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Nonlinearly coupled upper-hybrid and magnetoacoustic waves in collisional magnetoplasmas

P. K. Shuklat* B. Eliasson® and L. Stenfld
nstitut fir Theoretische Physik IV, Fakuttéir Physik und Astronomie, Ruhr-UnivergitBochum, D-44780 Bochum, Germany
Department of Plasma Physics, Umeaiversity, SE-90187 Ume&weden
(Received 10 June 2003; published 23 December 2003

The nonlinear interaction between large amplitude electrostatic upper-hiiiigl waves and magnetoa-
coustic perturbations in a collisional magnetoplasma is considered. For this purpose, we present a nonlinear
Schralinger equation for the UH wave envelope in the presence of the electron density, electron temperature,
and compressional magnetic field perturbations of the dispersive magnetoacoustic waves, and derive an equa-
tion for the latter taking into account the combined influence of the UH ponderomotive force and the differ-
ential electron Joule heating in the UH wave electric field. The coupled equations are employed to investigate
modulational instabilities of a constant amplitude UH wave, and the density profile modifications due to the
UH ponderomotive and thermal forces. It is found that the thermal instability has its maximum at a wavelength
half the one of the UH wave, and a numerical solution of the coupled time-dependent system of equations
reveals that localized density cavities are also created with a spacing approximately half the wavelength of the
pump wave.
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In the past, a number of papdik-7] have considered the coupling between the UH wave electric field, the compres-
nonlinear coupling between upper-hybridH) waves and sional magnetic field perturbation, and the electron tempera-
low-frequency electrostatic and electromagnetic wavesure fluctuation. The coupled mode equations are then used
[8—11], taking into account the UH wave ponderomotive to study modulational instabilities in the highly collisional
force. It has been found that a large amplitude UH wave camegime. A nonlinear dispersion relation for the growth rates
decay into a circularly or elliptically polarized electromag- is presented and solved numerically for parameters typical
netic wave and a host of low-frequency wau@specially for the Earth’s ionosphere. We also perform simulations of
lower-hybrid waves On the other hand, the UH wave can our nonlinear equations, and apply our results to the Earth’s
also be modulated by nonresonant density and magnetic fielgwer ionosphere where interparticle collisions are dominant.
perturbations. The reSUIting modulational instabilities can bQ/\/e thus have a Se'f-consistent picture Of the Creation Of den_
responsible for t_he fo_rmation .of localized UH envelope_soli—sity striations by the UH waves, contrary to the preexisting
tons, accompanied with density humps or dips depending Ogensity striations assumed in previous investigations.

the group dispersion of the UH wave. _ Let us consider the nonlinear propagation of

However, in a collisional magnetoplasma, there is a therg o ostatic UH waves in an electron-ion plasma which
mal nonlinearity associated with the electron Joule heatin? i ) N
[12] in the UH electric field. The electron heating causes’> Immersed in an external magnetic fieli§z, where B,
electron temperature fluctuations which are coupled with thés the magnitude of the external magnetic field, arid the

plasma density perturbations. When the modulation freunit vector along the axis. The UH wave electric field is
quency is smaller than the electron-ion collision frequencyg = (E, x+E,z)exp(k-r —iwt), where the subscripts and

the electron Joule heating nonlinearity dominates over the stand for the perpendicular and paralie 2) components
ponderomotive force nonlinearity. The Joule heating is On‘?espectively The frequencys and the wave vectork '
of the candidates for the creation of striatidds$] via the ~ 2 .

(=k, x+k,2) are, ifk,<k, , related by

combined action of Joule heating and the oscillating two
stream instabilityf 14,15, or via self-focusing of electromag-
netic waves combined with the trapping of upper-hybrid

waves and Joule heating.6—18. StrigtFi)on% are mportgnt w’=wj+3akivi,— (KK [(wpewgd/wi], (1)

for the interaction of magnetized space plasmas with electro-

magnetic wave$19-21.

In this Brief Report, we consider the amplitude modula-Wherewf; = ).+ w?., wpe is the electron plasma frequency,
tion of a large amplitude UH wave by dispersive magneto-w.. is the electron gyrofrequencyyz(1—3w§e/w§e)*1,
acoustic waves, taking into account the combined effects of .= (T./m.)"? is the electron thermal speeeljs the mag-
the UH wave ponderomotive force and the differential elecitude of the electron charge), is the electron masg,. is
tron Joule heating on the magnetoacoustic wave motions. Wie electron temperature, ardis the speed of light in
derive a coupled system of equations which exhibit nonlineavacuum.

The nonlinear interaction between the UH waves and low-
frequency(in comparison withwy) magnetoacoustic waves
*Also at the Department of Plasma Physics, Untgversity,  in magnetized plasmas leads to an envelope of waves, which
SE-90187 UmeaSweden. is governed by
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and compressional magnetic field perturbations associated < V10107 a0y,
with dispersive magnetoacoustic perturbations, s the . Ve=0.210" 0,

unperturbed electron number density. For completeness we 0 001 0.02 0.03 0.04 0.05

have also introduced the phenomenological damping opera- Kip

tor I',, to account for the damping of the UH wave due to  FIG. 1. The growth rate (upper pangland real frequenc{g,

collisions. (lower panel as a function of the wave numbk the electric field
The UH wave envelope exerts a low-frequency ponderohas initial wave number 0.005' and amplitude E,

motive force on the dispersive magnetoacoustic waves. This 0.041y16mny(Te+T;).

ponderomotive force of the UH waves acts mainly on the

electron fluid, but is transmitted to the ions via the electro-wherev,, is determined from

magnetic fields of the magnetoacoustic waves. The electron _

ponderomotive force is (Gt ve)uey=—(8/Me) Byt wee,. (10

Fe=—mo(Vl - VVihY=F, +F.2 (3)  They component of the dispersive magnetoacoustic wave

electric field is found from Faraday’s law
where VY is the electron quiver velocity in the UH wave E—_c15B 11
electric field and the angular bracket denotes averaging over IHEy=—C "iB1. (11)

the UH wave period (2/ . We have[2 . .
wav Fi lod (/o) vel2] We note that in a quasineutral plasma, xmponent of

2 2 4 4 2 . ) L .
Fe,=—(e /4me)(“’H0/“’p0)VL|EL| (4)  the electron and ion fluid velocities involved in the magne-
toacoustic waves are equal, whilg,=0. Equation(7) has
5 ) ) been obtained by adding the component of the ion and
Fer=—[€°/(4mewy0)19,|E |°. (5  inertialess electron momentum equations. This equation in-
i cludes the sum of the electron and ion temperature perturba-
~We shall now present the relevant equations for onetions T, and the UH ponderomotive fordghe last term on
dimensional magnetoacoustic waves in the presence of thge right-hand side The right-hand side in Eq@8) is the
UH ponderomotive force and the differential electron Joulegjtferential electron Joule heating in the UH wave electric
heating in the UH wave electric field, considering wavefie|q, we have assumed here that the magnetoacoustic wave
prc_)pagatlon along th_& axis in a quasineutral plasma,_ and frequency is much larger thaﬂ’bl)ﬂﬂﬂ and Vipi2|‘9§|! where
using standard notations where, for exampig(~ne1) IS "y s the electron(ion) gyroradius. The electron-ion
Fhe ion densny perturbation ang is thex component of thg (ion-ion) collision frequency is denoted by, (»;).
ion fluid velocity. We then have the ion continuity equation Combining Eqs(9)—(11), we have

and

dN1+Ngdxv=0, (6) ~ ~
IN=[d(1=\g5) — vehgdx]B, (12
the ion momentum equation
B Bo TetT; 1 whereN=n, /n, andB=B,/B,. Equation(12) shows that
Iux=— 4nom, IxB1~ NoM; IxN1— ﬁiﬁle the frozen-in-field relation is broken due to the finite electron
inertial effect in EqQ.(10). Here, A¢=Cl/wyg is the electron
e? wﬁo 5 skin depth. Hence, our governing equations are
- — OxELI% @) ) ) )
AMeM; o7 . - Ule pm  @po mrm  @gom
(0 + T ptvgd) E+ JgE— =——NE— BE=0,
i 20no 2o WHo
the energy equation (13)
T+ T ve of ~ - - =
30T — ——am=;———|E[Z  (® (9~ C2HN-VAB-CIT=CIAE? (14
no 47Tn0 wpo
, and
and they component of Ampere’s law
9xB1=(47/C)NgEV ey, 9) aT—(9NI3)=(4ve/3)|E|?, (15
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FIG. 2. (Color) The time development of the density (upper left pang| the wave number spectrutapper right paneg| the high-
frequency electric fieldlower left pane), and the fastest growing wave mo@ewer right panel, the electric field has initially the wave

number 0.00%,* and amplitudeE , ;= 0.041y/16mNo(Te+T;).

where T=T,/(Te+T), E=(who/wpo)E, /
\! 1647”0(T3+Ti), C,= [(Te+Ti)/mi]1/21 and Va
= Bol\ 4’7Tn0mi.

Equations(13)—(15) together with Eq.(12) are general-

where  X=1+KAZ(1+iv./Q), 02 =(4/3)K?C2
+K2VZIX, W=E? )/167n(T+T;), andD. =+ 2wy(Q
—KvgT ), with 6=3K*v}al2wyoTivyn, where vy, is
the Fourier transformed damping operaioy,. Equation

ized Zakharov equations for a collisional magnetoplasma(16), which generalizes the corresponding dispersion relation
They govern the dynamics of nonlinearly coupled UH andof Ref.[23], can be rewritten as

dispersive magnetoacoustic modes.

Following the standard procedur22], we now derive the
nonlinear dispersion relation for investigating modulational
pump
E, gexp(—imgt+ikgX)+ complex conjugate. Thus, we de-
composeE as a sum of the pump and the two UH sidebands

instabilites of a constant amplitude UH

(w+ ,ky+), Wwherew.=Q=*wqy andk,. =K=*Kk,y. The fre-

(%= 02)[(Q—Kuvgyp)?— 6%]
2

ZwCO
1+ 2w, 17
wpoX

4y,

1+|39

= wydK2C2

We have solved the dispersion relati@’) numerically

_ -1
quency and the wave number of the magnetoacoustic wa/@" the wave numbek,,=0.005r", the pump strength
are denoted by) and K, respectively. We then find from E.o=0.041y167no(Te+T;), and for the three different col-

Egs.(13) to (15) that

02— 02 = w? K3C?2

_4ve) 2w w
1+iga || 1+ —— —,
30 ( wf)ox +2— D.

(16)

lision frequenciesve=0.2X10 *wpg, ve=1.0x10 > wpy,
andv=5X10""wp; see Fig. 1. Herep (=vie/wyo) is the
electron Debye radius. We used the ion to electron mass ratio
m; /my=29500 valid for oxygen atoms and the ion to elec-
tron temperature ratid; /T.=0.5. The electron temperature
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L oos ‘ ‘ ‘ , ‘ ‘ pear atKrp~0.01, which was predicted from the linear

g Electric field s di i i

S ol ectric fie ] anal_yS|s displayed in the upper panel of Fig. 1, Whe_re the
= osl | maximum growth ratey/ w,,~0.71X 10" ° agrees well with

c . M ‘ , ‘ the growth rate of the fastest growing mode obtained in the
W' 52(104 1000 2000 3000 4000 5000 6000 Xy numerical simulation, displayed in the lower right panel of

Density Fig. 2. After timet=1.2X 10%,;01, the exponential growth

: saturates and the density fluctuations and electric field enve-
B ‘ lopes become localized to an equidistant “grid,” as can be

n 1/n0

0 1000 2000 3000 4000 5000 6000 i, seen in the left panels of Fig. 2. In Fig. 3, tkelependence
_ o4 Temperature ' ' ' ‘ of the UH electric field envelope, plasma density fluctuation,
Em O_ZJMWU\J\JW\_ and temperature perturbation are displayed at tiine
- =2.5X 10%501. At this time, the solution has reached a fully
% 1000 2000 3000 4000 5000 6000 i, nonlinear stage; large and localized UH electric field enve-

FIG. 3. The electric field, density, and temperature at time Ippe amplitudes are Correlat_ed with localized densiFy deple-
—25x 10%;01, as a function of, forming a “grid” of standing tions and tempergture maxima; see the upper, middle and
solitary wave solutions. lower panels of Fig. 3, respectively.

In summary, we have considered the nonlinear propaga-
T is 1500 K. The ratio between the electron gyro and election of large amplitude UH electrostatic waves in a colli-
tron plasma frequencies is 0.25. Thus the UH wave fresional magnetoplasma. It is shown that the nonlinear cou-
quency is much larger than,,,, thereby neglecting the col- pling between the UH waves and dispersive magnetoacoustic
lisional damping effect on the UH wave envelope. The abovévaves generates an envelope of UH waves whose dynamics
parameters are representative of the Earth'=egion. One g governed by the Schdinger equatior(13). The pondero-
can segupper panelthat the instability with the maximum motive and thermal forces of the UH wave envelope rein-
growth rate y at the wave number2k,,=0.01r5" in-  forces the plasma density, compressional magnetic field, and
creases strongly with increasing collision frequency. For thesjectron temperature perturbations. We thus have a self-
same wave number, the real part of the frequency is small&fonsistent description of the nonlinear interaction between
or of the same order as the growth rate; thus these modes Cgi UH and driven magnetoacoustic perturbations in a colli-
be regarded as almost purely growing with wave numbergjona| magnetoplasma. Our derived mode coupling equations
twice the pump wave numbers. __have been employed for investigating modulational instabili-

In order to assess the results and tq go beyond the “ne@ires as well as UH envelope solitons consisting of localized
ar_1a|y5|s of the system, we solved _the time-dependent 9eN&IH wave envelopes and localized density and temperature
alized Zaﬁ)\arov systerfil2)—~(15) directly for the caseve  poryrhations. These perturbations were found to be spaced
=1.0x10 ®wp, with a constant-envelope initial condition it 5 gistance approximately half the wavelength of the
on the UH wave electric fieldE.—o=Eo With Eio  pymp upper-hybrid wave. The present analytical and simula-
=0.041y16mno(Te+Ti). The numerical results are dis- tion results should help to understand the nonlinear phenom-
played in Figs. 2 and 3. In the left upper and lower panels ong that are introduced by large amplitude UH waves in the
Fig. 2, respectively, the density and electric field envelopes region of the Earth’s ionosphere where meter scale size

are shown. In order to study the evolution of the wave Nnumqyensity striations and temperature filaments are frequently
ber spectrum, the density was Fourier transformexispace  gpserved13].

and the time-dependent amplitude of the Fourier components

are depicted in the right upper panel of Fig. 2. The time- This work was partially supported by the Deutsche Fors-
dependent amplitude of the fastest growing wave mode ishungsgemeinschaft through the Sonderforschungsbereich
exhibited in the lower right panel of Fig. 2. From the upper591 as well as by the Swedish Research Council through
right panel, one can see that the fastest growing waves agsontract No. 621-2001-2274.
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