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Modulational Interaction of the Lower-Hybrid Waves with a Kinetic-Alfvén Mode
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A system of equations describing the coupling and modulational interaction of kinetic Alfvén mode
with lower-hybrid waves is constructed and analyzed. A coupling mechanisms is created by the density
modulation forced by Reynolds stresses of the lower-hybrid waves. The modulational instability
resulting from the coupling of the lower-hybrid and kinetic-Alfvén waves has been investigated.
The nonlinear evolution of the modulational instability leads to the formation of the magnetic-field-
aligned envelope soliton of Alfvén waves with typical transverse dimension of the order of the electron
skin depth, and with much shorter in wavelength lower-hybrid oscillations trapped inside the soliton.
[S0031-9007(98)07303-7]

PACS numbers: 94.20.Vv, 52.35.Sb

A mechanism of transverse ion acceleration (TAI) is A new outlook on the picture of modulational interac-
an important component of the magnetospheric physicgion has been initiated by the wave data from the recently
The mechanism provides injection in the magnetospherlaunched Freja satellite [9]. The data show a strong cor-
of the energetic heavy ions of the ionospheric origin (e.g.relation in the auroral energization regions between en-
energeticO™ ions). Rocket observations performed by hancement in shorter wavelength and higher frequency
Kintner and his group revealed that the TAI phenome-electrostatic LHW turbulence and Alfvén wave activity.
non is localized in the narrow regions of the intensiveln some cases the observed caviton structures are identi-
lower-hybrid wave (LHW) activity located at the altitudes fied as localizations of the kinetic Alfvén waves (KAW).
about 1000 km in the auroral ionosphere [1] with the fre- A kinetic Alfvén wave is created from oblique; < k)
quencies close to the so-called lower-hybrid resonance [2{o the ambient magnetic field shear Alfvén wave when the
TAI events usually occur during periods of field alignedtransverse frequency dispersion is important. In our case
electron bursts, which therefore can be identified as thef an extremely low3 < m,/m, plasma @ is the ratio
driver for the LHW [3]. Two mechanisms are consid- of the plasma kinetic pressure to the magnetic pressure),
ered now as the most plausible explanation of the LHWhis dispersion is due to electron inertia, resulting in the
excitation by the precipitated auroral electrons. They ardollowing dispersion law of KAW [10]:

two-stream instability driven by Cherenkov resonance be- kjva
tween the lower-hybrid waves and the beam part of the e 1)
precipitated electrons energy distribution [4], and the so- 1+ ke

2
called “fan” instability driven by anomalous Doppler reso- ) ] e
nance with the energetic tail of the precipitated electrons The goal of this Letter is to show that the observed
[5]. Observations described in Ref. [1] have shown thagolitary KAW structures can be produced by the Reynolds
regions of localization of the lower-hybrid waves and ionStresses exerted on a plasma by the lower hybrid or (close
acceleration are thin field aligned filaments with the dimeni0 them in nature) electrostatic whistler waves obeying the
sion across geomagnetic field on the order of the severdpllowing dispersion law:
hundred meters comparable for the ionospheric conditions ( w2 m, kﬁ)l/z

o = oLl 1l — ) 2)

with the hot ion gyroradiusr;/w.; or the electron skin kzpez + kz/o2 + — 2
depthc/w,.. These regions of localization are usually ¢ e
interpreted as the LH cavitons (see, e.g., [6]), and theren this expression the second term in brackets de-
fore the above-described rocket experiments are the firéermines a small electromagnetic correction to the
clear demonstration of the self-modulational instability andower-hybrid frequency, the third term-short wavelength
cavity formation for the LHW. dispersion which is due to thermal motioh ié the wave

At first, a theoretical interpretation has been proposediumber,p is an electron gyroradius), and the last term
that these observations result from the modulationals the frequency dispersion due to deviation from the
interaction of the LHW with the large-scale quasineutraltransverse direction of wave propagatiép = 0. All
density perturbations similar to ion acoustic oscillationscorrections are small in comparison with unity, so Eq. (2)
(see, e.g., [7,8]). Modulational interaction causes thalescribes waves at the frequencies close to the lower
short wavelength cascading of the LHW resulting in TAI hybrid resonances; y. Reynolds stresses created by the
due to ion resonant interaction with waves. However| HW result in the modulational interaction with KAW
the typical transverse caviton size comparable with thend formation of fairly deep plasma density modulation
electron skin depth remained unexplained in this theory. (~10%), in which a broadband electrostatic noise at the
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LH frequency~10-15 kHz is trapped. The threshold for the lower hybrid wavév, - V)v,.,. Then the longitudinal
modulational instability is definitely below the observed component of the Maxwell equation gives the following
amplitudes of the LHW, and therefore, above describedelationship couplingl andA in the kinetic Alfvén wave:
modulational interaction is an inalienable feature of thea o2 P
auroral ionosphere. — [1 - —V? }A = —c—
t w2, d
As usual (see, e.g., [11]), components of the electrid pe <
and magnetic fields in KAW can be expressed through the
scalar potential and the longitudinal component of the
vector potential A:

x [«p + MM (Vo* X vw} (6)

There are two nonlinear terms in Egs. (5) and (6) driving

B, =By, B, = %, By, = —%, modulational interaction of KAW with the lower hybrid

9y 9x oscillations. A nonlinearity in Eq. (5) is produced by an
oW ow ow 1 0A average component of the electron diamagnetic current;
Ex=-—" E= 9y’ f T 9z ¢ ar  InEq. (6)itis due to the Reynolds stresses in the electron

3) field aligned motion. It is easy to see that input from
the first nonlinearity is small a§;"* (w4 is the Alfvén
frequency), and we shall neglect it. Therefore, the final
system of equations describing the nonlinear coupling of

the fast lower hybrid oscillations with the kinetic Alfvén

It follows from Maxwell equations for curlB that a
deviation of * from V¥ is a pure nonlinear effect due
to the curl of the nonlinear diamagnetic currgpt

a9 92 By eB3 ] J . wave can be written as follows: An equation for the lower
a1 9xdy (W =) = nom; ¢ @JD T oI hybrid potential has the form (e.g., compare with [12]):
. . @2 my e @pe 2y
Here a diamagnetic currefy = —e(dnv.), dn is an og ot T m, 92 o2 pVie
envelope amplitude for the density variation in the LHW )
with the fast time dependence at the lower hybrid fre- _ . Ype 1
. =1 VLQD X VL . (7)
quency singled out: Wee WLH no

Here ;L is the relative plasma density variation in the
KAW, WhICh can be expressed through the vector poten-
It can be expressed through the corresponding electraial of the wave with the help of the following relation-
static potentiak> with the help of the following relation-  ship:
ship:
pom. 2 9m ___C Opy, (8)
on = — e VZﬂP, at ny dmeny 0z

2
eBo Finally, an equation for Alfvén wave vector potential is of
v, = Bz By X Vo is an envelope amplitude for the the form

electron drift velocity, and brackets denote averaging

1
dniy = 5 Sn(t,7)exp(—iwryt) + C.C.

(92A Cz 2 32A 2 (92_14

over the fast timg~wy ;). Using relationships (3) it is — - —V: = -
possible to rewrite transverse components of the Maxwell ar? w;%e ot? 9z
equations for curB in the form of the following equation 2 .
coupling vector and scalar potential in the KAW: = iBoorn (Vo™ X Vo)., (9)
oW B} 0A _ . ) _
( + —=0 —> wherev, = By/\/4mnom,, is the Alfvén velocity.
ay \ a1 dmnompyc 9z Nonlinear coupling of the lower hybrid waves with

me ¢ the kinetic Alfvén mode results in the modulational
== < V2" + cc. > (5) instability. Small density depletions associated with the
4’”/’ Bo initial KAW serve as the potential wells for the LH
In the KAW an electron field aligned motion is important; oscillations. Trapping of these oscillations inside the
the velocity of this motion is determined by the following potential wells results in modulation of their intensity.

equation: Because of modulation, Reynolds stresses exerted on
Olze e dA v plasma electrons by the LH mode are created. Under
Me o = T T N their action wells are deepening, leading to stronger
modulation.
ec [(V X V), 9¢ _ C_c}, The initial stage of modulational instability can be de-
iBowLu 9 scribed using the standard procedure of the linear stability

where we also included a nonlinear term describinganalysis. A test Alfvén wave with the vector potential in
Reynolds stress created by electron field aligned motion ia form of a plane wave at the frequeneyand with the
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wave vectork is coupled with the main (pump) lower hybrid wave at the frequesagyand with the wave vectak,
and results in LH modulation by two satellites—r&dy — w,ko — k) and blue(wy + w, ko + k). The dispersion
relation describing this process is of the following form:

k3 c? 2 k3 c? Eé (k x 750)2
a)2|:1+ j|=k||vi 1—4(w

(1)12,8 ]276 + wge) E’%H ka(%
k? 1 k? 1
e + == . (10)
(ko — k)2 A- + 2w/wLu (ko + k)2 A+ — 2w/wLH
The following notations are used in this equatidfy: = | It follows from a solution of this dispersion rela-

kopo is an electric field of the pump waveiry is a  tion, that for sufficiently large amplitudes of a pump
typical electric field strength characterizing efficiency ofwave, whenl” > A, strong aperiodi¢w? < 0) instability

the modulational coupling: develops leading to the excitation of the kinetic Alfvén
w2 m2 > 2 mode from the LH pump.
2 _ ce e __ ce p2 e : :
Ety = 4mnol —- —= = —“By— - (11) It is also noteworthy that sincd ~ ws/wLy <K 1,
@pe MpB - @y, "My both parametric and strong aperiodic instabilities are

Finally, A+, A_ are dimensionless frequency mismatchespossible for the values of the pump amplitude bel&yy;.

Ar = ”’;:H“’“, between the frequencies of the LH satel-The latter value for the typical conditions of the auroral

lites determined by Eq. (2) for the wave vectarg = k  ionosphere ranges in the inten200 mV/m — 1 V/m.

and that of the LH pump with a wave vectbs. Estimation of the magnetic field in the KAW can be easily
For small amplitudes of the pump wave dispersionobtained from Eq. (9) for the vector potential. It follows

equation (10) describes the parametric decay of a lowdfom this equation that a pump LHW with an amplitude

hybrid wave into another lower hybrid wave and KAW. comparable withEry drives the magnetic field in the

Substituting into the dispersion equation= w, + £,  Kinetic Alfvén mode of the order

wherew, is an eigenfrequency of the kinetic Alfvén mode . kic B2 0y m,
and using a paremetric decay condition for frequencies, B~ o Bo ol m*Bo ~ (1-3)nT.
w+ = wy * w,, it is easy to obtain the following rela- pe 20 Hee P
tionship fore < wry: The relative modulation of the plasma density can be
2 4 estimated from Eq. (8) as follows:
gl ==+ waorn o sifa Lals = 2 2 3/2 12
- 8  Eify (02, + 02,)(k * ko) o ’“7;(@) L 3-100%.
(12) no W5, \Me 0
where a is an angle betweert and k, vectors. It As a result of the nonlinear evolution of the described

follows from this relationship that a parametric instability modulational interaction, a two-dimensional soliton of the
(e2 < 0) is possible, as usual, only in the case of a redinetic Alfvén wave can be formed. The soliton travels

satellite excitation. Equation (12) is valid only for small @long the magnetic field with Alfvén speed, and across

amplitudes of the pump, wheg|/w, < 1, or the field has the form of the localized dypole structure.
For simplicity, we consider the case of the plane soliton
Eo < Etgywa/oLn < ETh . geometry. In this case,
For pump wave amplitudes comparable withyy ¢ = ¢z — vat,x)exdilkyy — Ar)], (14)
coupling is stronger resulting in the so-called “modified A=Az — vat,x).

decay instability” with the growth rate exceeding an . o
eigenfrequency of the Alfvén mode (e.g., see discussiofrguation (9) for the vector potential in this case can be
of a similar situation for the decay of Langmuir waves €asily integrated to give the following relationship for the
in [12]). If we assume for simplicity that pump wave Magnetic field inside the soliton:

is sufficiently short wavelengtlt, > k and propagates dA a)f,ekyv 2 (15)
strictly perpe%dlcular to. the magnetlc fl.eddo)”:(), then dx ABovaoLn el
+=A_ =3, and dispersion equation (10) can be

We now consider a case where, in Eq. (7) for the

R LH potential, it is possible to neglect the left-hand side
4 . . . - - -

(02 — @) 6; — A?) = w2AT, (13) term _vv_lth the I(_)ng|tud|nal dgrlvatlves of the pot_entl_al

describing a deviation from strictly transverse polarization

. . M0
written in a simpler form:

WLH
, 2 e 2 . of the LH oscillations. Then, a form of traveling wave in
where notatio” = 573—=755 (2 Si’ a ;- is used. a field aligned direction remains arbitrary determined by
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FIG. 1. Square of the amplitude of the lower hybrid potential
(top) and the density variation (bottom) inside an Alfvén
soliton.

the initial conditions, while the solitary structure across
magnetic field is a solution of the following differential
equation:

2
>k 24 &
N————5] ¢+ 19 _ ag
d¢? wlz,e wLy dé?
>,
=bodp—— ¢~, 16
e (16)
where the following dimensionless units and notations areyg;
used:
e Yw pzwz
¢ = 2 g = pe9 5 = zpe ’
MeUy C C
w,%e 21 kyz,c2 kyzc2
a = , = — 5 .
a)lz,e + w?, oLy w%e w?,

in front of it in Eqg. (16). Thus, singularity ip would
be smoothed, forming a narrow region with the following
typical size and the maximum value of the electric field

in it:
C C
Ax = P—»(Ex)max ~ ETn . (18)
Wpe WpepP

The density structure within the soliton can be deter-
mined with the help of Egs. (8) and (15). It is of

the dypole(n > 0,7 < 0) type, and also shown in a

figure.

In conclusion, we have demonstrated in the paper that
the lower hybrid wave activity observed in the auroral
ionosphere is subject to the modulational interaction with
the kinetic Alfvén waves, as the result of which field
aligned solitary structures of KAW are formed.

This work has been partly supported by NSF Grant
No. ATM 9704193. Useful discussion with Professor
M. Goldman, and the help of Mr. T. Shy in preparation
of the manuscript are also acknowledged.

*E-mail address: vshapiro@ucsd.edu
[1] P.M. Kintner, J. Vago, S. Chesney, R.L. Arnoldy, K. A.
Lynch, C. J. Pollock, and T. E. Moore, Phys. Rev. L6é8,
2448 (1992).
[2] The frequency of the lower-hybrid resonancedsy =
wpp@c(®?3, + w2)7'?, where w,, and . are the
plasma frequency and gyrofrequency for electrang, =

,/4—”,512)”“ is the proton plasma frequency. In the multi-

. | 1 a i
species auroral plasmg = - > % summation here

is over all ion componentdn),.,m, are their densities

and particle masses, ang is the total density.

R.L. Arnoldy, K.A. Lynch, P.M. Kintner, J. Vago,

S. Chesney, T.E. Moore, and C. J. Pollock, Geophys. Res.

Lett. 19, 413 (1992).

[4] T. Chang and B. Coppi, Geophys. Res. Ledf. 1253
(1981).

[5] Yu.A. Omelchenko, V.D. Shapiro, V.Il. Schevchenko,
M. Ashour Abdalla, and D. Schriver, J. Gephys. Re3.
596 (1994).

[6] T. Chang, Phys. Fluids B, 2646 (1993).

Assuming sufficiently smooth transverse structure with [7] v.D. Shapiro, G.I. Soloviev, J.M. Dawson, and

typical size on the order of the electron skin depth, it

is possible to omit a term with the fourth derivative,
proportional toé. Then Eq. (16) has a first integral in

the form
w095

<_

A

WLH

2

d¢

d¢

_ 4 2
Zcb- (17)

The structure of the soliton is sketched in a Fig. 1. Itis a

solitary structure with the spike at its center= 0). To
avoid this singularity it is necessary to take into accoun
a term with the fourth derivative and a small coefficient

3418

R. Bingham, Phys. Plasm&s 516 (1995).

[8] C.E. Seyler, J. Geophys. Re39, 19513 (1994).

[9] J.-E. Wahlund, P. Louarn, T. Chust, H. Fereudy, and
P. Holback, Geophys. Res. Le#tl, 1831 (1994).

[10] B.B. Kadomstev and O.P. Pogutze, Sov. Phys., JETP
Lett. 39, 225 (1984).

[11] A.B. Mikhailovskii, Electromagnetic Instabilities of an

Inhomogeneous Plasmd@nstitute of Physics Publishing,

Bristol, England, 1992).

[12] V.D. Shapiro and V.I. Shevchenko, iRlandbook of

t  Plasma Physigsedited by R.N. Sudan and A.A. Galeev

(Elsevier Publishers, Amsterdam, 1984), Vol. 2, p. 122.



