . Thebox thusphysically corre-
spondsto � 1000km in theparalleldirectionand � 40 km
in the transversedirection, assuminga densityof 1 cm��� .
The systemis periodic in both directions. Sincethe length
of a grid cell mustbe of the orderor smallerthana Debye
length ��� , the electrontemperaturecannotbe smallerthan
a limit value. In our simulationsthe electronthermalve-
locity, ���� � , is 0.1 in normalizedunit, and ten times larger
thanthe ion thermalvelocity, �!�� "� (which implies # �%$ #�� ).
Thedensityin themiddleof thecavity is typically four times
lessthanthe oneon both sides.The densityvariationsper-
pendicularto themagneticfield occuron aboutoneelectron
inertial length. Thesimulationspresentedheredescribethe
impulsive responseof this static inhomogeneousplasmato
an incomingelectromagneticflux associatedwith AW. The
Alfv én wave initialized in the systempropagatesfrom the
left to the right andhasno associatedparallelelectricfield.
In thefollowing, we describetheevolution of thesystemon
severalAlfv énperiodsfor perturbationsupto &(' 
 ' $*),+ )�- .
By varyingthis initial amplitude,it will bepossibleto inves-
tigate the non-linearresponseof the plasmaand the insta-
bility triggering. The Alfv én wavelength,equalto the size
of thebox, is sufficiently long to restrictthepropagationto a
domainof smallwavenumber, wheretheAlfv énwavedisper-
sionis practicallynegligible sincetheion cyclotronto Alfv én
frequency ratio is ��� � 
 ��. $0/ . ThenormalizedAlfv énve-
locity is 0.4which givesa plasmato magneticpressureratio1 $*/3254276

8:9�; 48=< � $ 0.0025.Thetotalnumberof particlesis

� 5 � 10> .

3 Generaloverview of the simulation results

We presenthere a summaryof the evolution observed as
the wave propagates. The rapid evolution of the system
may be tracked on the parallel componentof the electric



4 Génotetal.: Alfv énwavesin inhomogeneousplasmas

Fig. 1. Configurationof thesimulation.TheAlfv énwavepropagatesin the ? directionandthedensitygradientsarein the @ direction.

field. Startingfrom zero value (initial A $ A"B $ ADC , i.e.E B $ E C $F) ), the behavior of this componentmay be
schematicallydescribedin the following phases:a linear
growth phasewith possibledevelopmentof instabilities,a
non-linearphaseleadingto smallscalestructuresandfinally
arecoveryphase.Thesephases,observedandlabeledonFig-
ure2 andFigure3, arequickly describedbelow anddetailed
in thefollowing sectionsof thepaper.

The plots on Figure 2 and Figure 3 display the parallel
componentof theelectricfield onthedensitygradientsof the
cavity, for &(' 
 ' $G)�+ )H- and &(' 
 ' $I),+ )�JH- , respectively.
Weusetheperiodicityof themodelto presentadouble-sized
boxalongthemagneticfield whicheasesthevisualizationof
importantfeatures.Wealsodescribetheactionof theparallel
electricfield ontheparticles(anhistoryof theparticleenergy
is presentedlater).

– During an initial phase,a parallelelectricfield is cre-
atedin thedensitygradientregions,on spatialscalesof
theorderof theincomingAW wavelength( � $*JH)H/,+ K ).
Thisinitial phasecorrespondsto LNM 350onFigure2and
to LNM 500onFigure3 (seelabel1). This long range

E C
reachesmaximumamplitudeof respectively � ),+ )HJ EPO
and � ),+ )RQ ESO . This is theorderof magnitudeobtained
for an Inertial Alfv én Wave with A O � 
 � ��� � Q and� O 
 �TCU� ),+ )HV .

– Dueto thedirectionof propagationof theincomingAW
(heretoward WYX ) ), a dissymmetryappearsin theen-
ergy exchangewith the electronpopulationsince the
positive W -traveling electronsarepreferentiallyacceler-
ated. Therefore,the maximumaccelerationoccursin
regions wherethe parallel electric field is oppositeto
thedirectionof theincomingwavepropagation.

– For sufficiently large wave amplitudes,a first instabil-
ity is triggeredduringthis initial stage.Its signatureon
theparallelelectricfield canbeseenasbackwardprop-
agating, small wavelengthwaveson Figure2, starting
at L�� 350(seelabel2, thecorrespondingstripeshave a
negative slopein this position-timerepresentationindi-
catinga negative velocity). Nothingcomparablecanbe
seenonFigure3.

– As a result of the particleacceleration,runaway elec-
tronsescapefrom theregion wherethey have beenini-
tially acceleratedandcreatea beam,downward theac-
celerationregion. The formationof theelectronbeam,
which hasbeensystematicallyobserved in the simula-
tions,markstheendof theinitial linearstage.

– Indeed,this beamgetsunstable.An electrostaticbeam-
plasmainstability suddenlytakes place and leads to
a fast re-organizationof the parallel electric field into
smallscalenonlinearstructures.This is observedfromL =450andfrom L =600onFigure2 andFigure3 respec-
tively (seelabel3).

– Different typesof nonlinearstructuresform. Someof
them keepa modestamplitude,they do not presenta
reversalof the electric field andcanbe assimilatedto
weakdoublelayers.Strongerones,associatedto rever-
salof thefield,arealsoobservedandpresentsimilarities
with electronholesin whichparticlesaretrapped.

– Thesystemrecoversfrom its previousnonlinearphase
dominatedby smallscalestructures.Thelargescaleone
(box sized)progressively returnsto bethepredominant
structureof theparallelelectricfield (from L =1000)(see
label4).



Génotetal.: Alfv énwavesin inhomogeneousplasmas 5

Fig. 2. Time evolution of theparallelelectricfield averagedon the
densitygradient(large amplitudecase,Z:[]\^[`_Ia�b aDc ). Two pe-
riodic simulationboxeshave beenpiled up to reveal the formation
of small scalestructures. Labels1-4 correspondto the predomi-
nanceof: the largescalefield (1), theBunemaninstability (2), the
beam-plasmainstability (3), thelargescalefield again (4).

In the following sectionswe shall focuson eachphysical
processdescribedabove.

4 Linear formation of the parallel electric field

We recall thattheinitialization is suchthattheparallelcom-
ponentof the electric field is initially zero. In the simple
coldplasmamodelstudiedin Génotetal. (1999),it hasbeen
shown that thepolarizationdrift inducedon thedensitygra-
dientplaysa leadingrole in theformationof a spacecharge
and the subsequentparallelelectricfield. Let us hereesti-
matetheorderof magnitudeof thisdrift, how it comparesto
the de�gf -drift, andfinally whatparallelelectricfield may
beexpected.Theion polarizationcurrentcanbewritten:

h=i $ 	j��kl�' �
m E i
m L $ k3��
n� � (1)

then, for sinusoidalperturbations(� � is the polarization
velocity),

� �o$ ��.� � �
p E i
' (2)

Fig. 3. Similar to Figure2 for the low amplitudecaseZ:[%\^[F_a�b aDq"c . The Bunemaninstability (label 2 on Figure2) is not trig-
gered.

The dr�sf velocity in the t directionis givenby

�!uUv,w $
Eyx 'zB
' �|{

Eyx
' (3)

For the Alfv én wave, we have
E i

{
Eyx

, therefore�!uUv,w 
 � �o$ ��� � 
 ��. ; this ratio is greaterthan3 in thesimu-
lation,andevenfor a largeamplitudewave, this yieldsa po-
larizationvelocity smallerthantheion thermalspeed.How-
ever, sincethe d}�~f -drift is not massdependent,it is the
samefor electronsandionsanddoesnot leadto electrostatic
effects.On thecontrary, thepolarizationdrift is proportional
to themass.It is thereforenegligible for electronsandonly
significantlydisplacesions. This causesthe formationof a
spacechargesufficient to build a largescaleparallelelectric
field, asshown below.

Let usnow estimatethebehaviour of theelectricfield from
thePoissonequationassumingthat theparallelelectricfield
remainszero. From Poissonequationwe get in normalized
units,

� E i � 2z� i $ � Qz� k 2 ���k 2y� i
� ����t � 2z� i (4)

where ����t � 2z� i is the largest spatial separationof the
ions from the electronson the densitygradient. Typically
: ����t � 2z� i $�J � �=���^� 
 ��. { Q . We assumea factor 4
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in the decreaseof the densityas in simulationsand � �I$� �=���n���n��� ��A�W � ��. L � , with � �=���n��$�)�+ )H)�� which corre-
spondsto thetypicalvaluecalculatedfrom Equation2. Then� E i � 2z� i { )�+���- . This meansthat, in absenceof parallel
electric field, the electrostaticperturbationinducedby the
polarizationdrift driven) spacecharge would be one order
of magnitudelarger thanthealfvénicperturbation(

E .T� $
� . &(' $�)�+ )HK ).

Two conclusionscanbedrawn from thiscalculation.First,
the parallel electric field clearly playsan importantrole in
restoringelectro-neutrality. As the low inertia electronsare
thefastestmoving particles,theparalleldirectionis thepre-
ferredonefor the settingof the neutralizationelectricfield.
Theelectronaccelerationis thusa directconsequenceof the
formationof small electricalnon-neutralitieson the density
gradients.Second,from ����t � 2z� i { Q we deducethat the
spacechargeextendsupto 10Debyelengthsacrossthemag-
neticfield on thedensitygradientlocation( � 
 � ��� �D� $�Q�) ).
This is an estimateof the width of the accelerationregion.
Actually, this scalecorrespondsto what is expectedfrom a
directmeasureon particles:for instancefor thesimulations
presentedonFigure3aof Génotetal. (2000),whichpresents
comparableconditionsto thepresentsimulations,the space
charge extendson � 5 Debyelengths. In the paralleldirec-
tion, the length is half the Alfv én wavelength(the distance
onwhich thepolarizationdrift keepsthesamesign).

OnFigure2 wenoticethatthetimescaleof theformation
of the parallel electric field componentis very short. Is it
consistentwith the initial linear theory? From Equation2
oneseesthat, from the beginning of the wave propagation,
thepolarizationdrift is activeto separateionsfrom electrons.
The maximumdrift is obtainedafter half the Alfv én period
which correspondsto � JH-�) � ������ . Being a plasmaresponse
to electricnon-neutrality, theparallelelectricfield grows on
time scalegiven by the plasmaperiod. Therefore,the field
responseto thedrift is almostinstantaneousandthefield for-
mationis completelydrivenby thegrowth of thedrift which
directlygeneratestheelectricnon-neutrality. Indeed,onFig-
ure 2 we notice that the maximumof the parallel electric
field is obtainedaroundJH-�) � ������ . Startingfrom L $�) , we
canfollow its growth both in amplitudeandlengthscale:atL $*-�) � ������ theparallelextensionis �~W { -H) �


 � ��� , whereas
at L $*JH-H) � ������ wemeasure�~W { Q�)H) �


 � ��� (half theAlfv én
wavelength).Theseregionsof parallelfieldsarecentredon
the regions wherethe maximumdrift is expectedto occur
andthus,wheretheelectricspacechargebeginsforming.

The parallelelectricfield whoseformationmechanismis
describedhereis directly responsiblefor mostof theparticle
acceleration.However, it mustbestressedthat thesituation
is not equivalentto electrostaticacceleration.If we suppose
astaticparallelelectricfield of theform

E C $����g�n��� A�W , an
electronwith no initial velocitywouldbeacceleratedto 0.4�
(thewavevelocity)overhalf awavelengthfor � { ),+ )H)RQ�J in
codenormalizedunit. Thisvalueis consistentwith themaxi-
mum

E C reachedaftergrowth. However, theparallelfield in
the simulationis not staticwhich greatlymodifiesthechar-
acteristicsof theacceleration.In particular, dueto the large

propagationvelocity of thewave theaccelerationof thermal
particlesis limited. If we considerthe regionsof negative
parallelfield, electronswith negative velocitieswill bevery
little deceleratedduringtheir encounterwith thefield, while
electronswith small positive velocitieswill be accelerated
but quickly overtakenby thefield. Only originally fastelec-
tronswhichalmosttravel with thewaveandseeastaticfield
will be sufficiently acceleratedto form a suprathermalpop-
ulationwhich is laterseenasa beam.Therefore,theenergy
gainedby electronsis a function of their initial velocity, as
well astheamplitudeandthevelocity of thewave. We shall
comebackto thisquestionin section7.

5 Early stageinstability: the Bunemaninstability

Let us presentthis instability, andthe way it is sensitive to
the initial conditions. adientsize( Q(+ � � ��� 
 � ) and &(' 
 ' $),+ )HJH- . On the ��W���L � planeof Figure2, the instability man-
ifests itself assmall scalestructuresof the parallelelectric
field with a typical wavelengthof a few � 
 � ��� . This pertur-
bationtravelsbackwards(towardsW�M ) ) andis seenasearly
as� ������ L $*JH�H) for W $IQ�J�- � 
 � ��� . OnFigure3 theinstability
couldbeexpectedto appearlaterbecauseof thewave lower
amplitude. In fact, it is not triggeredat all which suggests
thata thresholdexistsabove which theinstabilitydevelops.

This particularsignatureon the electric field is not seen
on the magneticfield components:the perturbationis elec-
trostaticand appearsto be the consequenceof a large dis-
turbanceon theelectrondistributions. Indeed,theelectrons
gainedlarge amountsof energy from their interactionwith
the parallel electric field and, locally on the gradient,this
energy can be such that the whole electrondistribution is
shifted in velocity space. This is shown for the large am-
plitude caseon Figure4, in region wherethe electric field
is positive. Thevelocity drift correspondsto twice the ther-
mal velocity. Sucha situationis likely to trigger the Bune-
man instability. For the lower amplitudecase,the drift is
alsopresentin theequivalentregionbut is not largerthanthe
thermalvelocity.

To validatethepreviousscenario,weinvestigatethecondi-
tionsmandatoryfor thetriggeringof theBunemaninstability
in theregimeof parametersof thesimulation.We performa
numericalanalysisof the Maxwell-Vlasov linear equations
with theprogramWHAMP (Rönnmark,1982). We usepar-
ticle massratiosanalogousto thoseof the simulations.Al-
thoughourmodelis nothomogeneous,aslongastherelevant
perpendicularwavelengthsof theunstablewavesaresmallin
comparisonwith theinhomogeneitylengthscale,thehomo-
geneousapproximationis adequate.As a matterof fact,we
observedthatthecondition���� n��¡"� 
 �!�� �¢$�J (asseenon Fig-
ure4) leadsto apositivegrowth ratewith WHAMP, whereas�!�� n��¡"� 
 ���� �£$¤Q or lessleadsto a stablesituation; �!�� n��¡"� is
the velocity drift of the electrondistribution function. For
comparison,the condition � �� ¥��¡¦� 
 � �� � $¤J leadsto stabil-
ity for a plasmawith higher ��� � 
 � ��� thanin thesimulation
(which correspondsto moremagnetizedor lessdensesitua-
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Fig. 4. Electronvelocity distribution functionleadingto theBune-
maninstability at §�¨�©«ª�_0¬¦q^a and ?­_0®¦¯¦qn°(\^§±¨²© (below label2
onFigure2) in thedensitygradientregion.

tions). Also, we notethat in the theoreticalexpressionstat-
ing theconditionfor marginal stability on thewavenumber,
aparticlemassfactoris involved:

A"�H³ $ � ��� QN´ 	 �
	j�

�¶µn� ��µ �
(5)

Its value is only � 20% higher in the simulation than
in reality: this is an indication that the comparisonreal-
ity/simulationmay well apply. The Bunemanfrequency is
suchthat ��·�¸ � 
 Aº¹G�H³ , andthe drifted populationis found
in a positive electric field region, therefore �H³`M ) (as
seenonFigure4) andtheelectrostaticwavesassociatedwith
the Bunemaninstability arebackward propagating asactu-
ally observed. The maximumgrowth rate computedfrom
WHAMP correspondsto a growth time of � /HJ � �l���� . This is
consistentwith the time betweenthefirst appearanceof the
Bunemaninstability perturbationsand the time when they
saturateand reachtheir maximum (seethe growth of the
perturbationfor Q�JH- MFW�M JH)H) and JH��) M � ��� L�M /HJ�-
on Figure 2). We calculate��·�¸ � $»),+ )�KH- � ��� which is in
the rangeof the ion plasmafrequency: this indicatesthat
the waves are ion acousticwaves. The electrostaticstruc-
turesassociatedwith theBunemaninstabilityaresufficiently
stable in time (more than 300� ������ ) and reachamplitudes
(
E C { ),+ )H)�J ) large enoughto trap particles. This is seen

in theelectronphasespaceon Figure5: for Q�/H) M¼W]M JH)�)
someround-shapedtrappingstructuresarecentredon nega-
tive velocities( � -0.1). Simultaneouslyin thesameposition
range,the parallelelectricfield shows a successionof pos-
itive andnegative peaksjust below the densitycontourline

Fig. 5. Parallel electricfield andparallel electronphasespaceat§±¨²©«ª%_G½D¾^a (Z:[]\^[r_Ga�b a�c ). The electricfield is shown in the
2D simulationbox with colour-codedamplitudeandwith density
contoursoverlaid;the’0.67’ line coarselydefinesthemiddleof the
regionof densityvariationalongthe @ direction.Thebottompanel
is theelectronvelocity distribution functionin theparallelvelocity
directionandalongthe magneticfield. Eachdot correspondsto a
particlein thiscoordinatespace.Only electronslocatedin thelower
gradientregionhavebeenselected.

labeled”0.67”, whichcorrespondsto themiddleof thegradi-
entregion. Thesestructuresaresimilar in shapeto thelarger
structuresdescribedin the following section. A plot of the
electronphasespacefor the low amplitudecasewould not
show the trappingstructures,as it doesnot show instabil-
ity on Figure 3. We thus concludethat for sufficiently in-
tenseAW, able to trigger a drift velocity larger than2���� � ,
the Bunemaninstability of ion acousticwavesexplains the
backward propagating small scalestructuresof the parallel
electricfield.

6 Scaletransition thr ough the beam-plasmainstability

6.1 Thebeam-plasmainstabilityandassociatedfield struc-
tures

In theregionof minimumparallelelectricfield,apartof elec-
tronsareacceleratedto velocitieslargerthanthewave phase
velocity andform a beam.This is shown on Figure6 where
the beamvelocity distribution peaksat � 0.55. This beam
getsunstablewith respectto theplasmaandgivesriseto the
beam-plasmainstability. The signatureof the instability is
clearlyseenontheparallelelectricfield component(seeFig-
ure2) whichdisplaysnarrow electrostaticstructuresin which
particlesmaybetrapped.Weidentify two kindsof structures
with differentscalesandamplitudes.Botharedifferentfrom
theonesassociatedwith theBunemaninstability andprevi-
ouslydescribed.
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Fig. 6. Electronvelocity distribution functionleadingto thebeam-
plasmainstability at §�¨�©«ª£_¿½D¾^a and ?À_Á®¦¾¦¾n°(\^§±¨²© (between
labels2 and3 onFigure2) in thedensitygradientregion.

– Bipolar structures:the electricpotentialdifferenceex-
periencedby an electrontraveling acrossthesestruc-
turesis zero. Their typical scaleis about100 Debye
lengthandtheir amplitudeis larger thanthelargescale
parallelelectricfield. They aretermedelectronholes.
Thebulk of themtravelsat velocityneartheAlfv énve-
locity but thevelocity dispersionis not negligible lead-
ing to velocitiesbetween0.3and0.6.

– Weakdoublelayers(DL): smallerin lengthscaleand
amplitude,theseunipolarstructurespresentanetpoten-
tial differenceat their sides. Their typical electricpo-
tential amplitudeis suchthat 
��jÂ 
 A"#l�� �ÄÃ¤J . They
have the samepropagation propertiesthan the bipolar
structuresandseemto correspondto a non-symmetric
decayof thesebipolar structures.They areassociated
with a reorganizationof the field andtheir life time is
shorterthanthebipolarstructuresstability time.

Figure7 displaysexamplesof thesestructures.Thedotted
line correspondsto anintegrationof theelectricfield, andis
thereforeproportionalto theelectricpotential.Thesymmet-
ric bipolar structureis seenasan unipolarelectricpotential
with no net differenceat its sides. Both structurescan be
locatedin the top panelof Figure8: the DL is observed atW { Q�/HK andt { Q(+ - , insidethelower gradient,whereasthe
bipolarstructureis at W { Q�JH- andt { V .

Thesedoublelayersaresimilar in amplitudeto thosecom-
monly observed in the auroral zone ( 
¥�jÂ 
 A"# �� � { Q ).
They aremuchlarger thanthoseobserved in thesolarwind
( 
¥�jÂ 
 A"#��� � { Q�) �D� ), but smallerthan thoserecentlyre-

Fig. 8. Similar to Figure5 for §�¨�©«ªU_I¯^½¦a . The ’0.47’ line in the
upperpanelmarksthemiddleof thegradientregion.

portedby FAST ( 
��jÂ 
 A"#l�� ��Å�JH) ) anddiscussedlater(sec-
tion 6.3).

Investigating the spatialscalesof the electronholes(on
Figure8 andequivalentviews at othertimes)revealsa par-
allel to perpendicularlengthratio � 2-4. Differentanalytical
studiessupportedby observations(Franzet al., 2000;Singh,
2000)however, expectroughlysphericalshape( ÆyC 
 Æ O { Q )
for plasmawith ��� � 
 � ��� X Q asin thesimulations.However
thesestudiesfocuson uniform plasmaswhile electronholes
in our simulationsappearin theinhomogeneousregion. The
densitygradientmayconfinethestructurespreadin theper-
pendiculardirection. From the middle of the gradient,we
observe on Figure 8 that the electronholesextend further
towardsthe lower densityside,whereasthe higherdensity
side is lessextended;electricfields are indeedmoreeasily
short-circuitedin a densermedium. However, a recentana-
lytical studyin cylindrical geometry(ChenandParks,2002)
showedthat for a fixedpotentialamplitudeandperpendicu-
lar scalesize, the parallelscalesizehasa lower boundbut
no upperbound. Also, for a fixed potentialamplitudethe
perpendicularscalesizehasa lower bound.Therefore,for a
fixedpotentialamplitudetheaspectratioof theelectronholeÆyC 
 Æ O cantake a broadrangeof values(both M Q and X Q )
but thereexistsa restricteddomainwherethis ratiohasto beX Q for physicalsolutionsto exist. This analysisallows the
situationsobservedin thesimulations.

6.2 Investigationwith WHAMP

Similarly to whatwe have donefor theBunemaninstability,
we investigatewith WHAMP theplasmainstabilitieswhich
maydevelopin theplasmaatthisstageof theevolutionof the
system.Thedistribution functionsshown herearecomputed
from all theparticleslocatedin thenegative gradientregion.
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Fig. 7. Two differentelectricfield structuresat the sametime (solid line). The spatialextensionalongthe magneticfield is similar. The
dashedline onbothplotsis proportionalto theintegratedelectricfield, i.e. theelectricpotential:it is non-nullfor theweakdoublelayer(left
panel),whereasit is zerofor thesymmetricbipolarstructure(right panel).

The local plasmafrequency is thensmallerthantheplasma
frequency outsidethecavity.

To initialize WHAMP weusetheparametersderivedfrom
the distribution given on Figure6 at � ��� L $Ç/�KH) : �!�� �*$),+ÈQ�J , �!�� � � · � �²2 $É)�+�Q�V , �!�� n��¡"� $r�z),+ )H- , �!�� n��¡"� � · � �²2 $),+ - , k � � · � �²2 
 k �I$e),+�Q�� . Thesevaluesindicate that the
plasmais likely to be unstableto the weakbeaminstability
whichexistsin theregime:

���� � � · � �²2�!�� n��¡"� � · � �²2
Ê k � � · � �²2k �

�Ëµn�
(6)

This is confirmedby WHAMP: a positive growth rate is
found in the range ) MÌA�� 
 � ��� M � with a maximum
growth rate at A�� 
 � ���Í$ÎV which correspondsto wave-
lengths � JH) �D� (its value is Ï 2z� i $F� ��� � $Ð),+ J�/ � ��� ).
The associatedfrequency is in the rangeof the plasmafre-
quency andcorrespondsto Langmuirwavesexcitedby weak
beams. Thesewaves are effectively observed on a disper-
sionplot obtainedby a doubleFourier transformof thefield
given on Figure 2 (not shown). At the sametime, for the
low amplitudecase,theconditionsof theplasmaarelessin
favor of the triggeringof the instability, but still a positive
growth is foundin thesamewavenumberrange(���� �¢$Ñ),+�Q ,�!�� � � · � �²2 $Ò),+�Q , �!�� n��¡"� $Ó�y),+ )H/ , �!�� n��¡"� � · � �²2 $Ò),+ V ,k � · � �²2 
 k �Ñ$`),+ÈQ ). The maximumgrowth rate is smaller
(Ï 2y� i $�V,+ K ��� � $Í),+ÈQ�- � ��� ) and is obtainedfor a slightly
smallerwavelengththanin thepreviouscase.However, the
associatedfrequency is still in the rangeof the plasmafre-
quency. In conclusion,the resultsof the investigation with
WHAMP are consistentwith the evolution shown on Fig-
ure2 andFigure3. Thelower theinitial waveamplitude,the

smallerthevelocity of theelectronbeamandthesmallerthe
instabilitygrowth rateof theLangmuirwaves.

For high wave amplitude,Equation6 is fulfilled in the
whole region of negative electric field. On Figure 2, ones
observesthefluctuationsassociatedwith theinstability fromW $ÌQ�/H) � 
 � ��� to W $ÌQ��H) � 
 � ��� at � ��� L { /H-H) . 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 edgeof the negative
electricfield, and then for larger W as the beampropagates
(notethebroadeningof thesmallscalestructurelocationfor-H-�) M � ��� LNM K�)H) ).
6.3 Comparisonwith anothersimulation

In Newmanet al. (2001),theauthorsinvestigatethe forma-
tion of doublelayersandelectronsholeswith 1-D simula-
tions in which a beamturnstheplasmainstable.They show
how electronholesform andevolve towarda strongdouble
layer( 
¥�jÂ 
 A"#��� �¢ÅÔJH) ) whoseassociatedunipolarelectric
field is similar to thoseobserved with FAST. Their Figure
1c, which displaystheelectronphasespace( W����!B ), presents
featuresvery similar to thoseseenin our Figure 8 in al-
mostthesamelengthscaleandvelocity range(� 
 �!�� � � - ,�~WÕ� Q�)H) �D� ). In particular, in front of the electronbeam
are structuressimilar to the onesseenfor �H) M}WÔM Q�J�)
on Figure8 andzoomedon Figure9. What are the differ-
ences? First, if we concentrateon this particularstructure,
thefield associatedwith it in oursimulationis clearlydipolar,
whereasit is unipolarin Newmanetal. (2001).In brief, they
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Fig. 10. Wavelet analysisof the parallelelectricfield at different
timesof thesimulation. For eachpanel,theupperpart is the time
seriesof theparallelelectricfield averagedin the(negative)gradient
region;onthebottompart,thewaveletpowerspectrumis plottedas
function of the positionalongthe magneticfield andthe scalesof
field structures.Thecolourcode,in logarithmicscale,is common
to all panels.

haveadoublelayer, wehaveanelectronhole.In ourcase,we
seea closedring in phasespacewhereastheir casepresents
apartialring. Thefactthat,in oursimulations,wedonotsee
theevolutiontowardstrongdoublelayermaybelinkedto the
free energy source:the electronbeam. Indeed,in Newman
et al. (2001)thebeamis sustainedduringthewholesimula-
tion andableto supplyfreeenergy to theevolving structures
(electronholesandthenstrongdoublelayers),whereasin our
case,thebeamis a transientphenomenonwhich vanishesas
accelerationstopsandelectronsgettrapped(seesection7 for
a furtheranalysisof this evolution).

Oursimulationsfollow Newmanetal. (2001)in theircon-
clusionthat”the presenceof a strongDL might besufficient
but not necessaryfor electron-holegeneration”.We expect
thata longeraccelerationphase(relatedto a combinationof
longerwavelength,increasedwaveamplitude,anddecreased
gradientsize)is boundto leadto amorepersistentbeam,and
maygive riseto theformationof astrongDL.

6.4 Formationof smallscalestructures

A way to studytheevolution of thesystemis to presentthe
characteristiclengthscalesassociatedwith theparallelelec-

tric field. Indeed,changesin this quantityrevealadequately
the changein the systemregime (linear to nonlinear, elec-
tromagneticto electrostatic).We performa waveletanalysis
of theparallelelectricfield in thedensitygradientregion as
a function of the positionparallel to the magneticfield and
at differenttimes.Thecontoursof thecolour-codedwavelet
power spectraare then plotted as function of position and
scale. We chosea Morlet wavelet; actually the choiceof
the function is not critical as long as one is interestedin
waveletpower spectra(TorrenceandCompo,1998). A dif-
ferentfunction would leadto the samepositionsandscales
for thepeaksin thespectra,andthis is preciselytheseposi-
tionsandscaleswhich we areinterestedin. We presentthe
large amplitudecasefor which eachscaleregime is clearly
distinguishable.Theresultsaredisplayedon Figure10. For
eachpanel,the upperpart is the parallelelectricfield aver-
agedon thenegative densitygradientandthebottompart is
the resultof thewaveletanalysis.At � ��� L $ÍQ��H) , theelec-
tric field is mainly organizedon the largescale,of theorder
of thesizeof thesimulationbox,204.8� 
 � ��� , whichexplains
theredline in thepowerspectrumatthisscale.Therestof the
spectrumis noisearoundtheelectronskindepthscale.Later,
at � ��� L $*JHK�) , thelargescaleis still presentbut oneseesthe
formationof localizedstructureson a few � 
 � ��� : this cor-
respondsto thefine structuresassociatedwith theBuneman
instability. A detailedanalysisat closesuccessive timesre-
vealsthat thesestructurespropagate toward the negative W .
This is not easyto detectas the negative velocity is small
(thestripesarealmostverticalon Figure2 nearlabel3). For
instance,notehow, between� ��� L $*JHK�) and� ��� L $*VH/H/ , the
powermaximumbetweenscale1and10hasextendedtoward
theleft whereasits right edgeremainedstationary. For later
times,thereis aquicktransitionto anotherkind of structures:
they arethe onesassociatedwith the beam-plasmainstabil-
ity; they aremoreextendedalongthemagneticfield direction
(mostly larger than10� 
 � ��� ), andtheir power almostcom-
pletelyovertakesthelargescaleelectricfield power (seethe
spectrumat � ��� L $Á����) ). The last threepanelsreveal that
thesestructurespropagatetowardthepositive W andquickly
evolve. They alsogetdispersedin lengthscales:from anini-
tial scaleof � K � 
 � ��� , they go down to � - � 
 � ��� andup to� VH) � 
 � ��� . Thisdecayis theconsequenceof acomplex evo-
lution of thenonlinearstructureswhichinteractswith onean-
otherby crossingandmerging. This particularaspectneeds
to befurtherinvestigated.Thiswaveletanalysisis notableto
discriminatebetweenthe differentnaturesof the structures:
weakdoublelayeror bipolar, asbothof themdohavesimilar
lengthscaleandform in thesameregion.

7 Discussion of the general wave/particle energy ex-
change

On Figure 11 we presentthe parallel kinetic electronand
waveenergiesasfunctionsof time. Onbothcurves,threedif-
ferentregionsmay be distinguished:a region of variations,
a region of plateaus,andanotherregion of variations. The



Génotetal.: Alfv énwavesin inhomogeneousplasmas 11

Fig. 9. (Left) zoomon theelectronholeobservedin thelargeamplitudecaseat §�¨�©«ª�_�¯^½¦a (seeFigure8), and(right) analyticalsolutionof
electronholefrom asimplemodel(seeAppendixfor details).

Fig. 11. Wave (label (1)) andelectron(label (2)) energiesasfunc-
tionsof timeover Ö 4 Alfv énperiods.

first region correspondsto theformationof theparallelelec-
tric field and its installationover large spatialscales. This
field accelerateselectrons.After � Q�)�) � ������ thewaveto elec-

tronsexchangerate is almostconstant(
� m�× 
 m L � { �:Ø^L on

Figure11). This situationcontinuesup to � -H)H) � ������ when
the beam-plasmainstability occursand structuresthe field
on small scales. The secondphasethenbegins whenboth
energiesplateauwhich indicatesthat the wave/particlesys-
tem reachesan equilibrium. This is the direct consequence
of theactionof theelectronholes:they stoptheacceleration
processasthey trap theparticlesin their electricfield. This
is illustratedby thevortex structuresto which they areasso-
ciatedin theelectronphasespace(seeFigure9 andtheana-
lytic developmentin theappendix).Theweakdoublelayers
areknown to be able to accelerateparticles,as the net dif-
ferencebetweentheir sidesis not nul. However, in our sim-
ulations,given their relative weaknessand their small life
time, a few ten of � ������ , they would only be ableto leadto
electronaccelerationif they werenumerousenoughalonga
givenfield line, which is not thecase.Finally, astheelectron
holesdominatethefield structure,thenet result is a stopin
theaccelerationprocess.Theassociatedplateausin energies
persistaslong astheseelectronholesaresufficiently struc-
tured. When they decay(from L $ � Q�)H)H) � �l���� ), the large
scaleelectric field slowly overtakes the electronholesam-
plitudeandthendominatesthegeneralfield structure.Con-
sequently, electronaccelerationstartsagain, pumpingwave
energy. This secondaccelerationphaseis however lesseffi-
cient(theslopeof thecurve is smallerthanin thefirst phase,
beforeL $�-�)H) � �l���� ) becausetheparallelelectricfield ampli-
tudeis smalleraswave dissipationoccurred.

The Bunemaninstability hasno noticeableinfluenceon
the wave and particle energies, althoughit presentssome
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structuressimilar to the electronholes. In fact it appears
justbeforethebeam-plasmainstabilitywhich is linkedto the
quenchingof thewave/particleenergy exchange,andit may
be difficult to disentanglebetweenthe actionsof both non-
linear instability-associatedstructures.Also, the associated
wave perturbationsdo not overtake the large scalefield in
amplitude(seet=VHJH) � �l���� on Figure10) asdo the perturba-
tionsof electronholes.

In order to understandthe energy history in the linear
phaseof the simulation,we performedcomparisonswith a
periodic1-D particletestmodel.Weusedapropagatingsinu-
soidalelectricfield alongthemagneticfield direction,mod-
eling the parallel electric field characteristicsderived from
thelargeamplitudesimulationcase(samevelocity, sameav-
erageamplitude).Electronsgetacceleratedby this field and
their kinetic energy is recordedasa function of time. The
energy curvesaresimilar to PIC simulationonesfor about
one Alfv én period. Later the nonlinearityassociatedwith
the beam-plasmainstability, andthe subsequentstructuring
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 reproducethecharacteristicsof theelectron
energy. This confirmsthat the early stageof the simulation
maybesimply describedin termof anelectrostaticmoving
accelerator.

Finally, we noticedthat for &(' 
 ' $0)�+ )HJH- thewave en-
ergy decreasesfor one Alfv én period and then slightly in-
creasesfor anotherperiod (evolution not shown). Thereis
a correspondingfeatureon the electronenergy which de-
creaseson the secondAlfv én period. In fact, high ampli-
tudeleadsto electrontrappingin theelectrostaticstructures
whereaslower amplitudedoesnot lead to as much trap-
ping becausethesinusoidalpartof thewave is still present:
for lower amplitudethe electrostaticstructuresdo not com-
pletely overtake the linear long wavelengthparallelelectric
field. When the linear field dominates,someparticlesare
deceleratedwhenthey enterthe positive part of

E C (ahead
on themagneticfield line) which decreasestheelectronen-
ergy; asthe total energy is conserved, the wave gainsback
energy. A similarbehaviour is naturallyobservedwith the1-
D modelwherenononlineareffect intervenes.In conclusion,
thenonlinearityplaysan importantrole in thesimulationas
it blocksthe returnof energy from theparticlestowardsthe
wave, a situationobserved in either the 1-D model or the
self-consistentsimulationinitialized with a small wave am-
plitude.

8 Conclusions

In this paper, we presentresults from simulations of a
modelwhichconsiderstheinteractionbetweenAlfv énwaves
andtransverselyinhomogeneousplasma.Startingfrom ini-
tial conditionswhich mimic observational ones,numerous
featuresobserved in the auroral context have been self-
consistentlyreproduced:presenceof high energy electrons,

presenceof electric field parallel to the ambientmagnetic
field, high level of structurefor bothfieldsandphasespace.
In order to go beyond this observational aspect,several
tools have beenusedto decomposethe different processes
at work. Thus, we emphasizedthe role of nonlinearities
andinstabilitiesin the rapidconversionfrom an initial low-
frequency, electromagneticregimeto ahigh-frequency, elec-
trostaticone. Thereforethis modeloffers a generalframe-
work in which electronaccelerationandwave dissipationin
inhomogeneousmediamaybeexplained.

Wesummarizebelow themainfindingsof thepaper.

– The lineargrowth of the parallelelectricfield is found
to provide an electronaccelerationconsistentwith the
oneof amoving potentialdifference.

– TheBunemanandweakbeam-plasmainstabilitieshave
beenidentifiedby theprogramWHAMP. This analysis
alsorulesout thepossibility for theseinstabilitiesto be
numerical.

– The amplitudeof the incident Alfv én wave controls
the systemevolution; in the low amplitudecasethe
Bunemaninstability is not triggered,whereasthebeam-
plasmainstability andtheassociatedsmall scalestruc-
turesappearfor high andlow amplitudes.They appear
morequickly in thehighamplitudeasthelinearparallel
electricfield reacheslarger values,andthereforeleads
earlierto theformationof anenergeticelectronbeam.

– Theevolution of wave andparticleenergiesareshown
to be exactly anti-correlated,emphasizingthe energy
exchangeinvolvedin thewave dissipationandelectron
accelerationprocesses.The energy depositionrate is
constantin thelinearaccelerationphase,whereasit can-
celsout whenparticletrappingby nonlinearstructures
occurs.

– Two kinds of nonlinearstructuresareidentified: weak
doublelayers,observedin differentplasmacontexts,but
heresimilar to theonesof theauroralregions;electron
holesresponsiblefor particletrapping.

Althoughtheactualmodelpossessessomelimitations(pe-
riodicalsystem,cautionswhencomparingsimulationparam-
etersandresultswith observedones),it hastheadvantageto
present,in a self-consistentway, a complex chain of pro-
cesseswhich areusuallyexposedseparately. In this extent,
theability to show theenergy andregimeconversionsis akey
point,whereasmodelstendgenerallyto work in oneregime
or theother. Ourmodelhasbeentestedin theauroralcontext
but it awaitsapplicationin otherastrophysical contexts. In-
homogeneitiesandlow frequency wavesareindeedencoun-
teredin many environments.For instance,themodelmaybe
relevant in theionosphereandin thetail of magnetospheres.
Broadeningthescopeof theapplications,the laboratoryex-
perimenterscouldwell make useof sucha modelto explain
their observations;on larger scales,we could also think of
the external (non collisional) solarcoronaandgalactic jets



Génotetal.: Alfv énwavesin inhomogeneousplasmas 13

wheremechanismsaccountingfor accelerationareneeded.
For thelatter, thereareindeedsuggestionsthataninstability
occurringatthebaseof thejets,wherethedensityis inhomo-
geneous,is ableto launchAlfv énwaves(VarnìereandTag-
ger, 2002); the subsequentinteractionof thesewaves with
themediumdensitymayprovideaccelerationfollowing pro-
cessesanalogousto thosepresentedin ourmodel.

9 Appendix: Analytical model for the electron hole

The electronphasespacedisplayedon Figure 8 exhibits a
typical electronholesignaturearoundW { KH) . We mayrea-
sonablyexpectthesizeof thephasespacering (theelectron
trap)to berelatedto theamplitudeof theparallelelectric.To
demonstratethiswedevelopasimpleelectronholemodelin
orderto find an analyticalexpressionwhich relatesthe am-
plitudeof thetrappingelectricfield to thesizeof theholein
the( W����!B ) plane.Thismaygiveanindicationonthephysical
processat work behindthecomplex behaviour exhibitedon
theleft of Figure9.

In the moving structureframe, we choosea sinusoidal
electric field:

E C $}� E ³ �¥�Ù� A�W��ÈL � (
E ³ X ) ), which will

accelerateelectronslocatedat ) M¤WÚM�Û 
 A , andsolve the
reducedelectronequationof motion:

	
m � Wm L � $ 


E ³ �¥�Ù� A�W���L � (7)

with no asymptoticdevelopmentof thesinus. It is a non-
linearequationsimilar to theoneof thependulumoscillation
without the small angleapproximation. Integrating for the
velocity ��B andposition W weobtain

�!B $
m Wm L $ J ��Ü �Ñ�sÝ=Þ�� A�W��ÈL �n� (8)

ß,à ��&²� ß ��$ A,á � L (9)

with � $ �^âäã
2zå , ß $ � .æTç . , & $

èHé Ý:�n��� ê æTç .Rë ê �n�Dì�í¥î å B ê � ë�ë� ê æ � . ì�í¥î å B ê � ë�ë
�¶µ �

, and à is the elliptic in-

tegral of thefirst kind and Ü is a constantwhich dependson
the initial velocity. In Equation9 the time L is an explicit
functionof theposition W .

In thecaseof aclosedtrajectory, wegetfrom Equation8 :

���!B $*/ 
 E ³
	ïA $*/


 E ³=�~WJ Û±	 (10)

where���!B is thewidth of theelectronholealongtheve-
locity axis. We expressedtheextensionalongthe W axisby�~W $ � $}J Û 
 A ; Equation10 relatesthe characteristic
scalesof the electronhole to oneanother. Following these
equations,a plot of an electrontrajectoryin phasespaceis
givenon theright handsideof Figure9.

We apply Equation10 to the electronhole displayedon
Figure8 (andzoomedontheleft partof Figure9) andwhich
travels at � { ),+ � � . We measure: �~W $ð� � 
 � ��� and

���!B $ñ),+ - � which leadsto a normalizedelectric field of
0.014;this is consistentwith maximaof theparallelelectric
field observedin thesimulationswhenelectronholesarede-
veloped(seealsothe fifth panelof Figure10). This simple
analyticmodelis thusableto relatethecharacteristicscales
of the electronhole to its sustainingelectricfield, coupling
particleandfield representationsof theelectronhole.
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Astrophys., 394, 329,2002.

Volwerk,M, P. Louarn,T. Chust,A. Roux,andH. deFéraudy, Soli-
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