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Abstract

Magnetolydrodynamicswith Hall effect (Hall-MHD) allows oneto take into accountscalesof the orderof theion inertial lengthandthe dispersve charactef medialik e the Earthmagnetosheath.

Weakly nonlineay quasi-monochromatiélfv énwavespropa@ting alonganambientmagneticfield in sucha mediumcanbe subjectto trans\erseinstabilitiesleadingto the formationof intensemagneticfilaments. This “filamentation” phenomenomasbeenfirst
predictedby amplitudeequationf nonlinearSchiodingertype andthenobsened in numericalsimulationsof the Hall-MHD equationausinga spectralinviscid code. We obsered in particularthatfor sufficiently weakinitial amplitudesthe wave collapsesandno
saturatiorregime is reachedht the resolutionsof 128° actually available. The problemhasthenbeenreconsideredisinga finite-differencesAMR (Adaptive Mesh Refinementicodewhich allows an effective resolutionof 512° in the neighborsof the filaments. The
simulationswasthenproceededintil the destabilizatiorof thesefilamentarystructures.The magneticfield intensity saturatedut singularitiesof gradienttype, associatedvith intensecurrentsheetsand plasmaacceleratiortendto develop. Apart from the specific
Interestin the phenomenorthis problemconstitutesa severetestcasefor the AMR codespecaus®f theformationof localizedintensestructuresesultingfrom a stronglydispersve dynamics.

The model: Hall-MHD
The magnetogdrodynamicawvith Hall effect (Hall-MHD) givesafluid de-

scriptionof magnetizegplasmadaking into accountscalesof the orderof
theion-inertiallengthd; = c/w,;, atwhich the dynamicsof ionsandelec-
tronsseparatesandthe mediumbecomeslispersve. This is considerech
more accuratemodelthanthe usualMHD to describesomeastroplysical
medialik e the Earthmagnetosheath.
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Parallel-pr opagating Alfv en waves
Finite-amplitudecircularly-polarizedAlfv en waves propagting alongthe
ambientmagneticfield Bz represenanexactsolutionof Hall-MHD equa-
tions:
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Dispersve characteof Hall-MHD Alfv enwaves:
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Filamentation of Alfv enwaves

In appropriateregimes for the plasmag and the wavenumbeyr parallel
circularly-polarizedAlfv enwavesin Hall-MHD areunstableto trans\erse
perturbations.This instability leadsto a concentratiorof the wave enegy
Into tubesparallelto the ambientfield, with a local increaseof the wave
amplitude(Alfv en-wave filamentation)[1 2].
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Figure 1: Simulation of Alfv en-wave filamentation with a
spectral code: the energy of the wave concentratesinto
magneticfilaments (t=25,200,500,640)

The NLS asymptotic equation. Wave collapse
Finite-amplitudeAlfv én wavesin Hall-MHD belongto the generalclass
of weakly nonlineardispersve waves. In this contect, a 2D Nonlinear
Schidinger(NLS) equationcanbe dervedto describethe modulationof
the complex wave envelopeB : eBeht=wt) — p + b, ontimes~ e
atlargescalesx 1/¢ in aplanetrans\erseto propagtion.
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The NLS equationallows to recover the filamentationphenomenonintil a
wave collapseoccurs,with theformationof afinite-time singularityfor the
wave amplitude,associatedo the breakingof theasymptotics.

Wave collapsein 3D Hall-MHD? Which possible]
mechanismfor saturation?

In someregimes,Alfv enwave filamentations weakandthe magneticam-
plitudesaturatesln otherregimesinsteadhefilamentations sostrongthat
the available numericalresourceslo not allow to reacha possiblesatura-
tion stagewith a spectrakcode. The questionarisesaboutthe possibility of

wave collapsetowardsa finite-time singularity or the emegenceof some
saturatiormechanismmot describedy theasymptotid\NLS equation.
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Figure 2: Spectral simulation of filamentation In
Hall-MHD at 128° : waveintensity in a magneticfilament
at t=640 (left), t=660 (right). No insights about saturation
emergedsofar, apart from a longitudinal modulation not

describedby NLS

AMR simulation of late-stagefilamentation

An Adaptve MeshRefinemen{AMR) finite-differencesode[3]hasbeen
usedto investicatethe possiblesaturationof magnetidilaments.Local re-
finementaroundthe tube allows to follow the late-stageof filamentation|
moreeasilythanwith a spectralcode. The equivalentmaximalresolution
reacheds 512°.

Figure 3: AMR simulation of filamentation: isosurfaceof
the magneticamplitude |b_ | (left) and locally refinedmesh
(right) at t=667.5

AMR simulationsshav thatthemagnetidilamentsarelongitudinallymod-
ulatedandtendto anhelicalshapewith aflattenedsection.

Figure4: AMR simulation of filamentation: isosurface
and transversesectionof the magneticamplitude |b, | at
1=631,t=653,1=665,t=667.5. Colors representthe
magnitude of |b, |.

Growth of magnetlcfleld and plasmavelocny
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Figure5: Left : maximum of the magneticamplitude |b | |
(crossesspectral simulation; continuousline: AMR
restart fr om spectral simulation); Right : maxima of
magneticfield amplitude |b | (green)and of plasma

longitudinal velocity u, (red)in afully AMR simulation

Counter-propagating streamsinto the filament :

plasmaacceleration

A strongtwo-streamet formsin theinteriorof tubesfor theplasmavelocity
andthe current. The filamentationprocesdeadsthento plasmaaccelera-
tion, the plasmavelocity becomingsuperalfvenic (seeFig. 5).

Figure 6: AMR simulation of flamentation: streamlinesof
the plasmavelocity u; transversecut for its longitudinal
componentu,; field u on a plane cut (arr ows). Colors
representu,. Left (t=631): the flow is still Alfvénic.

Right (t=665): Afvenicity Is destroyed and two
counter-propagatingstreamsdevelop.

Plasmaacceleration. Longitudinal steepeningof

plasmatubes

The magneticfilamentsare considerablydistorted: they steepenon the
backsideandeventuallybreakin the longitudinaldirection. This process
IS relatedto the developmentof intenseplasmajetsinsidethe filamentsin

counterpropagting directionsand with a helical symmetry They com-
pressthe plasmaon a helicoidalsheetsteepenedntheinflow side.

Figure 7. AMR simulation of flamentation(t=665):
iIsosurfacesof the plasmavelocity magnitude |u| (left) and
of the magneticfield magnitude |b| (right); transversecut
for the longitudinal velocity u,; plasmavelocity field u on
a plane cut (arr ows). Colorsrepresentu,. Plasmatubes

undergo steepening

AMR + CWENO: saturation of fillamentation

AMR alonewithout the useof an appropriateschemecannotcapturethe
saturationof filamentation. The formation of strong shocksrequiresa
shock-capturingorocedure. Simulationsusinga CWENO schemeshav
that the magnetic amplitude eventually saturates the plasmaremains
superalfvenic andthe magnetiadubesarelongitudinally broken.

Figure 8: AMR simulation of filamentation with CWENO:
saturation stage,with filaments breaking and stopping of
magneticamplitude growth .

Conclusionsand perspectves

e Alfven-wave filamentationis aphenomenoisusceptiblef generatingnagnetidilamentsin someastroplys-

iIcal plasmas.

e While spectralsimulationsdo not allow in somecasego concludeaboutthe saturationof filaments,AMR
simulationcanreveal that magneticamplitudesaturatesandthe systemevolvestoward gradientsingularities.

Moreover, strongplasmaaccelerationakesplace.[4]

e |sthisagenericmechanisnior thedestructiorof flux tubesin magnetizegplasmas?

¢ |s plasmaacceleratiormandsmall-scaldormationgenericin Hall-MHD?
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