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Abstract. The propagation of dispersive Afm waves in  approaches. The former procedure consists mostly in a
a low-beta collisionless plasma with a high-density channelmodulation analysis leading to a two-dimensional nonlinear
aligned with the ambient magnetic field, is studied in three Schiddinger (NLS) equation for the pump amplitude subject
space dimensions. A fluid model retaining linear Landauto purely transverse perturbations. Depending on the pump
damping and finite Larmor radius corrections is used, to-wavelength and the plasma parameters (a condition that re-
gether with a hybrid particle-in-cell simulation aimed to val- ducest@>1 in the long-wavelength limit), an instability can
idate the predictions of this Landau-fluid model. It is shown develop and become explosive in the nonlinear regime, be-
that when the density enhancement is moderate (dependingg associated with the finite-time blowup of solutions of the
on the pump wavelength and the plasma parameters), thevo-dimensional NLS equatiors(lem and Sulen1999.

wave energy concentrates into a filament whose transverse The question then arises of the influence of inhomo-

size is prescribed by the dimension of the channel. In conyeneities that are usually present both in astrophysical and
trast, in the case of a stronger density perturbation, the earlyaporatory plasmas. A few studies have been devoted to the
formation of a magnetic filament is followed by the onset instapilities of dispersive Alfén waves in the presence of in-
of thin helical ribbons and the development of strong gradi-nomogeneities in the direction of propagation, making use
ents. This “dispersive phase mixing” provides a mechanismgf 5 long-wavelength weakly nonlinear asymptotigig,
permitting dissipation processes (not included in the presenigg1 Buti et al, 1999 Ruderman2002. In the absence of
model) to act and heat the plasma. dispersion, transverse inhomogeneities are often considered
as a main source of small-scale generation through the phe-
nomenon of phase mixing that progressively distorts plane
1 Introduction Alfv én fron'Fs d_ue to the variation of the Aﬁ\?n speed across
the magnetic field. This results in the creation of strong gra-

The phenomenon of Aln wave filamentation is viewed as dients which, in a collisional plasma, enhance Joule dissipa-
one of the possible mechanisms at the origin of the magneti¢ion (Heyvaerts and Pries1983 Ireland and Priest1997).
tubes observed in the magnetosheaitexandrova et aJ. Applications to the heating of the solar corona have been
2004 2006. It is associated with the transverse instabil- @ important motivation for these studies. A problem then
ity of a small-amplitude quasi-monochromatic pump A&ify ~ concerns the nonlinear development of phase mixing in a
wave propagating along an ambient magnetic field, in con-collisionless plasma where dispersive effects start to be ef-
ditions where dispersion is significant. The problem, ini- fective at scales larger than those where dissipation sets in.
tiated by Shukla and Stenfl§1989, was studied in detail The issue of the contribution of circularly polarized Jis 1

in the framework of the magnetohydrodynamics with Hall Waves to the heating of a collisionless magnetized plasma
effect (Hall-MHD) for a homogeneous plasma, using both in the presence of a strong density enhancement and to the
asymptotic Champeaux et 311997 Laveder et al.2003 energy and momentum transport in such a medium, was re-

and numerical l(aveder et al.2002 Dreher et al. 2005 cently addressed in the very low beta regime, using particle
in cell (PIC) simulations in two space dimensions that retain

the full microphysics while assuming, because of computa-
Correspondence tcP. L. Sulem tional constraints, a reduced ion-electron mass raftaik(
BY (sulem@oca.eu) lauri et al, 2005ab; Mottez et al, 2006. While no electric
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field is associated with transversally-homogeneous parallelneous plasma, an asymptotic analysis was performed in the
propagating Alfién waves, a parallel electric field permitting limiting case of a pump wavelength large compared with the
particle acceleration along the ambient field develops wherion inertial length Passot and Sulen20039. It turns out
the waves are structured in the perpendicular direction, ashat in the case of isotropic temperatures of the ions and the
the result of the wavefront distortion induced by transverseelectrons, the filamentation instability requires electrons hot-
density inhomogeneities. Such configurations are typical ofter than ions. Even in this case, the range of values of the
the density cavities along the magnetic field encountered irparameter8 for which the instability can occur is strongly
auroral regions where they affect the process of interactiordimited. Anisotropy of the proton temperatures inhibits even
of the Alfvén waves and the plasma, with consequences omore the instability, while electron temperature anisotropy
the electron acceleratioGénot et al. 1999 2004). Differ- has a strong destabilizing effect. One aim of the present pa-
ently, density enhancements were considered in the descripger is to extend the analysis Bbrgogno et al(2008, by
tion of electron acceleration in open coronal structuifesk: addressing the influence of kinetic effects on the formation
lauri et al, 20053b). of Alfv én filaments in the presence of density channels. For

Density channels also play the role of ducts that guidethis purpose, Landau-fluid simulations retaining large-scale
whistler waves in the magnetosheattafpman and Kauf- low-frequency kinetic effects are presented, together with
man 1982 1984 Pasmanik and Trakhtengert2005 a hybrid PIC integration of the Vlasov-Maxwell equations.
Streltsov et al.2006 2007, and references therein). Fur- This dual approach, supplemented by a comparison with an
thermore, quasi-parallel cylindrical structures correspondingasymptotic theory of the filamentation instability in a homo-
to density holes (preferably at larg@ or humps (at smaller geneous plasma provides a validation of the closure proce-
B), anticorrelated with the local magnetic field intensity and dure involved in the Landau-fluid model, in regimes where
associated with mirror modes (see eSpucek et a).2008  kinetic effects play a significant role. A second goal of this
and references therein) could also produce a lensing effegbaper is to extend the analysis to situations where the ampli-
for Alfv én waves. tude of the inhomogeneities is larger, allowing the transition

The problem then arises of the effect of density inho-to a so-called dispersive phase-mixing regime.
mogeneities on Alfén wave filamentation, i.e. in an inter-  The paper is organized as follows. In Sect. 2, a brief
mediate regime where dispersion is important and inhomo-description of the Landau fluid model is presented. Sec-
geneities not strong enough for the usual phase mixing mechtion 3 deals with the linear filamentation instability in a ho-
anism to dominate. It has been shown in the Hall-MHD mogeneous plasma, as predicted in the context of a long-
framework Borgogno et a|.2008 that the conditions for the  wavelength weakly nonlinear theory and simulated with the
formation of Alfvén filaments can be significantly broadened Landau fluid. Section 4 discusses, for different values of
in the presence of high or low density channels of relativelythe plasma parameters, Landau fluid simulations of the mild
small amplitude (possibly randomly distributed) aligned with Alfv @n-wave filamentation that takes place at sria the
the ambient field. Filaments can even form in situationspresence of a high-density channel of moderate amplitude,
where the usual filamentation instability is absent. Such enand provides a comparison with a hybrid PIC simulation in
hancements or depressions of the density, by locally affecta regime where the small electron to ion temperature ratio
ing the Alfvén velocity, can indeed produce a lensing effect, makes kinetic effects significant. Section 5 discusses the in-
but an early saturation nevertheless occurs due to diffractionfluence of a density channel of stronger amplitude, leading
leading to the formation of filaments with a moderate inten- after the early formation of a magnetic filament to a regime
sity. Different regimes are to be distinguished, depending orof dispersive phase mixing where, a magnetic structure with
the presencei(typically larger than unity) or absence (small the shape of a helical ribbon develops, associated with the
B) of a transverse instability of modulational type for the onset of strong gradients that permit dissipative effects (not
Alfv én wave in a homogeneous plasma. This transverse inincluded in the model) to act and heat the plasma. Section 6
stability induces a self-focusing phenomenon whereby nonsummarizes our findings based on a three-dimensional de-
linear effects modify the density and the longitudinal fields in scription and discusses their relation with two-dimensional
a way to reinforce the lensing process. In this case, under theully kinetic PIC simulations Tsiklauri et al, 20053 of the
action of a density dip, the resulting ABwic structures dis- interaction of a circularly polarized Al&n wave with trans-
play temporal oscillations leading to the formation of scalesverse density perturbations aimed to point out possible mech-
comparable to the ion inertial length. In contrast, in the ab-anisms for electron acceleration.
sence of self-focusing, a relatively weak density hump leads
to stationary filaments with a transverse scale prescribed by
that of the density hump, that tend to distort and oscillate a2 The Landau-fluid model
the density perturbation is increased.

The Hall-MHD description neglects kinetic effects such as Consider an electrically neutral plasma permeated by a
Landau damping, and the question arises whether this effeainiform magnetic field, described as a bi-fluid. Neglect-
can inhibit the filament formation. In the case of a homoge-ing electron inertia, the proton and electron velocities are
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related byu.=u,—j/(en), where the current is given by tion (Hazeltine and WaelbroecR004), a quantity not suit-
j=(c/4m)V xB and wheren=p/m, is the number density able for initial value problems. The closure thus consists in
of the particles and:, the proton mass. eliminating the plasma dispersion function as often as possi-

The electrons are viewed as an isotropic isothermal fluidble by substitutions in terms of lower moments. In the few
with a (scalar) pressure given b%znre(o), a description  terms where it cannot be eliminated, it is replaced byé&Pad
also used in the hybrid PIC simulations described below. Dif-approximants of suitable order, which introduces an Hilbert
ferently, the ion pressure is a tensor written as the sum of dransform?, physically associated with Landau damping.
gyrotropic part (characterized by the parallgl, and per- This leads to the closure equatio@ngder et al.1997 Pas-
pendicularp , pressures) and of the gyroviscous contribu- sot and Sule20034
tion I1, in the form pLpn+py T+, with n=l-b®b e
andr=bgb, Whereng/Bll’s the lfmt vector along the local (d + —"2’71@)6]” = 13 'B_Paz(p” —p)
magnetic field. dt — 41-7g) 1-% 2

It is convenient to take the ambient fiekd, the equilib- (6)

rium densitypo, the Alfvén velocityvs=Bo/ (4 pp)Y/2 and d \/JTTfp

the ion equilibrium parallel pressur;q(lg) as units of mag- (E H3 )

netic field, density, velocity and pressure. The heat fluxes ( ) T(o 70

are measured in units q:fﬁ(l),)vA. The unit lengthL is arbi- B “’ 0 [(1 >| | — ( Ip_p, )] @)
trary and its ratio to the ion inertial length(defined as the 2 T T(O) (O)

ratio of the Alfven velocity and the ion gyrofrequency,) where the Hilbert transform of a (scalar) functighis de-

denoted byR=L/!;. The equations for the plasma density, fined
the proton velocity field and the induction equation then read Ineéd as

ghg electron pressure contribution in the induction equatioan(Z) _ EVP /+oo f@ ) ®)
eing neglected) b4 —o0 Z— z
Py (ouy=0 (1) and reduces in Fourier space to the multiplication by
ot + V(o) = iky/lkyl. In Egs. 6)—(7), the convective derivativgi; is re-
au, Bp tained to preserve Galilean invariance.
= TUp VUt ZV “(pLpn + ppT + 11+ pel) A simplified form of this closure is obtained by taking the
1 1 quasi-static limit that leads in Fourier space to the explicit
= [(b V)b Ewmz] 0 @  relations
ab 1 V xb)xb Bp
B vy xmy—zvx | XD @) gken =—2/ (ke — pk.1) (©)
ot R 0 Ikul
©) /B ik T(O
wherep=8rp, )/ B3. Moreover, dropping for simplicity the 4 (k, 1) = _P%_“[(l (o)>|b(k 0
subscriptp, the equations for the ion parallel and perpendic- T T, Ik | T,
ular pressures are written in the form 70
opL ~( ”(’5) pLl,n—pk.n)]. (10)
T-‘-V (pJ_U)+pJ_V U—pr'VU'b T
+V . (q1b)+¢q1V-b=0 (4)  Furthermore, the ion gyroviscous tensor that contributes at
8pH the same order as the Hall effect, is approximated to leading
o1 + V.- (upp + 2p||b Vu-b order as
+V - (qyb V.-b=0, 5
(q)0) — 291 5) M, = —I,, = —%(ayux + duy) (11)
where the nongyrotropic contributions of the proton heat Pl
fluxes have been neglected. The Landau-fluid closure then Ty = Ty = =20 (yuy — i) (12)
consists in expressing the parallel and perpendicular proton 1
heat fluxesg, andg in terms of controlled quantities, in Iy =TIy = E[Zp” Ozuty + p1(Oxuz — dzuy)] (13)
a way consistent with the linear kinetic theory in the long- 1
wavelength low-frequency limit near a bi-Maxwellian equi- Ty, = I = —E[Zpuituy + pL@yu; — duy)]  (14)
librium. For this purpose, the various hydrodynamical fields -0 (15)
T — Y

and the nongyrotropic contributions to the pressure and heat
transfer are expressed within the above framework in termavhere the distortion of magnetic field lines has been ne-
of the electromagnetic fluctuations. These expressions inglected, an approximation consistent with the linear descrip-
volve the phase velocity through the plasma dispersion function of Landau damping.
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278 D. Borgogno et al.: Alfén wave filamentation and dispersive phase mixing

More elaborated Landau-fluid models including a refined
' ' ' ' ' description of the nongyrotropic contribution, aimed to re-

by 79_5 tain small transverse scales are discussgddawami et al.
337 4 (2009 and Passot and Sulerf2007). The above model is
0.23 3 nevertheless sufficient to accurately reproduce the asymp-
5 25’3 totic dynamics of long-wavelength dispersive waves with a
0-26 3 small amplitude compared with the ambient field. Reductive
0.28 § perturbative expansions performed on the Landau-fluid and
0.50 3 on the Vlasov Maxwell equations indeed lead to the same

3 multidimensional kinetic derivative nonlinear Sodinger

z:z (KDNLS) equation, up to the replacement of a few nonlo-

. . . . . cal operators by their Padhpproximantsassot and Sulem

0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 20033b). For the Landau-fluid simulations presented below,

¢ no significant difference is observed when using the time-
dependent closure (E¢-7) or the static one (Eq€-10).

1x107*f ' ' ' '
8x107°F . . L S
: ] 3 Filamentation instability in a homogeneous plasma
6x107°F ]
Ix10-5L 3 An asymptotic theory of the Alfen wave filamentation in-
[ ] stability in a collisionless plasma was discussePassot
2x107°F ] and Sulem(20039. The analysis is based on a transverse
03_ ] modulation analysis performed on a three-dimensional gen-
f ] eralization with mean field$assot and Sulerd0033 of the
*2”0’5:‘ ] kinetic derivative nonlinear Schdinger equationRogister
_ax10-5F ] 1971 Mjglhus and Wyller 1988, derived from the Vlasov-

: : : : ] Maxwell equations by a long-wavelength reductive perturba-

016 018 020 022 024 026 tive expansion. A main effect of Landau damping is to intro-

b duce a diffusive term in the resulting nonlinear Sidinger
equation governing the time evolution of the pump ampli-

3x107° tude that, as in the case of the parallel modulational instabil-
mefgé ?ty, strongly affects the stability/ip_stability ranges predicted
in the Hall-MHD framework. Additional parameters such as
,mea@ a significant electron-proton temperature ratio and an elec-
tron temperature anisotropy contribute to destabilize a sys-
oF tem that is stable in the case of a plasma with isotropic and
equal temperatures of the ions and electrons. The analysis of
—-1x1078E Passot and Sulei20039 leads to the conclusion that when
a parallel Alfven wave of wavenumbérand amplitudéb | o
-2x107°F in an isotropic plasma of densiyp permeated by an ambi-
_3x108 . . . . ent field By, is subjec_t to linear perturbatiqns of wavenumber
0 1x10°  2x10°  3x10°  4x10®  5x10° K, the corresponding frequency (that is possibly com-

¢ plex) is given by

Fig. 1. (top) Time evolution of the linearly most unstable mode VA ) b ol2
of Fourier index (1,1) for the filamentation instability as computed 2 = i4—kv*Kl T va, [Cxx 5 Kf +
with a two-dimensional Landau-fluid simulation (involving the lon- By
gitudinal and a transverse direction)7at=8T), for a left-hand po-
larized Alfven wave withk/;=0.1 and an amplitudg | 9|=0.05B,  Whereuv, is the Alfvén velocity andC = (1/32)(12+ 188 +
assuming various values gf, ranging from 015 to Q30; (middle) 582)/(1+ B) with B=B,(1+1./T,). The coefficients, and
Growth rate of this mode, as measured from the Landau-fluid sim-y, are functions of8, and the temperature ratio, and their
ulation and estimated from the asymptotic theory; (bottom) Time computation involves the plasma response functions. They
variatign of the amplitude Qnd of.the rgal part of the most unstablegra plotted versug,, in Fig. 1b ofPassot and Sulef20039
mode in the Landau-fluid simulation wif}, =0.19. in the case of a temperature rafig/ T,=8. It turns out that

v, IS always negative. As a consequence, an instability can

1
g2 FKL (19
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only occur if x, is negative. In this case, the instability rate 0.025T T T T ;
y=—iQ is given by :
0.020} ]
__va 2 biol®> ., 1 , 4 :
y__E|V*|KJ_+UA\/C|X*|B—gKl—rckzX*KJ__ (17)

0.015
In order to compare the result of this asymptotic theory [
(that assumesl;~|bo|/Bok1), we performed Landau-
fluid simulations (with a static description of the heat fluxes),
using the same temperature rafig/ 7,=8, for a left-hand i
polarized Alfven wave withkl;=0.1 and |b,o|/Bo=0.05. 0.005¢
Restricting these simulations to time intervals during which ;
the dynamics can be viewed as linear, a two-dimensional ge-  0.000L s s s s
ometry is sufficient. The time evolution of the most unstable 0 50 100 150 200 250
modes for different values g8, is shown in Fig.1 (top). ¢
As predicted by the theory, the instability is limited to a tiny
range of values of,, close to 0.2. The growth rate variation
with 8, is qualitatively similar in the simulation and in the
asymptotic theory, up to a shift of aboudQ (thus a relative
discrepancy of about 5%) on the position of the instability
window and a difference of.236x 10~° (that corresponds to
a relative error of about 17%) on the maximal growth rate
(Fig. 1, middle). Such results can be viewed as consistent
with the magnitude of the small parameter that controls the
accuracy of the KDNLS asymptotics, that is of order 10%
in the Landau-fluid simulation. A qualitative effect of this [
deviation from the asymptotic regime is visible on the time 0.005¢
evolution of the wave amplitude that is not only amplified as :
predicted by the theory, but also modulated (Higoottom), 0.000L : : : :
as would predict a Floquet stability analysis of a monochro- 0 50 100 150 200 250
matic plane Alf\en wave with a finite wavenumbeldyanti
and Hollweg 1993.

When the Alf\en wave is taken more dispersive by assum-
ing kl;=0.4, the Landau-fluid simulation shows a window
of instability in a still limited range A4<p,<0.22, with a
maximum growth rater=1.86x 104 for 8,=0.16.

16(0,0,0,t)1?

0.010F

0.025[ - - - -
0.020}

0.015}

16(0,0,0,t)1*

0.010F

Fig. 2. Time evolution of the maximum intensity of the transverse
magnetic field (uniformly located along the z-axis) fy=0.1 and
various ion-electron temperature ratios (top panel) and’§esT),
and differentg;, (bottom panel). Initial conditions consist in a
density enhancement(x, y, z, 1)=1+0.1 exp(— (x2+y2)/64) and

a left-hand polarized Alféen wave of amplitude .05 and wave-
length equal to 2 (in units of 4 ion inertial lengths), propagating

4 Filamentation in a high-density channel of moderate parallel to the ambient field.

amplitude

Alfv én wave filamentation in the presence of density chan-
nels, either isolated or distributed in a periodic or randomthe formp(x, y, z, 1)=1+0.1 exp(—(x2+y?)/64) and a left-
manner was studied in detail in the context of Hall MHD in hand polarized Alfén wave with an amplitude of@5 and a
Borgogno et al(2008, in the cases of density depressions wavelengthh=2x. The fluid is initially at rest and the initial
and enhancements, both for small and moderate valugs of ion and electron pressures are isotropic and uniform. Fig-
The aim of the present section is to analyze this phenomenoanre 2 displays the time variation of the maximal amplitude
in the presence of Landau damping. For the sake of simplicof the transverse magnetic field (located on the x-axis) for
ity, we concentrate on the effect of a unique channel. B,=0.1 and various temperature raffp/ T}, in the range O
Simulations were first performed in a periodic box with to 10 (upper panel), and fdf,/T,=1 and differentg, be-
an extensionL,=8x in the longitudinal direction and tween 005 and 05. Another example where the electrons
L,=L,=32r in the transverse direction, when measured inare cooler than the ions is considered below in the context
units of L=RI; with R=4. A resolution of 63 collocation  of a comparison with a hybrid PIC simulation. We avoid
points was used. In order to illustrate the influence of alarge g, values in order to prevent a strong Landau damp-
moderate density enhancement, we consider an initial coning. We see that the intensity (square amplitude) of the wave
dition consisting in a parallel initial density enhancement of can be locally amplified by a factor 10, and then becomes

www.nonlin-processes-geophys.net/16/275/2009/ Nonlin. Processes Geophys., 28522609



280 D. Borgogno et al.: Alfén wave filamentation and dispersive phase mixing

and perpendicular temperatures remain almost constant with
weak fluctuations whose amplitude does not exceed a relative
value of 10°3. In a different simulation where the diameter
of the channel is reduced by a factor 8, a significantly weaker
focusing is obtain. In the case where the density perturbation
takes the form of a density depression, the wave is expelled
from the density channel both in the case of a low or moder-
ate value of8,,, as observed witj§,=0.15 andg,=1.

In order to address a regime where the kinetic theory does
not reduce to a fluid limit, we also considered a case where
T,/ T,=1/30. Since this regime is well adapted to a kinetic
description, we performed in this case both Landau fluid and
a hybrid PIC simulation with the aim to validate the for-
mer approach that retains only part of the kinetic effects.
For the latter approach, we used a three-dimensional version
of a hybrid code whose algorithm is describedMatthews
(1994. We consider a proton-electron plasma where elec-
trons are viewed as a massless, charge neutralizing fluid,
with a constant temperature, while the protons, governed by
the Vlasov-Maxwell equations are described by a particle-in-
cell model and are advanced by the Boris’ implicit scheme
that requires the fields to be known at half time steps ahead
of the patrticle velocities, in order to guarantee a better en-
ergy conservation. This is achieved by advancing the current
density to this time step with only one computational pass
through the particle data at each time step. The particle con-
tribution to the current density at the relevant mesh points
is evaluated with trilinear weighting followed by smoothing
over three points. No smoothing is performed on the electro-
magnetic fields and, as in the Landau fluid simulations, no
resistivity is included in the Ohm’s law. The magnetic field
is advanced in time with a modified midpoint method, which
Fig. 3. Top: Alfvén wave filament at=220 in the cas@.=7, and  allows time substepping for the advance of the field. A res-
Bp=0.1 for the Alfvén wave and the density perturbation consid- olution of 32 points is used in the longitudinal direction and
ered in Fig.2. Bottom: in the same conditions, transverse filament of 128 in the transverse ones, in a computational box of di-
prof_ile (solid Iine) and dgnsity p(_arturbation (dashed line), both nor-mensiong., =32, L,=L,=64 in units of ion inertial lengths
malized by their respective maximal value. (R=1). The same resolution is used in the Landau-fluid sim-

ulation. There are 2048 macroparticles per cell, in order to

make the numerical noise as low as possible with the avail-
quasi-stationary with a slow oscillation. When comparing able processor array. The time step for the particle advance
simulations for different electron-ion temperature ratios, weis Ar=0.05/<2,, whereas the magnetic fieBlis advanced
observe that the maximum intensity of the magnetic filamentwith a smaller time step\rp=At/4. In order to reduce the
reaches a limit behavior as the electron temperature is takerelative importance of the statistical noise in the PIC simu-
comparable to or smaller than that of the ions. The geometryation, we consider an Algn wave of amplitude .Q. The
of the resulting structure is essentially always the same andvavelength is taken equal to the longitudinal extension of
is illustrated in Fig3in the cases,=0.1 and7,=T),, attime  the computational box. For the ion parallel beta, we used
t=220. We observe the formation of a filament parallel to 8,=0.3 and for the electron ong,=0.01, corresponding to
the ambient field (upper panel). In the lower panel, the pro-the above mentioned temperature rafig 7,=1/30. The
file of this structure along a transverse direction is comparednitial density is given byp (0)=1+0.1 exg— (x2+y2)/100]
with that of the density channel (both normalized with their and, in this case, we assume initial uniform ion and electron
maximal value). We observe that in such a simulation, thetemperatures. This initialization is indeed easier to imple-
transverse scale of the filament is prescribed by that of thanent in a PIC code than the more physical condition of uni-
density channel that has essentially not changed from its iniform pressures used in the other simulations presented in this
tial value. We checked that the energy of the wave (evaluategbaper. We check that in the PIC simulation the total energy
in the entire computational domain) and the mean paralleis conserved with an accuracy of 70
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<
<
<
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Fig. 4. Isosurfaces of the magnetic filaments observed in the regimeFig. 5. Magnetic structures developing in the presence of a density

T./T»=1/30 andp,=0.3, observed in the Landau fluid (left) and perturbation of 50%, described in Sect. 5. From left to right and top

PIC (right) simulations at the respective moments where the structo bottom, the various panels correspond to the isosurface of wave

ture intensity is maximal (top) and minimal (bottom). intensity of level 0.0130 at time 50, 0.0288 at tome 90, 0.00269 at
time 140 and 0.0334 at time 140.

_ Inthis kinetic regime, both simulations lead to the forma- | qeeq, for a perturbation in the electromagnetic field, there
tion of magnetic filaments, but the corresponding amplifica-ig 5 corresponding complicated perturbation in the distribu-
tion of the wave intensity is limited to a factor 4. As pre- s function determined by the way the system has been ini-
viously, we observe_ in both simulations slow_osplllatlons of tialized. As a consequence, a counter propagating wave (with
the maximum amplitude that are almost periodic. At early ight.hand polarization) is launched as well in the simulation,
time, the agreement between the two computations is Veryyiin an amplitude of a few per cent of the intended Aifv
good, but some quantitative difference develops as the forpage  For the considered wave amplitude (10% of the ambi-

matipn of the f_ilament proceeds. It concerns for examplle thest field), nonlinear effects may thus be non negligible, even
maximal amplitude at the moment where the filament is they; early times.

most intense, PIC simulation then exceeding by about 10%
the Landau-fluid result. In contrast an excellent agreement
is obtained at the minimum of the time oscillation and in
its neighborhood. The period of the amplitude oscillation

. —1 . . 1
is of order of 50, with the Landau fluid and 7G®,"in |4 grder to address the Alen wave dynamics in the pres-
the PIC simulation. The geometry of the magnetic structureg,nce of a stronger density enhancement, we first considered
predicted by the two approaches is nevertheless very similagy, initial density p(x, v, z, 1)=1+0.5 exp(— (x2+ y?) /64).
as shown on Figl that displays isosurfaces of the transverse the parameters of the (uniform) initial pressures and of the
magnetic field intensity (chosen at about 3/4 of its instanta-pr, an wave are same as for the run described in Fig. 3 (sim-
neous maximal value), at the respective instants where thg, reqyits are in fact obtained when prescribing uniform ini-
intensity of the filament is maximal and minimal. To make 5| temperatures, as in the comparisons with the PIC simu-
the global structure of the filaments more conspicuous, W8ation). The resolution was however increased 022584
duplicate by periodicity 4 wavelengths of the pump. Note the oqjjocation points. A significantly different evolution is ob-
helical shape of the filament at high intensity and its replaceéeaned in Fig5 that displays isosurfaces at times50, 90
ment by two flattened stripes when the intensity is minimal. 140 and 170. We note that the magnetic filament formed at
The precise reason of the quantitative difference betweerarly time is later on replaced by a structure in the form of a
the two approaches as the filament intensity is maximal ishelical ribbon. A more detailed visualization of the trans-
still unclear, but may have different origins. Kinetic effects verse geometry is displayed in Fi§. While in the case
not retained by the Landau fluid could be relevant. On theof a small density perturbation discussed in Sect. 4, quasi-
other hand, the initialization of the PIC simulation is deli- stationary magnetic filaments form with a moderate ampli-
cate, as it is not possible to start with a proper Alivmode. fication of the wave intensity and a characteristic transverse

From filamentation to dispersive phase mixing
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Fig. 6. Color plots of the wave amplitude in the transverse plane Fig. 8. Color plots of the wave amplitude in the transverse plane
z=0 for a density channel corresponding to an enhancement of

z=0, in the conditions of Fig5.

100%.
0.10 T T T
008k B (t) 0.11, thus an amplification exceeding a factor 30. The small-
ot Bz(";”o 0.t) est structures that form are now much smaller than in the

previous simulations, with a size that depends on the compe-

0.067 tition between phase mixing and diffraction effects. Similar

1 geometrical features are visible on the perpendicular and par-
] allel temperature fluctuations, although the latters are weaker
r than the formers. The mean temperatures are nevertheless
] not affected, consistent with the purely longitudinal effect of
] the Landau damping that does not dissipate transverse fluc-
tuations.

Simulations with a density perturbation of 100% were also
performed using a resolution of 53264 points. A similar
Fig. 7. Variation of the maximum of the wave intensity (solid line) dynamics is obtained, with a more pronounced roll up of the

and of its value at the center of the computational box (dashed linejn@gnetic ribbons associated with the formation of smaller
in the conditions of Fig. 5. scales (Fig. 8). The simulation was carried on untlL80,

after which the resolution, although increased in the trans-

verse direction relatively to the 50% case, becomes insuffi-
scale essentially prescribed by that of the initial density per-cient. At this time the maximal amplification of the wave
turbation, in the present regime the dynamics proceeds to th#itensity has exceeded a factor 40. Figure 9 that displays the
formation of thin magnetic ribbons which strengthen in time Vvariation along a transverse direction of the density in the two
and roll up around the central filament whose amplitude osprevious simulations, demonstrates that smaller scales are in-
cillate in time. Such an evolution reminds the structures gendeed formed as the amplitude of the initial density channel is
erated by a finite-wavenumber Ain wave filamentation in  increased form 50 to 100%. Since the simulations are in-
a homogeneous plasma, as exemplified in Fig. 1%wtder terrupted while the maximal magnetic field is still growing
et al. (2002. Figure7 displays the temporal evolution of because the resolution limits are reached, we conclude that
the magnetic intensity at the center of the simulation domainscales even smaller than the ion Larmor radius are generated
where the filament is located (dashed line) and of its max-during the evolution.
imum value (solid line). At the end of the simulation, the  Other simulations performed with an ABn wave whose
maximum intensity of the transverse magnetic field reachesvavelength is 10 times shorter show that diffractive effects

0.04

0.02

0.00t . . . o
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become more important. In this case, a 10% density chan-
nel leads to a rather weak amplification of the magnetic field 0.8
with the formation of circular rings of wave energy in trans- I
verse planes, typical of a diffraction pattern. We thus infer
that the required density enhancements necessary for disper-
sive phase mixing to be efficient are dependent on thedhlfv
wavelength (and the plasma parameters) and are more ef-
ficient as the ratio between the wavelength and the inertial
length is increased.

0.6
0.4

0.2

6 Concluding remarks I
0.0

The present paper concentrates on the formation of magnetic I
filaments by focusing of a monochromatic Aéfiw wave in

the presence of a density channel aligned with the ambient
magnetic field, and the later transition to a regime of disper-

sive phase mixing when the initial density enhancement is

strong enough. The results are mostly based on the use of 12
a Landau fluid in a formulation valid for transverse scales

-0.20

larger than or comparable to the ion Larmor radius. This 1.0f
model which involves a closure of the fluid hierarchy rigor- i
ously established in the limit of linear perturbations about a 0.8F
bi-Maxwellian equilibrium, was also validated by compar- i
ison with a hybrid PIC simulation in a strongly nonlinear 0.6}
regime where kinetic effects are significant. We have shown !
that in the presence of a high-density channel of moderate 0.4}

amplitude in a small-beta plasma, dispersive Atiwvaves i

can undergo a filamentation process under the effect of a 0.2}

density-induced lensing effect, leading to the formation of i

magnetic tubes of moderate intensity whose transverse size 0.0}

is prescribed by that of the channel. In contrast, stronger i

density enhancements can permit a second regime associated 08ttt

with a strong amplification of the maximum of the trans- -40 -20 0 20 40

verse magnetic field. However, the largest intensities no

longer concentrate in a filament but are rather localized in_. . N . )
LY . . Fig. 9. Profile in a transverse direction of the density fluctuations

thin ribbon-like structures whose transverse scale is smaller ; ; . )

h litude of the initial d itv ch Lis i dp—l at the end of the simulation for a density channel of amplitude

as the amplitude of the initial density channel is increaseds o, 1o5) and of 100% (bottom).

For a given density increase, the effect is reduced as the ra-

tio between the pump wavelength and the ion inertial length

is decreased. The above evolution contrasts with the usuaind particle acceleration is necessary. It requires the inclu-

phase mixing mechanism in non-dispersive MHD where thesjon of a kinetic description of the electron dynamics. In this

strong gradients that form are concentrated on rather localgontext, a parametric investigation of dispersive phase mix-

ized oblique shocks. ing in terms of plasma parameters would be most useful, but

Two-dimensional fully kinetic PIC simulations (using a is beyond the scope of the present study.

modest ion to electron mass ratig/m.=16) performed by
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