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Abstract. A theoretical and numerical model is presented 1998; Thejappa and MacDowall, 1998; Moullard et al., 1998,
which describes the nonlinear interaction of lower hybrid 2001) and in wave-particle processes occurring in the auro-
waves with a non-equilibrium electron distribution function ral ionosphere (Ergun et al., 1993; Muschietti et al., 1997)
in a magnetized plasma. The paper presents some relevant in the terrestrial electron foreshock, for example (Hoppe
examples of numerical simulations which show the nonlin-et al., 1982; Zhang et al., 1999). Many questions deserve
ear evolution of a set of three waves interacting at variousup to now to be raised concerning the generation mecha-
resonance velocities with a flux of electrons presenting somaisms of the observed waves, the processes that govern the
anisotropy in the parallel velocity distribution (suprathermal high-energy fluxes’ evolution and the role of nonlinear wave-
tail); in particular, the case when the interactions betweerparticle and wave-wave interactions. The study presented
the waves are neglected (for sufficiently small waves’ am-here, which models the interaction of a set of waves with
plitudes) is compared to the case when the three waves fola non-equilibrium electron velocity distribution in a magne-
low a resonant decay process. A competition between excitized plasma, contributes to clarify what mechanisms should
tation (due to the fan instability with tail electrons or to the to be taken into account or should be neglected for a correct
bump-in-tail instability at the Landau resonances) and damp-description of physical situations as those cited above.

ing processes (involving bulk electrons at the Landau reso- In order to study the nonlinear interaction of such waves
nances) takes place for each wave, depending on the strengitith electron beams and fluxes, two approaches have been
of the wave-wave coupling, on the linear growth rates of themainly considered up to now in the literature (e.g. O’Neil
waves and on the modifications of the particles’ distributionet al., 1971; Shapiro and Shevchenko, 1968, 1971; Matsi-
resulting from the linear and nonlinear wave-particle interac-borko et al., 1972, 1973; Kovalenko, 1983; Pivovarov et al.,
tions. It is shown that the energy carried by the suprathermall 995 \olokitin and Krafft, 2000, 2001a, 2001b, 2004; Krafft
electron tail is more effectively transfered to lower energy et al., 2000; Krafft and Volokitin, 2002, 2003a): first, the

electrons in the presence of wave-wave interactions. study of the instability and the saturation processes of a sin-
Key words. Space plasma physics (wave-particle interac-gle monochromati_c wave (V\_/hich can_be used for the model-
tions, waves and instabilities, wave-wave interactions) ing of some experimental situations in laboratory), and sec-

ond, the evolution of a wide spectrum of waves at the stage
when the turbulence is well developed. However, the inter-

mediate case, when only a few wave modes are governing
the nonlinear processes through their mutual interaction and
their interaction with the particles, has also to be considered

Lower hybnd and whistler waves have _been currently Ob'forthe adequate modeling of some space plasma phenomena.
served in space plasmas as the terrestrial magnetosphere or

the solar wind. Moreover, several in-situ measurements have We present in this papera theqretical ‘."md numerical merI
evidenced their presence simultaneously with supratherma‘f"hICh de_.:,ﬁnbes tTE nonllmftlaar mte;acltlort] of Iowerdhybrld
fluxes or beams of electrons; for example, they are believe aves with suprathermal fluxes ot electrons, and, more
to play a role in solar type lll radio bursts (Lin et al., 1981 generally, which allows one to consider various physical
1986, 1998: Kellogg et al., 1992a, 1992b: Reine’r ot aI’ situations involving the interaction of waves with a non-

1992; Stone et al., 1995; Thejappa et al., 1995; Ergun et al’equilibrium electron distribution function. This Hamiltonian
’ ’ ’ B ’ ‘Self-consistent model is based on a semi-analytical approach

Correspondence toC. Krafft and provides an efficient and original tool to study the vari-
(catherine.krafft@pgp.u-psud.fr) ous features of the wave-particle and wave-wave interactions.

1 Introduction
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Indeed, the analytical treatment performed to obtain the powhere w,, wp;, w. andw, are the lower hybrid, the ion
tential evolution as a simple linear differential equation leadsplasma, the electron cyclotron and the electron plasma fre-
eventually to a crucial decrease in the computing time and tajuencies, respectively) under the influence of a beam or a
evidence clear and interpretable physical results. Moreoverflux of suprathermal electrons of density in a background
this approach allows one to present the wave-particle systermagnetized plasma (the ambient magnetic field is uniform
in a Hamiltonian form and thus to use symplectic methodsand directed along the z axiBp=Boz) is given by (Volok-

for the fields’ evolution and the particle’s motion numerical itin and Krafft, 2001a, Krafft and Volokitin, 2002)
calculations.

. . 2 2 2 2
Lower hybrid waves can be driven unstable by the pres- 9 “p\ v2 20% 9
. , Y 5|1+ =5 | Vo + 0, — = —Sdmeny, (1)
ence of some anisotropy in the electron velocity distribu- 91 w5 9z ot

tion along the ambient magnetic field, as it was first dis-
cussed in the frame of thermonuclear fusion by Kadomtsewith ny=n;, [ fi (v, r,1)d3v; f; (v, r, 1) is the distribution
and Pogutse (1967): this so-called “fan instability”, where function of the suprathermal electron populatieni ., z)
energetic electrons interact with the wave at the anomais the coordinate and (v, v;) is the velocity;—e<0 is the
lous cyclotron resonance, does not require any positive slopélectron charge. Equation (1), which can be derived from the
in the suprathermal electron tail (Shapiro and ShevchenkoPoisson, the fluid and the continuity equations, allows one to
1968; Haber et al., 1978). Its threshold is overcome if Obtain the dispersion relation of the electrostatic lower hybrid
the number of electrons giving energy to the wave interactyayes %Z’z«l): that is
ing at the anomalous cyclotron resonance exceeds the num-
ber of electrons taking energy from the wave at the Landau,,2 k2 w?
o i’ P
and the normal cyclotron resonances (Mikhailovskii, 1974; > w2 kzm
Omelchenko et al., 1994; Krafft and Volokitin, 2003b). This °
instability is worth being studied in the frame of our model, where k(k;,k,) is the wave vector. The ions form
when one given wave is simultaneously involved in severala motionless neutralizing background and their dynam-
resonant interaction processes; for example, a wave exciteits is not essential in the range of frequencies con-
by the fan instability through its interaction with some tail sidered. = Assuming that the wave-particle interactions
electrons at the anomalous cyclotron resonance can be sare relatively weak and that the lower hybrid wave po-
multaneously damped at the Landau resonance (interactiotential ¢ can be presented as the sum of waves with
with the thermal bulk electrons) and at the normal cyclotronpotential amplitudesg, slowly varying along z, that
resonance (interaction with a very small amount of electronss ¢ (r |, z, 1) =Re) ", ¢k (z, 1) exp(ik;z+ik | - ri—iwgt)
of negative parallel velocity). This competition between ex- (it is assumed that the plasma and the electron flux are ho-
citation and damping processes, which takes place for eacimogeneous along the direction perpendicular to the ambient
wave, can lead in the nonlinear stage to new physical effectsnagnetic field), we obtain in Fourier presentation
when considering a set of several waves: for example, if a ) )
wave is stable in the linear stage, it can become unstable durd?k v 173 _ iwg Aenpwy; @)
ing the nonlinear evolution as a result of the modification of 9t~ * 9z k? w?+ w3
the particles’ velocity distribution functions through the ac-
tion of the other waves. Moreover, the wave-wave couplin derdz [ 5
can enhance the interaction between the waves and thé)pa?|</L L2 fd vexp(—ikez —iky 1o +iokt) fi (v, t)>
cles.
This paper presents some relevant examples of numerical Which gives, for a plasma and a flux homogeneous atong

simulations showing the nonlinear evolution of a set of three8 . 2

- : . o  logdrenpw
waves interacting at various resonances (Landau, anomaloug— ~ —————
and normal cyclotron) with a flux of electrons which presents ke oz + op
some anisotropy in the parallel velocity distribution; in par-

ticular, the case when the interactions between the waves ar<e/d rdz /d3v exp(—ikyz —iky -r1 +iwkt) fr (v, 7, ,)>

©)

neglected (for sufficiently small waves’ amplitudes) is com- \J L L2
pared to the case when the three waves follow a resonant
decay process. whereu,,— whwik;

kzwk(a)§+w],>
L, and L, are the spatial periods in the parallel and the
perpendicular directions, respectively. The nonlinear terms
corresponding to wave-wave coupling (neglected in Eq (2))
will be examined in detail below. The averagm)gef T
is performed on a wave peridl=2r7/w. Moreover, using

1/2 the conservation of the phase space volume along the par-

quencyw (in the rangev;,=w i/ (w? + wlz,) Lw=w:, ticles' trajectories, one can express Eq. (2) as a function of

6“’" is the parallel group velocity;

2 Nonlinear model for lower hybrid wave-particle inter-
action

The equation describing the evolution of the potential.
o(ry,z,t) of an electrostatic lower hybrid wave of fre-
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the total number of macro-particlés inside the box of vol-  and noting that
umeL,L?, whereL,=27/k.minandL  =27/k min (kzmin

L H
andk, min) are the minimum values of the parallel and the _¢ Zexp(iwkt —ik - rp) = a—f, (11)
perpendicular wave numbers, respectively), with the help of 2 p Iy
d2rd 1N the Eq. (5) can be presented as
f radaz /d3vfh (v’ r, t) - — Z’ N = nbLZLi’ (4) . .
LzL2 N “— dCy . ie exp(—iwgt)
L p=1 — = =i Cf + 7 ———
. . . ot w2+w? k2
Note that, as shown by our numerical simulations (see be- LiLZ 8
low and Volokitin and Krafft, 2004), the operation of time av- ke
eraging() can be omitted without any violation of the model ' ' OH
validity. Finally, one obtains the nonlinear evolution of the ZeXp(’wkt —ik-r,) = Yok (12)
potential amplitude (2) in the form k
9 ( eQk ) with
ot \mevZ H = H, + Ho,
; 2
Nza)ka) w? np 1 w+wk2
2l kzczno N Zexp =inp). ®)  Ho= Zwk ICil? =17 L, Z 2T <ka ; (13)

wheren, =k zp+k1 -r 1 p—wit isthe phase of the particle  \yhere Hy is the energy of the free waves in the volume
located at the position, (r 1 , z, 1); v is the normalization LiLz-

velocity andm, is the electron massi is the background
plasma density.
The motion of the electrons in the wave fields is described3 Wave-wave interaction terms

by
The wave-wave interactions can be included in the pre-

d_r =, @Jrv X Wp = ivq, sented model by adding to the Hamiltonian (13) some
dt dt me term describing the coupling between the waves; for
ie a three-wave resonant process with matching conditions
= m_ReZ koy (1) exp(ikz +iky -rp —iwgt), (6) k(k 1 k)=ky(ki1,k;1)+ko(k12,k;2) and wg=wg, +wk,, it
¢ k can be written in the following form
where wc_@zwc Bo (all nonlinearities are kept _ 1
in the motion EqB (6)) Note that the Egs.(5)—(6) "= \/ﬁk kX:k Vickiko C Cha Cip + .-, (14)
have a Hamiltonian structure. Indeed, introduc- e

ing the generalized impulse of the particlp as  here the wave-wave interaction matrix elemepg,, sat-
pp=mev,—eBo(z x 1)) [c=me (vy—wcxry), EQ. (6) isfies to some rules of symmetry. For the case of lower hybrid

can be expressed as follows waves, the calculations give
ap oH . : . 1
a_tp = —# = eReZ ikoy exp(zk crp— la)kt) , (M _ (87 wky k) /2 a)f,a)? e
P X Vikiky = — 3238
kkikaw? (02 +3) "M
or, OH ke m T
—L =Py, (8) , ) )
ot 3pp kz kzlkz2 + klkszZ kzkzkzl kz1k12 (k1 -ki2)
with Ok Ok, WEOk, W50k wZwg,
Hp = ; Phake b ki | 1

WEWE, e

2\ 12 _ ;2
2 k. (ka ko w2\ k2 —k
Py t+eAjc ) ) Zzof 22 22 1+ 222 "2 (k1 x ko) - 15
|:—( P > ) - Rez eprexp(ik -r, — zwkt):| . 9 |Za)k Wkl W2 L G w?] o3 (k1> k) -2 (15)
e k
wherek, k; andky, are the moduli of the wave vectaks k1
andk,. Using the normal amplitudes, the full equations for
the waves are given by
dCy .O0H
—_— = = =
ot ICy

whereA is the vector potential (heré x A=Bg). Then, in-
troducing the normal wave amplitudes as

2+ 2 k
Ce(t) = /L, L2 —-F
WEw

— (1) exp(—iwgt) , (10) —iwrCi

8r
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+i_e 1 i ox (—ik oy ) (that is,vg= (w—mw,) / k; for m=0, m=1 andm=-1, re-
2 5, e 2 o P p spectively). Indeed, we consider a lower hybrid wave)
L1L, a')kwgl & which is excited by the fan instability and decays resonantly

in two other lower hybrid waveskq, wg,) and &2, wg,),
i whereas satisfying the matching conditiohsk;+k2 and
- ( Z kalkzcklck2> ; (16)  wp=awy,+ax,; each of the three waves can interact with the
LT L, \k=kitko particles at several resonance velocities simultaneously. The

] ] ] following numerical results are presented in a dimensionless
whereas the two other coupled differential equations can bgy,m: the time is normalized by the electron cyclotron pe-

obtained by performing adequate permutations of the Wavgioq r—g.r/2x, the particles’ velocities are measured in
numbers in Eq. (16), according to the symmetry rules. Re-pjts of some typical velocity,, all space coordinates are

turning to the wave potentigl, we obtain normalized by the corresponding Larmor radiugw. and
the normalized wave potentials arey/m.v2. As a result,
d [ ey eQk . . Lok .
= ( 2) +i § 0 Tkyky < 12> the normalized equation of the potentzlal evolution (17) con-
mev nev
eVk k=ly+k> % tains the dimensionless paramepe&%ﬁ—g<l which de-
. c §4
(ﬂ"é) e’(“’k“”"l“”"Z)’) scribes the electron flux intensity. All normalized variables
MeV used below are described by the same notations as the phys-
iop®2 w2 np 1 & ical ones. Let us note that, because we study the interaction
_ p c _b_ o 17 . . o
=T 5732 E exp( lﬂp)a 17) of a wave with electron fluxes in strongly non-equilibrium
wé + w5 kving N 2= . . T ,
p= states, as, for example, with particle distributions of differ-

where the coefficients of interactidh «,, relate to the matrix €Nt perpendicular and parallel temperatures, the typical en-

elementsV «, according to ergy of the plasmg electrons can d_iffer fro_m the thermal
energy; however, in most cases, it is possible to consider
mev2 kiks s w2 + wlz) that it is close to the 9hargctgrlspc energy of_the buII_< elec-
Chik, = > Vikky- (18)  trons. The total velocity distribution function is constituted
ew, k Wf; Wiy 8 w?

by two populations of electrons: the bulk (or the core) and
Due to the Hamiltonian nature of the system, its total energythe tail. In general, for instabilities involving energetic elec-

which coincides with the total Hamiltonian trons, the thermal bulk electrons are non-resonant and do not
N 2 participate directly in the wave-particle interaction, even if

" Z mevy, ReZ eor exp(ik -1, — ia)kt) they influence on the waves through the dielectric tensor; the
=1 2 T b tail involves the suprathermal electrons which can be in cy-

X 5 , 5 Y c!otron resonance with the. waves. Thus, in the numerical
LI?L (wc + w,,) Z || n Z (wc + wp> s_lmulat|ons, in order to point out clearly the wave excita-
L7z w? 8 w? tion mechanisms at work, the bulk electrons are generally
not represented as macro-particles; however, their interac-
kk1k2 Vick 1k, @ Pky Pic i(wk—wkl—wkz)t )} tion with particles can be modeled by taking into account
e +cc. ||, (29)

k=ki+k;

32— — some Landau damping through the introduction of a distri-
(&) OhOka hz bution function in the bulk region. The tail electrons are dis-
and its total impulse tributed uniformly in space within a numerical box of size
[Lx,Ly,L;]=[L,,L,, L,] with periodic boundary condi-
= 2 (wf ‘H"IZJ) k. lkgx|? tions; this box contains a finite number of wavelengths of
P.=Y mevy, +LiL. [ —=2 = (20) , 9
k

= w? wr 8w each wave present in the system. The particle velocity dis-
tributions can model a very wide set of physically interest-
are conserved. ing distributions, ranging in the parallel direction up to sev-

eral tens of thermal velocities. These nonuniform distribu-
tions are loaded using classical methods as the method of
inversion of cumulative distribution functions. The electrons

The first results provided by the numerical simulations based'® distributed in phase space either randomly, or using quiet
on Egs. (5)—(6) (without the wave-wave interaction terms) Start methods, in order to decrease the numerical noise; in the

are presented in Volokitin and Krafft (2004), where differ- latter case, the distributions are sampled using the so-called
ent instabilities of lower hybrid waves driven by suprather- Hémmersiey’s sequence. The normalized first order differ-
mal electron fluxes in a magnetized plasma have been corntial equatlo_n governing the poten.tlal is solved at each time
sidered. In this paper we are mainly interested in studyingSteP Using a finite-difference numerical scheme; the Newton-
the nonlinear stage of the evolution of three waves inter--OT€ntz equations are computed self-consistently owing to
acting with a suprathermal electron flux at the Landau, theth® usual leap-frog method. Itis worth noting that in all cal-
normal and/or the anomalous cyclotron resonance velocitie§Uations the accuracy of the conservation with the time of

4 Numerical simulation results
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Fig. 1. Interaction of three waves with a particle distribution in the presence of a suprathermal tail of electrons extending in the parallel
directionv,>0. The waves’ frequencies and wave vectors are satisfying the matching conditishg+-k, andwy=wy, +wy,; the cou-

pling between the three waves is neglecté). Variation as a function of the normalized time-w.t /27 of the normalized wave energy
densityE,,; (proportional to‘(p,%’) of each of the three waves (each wave is indicated by its normalized frequgriey): the amplitudes

of the second and third Wave@ukl, k) and(a)kz, k»), are negligibly small compared to that of the first ofte); Parallel velocity distri-
bution functionF (v;) at different times:t=0, 334, 525 907. The electron distribution is modeled by a maxwellian in the perpendicular
direction and by a thermal bulk and a suprathermal tail in the parallel direction (see {3x®r The main normalized parameters are the
following: p=0.113 k=(ky, ky, k;)=(0.2,0.15,0.12), k1=(-0.2, —0.2, —0.04), kp=(0.4,0.35,0.16), wi/w=0.411, wy,/w=0.133

Wk, /0c=0.273 Aw/w:~0.005 (frequency mismatch)g (m=0)=3.42, vg1(m=0)=-3.32, vra(m=0)=1.7 (Landaum=0 normalized
resonant velocities for each of the three waveg)yn=—1)=117, vg1(m=—1)=—283, vp2(m=—1)=7.9 (anomalous cyclotrom=—1
resonant velocitiesy g (m=1)=-4.9, vp1(m=(1)=217, vg2(m=1)=—4.5 (normal cyclotronn = 1 resonant velocities)v=50 000.

the total energy and impulse was sufficiently high, as theirwave cannot be resonantly excited and the third wave, which
variations did not exceed 1%. has initially a small negative growth rate, oscillates around

The first example we present concerns the interactiors°Me low noise level. The evolution of the parallel velocity

of three waves with a particle distribution presenting adlstrlbutlonf(vz) 'S prtestla)n'igd n F'géhlb’ showllng the ?F;
suprathermal tail along the parallel direction-0; the nor- pearence of Some perturbation near the anomalous cyciotron

malized parallel velocity, extends up t@;max > 14 (that s, resonant velocity of the first wavag=11.7) which per-

up to several thermal velocities), whereas there are no parti§IStS during all the evolution. Meanwhile, the parallel (resp.,

cles withv, <—5; the parallel and perpendicular velocity dis- perp(]evndiClZJIar) Kinetic er}vergyzof the_particles, _proportional
tribution functions of the thermal electrons are maxwellian. -° 2 UZP/N (resp.,szl UJ—P/N) is decreasing (resp.,

o ep=1 , . T
The three waves satisfy to the matching conditibag+k» increasing), with a net loss of particle kinetic energy (not
and wg=wy, +wi,; however, as a first step, we neglect the

shown here); this is characteristic of the fan instability where
nonlinear wave-wave interaction term in Eq. (17). The first the deceleration of anomalous cyclotron resonant electrons
wave (g, k) (resp., the third waved,, ko)) can interact

allows wave excitation. Note that the Landau damping of
with the particles at the anomalous cyclotron resonance ve-

the first wave atvgp=3.42 is not sufficient enough to sup-
locity vg=117 (resp.,vg2=7.9) and at the Landau reso- press its exgitation atp=117. Mqreover, the thir'd wave
nance velocityg=3.42 (resp.vra=1.7), whereas the sec- (wk,, k2) begins to be weakly excited by the fan instability

ond wave does not verify any resonance conditions with thenearr:?OO, which can be seen on the distribution function

particles of the distribution. Moreover, no interaction can F(v;) where some small peak is appearent nga«7.9 (see,
take place at the normal cyclotron resonances as all the c0|](-o rexample, Fig. 1b for=907).

responding resonant velocities are out of the domain of the The same wave-particle system has been studied when
parallel particles’ velocities{5<v,<14). Figure 1a shows the interactions between the three waves are no longer ne-
the evolution with the normalized time=w.t /27 ofthe nor-  glected in Eq. (17). Figures 2a and b show the variations as a
malized energy densit¥,; (proportional to|go,f|) of each  function of timer of the normalized energy density of each
wave (the normalized frequencies of the three waves aravave, E,, and of the total wave energy densily,, Eyx,
wi/w:=0.411, wg, /w,=0.133 andwyg,/w.=0.273, respec- respectively. In the presence of wave-wave coupling, the
tively). One observes that the first wawey( k) is excited  first wave, excited by the fan instability, exchanges quasi-
by the fan instability and saturates by particle trapping neaperiodically some energy with the two other waves, so that
72100, reaching a level which slowly grows with time (see the periodic decrease of its energy density is accompanied by
also Volokitin and Krafft, 2004). As expected, the second the excitation of the two other waves and inversely (see the
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x10° ®

600 800 1000

Fig. 2. Resonant three-waves decay=f1+k, andwg=wy,+wy,) in the presence of a suprathermal tail of electrons extending in the
parallel directiorv, >0 (wave-wave interaction terms are not neglected). Variation as a function of the normalizeda)oéthe normalized
wave energy densit§,,; of each of the three waves (each wave is indicated by its normalized frequgriey.) and (b) of the total
normalized wave energy densiy, Ex; (c) Parallel velocity distribution functiof (v;) at different times:r=0, 72, 191, 334 477, 105Q

The main normalized parameters and the initial particle distribution functions are the same as in the Fig. 1.

Fig. 2a): the total wave energy is shared between the threeesonance region, see also Volokitin and Krafft, 2004). As
waves according to the interaction coefficients (18). More-shown by the Fig. 2c, where the evolution with the time
over, the saturation stage of the total wave energy densityof the parallel velocity distribution functio# (v,) is pre-
characterized by oscillations around a roughly constant levelsented, the linear stage of the interaction is dominated (see
now involves additional physical processes: the slow growthFig. 2c for t=0, 72) by the excitation of the first wave by
of the saturation level observed previously (see Fig. 1la)the fan instability at the anomalous cyclotron resonance ve-
which could be connected with stochastic processes of wavelocity vg=11.7, which overcomes the Landau damping oc-
particle interactions where the wave eventually gains somesuring atvg=3.42. Nearr~100, the energy gained by the
energy, is strongly reduced when the wave energy is transfirst wave owing to the deceleration of the resonant parti-
fered to other waves (note that the motion of the particlescles atvg=11.7 begins to be shared with the second and the
in a wave field with oscillating amplitude has a complex third waves which are, in turn, excited. Figure 2c fe191

and sometimes chaotic behavior; indeed, the examinatioshows the appearance in the parallel distribution function
of the trajectories of many test particles shows that stochas# (v,) of a perturbation at the anomalous resonance velocity
tic processes of particle trapping and detrapping takes place;g=7.9 (that is, the third wave is excited by the fan insta-
which occur for electrons located near the separatrix of thebility), together with a noticeable modification 6f(v,) near
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x10° (b)

wk

0 200 400 600 800 1000 1200
T

Fig. 3. Interaction of three waves with a particle distribution in the presence of a suprathermal tail of electrons extending in the parallel
directionv;>0. The waves’ frequencies and wave vectors are satisfying to the matching conditions of the three-waves resonant decay:
k=k1+k; andwg=wy, +wi,; the coupling between the three waves is neglec(@.variation as a function of the normalized time

of the normalized wave energy densify,; (proportional to‘gak‘) of each of the three waves (each wave is indicated by its normalized
frequencywy /w¢) and (b) of the total normalized energy densily, E, ;. The electron distribution is modeled by a maxwellian in the
perpendicular direction and by a thermal bulk and a suprathermal tail in the parallel direction. The main normalized parameters are the
following: p=0.0625,k=(ky, ky, k;)=(0.556 —0.111, 0.125), k1=(0.222 0.444, 0.0629, kp=(0.333 —0.556 0.0629, wy /w:=0.211,

W, /0c=0.122, wy,/w:=0.0942 Aw/w.~0.005 (frequency mismatchy g (m=0)=1.7, vg1(m=0)=1.9, vgo(m=0)=1.5 (Landaun=0
normalized resonant velocities for each of the three wavegjm=—1)=9.7, vg1(m=—1=17.9, vgo(m=—1)=17.5 (anomalous cy-
clotronm=-—1 resonant velocitiesy g (m=1)=—6.3, vp1(m=1)=—14, vro(m=1)=-14.5 (normal cyclotronn=1 resonant velocities),
N=100000.

the Landau resonance velocity=1.7 (resonant electrons the second wavew, /w.=0.122) is weakly excited by the
are accelerated by the third wave), indicating that signifi-bump-in-tail instability driven by the small modification of
cant Landau damping occurs (this effect was much weakethe parallel velocity distribution function in the region where
for the previous case when the wave-wave interactions wer¢his wave can interact at the Landau resonance with the parti-
neglected, see Fig. 1b). Thus, the presence of wave coleles. Without this modification, only Landau damping occurs
pling effects enhance the interaction of the waves with theand the second wave could not be excited at all through res-
particles, as shown by the progressive and significant modifionant wave-particle interactions.

cation of the electron distribution functiafi(v,) during the When the wave coupling effects are included in the numer-
time evolution (see Fig. 2c far>191), for example, one can ical calculations (see the Fig. 4b), the maximum and the sat-
see neavrp=1.7 the formation of a plateau (see Fig. 2c for uration level of the total wave energy density remain roughly
7~~191) followed by the appearance of a small peak (see thehe same, as in the previous case, but the redistribution of the
Fig. 2c fort=477) which can, in turn, allow the excitation energy between the waves during the evolution time is quite
of the third wave by the bump-in-tail instability owing to the different. The first wave shares its energy with the two others
presence of a positive slope (indeed, one observes an increatigough nonlinear coupling (one can see in the Fig. 4a sev-
in the saturation level of this wave fe>400, see Fig. 2a). eral clear oscillations with a period of the ordersf~20),

Let us now consider three waves satisfying the match-which leads to a strong modification of the parallel veloc-
ing conditionsk=k1+k> and wg=wy, +wi,, with the first ity distribution in the region where the two daughter waves
wave (g, k) interacting with the particles at two resonance are resonant with the particles (that is, within the domain
velocities, vg=1.7 (Landau) andvg=9.7 (anomalous cy- 1.5Svg<1.9): as aresult, lower energy particles are acceler-
clotron). The second and the third waves are resonant wittated (not shown here). Meanwhile, the variations of the par-
the bulk particles at the Landau resonance velocities1.9 allel and the perpendicular kinetic energies between the ini-
andvg=L1.5, respectively. Initially, the first wave is unstable tja| and the final evolution times, that ia, (Zp 1 vzp/N)
and the two others are damped. Numerical simulations per-
formed without including the wave-wave interaction terms and A (Zp 1”Lp/N): are 4 times larger than when the
in Eq. (17) show that the first wave withy, /w.=0.211 is ex-  wave-wave interactions are neglected, whereas the net loss
cited by the fan instability (see Fig. 3a), whereas the thirdof kinetic energy is roughly the same.
wave’'s amplitudedy, /w.=0.0942) remains very small dur- The nonlinear evolution of a set of three lower hybrid
ing the entire time evolution (compare Figs. 3a and 3b),waves interacting with suprathermal electrons at various
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Fig. 4. Resonant three-waves decay=fk1+ko and wg=wy,+wy,) in the presence of a suprathermal tail of electrons extending in the
parallel directiorv, >0 (wave-wave interaction terms are not neglected). Variation as a function of the normalizedfitagthe normalized
wave energy densitf,,; of each of the three waves (each wave is indicated by its normalized frequgpwy) and(b) the total normalized
wave energy density_; E, . The main normalized parameters and the initial particle distribution functions are the same as in Fig. 3.
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