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Nonlinear dynamics, of large-amplitude circularly polarized Atficewave packets, is investigated
using a one-dimensional hybrid model. Kinetic effects such as finite-Larmor radius and nonlinear
Landau damping, which become significant for plasmas Withl, are appropriately accounted for

in these high-resolution hybrid simulations. Spatio-temporal evolution, of the left-hand polarized
(LHP) wave packets, shows that they collapse because of the decreasing dispersive effects.
However, singularities are arrested by the wave—particle interactions. At some critical.time
which depends on the plasngaand the initial amplitude of the wave packet, we observe a turning
point. At this turning point, the polarization changes from LHP to RHght-hand polarized The

wave packet then starts broadening due to increasing dispersion associated with the RHP.
Implications of collapse of the magnetic structures are briefly discussed200® American
Institute of Physicg.S1070-664X00)02810-X

I. INTRODUCTION density fluctuations*® become significant. To incorporate
) these effects in the studies of nonlinear dynamical Alfve

Alfven waves are a ubiquitous feature of magnetoplaswaves, one has to do dispersive magneto-hydrodynamic
mas. Implications of the existence of large-amplitude Aifve (MHD)'%?° and kinetic simulations. The Hall MHD simula-
waves in many cosmic plasmas have been investigated bytions, done by Butet al'® and Velli et al,?® show that the
number of authors. Some of these examples include turbulemfvén solitons get disrupted. Moreover, one observes the
heating of solar coronhcoherent radio emissiofisnterstel- steepening of these waves with the emission of high-
lar scintillations of radio sourcelsgeneration of stellar winds frequency radiations. On the other hand, the driven DNLS
and extragalactic jets, efcAlfvén wave trains as well as equation leads to chaos and turbulence in Alfce
Alfvénic turbulence have long been observed in spaceystem@'~28 |nhomogeneities, in the magnetic field and the
plasmas;®e.qg., solar wind, terrestrial magnetosphere, etc. Ilblasma densities, also destroy the coherent “livevave
the cometary environment, some observations of solitaryackets®
magnetic pulses have also been repofted. In the present paper, we have included the finite-Larmor

To study the dynamical behavior of large-amplituderadius effects, as well as the nonlinear wave particle interac-
Alfven waves, one can either use the full set of diSperSiVQionS7 for Studying the Spatio_tempora| evolution of |arge_
magnetohydrodynami¢MHD) equations and be satisfied gmplitude Alfvenic wave packets by means of hybrid simu-
with their numerical solutions or use an evolution equationjations. These investigations have primarily been motivated
derived from these MHD equations. The most popular evohy our recent high-resolution dispersive-MHD simulations
lution equation, governing nonlinear Alfaewaves, is the which lead to blowing up of the left-hand polarizédHP)
Derivative Nonlinear Schidinger(DNLS) equatior® " The  Ajfvénic wave packetéo be publishell This blowup is due
big advantage of dealing with the DNLS is that it can betg an increase in the amplitude of the wave packet as it
solved analytica}llg?:lz'_l:‘However, one should bear in mind eyglves. Our hybrid simulations clearly show the significant
that the DNLS is derived on the assumption that plagina qe of kinetic effects in inhibiting such blow ups. We see the
(the ratio of the kinetic pressure to the magnetic pressare ampiitude increasing and at the same time the width of the
not ~1. Moreover it is valid for finite but not for very large packet decreases. This process of collapse continues until
(6B/B=1) amplitude waves since terms higher than cubicsome critical time () that corresponds to the dynamical
nonlinearities are neglected in the derivation of the DN'—Sturning point. The term “dynamical turning point” is used
equation. For systems witf~1, kinetic effeCt%l'M_.lB aS  simply to distinguish it from the usual turning poifalso
well as coupling between magnetic field fluctuations andinown as a reflection pointThe reflection point is indepen-
dent of time whereas the dynamical turning point appears
3Electronic mail: bbuti@ijplsp2.jpl.nasa.gov due to dynamical evolution and has a functional dependence
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on time. At timet. dispersion takes over the nonlinearities 10
and consequently the polarization flips from LHP to RHP I
(right-hand polarized Further at the dynamical turning
point, the scale size of the wave packet becomes small
enough for the finite ion gyroradius effects to start playing an
important role. The significant roles of kinetic effects as well
as the coupling between density fluctuations and magnetic
field fluctuations are quite evident from our simulations. To
our knowledge, this is the first time that implications of the
dynamical turning points, to the nonlinear evolution of the
magnetic structures, are pointed out.
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IIl. SIMULATION MODEL OF ALFVE NIC WAVE
PACKETS

S5

Let us consider a two-species plasma, which is embed- 2
ded in a uniform magnetic fielB, oriented along the-axis.
A modified one-dimensional hybrid cotfeis used to study
the nonlinear dynamical evolution of the Alfvie wave
packets. In our simulations, electrons are treated as an iso- o0 w0
thermal fluid whereas the protons are treated as particles. For x
the hlgh-resolutlon stgdlgs, V\.le take the. SImUIatlon. bo)SZIG. 1. Spatio-temporal evolution ¢B| for the left-hand polarized wave
length as 860V /), ( ion inertial lengthg with 2048 grid packet forg=0.2 andB,=0.5.
points and 200 particles in each cell. Simulations are carried
out using periodic boundary conditions. For the initial con-
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dition, we take the exact soluti®f® of the DNLS equation, 1 ,
namely p(X,t=0)=1+ 2(1=5) |B(x,t=0)|%, 6)
Bt 0)— (212 1) V2B _gi 00 D andv_y,z= - Byyz._We may poi_nt out that the seC(_)nd term on
: [2M2cosh2Vex)— 112’ the right-hand side of Eq5) is due to the density fluctua-
) tions driven by the pondermotive force generated by the
whereBs is the amplitude of the soliton, magnetic field fluctuations. Even though the plasma, under
consideration, is uniform with homogeneous magnetic field
6(X) = —VeX+ 8(1— ﬁ)f |B[?dx’, (2) By, effectively we are dealing with nonuniform plasma em-
bedded in an inhomogeneous magnetic field because of the
and Vg is the soliton speed defined by initial profiles usedcf. Egs.(1) and (5)]. We will elaborate
(21’2—1)82 on this in the following sections. The code of Winske and
=— S (3)  Leroy* has been appropriately modified to include the local-
8(1-8) ized inhomogeneities introduced by our specific initial con-

Throughout, we use the normalized variables éBgis nor-  ditions.

malized toBy, p t0 pg, V to Va=By/(47po)*? (V5 being

the Alfven velocity), t to the inverse of);, the ion cyclotron  Ill. SIMULATION RESULTS

frequency and to V1 /€1;, the ion inertial length. The sub- As mentioned in the Introduction, large-amplitude Al-
script “0” refers to the equilibrium quantities. Note that Eq. fvén waves have been observed in a \,/ariety of plasmas with
(1) is the left-hand polarizeB = (B, +iB,)] super- -Alfvenic very different plasmag3. For example, in the solar wing
soliton solution, in the wave frame of referericeof the spans from<1 to >1. So to model the nonlinear dynamical

DNLS equation that is given by behavior of these waves in a variety of such systems, we
881 1 ) i °B. have useds3 as a parameter. All the results reported in this
. 4(1 ) ax(B «|B-| )*5 2 2 =0. (4)  paper are in the wave packet frame of reference. The spatio-

temporal evolution of the wave packet f8=0.2 is shown
The plus and minus signs in the last term on the left-handn a stack plot in Fig. 1. To avoid overlapping of the packets
side of Eq.(4) correspond to left B, =B) and right-hand at different times, we have advand&] by 0.15 at each time
(with B_=B,—iB,) polarization, respectively. step which corresponds to 20 gyroperiods. The time span for
In writing Eq. (1), we have taken the wave propagation the simulations reported here is 1000 gyroperiods. From Fig.
along the direction of the ambient magnetic field aridy 1, one clearly sees the wave packet collapsing. Evolution for
=gl 9z=0. Consistent with the DNLS solution given by Eq. 8=0.6 is shown in Fig. 2. For large® (>0.2) ( results for
(1), for the initial density and the velocity, we have used the=0.3 and 0.4 not shown herthe collapse stops at a criti-
relations cal timet, which is a function of8 and B (cf. Fig. 4), the
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FIG. 3. Spatio-temporal evolution ¢B| for the left-hand polarized wave
FIG. 2. Spatio-temporal evolution ¢B| for the left-hand polarized wave packet for3=1.6 andB,=0.5.
packet for3=0.6 andBs=0.5.

packet since after reversal it has different polarization prop-
initial amplitude of the packet. This happens at a dynamicagrties. We would like to emphasize that H§) is not an
turning point which is characterized Iay(k)/9k=0. At this  exact nonlinear relation since it corresponds to the evolution
point polarization changes from LHP to RHP and the waveequation that neglects fifth and higher order nonlinearities. It
packet starts dispersing and broadening. One can roughiypay be worth pointing out that the collapse of electrostatic
understand this behavior from the nonlinear dispersion relawave packets governed by the Nonlinear Sdimger
tion corresponding to Eq4); this in the wave frame of ref- equatioi™*?occurs only in systems with more than one spa-
erence is given by tial dimension. In our case, however, the collapse of

Alfvénic wave packets is due to the dynamical evolution and

0=KBODI?/ (1= B) = uk?, ® s found even in one-dimensional systems.

where u is some constant an@d and k are the wave fre- From Figs. 1 and 2, we see thit decreases with an
quency and the wave number. In E§), for wave propaga- increase in3. From our simulations fog=0.3 and 0.4not
tion along the positivex direction and forB<1, plus and shown herg we find thatt,(8=0.3)>t.(8=0.4)>1t.(B
minus signs correspond to the RHP and the LHP, respec=0.6). According to Eq.(2), in a system with3>1, the
tively. On the right-hand side of E@6), first term is due to LHP wave packet would behave like an RHP wave packet
the nonlinear term of the DNLS and the second term is duand vice-versa. Consequently 6= 1.6 in Fig. 3, we do not
to the dispersive contribution of the DNLS. We may point see any collapse associated with the LHP packet. It indeed
out that Eq.(6) with B replaced byB, represents the criterion behaves like a RHP packet that moves to the right, i.e., it is
for the modulational instability for the linearized DNLS accelerated and at the same time it emits high-frequency ra-
equation. As time progresses, bdB| as well ask change; diations. The result of increasing the initial amplitude of the
Eq. (6) reflects the corresponding changes in the frequencyave packet toB;=0.7 instead ofB;=0.5 used for Figs.
w. For the case of LHP, these two contributions due to non1-3, is shown in Fig. 4. In this case we see a rather different
linearity and due to dispersion compete with each other andvolution for 3=0.2. On comparing Fig. 1 with Fig. 4, we
because of this competition, the packet starts shrinking, i.efind that the turning point occurs much earlier for wave
k starts increasing. The moment the second term exceeds tpackets with larger initial amplitudes. The decreaset of
first term; the real part o becomes negative. At this junc- with an increase ing and inBg is as one would have ex-
ture, one encounters the turning point since the group velogected because of the following reasons. The local inhomo-
ity of the packet, i.e.dw(k)/dk changes sign. As a resulb,  geneities introduced by the density fluctuations driven by the
starts increasing with an increase krand hence the wave pondermotive force generated by the large-amplitude ‘Alfve
packet starts dispersing and broadening. This leads to a revaves, according to Ed5), are stronger for largeB (for
versal of polarization from LHP to RHP. A word of caution 8<1) as well as for a larger initial amplitude of the wave
may be in order here. The reversal at the dynamical turningacket, i.e.Bs=B(x,t=0). Consequently the coupling be-
point (characterized by the critical timg), in our simula- tween the density fluctuations and the magnetic field fluctua-
tions, is not equivalent to the simple reflection of the wavetions becomes stronger whg¢hand/orBg is increased. The
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:\Q as given by Eq(1) is inversely proportional t&/ which is
YA . . -
A@ 3 given by Eq.(3). Correspondingly the scale sizes of the wave
packets are smaller for largBg and largeiB (for 8<1). As
OO : o oo : 6(;0 — 8(‘)0 ‘ a consequence, kinetic effects become rather significant

x within shorter intervals of time compared to the ones corre-
sponding to lower values g8 andB;.

As mentioned earlier, the LHP mode, at the turning
point, turns into the RHP mode. This is further confirmed by
comparing the amplitude variations with time for LHP and
collapsing of Alfvanic wave packets reported in the presentRHP shown in Fig. 6. Variation of the amplitude wiBy,
paper is an outcome of this coupling. Because of strongefior a given g, is shown in Fig. 7. This shows the sensitive
coupling,k increases at a faster rate; this in turn reduges dependence of the turning point on the initial amplitude.
The phenomena of collapse, that we are observing, could be We also looked into the spatio-temporal evolution of the
considered as a process for transporting energy to largétensity fluctuations\. They seem to be driven by the mag-
wave numbers. Sinde decreases with an increasegnwe  netic field fluctuations. It is interesting to observe that the

may conclude that the rate of transport of energy is faster itack plots, for differens, for N overlap the ones fdi| (cf.
case of plasmas with larggt. Figs. 8 and 9 From these results, we conclude that the pon-

The temporal evolution of the amplitudg,,,, (=to the  dermotive force is the dominant force in the evolution of the
maximum value ofB|) of the initial LHP wave packet with ~ion density. One would expect similar behavior for the den-
B is shown in Fig. 5. The initial amplitude for all these casessity fluctuations from the DNLS equation also. In these
is 0.5. Note thaB,,,,(t=0)=B. It is interesting to note that Simulations, we do not observe ion-acoustic waves; their ab-
the amplitude first starts increasing but after the turningse€nce could be attributed to the electrofip)( and the ion
point, it starts decreasing. For example, #6r=0.4, this temperatureT;) being equal for all the cases discussed here.
changeover takes place &t 380 compared td,~550 for ~ For plasmas with3~1 and T;>T;, we do observe ion-
B=0.3. This clearly shows that for larg@(3<1), kinetic ~ acoustic waves and the associated Landau damping for cases
effects come into the picture relatively earlier. One can exWith Te=<T;.
plain this behavior as follows. The width of the wave packet

FIG. 4. Spatio-temporal evolution ¢B| for the left-hand polarized wave
packet for3=0.2 but withB;=0.7.
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FIG. 5. Temporal evolution of the amplitude of the initial left-hand polar- FIG. 7. Temporal evolution of the amplitude of the initial left-haidHP)
ized wave packet fo=0.1, 0.2, 0.3, 0.4, 0.6, and 0.8. polarized wave packets f@=0.2 andB;=0.5 and 0.7.
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FIG. 8. Spatio-temporal evolution of the density fluctuatibhfor the left-

hand polarized wave packet f@=0.3 andB;=0.5.

IV. DISCUSSION AND CONCLUSIONS

Buti et al.

properly accounted for. Polarization of the large-amplitude
Alfvén waves is known to play a very crucial role in deter-
mining their stability characteristics. For example, 1,

LHP waves are modulationaly unstable but the RHP waves
are stable and vice-versa for systems wsth 1. Our simu-
lations not only confirm this but also exhibit an interesting
phenomena of collapse of the LHP wave packets. When the
size of the wave packet becomes sufficiently smallg few
Larmor radii/ ion inertial lengths the kinetic effects become
significant. The latter, in fact, in our case arrest the blowing
up of the wave packets that we encounter in our dispersive
MHD simulations. In our earlier studiés of the evolution of
these wave packets by means of Hall MHD simulations, we
did not observe any collapsing LHP wave packets. We had
missed these interesting features, since we had not done very
high-resolution investigations.

In the present paper, we show that the Affieesystem
behaves like &donlinear Dynamicabkystem. Associated with
the phenomena of collapse, we observe the dynamical turn-
ing point. At this turning point, the polarization of the wave
packet flips from LHP to RHP. From our simulations, we
find that the turning point crucially depends on the plagna
as well as the initial amplitude of the wave packet. We also
observe that the density fluctuations are very well correlated
with the magnetic field fluctuations. Physically collapse
means the transport of energy to lardewvalues, i.e., the
cascading process. In order to look for the potential applica-

We have invgstigated the nonlinear spatio-temporal evoigns of these collapsing Alfwec wave packets, we repeated
lution of the Alfvenic wave packets by means of high reso- oy simulations(not presented heyéor initial density pro-
lution hybrid simulations. Unlike the evolution governed by fjjes different than the one given by E@). One of the cases
the DNLS equation, in our simulations we can considelye considered is with zero density fluctuations, im(x,t
large-amplitude waves and also span the entire plasma —p)=1. In all these cases, we observe the collapse of LHP
range includingg in the neighborhood of unity. Moreover, yayve packets; some small quantitative differences are found
both the compressive, as well as the dispersive, effects aig; no qualitative changes whatsoever. During the evolution

FIG. 9. Spatio-temporal evolution of the density fluctuatidbhfor the left-

hand polarized wave packet f@=0.2 andB;=0.7.

of the wave packet, density fluctuations are generated by the
pondermotive force of the large magnetic field fluctuations.

In summary, our simulations confirm that the source of
collapse is the coupling between magnetic field fluctuations
and density fluctuations. The scale sizes of the wave packets
decrease at a faster rate for larger initial amplitudes and for
plasmas with largeB. As mentioned earlier, collapse can
provide an efficient channel for transport of energy; one
could look for its potential applications in space plasmas
with large B.
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