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We present a coherent nonlinear theory of three-wave coupling involving Langmuir, kinetic Alfvén and whistler
waves. Theinitial stage of the energy exchange among these modes and the following nonlinear temporal dynamics are
studied. The role of pump depletion, dissipation and frequency mismatch in the nonlinear wave dynamics is analyzed.
Depending on the relative damping rates of the waves, the initial Langmuir waves can be nonlinearly transformed either
into whistlers, or into KAWSs. The theory is applied to the Langmuir waves excited by electron beams in a diluted solar
corona where the local electron-cyclotron frequency is higher than thelocal eectron plasma frequency.
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1. INTRODUCTION

The nonlinear wave-wave interactions involving
electron-beam driven Langmuir wave have been widely
studied in context of generation mechanisms for the solar
radio bursts. Large amplitude Langmuir waves can
generate radio emission by nonlinear coupling to low-
frequency MHD waves such as ion sound wave, whistler
and shear Alfvén waves [1, 2]. We present here another
relevant nonlinear parametric process for beam-driven
Langmuir waves (L) in the solar corona, namely their
decay into whistler (W) and kinetic Alfvén wave (KAW).

Linear theory of parametric ingtability for
LDKAW+W has been investigated by Voitenko et al.
2003 [3]. In the linear theory the pump amplitude is
assumed constant. In this paper we develop a coherent
nonlinear theory of the process LDKAW+W, taking into
consideration the effect of pump depletion. In addition,
the roles played by dissipation and frequency mismatch in
the nonlinear wave dynamics are analyzed numerically.

2. COUPLED WAVE EQUATIONS
FOR LDKAW+W

We treat the nonlinear parametric coupling of three
waves. an obligue pump Langmuir wave with

frequencyw, and wave vector k_={k_;0;k_} ; whistler
wave with frequency w,, and wave vector I'<W ={00;Kk,,}
and a kinetic Alfvén wave with frequencyw, and wave

vector l'<A ={k,:0k,} with k, >>k, . For a three-

wave coupling, the following resonant conditions should
be satisfied: L

W » W, +W,; kL:kW+kA' (1)
The resonant condition can be easily satisfied only when
the loca electron plasma frequency is smaller than the
local electron-cyclotron frequency (w,, <W,), as we

choose in our plasma model.

We adopt the two-fluid plasma description. The nonlinear
system of coupled wave equations governing the three-
wave process LDKAW+W is given by
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Here n, electron damping, the disperson function for the
KAW K determines the wave phase velocity

K=,0+m)/{l+c ),

and the dispersve variables for the KAW are
m =k2rZ c,=k:d’  whee r =V, /W
c.=c/w,; here Vi V, and c are dow wave velocity,

Alfvén velocity and velocity of light respectively.

The coupling coefficients for the kinetic Alfvén and
whistler wave and their detail derivation are given in [3].
The nonlinear dispersion equation for the pump Langmuir
wave can be derived using the Poisson's law and
continuity equation. The coupling coefficient for the
electrostatic Langmuir wave is given by
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3. INITIAL STAGE OF THE DECAY

The initid stage of the parametric decay process
LDKAW+W with the Langmuir wave acting as the pump
is governed by IEqs $2), Iassuming
E, =congant and |E |>> E,|. The rate of the

exponential growth (growth rate), written in non-
dimensiona formis:

N aw=0,

gNL - |= 2 BC W
W, {4 b’(27(z- b +b)z -
where
2
W, = Bl goXiz 2z .0
4n,T, " YT gb{lym)
C=X?- sAb—3VTeb2'—3ZZKz.
MV, =z

Here f =w, /W, M =m /m,.

The dependence of the nonlinear growth rate on the
wavenumbers of the Langmuir waves for antiparallel
propagating KAWSs (sx=-1) is found numericaly for
typica corona parameters (see Fig. 1 and [3] for the
details).

Fig.1. Nonlinear growth rate of the decay LDKAW+W.
The normalized Langmuir wave energy is W =10,
Parameter b=1.04(solid line); 1.1(dash line)
and 1.4(dot line)

The nonlinear growth rate strongly increases with
perpendicular wavenumber of the KA/Langmuir wave
and criticaly depends on the parameter b in range

k.l >0.01 itislarger for b> 1, but quickly decreases

LZ" De

with increasing b. So, the general tendency is that the
faster electron beamsin b>1 regions are most efficient for
producing of LAW events. However, even in the region
where b deviates significantly from 1, the decay is fast
when the paralel wavenumbers of Langmuir wave are
reduced. The reducing of the parallel wavenumbers can
occur due to the density variations along magnetic field
lines and/or to the presence of low-frequency waves.

4. NONLINEAR TEMPORAL DYNAMICS
OF THE COUPLED MODES

We now take into account the effect of pump
depletion and study the nonlinear tempora behavior of
Egs. (2). Following the same steps as in [4] we get the
dynamical system for the process LDKAW+W:
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here the amplitude F, and phase j , arerea variables in
adopted polar representation 2,=h_ F."? expij ,, t =wgt,

d=D/w,, n!=nw, /W,1,D), j=j.jajw The
normalization parameters hL Aw aregiven by
aIW D,1, DA 0 aIWDL‘ﬂW DA 0
g CwCia 5 g GinCrw 5
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where D=w,_- w, - w,, is the frequency mismatch. In
nondissipative case with perfect frequency matching
(d=0) the solution of system (3) has periodic wavetrain
form, therefore the decay process LDKAW-+W represents
periodic conversion of the energy of Langmuir pump
wave into the energy of kinetic Alfvén and whistler wave.
The finite frequency mismatch (d0) diminishes the
efficiency of energy transfer.
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Fig.2. Nonlinear waveforms for the case of dissipative
waves (n, =0.01, n| =0.04, n;, =0.07) with finite
frequency mismatch (d=0.01); wg=1 s
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a complete conversion of the initial Langmuir wave into

0 R whistler (or into KAW for smaler ratio of the
KAW/whistler damping rates). The results are applied to
the beam-driven Langmuir waves deduced from the
: : observations. Our study suggests that the nonlinear decay
0.08r. kAW of Langmuir wave energy into KAWSs and whistlers can
"""" w provide an efficient sink for low-dispersive Langmuir
] waves excited by fast dectron beams in the solar corona
when the electron plasma frequency is lower than the
. electron gyrofrequency. Such conditions can be satisfied
in the thin (~10km) underdense filaments guided by
. magnetic filed lines which are connected to the low-
‘ {liggdui: M temperature patches at the corond base. At t.hesametime,
I this nonlinear process may play a role dso in the aurora
T zone of the Earth’ s magnetosphere, where Langmuir-Alfvén-

Fig.3. Nonlinear waveforms for the case of dissipative ~ Whistler events areregistered in-situ by satellites [5].
waves (n}, =0.02,n/ »1.2 10° n/, »2.1" 10°) with finite
frequency mismatch (d=0.1); we,=W,=3.3" 10*s*
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wave. By accounting for the finite wave damping we find

HEJIMHEWHOE 3ATYXAHME JEHI'MIOPOBCKHX BOJIH BCJIEJCTBHUE
JIEHI'MIOP-AJIb®BEH-BUCTJIEP B3AUMOJENUCTBHSA B COITHEYHOU KOPOHE

E.K. Cupenxo, IO.M. Boiimenko, M. I'yccenc, A.C.-JI. Yuan

[IpencraBneHa korepeHTHas HEIMHEWHAs TEOPHsI TPEXBOIHOBOIO B3aUMOJICHCTBUS JICHTMIOPOBCKOM, KUHETUYECKOM
anb()BEHOBCKOM BONMH M BHcTiIepa. V3yueHa HawanmbpHAs CTaausl SHEProoOMEHa MEXAY JAHHBIMH BOJIHAMH M €T0
MOCIIeAyIoNIas BpeMeHHasl TUHaMUKa. [IpoaHann3upoBaHO BIMSIHUE U3MEHEHUS aMIUTUTY bl BOJTHBI HAKAYKH, BIVSHNE
JICCUINAIMM W YacTOTHOTO CABHWIa HAa HEIWHEHHYIO BOJHOBYIO IMHAMHKY. B 3aBHCHMOCTH OT OTHOCHTEIBHOTO
3aTyXaHHs BOJIH HAa4aJIbHBIE JIETMIOPOBCKHE BOJIHBI MOTYT OBITh HEIMHEWHO TPaHC(HOPMHUPOBAHBI MM B BUCTIIEPHI, HIH
B KHHETHYECKHE alb()BEHOBCKHWE BOJHBL Pe3ymbTaThl TEOpHUH NPHUMEHEHBI JUIS JICHTMIOPOBCKOM BOJIHBI, KOTOpas
BO30YXIaeTcsi JIICKTPOHHBIM ITy4KOM B pa3peXEeHHOW KOPOHAIBHOW IUIa3Me, TI/ie JIOKaJbHAs 3JIEKTPOHHO-
UKJIOTPOHHASI YaCTOTA OOJBIIIE, YEeM JIOKAIbHAs SIEKTPOHHAS TIa3MEHHAas 9acToTa.

HEJITHIAHE 3ATYXAHHA JEHI'MIOPIBCbKUX XBIJIb BHACJIIIOK
JIEHI'MIOP-AJIb®BEH-BICTJIEP B3AEMO/III B COHAYHIN KOPOHI

O.K. Cipenko, IO.M. Boitmenko, M. I'yccenc, A.C.-JI. Hian

[IpencraBnena KorepeHTHA HETIHIMHHY TEOpis TPUXBIUIBOBOI B3a€MOZl, IO BKJIIOYAE JICHTMIOPIBCHKY, KIHETUUHY
anb(BEHIBCEKY XBWIII Ta BicTiiep. BuBueHa mowyaTkoBa CTaisl eHEPTETHYHOTO OOMiHY MiXK JaHWMH XBHJISIMH Ta HOTO
HACTYIIHa dYacoBa OWHaMika. [IpoaHami30BaHO BIUTMB 3MIHM aMIDIITYIHd XBWJII HAaKadyKd, BIUIMB AWCCHUINAIN] Ta
YaCTOTHOT'O 3CYBY Ha HEINIHIHY XBHJIHOBY AWHAMIiKy. B 3ameHOCTi BiJl BIJHOCHOTO 3aTyXaHHS XBIJIb, TOYATKOBI
JICHTMIOPIBCHKI XBHIJII MOXYTh OyTH HENiHiITHO TpaHchopMoBaHi ad0 B BicTIIepH, a00 B KiHETHYHI aiTb()BEHIBCHKi XBHUITI.
PesynmeTati TEopii 3acTocoBaHi IS IEHTMIOPIBCHKUX XBHIIB, IO 30YIKYIOTBCS €NEKTPOHHUM ITYYKOM B PO3PiIKEHiH
KOpOHAJBbHIA IIIa3Mi, I JIOKalbHA eNEeKTPOHHO-IIMKIOTPOHHA YacTOTa Oiblla 3a JIOKAJbHY EJCKTPOHHY IIa3MOBY
YacToTy.
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