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Nonlinear dust kinetic Alfvén waves
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Localized nonlinear dust kinetic Alfvewaves are investigated. It is found that finite density dips and humps
can coexist. The density humps are cusped and narrower than the dips.
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I. INTRODUCTION 1. FORMULATION

N , . . We consider a collisionless plasma consisting of elec-
Kinetic Alfven Wave.S(KAWS) propagating obllquely _to trons, ions, and massive highly charged dust grains. The con-
an external magnetic field in plasmas have been investigated

extensively because of their relevance to the interpretatioiﬁtiﬂteeﬁﬁtr r:/aelcr::)?ggliﬁc ﬁtilg (Ij?rglc;{[?onnBléi:nlzgetzﬁewgliﬁ?éns

and diagnostics of electromagnetic fluctuations in space ang gt ' -
. e much faster than the ions, the charge on the dust grain is

laboratory plasmas. Data from the Freja spacecraft showe Sually negative

tf;}at evten_tsf of spiky c_ient?]lty pulsesi exhybmng:c tKhAWEﬁilr(\j' We assumes 45 Vg, Wherevgy=(ZaT/mg)¥2 and v aq

characlensiics occur in the auroral region of the Larth's_ (g2/4.:n, m,)Y2 are the dust acoustic and dust Alfve

ionospherd1,2]. Hasegawa and Mimg8] and otherg§4-7]

: . . . speeds, andy, My, and —Z4= const are the equilibrium
investigated nonlinear KAWSs in a log-(m./m<g<1, dust density, dust mass, and average dust charge, respec-

WhereBE4WniT{B§' me and m; are the electron and ion jyely. In terms of 8 the above condition iB<nio/NgoZy,
massesp; is the ion density8], andT is the effective tem- o g =47, T/B2<1/Z4. Note thatZyBy can be of the
peraturg collisionless plasma. It was found that nonlinear same order ag. One can therefore neglect the compres-
localized wave structures can exist. sional component of the wave magnetic field and avoid the
Heavy, highly charged dust grains often appear in iono4inear coupling between the DKAWSs to the dust acoustic
spheric and other plasmas. Such massive charged dust graijaves. We also assume>vaq (i.e., Bg>m;/my),
not only change the properties of the existing plasma, but camax v, v4e, vad-<<kvaq, Wherevy; is the ion thermal speed,
also introduce new wave mod¢8-12. Several authors vgj (j=e,i,d) are the dust collision frequencies, and
have studied coherent structures in an unmagnetized dusty v, is the characteristic transit time of the DKAW struc-
plasma[10,13-18. It was found that very low frequency ture of sizel. That is, dust-electron, dust-ion, and dust-dust
fluctuations on the very long dust timescale can be excitedcollisions, which are all much less than that of the electron
In this paper, we investigate nonlinear dust KAWsand ion collisions, are neglected. Thus, for the DKAW mo-
(DKAWSs), which are Alfvan-like waves driven by the polar- tion the electrons and ions remain in thermal equilibrium, the
ization drift of the dusts and bending of the magnetic fielddust fluid remains cold, the average dust charge remains con-
lines. It is found that solitons involving smooth density dips Stant, and the electron and ion skin-depth effects can be ig-
as well as cusped density humps can exist. The results, egored. The latter can modify the wave dispersion.
pecially that on the cusped soliton because of its unique AS the KAWSs contain a transverse magnetic component,
propertiesy may be useful for the diagnostics of dusts in mag.t IS convenient to IntrOdUC(£3] for the electric field the
netized plasmas. longitudinal componenE,= — dy¢ and a mixed component
For very low-frequency perturbations on the dust time-E.= — d.4(= —d,¢—c ‘@A, whereA, is the vector po-
scale, the electrons and ions are fully relaxed and in localential parallel to the external fieldThe Maxwell equations
thermodynamic equilibrium, obeying Boltzmann density dis-/€ad to
tributions. The dusts are in general cold and their motion

strongly affected by the external magnetic field. The re- 9By=Caxd (=), @
sponse of the dust fluidvia its polarization drift to the - ) .
transverse magnetic field line perturbation can then lead to 35395(p— ) =(4m/Cc%) 0,3, ,, )

the appearance of DKAWSs. Furthermore, the electron and

ion pressures acting on the dust grains via the self-consistemthere j, is the longitudinal current. The densities of the
electrostatic field can lead to effective, or averaged, dust Laithermal electrons and ions are given by

mor motion. The latter causes dispersion of the DKAWS in

the direction perpendicular to the external field. A balance of Ne=Neg €XP(EY/Ty), ©)
the wave dispersion and nonlinearity can give rise to local-
ized quasistationary wave structures. n;=n;o exp—eylT,), 4
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where T, and T; are the electron and ion temperatures, re- 098¢
spectively. 0071,
The dust are cold and strongly magnetized. In the drift 006k
approximation ¢;<(Qy, whereQy=Z4eB,/myc is the dust ’
cyclotron frequency the dust continuity equation can be  005¢
written as 004k
2 oosf ™
>
8tnd+ B Q X(nd&xat¢):ol (5) 0.02
001}
where we have neglectedy,, which would contribute to o
wave dispersion of higher order iy and lead to a linear
coupling with the dust acoustic waves. The system of equa- *9f
tions (1)—_(5)_|s closeql by the charge neutrality and the cur- O e
rent continuity equations N
{-]

ne+Zdnd—ni=0, (6)
zJ z— eat(ﬂe ni).

where we have noted that-j, = —
~jert]iz-

dzzy J1~JaL,» andj,

and of order higher tha#;/Q4(<1) have been neglected.

Ill. DUST KINETIC ALFVE N WAVES
Normalizing Eq91)—(7), we obtain

Ne=exp V), (8)
N;=exp —o¥), 9
&TNd‘f'ag(Nd(?g&(q)): (10)

2.2 _ 2
agﬁg(d)—llf)—maT(&eNe— N;), (11

e

5eNe+Zd5de_Ni=0! (12)
where 7=Qqgt, &=Xlpsy, {=ZwpglC, (P, V)
=e(o, )/ Te, Nj=n;/njo (j=e,i,d), Je=neo/Njg, &y

=Ngo/Njg, o=T /T,, wpg= (4mNgoZge Z/md)l’2 is the dust
plasma frequency, anelq=(Z4T./myQ3)*? is the dust gy-
roradius. Note thaty=(1— 5.)/Z4.

Linearizing Eqs(8)—(12) and assuming that the perturbed

variables are of the form exfk, {+k{—w7), we obtain the
(dimensionlesslinear dispersion relation

=k 1+ k2 58 13
=X R (13
for the DKAWS. In the dimensional form it is
Nig—N
2_1,2.,2 2 2 o~ 'e0
[0 _k||VAd l+klp5d—neo+n0T /T) (14)

so that the finite dust Larmor radiygq leads to dispersion

Equations(1)—(7) govern nonlinear dust KAW
motion in a dusty plasma. Terms which are both nonlinear

FIG. 1. The Sagdeev potentigl(N,) for N.<1, for .= 0.3
(solid), 0.5 (dash-do, and 0.6(dash), respectively. The parameters
area®=0.8 andM%,=0.5.

IV. LOCALIZED SOLUTIONS

We look for the quasistationary localized solutions of
Eqgs.(8)—(12). Accordingly we introduce the moving coordi-
nate n= &+ a{— M pq7, Wherea and M 54/« are direction
cosine and the normalizedly v,q) speed of the new frame
respect to the old one. Assuming a stationary structure in the

new frame, we havé,=d,, d;=ad,, andd, = —Mpq4d,,.
After some algebra, we obtain the quadrature
L(dNe)” V(Ng)=0 15
where the Sagdeev potential is
2 [Ne
V(Ne):Nefl Fly)dy, (16)

1+MM3  (1-68,)i7 1
Fly)= R e
y 1-5y7

MA3(1— Sy ™)
(1_ 5e)y0-+l

(17)

and we have made use of the boundary conditidns O,
v—o0, ¢,—-0, 9,¥—0, andV(Ne)=aNeV(Ne)=0 for
N;—1. We have also defined the effective dust- Ative
Mach numberM ,4=M 4/ @. Eq. (15 describes a class of
phaselockedby the given boundary conditionstationary
finite amplitude DKAWS. One obtains localized solutions by
applying in the final integration the conditiod;=1 at »
— + oo,

For arbitraryo, it is difficult to get an explicit expression

of the DKAWSs. We see that the wave dispersion increasefor V(N). For many dusty plasmas, one hBs=T;, or o

with the dust density.

=1. In this case, we obtain
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FIG. 2. V(N,) for Ne>1 for the same parameters as in Fig. 1.
The singularitiegunmarked occur atN,= 8, Y?= 1.83, 1.41, and
1.29 for 6.= 0.3, 0.5, and 0.6, respectively.

1-6, 1+ 6,
V(N,)=N?2 tanh 1\/8,— M )2 ——
( e e \/Ee e Ad]__5e
12
+(1+MZ)NZIN Ng+ =29 (Ng+ SN2)
(1_5e)

NEX

for the Sagdeev potential. Figures 1 and 2 give the Sagde
potentials forM ,4= /0.5, = 0.8, Z;=10%, and8,= 0.3,
0.5, and 0.6. From Eq(16), we haveV(Ng)—x at N,
=1/\/8,. Thus, in Fig. 2 the singularities occur = 1.83,
1.41, and 1.29, fo,= 0.3, 0.5, and 0.6, respectively. In

EN2tanh 1(y/5.N,), (18)

NONLINEAR DUST KINETIC ALFVEN WAVES
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FIG. 4. Cusped solitons of electron density humps for the same
parameters as in Fig. 1. The peak amplitudgightly off due to
numerical inaccuracy near the singularifiesrrespond to the sin-
gularities of the Sagdeev potential.

V. DISCUSSION

The Sagdeev potentialBigs. 1 and 2show that localized
smooth electron density dips and cusped density hyips
coexist. Figures 3 and 4 give the profiles of these solitary
wave solutions obtained by solving the ordinary differential
equation(15) with o=1. The amplitude of the dips as well
as the humps decreases with increasipg That is, the soli-
ton amplitude increases with the dust number density. The
halfwidth of the dips is in general larger than that of the

&@{isped humps. A striking feature is that while the amplitude

of the smooth solitons depends on all the plasma parameters
as well as the propagation speed, as shown in Fig. 5, the
amplitude of the cusped solitons depends only on the relative
amount of dusts in the plasma. Such unique properties may

terms of the analogous integral of motion of a particle in amake the DKAW solitons a useful tool in the diagnostics of
potential well, the particle is reflected at the infinite potentialqusts in magnetized plasmas. In real situations, however, the
wall, so that the corresponding solution has a cusp at its pealisps(where the field gradients are lajggre expected to be
[17]. Note that all the physical quantities are finite at thesmoothed out somewhat by higher order nonlinearities or
reflection point, although their derivatives may not be con-dissipative processes such as those arising from shear or tur-

tinuous there.
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FIG. 5. NJ® of the smooth solitons versid 54 relation for 5,

FIG. 3. Smooth solitons of electron density dips for the same=0.3 (solid), 0.5 (dash, 0.6 (dash dot, and otherwise the same

parameters as in Fig. 1.

parameters as Fig. 1.
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bulent viscosity. It is also possible that such solitons areboth density humps and dip8,21], the KAW dips have at
destroyed completely by dissipative processes. In this caséheir maximum amplitudes exactly zero density. That is, all
their lifetime would be of the order of the shortest dust col-the plasma particles are expelled by th#inite) local wave
lision time, namelyv,s, which is also related to the charg- field. Such solutions are probably beyond the validity of the
ing of the dusts. theory.

Solitons with cusped profiles occur because of a balance
of the dispersive and nonlinear effects close to the wave
breaking point, and have been found in both fluids and plas- ACKNOWLEDGMENTS
mas[17-20. But unlike the present case, usually the humps
and dips do not coexist in the same parameter regime. It This work was supported by the National Natural Science
should be emphasized that although the Sagdeev potentigbundation of ChingProject No. 19975043nd the Sonder-
for ordinary KAWs in an electron-ion plasma also predictsforschungsbereich 191 Niedertemperatur Plasmen.
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