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Spontaneous emission effects on propagation of nonresonant waves in plasmas in the presence of
resonant fluctuations are studied. It is demonstrated that in closed plasma systems the number of
nonresonant quanta is conserved as an adiabatic invariant. The conservation is due to the vanishing
polarizational contribution that resulted from the symmetry of the system as well as to the balance
of the direct nonlinear coupling and reverse absorption by particle collisions. Energy of the
nonresonant waves as well as their amplitudes may vary with time even when the resonant field
fluctuations are at the thermal level. 896 American |Institute of Physics.
[S1070-664X96)02402-5

I. INTRODUCTION observed®'¥The conservation of the nonresonant quanta

h bl ¢ , ¢ ith a in this case is closely connected with symmetry properties of
The problem of conversion of wave energy with a fre-y,. system leading to the zero polarizational contribuiti,

qluency Vaé'at'ontl's mportsnt ftc))r many I?]b_ortator% ?‘”fhspic s well as with cancellation of the direct nonlinear coupling
plasmas. Recently, there has been much interest in the SUQRY, yne reyerse absorption effect due to the quasilinear evolu-
of a relatively new type of nonlinear wave—wave and wave—,

. . : . o “*="tion of the systenf:®
particle coupling, which can provide amplification of high- Most of the recent studies considered low-frequency
frequency waves in the presence of low-frequency

T - ’resonant turbulence with a sufficiently enhanced level, thus
oscillations.™* In the process, the low-frequency oscilla- . N
tions (w,k) can be in @renkov resonance with plasma par- neglecting the eff(_ects of _spontaneous emission n the pro-
ticles cess. In some earlier studig$}the problem was pointed out,
and the contribution of some terms due to spontaneous ef-
w—k-v=0, (1)  fects was calculated. However, detailed study of the effects
(like that of bremsstrahlung of plasma parti¢feshas not
been done yet. At the same time, interest in the spontaneous
emission in turbulent bremsstrahlung increased recently
Q—-K-v#0, (20 when a possible change of the nonresonant wave energy be-
cause of spontaneous fluctuations of particle distributions
was pointed out®?
Q—ow—(K=k)-v#0, 3 In this paper, we present an investigation of all possible

with plasma particles. There are many examples of sucfgontributions due to spontaneous emission in the evolution
system& including the case of unmagnetized plasma, wher&®f the nonresonant wave amplitude. We demonstrate that
low-frequency ion-acoustic waves are resonant and highsPontaneous fluctuations of plasma particle distributions, and
frequency Langmuir waves are nonresonant. the field fluctuations associated with them, produce polariza-

In the |iterature, the effect of Coup"ng of the nonreso_tional “virtual” fields Which, in turn, affect the interaction of
nant waves, the resonant oscillations, and plasma particld§e nonresonant and resonant waves. In closed plasma sys-
has been referred to as “plasma turbulent bremsstrahfung”tems, when there is no energy exchange with external
or “nonlinear plasma maser™® A similar mechanism can be sources and/or sinks, all the contributions of the spontaneous
also responsible for down-frequency conversion of waveemission terms naturally lead to conservation of the number
energy>? particle heating? and stochastic acceleratibhas  of the nonresonant quanta. We note that a similar conclusion
well as evolution of resonant waves'® was previously made for resonant waves with amplitudes

It has been demonstrated that the plasma maser is mostbyfficiently higher than the thermal level where spontaneous
effective in open systems with external energyeffects are negligiblésee, e.g., Ref.)8As in the latter case,
sources/sinks!’ or in the presence of external fiellldn  the conservation is connected with symmetry of the system,
closed plasma systems without external fields, conservatiowhich results in cancellation of the polarizational contribu-
of the adiabatic invarianfnumber of nonresonant quahia  tion. However, in the situation with low-frequency thermal
fluctuations, the plasma particle collisiof@nd the accompa-
dAlso at the Department of Theory, General Physics Institute, Vavilova 38,nied slow evolution of the averaged particle distribution

Moscow 117942, Russia. Electronic mail: viadimi@physics.usyd.edu.au play the key role in cancellation of the direct coupling term;

while the high-frequency nonresonant wavé€k K) are nei-
ther in the linear resonance.

nor in the scattering resonan@aff the resonant waves
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unlike the case of the high level of resonant wave turbulence . . A
where the quasilinear evolution of the system plays the key  6fp= 5fé0)+j21 st sfVocEl (7)
role.

In closed systems, while the number of the nonresonaritiere, we assume that in the first approximation regular fields
quanta is constant, change of the energy and amplitude of trafe absent, i.e.,
resonant waves should be observed, even in the case of a (E)=0. ®
thermal level of resonant fluctuations. In open plasma sys-
tems, spontaneous particle and field fluctuations can lead tbhe zeroth-order spontaneous term satisfies the equation
change of the nonresonant quanta. 95f0 95f0

In our analysis of the nonstationarity problem, we allow P 1v. P —o. 9
the temporal variation of the nonresonant wave frequency at ar
together with the nonresonant field energy. We note that the  Fyrthermore, following Ref. 19, we divide the pertuba-
frequency variation was also found to be critical in the studytions of the distribution functiorsfd into the partgf:?(j),
of nonlinear evolution of Buneman instabiliy?* while the  \hich is proportional to the zeroth-order regular distribution
nonstationary nature of the field energy plays an importanf,nction ®,, and part&ff,(j), which is proportional to the

role in the quasilinear evolution, e.g., of the ion acoustic,argth-order spontaneous ﬂuctuati(ﬁféo) of particle distri-

4,25 ) :
turbulence’ _ bution. Therefore, for Fourier-components,
The paper is arranged as follows: In Sec. Il, we formu-

late a perturbation theory for random test nonresonant waves
in the presence of electrostatic resonant fluctuations. In Sec.
Il we develop a general nonlinear equation for fields of theWe can easily find the corresponding equations of the pertur-
random nonresonant waves. Effects of nonstationarity of thBation theory,

system are introduced in Sec. IV. In Sec. V we describe a

dispersion relation for the nonresonant wave in the presence . R(1)_ Py

of resonant fluctuations in the nonstationary system. Tempo- w—K-v)dfp) = —eE: op 1D

ral change of the nonresonant wave amplitude, number of 4

quanta, and energy is discussed in Sec. VI. In Sec. VIl we i(@—k-v)sf5{*

Ak=(27-r)*4f A(t,r)expi ot —ik-r)dtdr, (10

comment on the situation where the nonresonant test wave is r P _ P T
nonrandom or regular. Concluding remarks are stated in Sec. =—¢| d®|E, .— 6fR)—{ E, .— sfR0) (12
ki*gp ¢ pky ki gp O ka0
VIII. I p p
—i(w—k-v)5f 3¢
Il. PERTURBATION THEORY r 1
= —ej 42/ g, -2 510 (B, - 510 (13
For simplicity, we consider propagation of longitudinal I Ki'gp 7 Pk Kigp 7 Pke |’
nonresonant wavesvith random phasesn the presence of . SG+1)
electrostatic resonant fluctuations in unmagnetized plasma_.'("’_k'v) otk
The energy of the resonant field fluctuations is supposed to I 9 _ 9 e
be close to the thermal level, thus we neglect induced effects. = —ef d® Ey - a—p&f‘f‘(,{;— < Ex,- a—p5f§f¢;> . (19

Electron distribution is described by the function of their :
momentaf,, normalized as follows: where d@=dk,dk,5(k—k;—k;), k=(k,), 8(k)= (k)
X 6(w), anddk=dkdw.

Ne= d_psfp; (4) Ensemble average of the squared zeroth-order spontane-
(2m) ous fluctuations is given By?126
its time evolution is defined by the Vlasov equation, ) , )
y q (8F Q50 Y =Dy 8(p—p) S(k+k) 8w —k-v); (15)
af, af, af, . . . . .
L iv.—P4eE.—E=0, (5 this equation gives the relation between squared fluctuations
at or ap of a number of particles in a given volume and an averaged
wheree= — €| is the electron charge, and all fields contrib- number of particles in the volume.
uting to the total electric fieldE are supposed to be longitu- For electric fields, we take into account the test nonreso-
dinal. nant fieldEY on frequency,
Next, we divide the distribution function into the regular _
X Q=0 (16)
and fluctuating parts,

f ot st O, = (1) ©) (which will be considered linearly in what folloysthe fluc-

pm e %l Epm A\ lp/s tuation resonant fiel&) with frequencyw # o, (we take
where the angular bracket means averaging over the statisiitto account effects up to second order in this fiekhd the
cal ensemble. The fluctuating distributidti, can be repre- polarization “virtual” field EV on beat frequency) — w; we
sented as a sum of spontaneous emission mﬁ? and a assume that the latter field corresponds to forced oscillations
group of terms proportional to the corresponding order of theonly, i.e., there is no dispersion relation betwden » and
electric field, K—k. Therefore, the total electric fieldwe remind the
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reader that the total field is supposed to contain no regular 2mied dp 1
component; the case of regular nonresonant wave is consi,2= Sk k, k,= k[[ko|[ks] ) (27)° @—k-v+i0
ered separately belgvean be written as

E=eEN+E@+EV. (17) b a) 1 . a)
The fluctuation fieldE(?) is connected with spontaneous par- Y9p) wo—ko-v+i0| "2 op
ticle fluctuationsf(”) via Poisson’s equation 5 1 5
E<0>:——4WiekJ 50 (18) ' kz'%) w,—ky-VFi0 kl'ﬁ_p”(bp'
X K[%e ] (2m)° 7 Pk (23)
where the linear dielectric permittivity is given by the stan- and
dard formula S =%
12,37 2Ky Ky kg
e =1+ Ame” [ dp ! il (19) 2me’ dp 1 d
k— 2 3 f TN |t
k 27)° w—k-v+i0 Jd = —
K7 (e P KkallkalTkel | 2m)® w—kvi0| < ﬁp)
And, finally, the ensemble average of oscillating fields de-
fines their spectra as 5 1 K 9
Ck w—w;—(k=k;)-v+i0|| "2 gp
(Ei k) = il ElRa(k k). (20 1 P )
X——————| Kg+ —
From (18) and(20), it is easy to find that w3~ Kg'VHi0 P
J 1 J
kikm, 2e? i D 2
(OO0 _ 8% fs +| ks- ) o Ky- ”(I)p. (24
<E|,kEj,k/> |k|2 71_|k|2|8k|2 ap) wy k2 v+i0 ap

q Since we are interested in effects which are linear in the test
p nonresonant fiellEN, we have to linearize Eq22) with

X | 5—3P,8(w—k-v)S(k+k"). (21 ’

J(Zw) pol@=k-v) ). (@Y respect to the field. Furthermore, we invoke the standard

Thus, we have defined all the equations necessary tIOgIC Qf the'weak turbulence theof3.In the seconq-or.der
erm involving the responseS, only the combination

derive the nonlinear charge density perturbations which, irE(O)EV can appear since the virtual fielB¥ are proportional
turn, contribute to the effective dielectric permittivity of the ) . .
tP the nonresonant field. In the third-order term which con-

Poozgiss?g:rmeg:;?ﬁ'\l?;ef Ft‘g?tvt/%ri:huzspuigozft?(’):alls tsoumg'e%ms the responsk, only the fieldE, can be the test wave
p tot, prop field EN, while all other terms will disappear after multiply-

a0 oo o Tl 09 bYEN s cnsembleaveraging f 4 v wo e
prop ' fields in this term are the fields of zeroth-order fluctuations
E(©. Terms containing virtual fields provide polarizational
contribution to the nonlinear dielectric function because of
IIl. GENERAL EQUATION FOR THE TEST the second order in field term in EQR2). Indeed, we can
NONRESONANT FIELDS write

. . . . . . RV_ 2 N=(0 Ne=(0
Taking into account perturbations of the distribution  &kExk —zf d?s; AEYES —(EYES))
function 8f5® and §f5*) which connected only with the

zeroth—lorder regul_ar parb, of_the partlplg d|str|byt|on,. we :zf d?s, 2E?E<20)_ (25)

can write the nonlinear equation containing nonlinearities up ’

to third order in the electric fielef?’ Here, we assumed there are no correlations between the non-

Armie resonant fields and resonant fluctuations. After substitution
e E=— T(pR<2>+pR<3>) of this expression into the second-order term(2#) (which
| containsE(“EY), we obtain the same combination of fields
EOENE(),
ZJ d?S; AELE,—(E4Ey)) On the other hand, Eq22), which is similar to the basic

equation in the standard theory of the evolution of nonreso-
nant waves in the presence of resonant turbulence, does not
+f d'¥% 1, dB1EoEq— Ex(EoEq) —(EaEoEs)), account for all the contribution due to spontaneous plasma
22 fluctuations(in fact, it accounts for part of them via the field
fluctuationsE(?); we stress, however, that in its derivation we
where E,=k-Ec/[K|, Ej=Ec, =123, d®=dkdkd  did not use any assumption about the level of the field fluc-
k;o(k—k;—k,—k3), and second- and third-order nonlinear tuations, which means that the equation can be used for the
plasma responsedsvhich are symmetrized over the last two study of a sufficiently enhanced level of plasma turbulence;
indiceg are given by’ 2° in the latter case we just have turbulent resonant spectrum
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|E|Z. In Eq.(22), we included only perturbations of the dis- nonresonant test field, is responsible for the generation of an

tribution function which are due to the regular papt,. additional virtual field which we denote &Y. We have
Now, we write contributions from the zeroth-order fluctua- )
tions 5f(%. S ESVL dpdK 4me 1 K-i)
. " . k 3 :
The corresponding charge densities are given by (2m)° [k[|K| w—k-v+i0 p
psl):f dpdk;_ e 1 _ (kl-i> X(ERSfk-k—(ERSfor—k))
(2m)° ilky| w—k-v+i0 ap B dpdK 4me? 1
X(Ey, 8 ok, (Ex,6f pk—x,)) (26) ) @27)® [K|[K] o—k-v+i0
and x| K= )EK(sf;ﬂl_K. (28)
sz f dpdk,dk, €2 1 . P
P = (2m)3  |kq|[ky] @—k-v+i0| * ap The virtual fieldsERY andESY, together with charge density
1 P perturbation(27), contribute to the nonlinear dielectric func-
X——————— | Ky )(Ek E, 5f ek tion of the test nonresonant wave.
wp—kz-V+i0 ap)- v 2 Thus, multiplying Eq.(22) by E, , integrating it over
—E, (Ek25f(p(,)|i—kl—k y— <EklEk25fp )_ kl_k2>) 27) K’, and averaging over a statistical ensemble, we obtain the

equation where all contributions due to the spontaneous
Charge density perturbatiof26), after linearization on the emission effects are consistently taken into account:

f dK’(EE,EEsK)ZZJ dK'd<3>21,2,3<EE,Eg°>Eg‘Eg°>>+2f dK'd?'s; {Ey, (ER+ERVEL)

dpdk,dK’ 47e? 1 P
_f a7 K[k, O—Kvriol K ap)<EK' (B + B 0fp ki
fdpddeldK’ 4mied 1 i 1 L
2m)°  |K[[K{][k] Q—=K-v+i0|" dp) Q;—K,-v+i0| " ap
X<EE/EE<O)EE 5f(0|< k—Ky)- (29

Note that in this equation we did not assume any specifiétn the order we are interested in, it is sufficient to substitute
resonant conditions. Thus E(R9) is quite general and con- in the right hand side of this equation the fluctuating electric
tains[taking into account expressiolfg5) and (28)] all ef- field E(, the zeroth-order fluctuatiort%ffjo), as well as the
fects of the corresponding order, in particular bremsstrahlungrst-order perturbatiordf E(l) (the latter should contain only

and scattering, see Ref. 19. the electric fieldE(®)). Thus, we find that the right hand side
of Eq. (30) contains nothing but a Balescu—Lenard collision
integraf®

IV. EFFECTS OF NONSTATIONARITY IN THE SYSTEM

Here, we stress one important point. In our conS|derat|0|L ﬂ - _ < eE©. i( SFO 4+ 5f R<1>)>
of nonlinear termgwhich contain|E(?)|? and are small cor- 9t ar ap- P P
rections to the linear dielectric permittivity of the nonreso- dkdK dp’ 9
nant wavesy), it is sufficient to use Eq(20) in calculating ie J' ﬁ( >[<5f(t’))kfp )
the correlation function of the nonresonant wave field 2m|kl%
<EE,E§). However, in a linear term we have to take into e? © (0
account the nonstationarity of the system which is connected - |k'|—28kj <5f f p” k’>
with slow time evolution of the zeroth-order regular part of
the distribution functiond,. Changing of<I>p in time can 1 K P
provide effects of the same ordgE©)|? as the nonlinear X oZKvTi0 op
terms. ,
Indeed, averaging E@5) over a statistical ensemble, we f dp’dk ( ) S(k-v—k-v')
obtain (2m)3k[* |k kvl
oy S| g 2 @ O P T R i) e
o p?p LT ap P\ ap )
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where we took into account resonar(d® and used not only the amplitude but also the eigenfrequency

1 Im & A2e2 Qg=Q(t) of the nonresonant waves. For weakly nonsta-
Im—=— 2" = tionary systems we use the geometrical optics approximation
ek e [kl%ed and writé1122.23
< I sk k- 2w 3 t
(2m)3 (o=k-vl k- ap' | (32 EQ‘(t)=E§<a>(t)exp[—if Qu(tHdt'|, (33
We note that the derivation of the Balescu—Lenard collision
integral is not new, see, e.g., Ref. 31. where E(Ka)(t) is the random amplitude of the nonresonant

Slow time evolution of the functio, leads to a slow ~wave; the correlation functiof EL(t)E)(t)) is slowly
change in time of the nonresonant linear dielectric permittiv-<changing with time. For the linear pdite., left hand sideof
ity, ex=ek(t), and, therefore, to a slow change in time of dispersion equatiof29) we then obtain

f dK'(Ey ER)ex

, dt,dth (a) , (a) ) et i ) t! ) t—7
:f dK W(EK,(t YER (t—7))ex(m,t—7)expiQ't +|Qt—|f QK,(s)ds—|f Qg(s)ds

dtdr ) )
%—f dK'5(K+K’)f 2n)? exdi(Q+Q)Ht+iQg(t)7]

dlENZ(D) 7 dQ(t) i7? dex (.t
X |E”lﬁ<t>—%§—lE”lﬁ<t> th( - || e« mt)—r%)
dex(t)  Pex(t) i dQy(t) et
= RO )+t 8D ToD) LD Tol) . (34
=0yt
|
where we used) _=—Q, V. DISPERSION EQUATION FOR THE NONRESONANT
WAVE
47e? [ dpdQ
ex(T,t)=2m8(7)+ WJ 27 By substituting(25) and (28) in (29), and using(15),
(18), (20), and (34), we find all the contributiongof order
_ 1 d |[E@]2) to the dispersion equation for the nonresonant
Xexp(—lﬂr)Q_K.v(K-&—p)(l)p(t), (35  \waves.
The term proportional to the third-order plasma response
dr ) 3 gives the direct nonlinear contribution to the dielectric
ex()= f 5, SXAiIQnex(T1), (36)  permittivity of the test nonresonant wa¥&1:2021

and 8E:2f dkSy k[ E@l7. (39
EQ(t)E@(t))=—27ENZ(t) 8(K+K')S(t—t').
= < ‘ (37)  After substitution of the field25) into Eq. (22) and averag-
ing over the statistical ensemble, we find a part of the polar-

Furthermore, in Eq(34) we have(by definition izational contributior$:®1!
1 JENE() Sk - kSk, K
2yk(t)= : (38) eRP=4 | dk—————|E9)|2. 40

N ORI : T 49
Equation(34) contains all the corrections due to the system’sNote that Eqs.(39) and (40) are similar to those for the
slow nonstationarity: terms of spectrum above-thermal level of the resonant oscillations: see, e.g.,
nonstationarity}>2>3slow time evolution of the particle dis- Ref. 8.
tribution function®1* and the slow time change in the non- The second term in the right hand side(@8) includes

resonant eigenfrequengy® For simplicity, no spatial inho- coupling of the virtual field=SV with the field of zeroth-order
mogeneities are assumed in the system. EquéBibnshould  fluctuationsE®) due to the second-order plasma nonlinear-
be used to calculate the time derivative of the linear dielecity, and its polarization contribution to the dielectric permit-
tric permittivity in the case of the resonant fluctuations. tivity is given by
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dpdk 2ied _ _
Ssp(l)_ p Sk,K k > R'_\Sk,K k SK

<77 ] @ AT TK—Klex e S TREG |Betlak. @7
1 To calculate the expression in the square brackets in the right
X O—w—(K—k)v| K ap)q) S(w—k-v). (41  hand side of this equation, we first note that
The third term in the right hand side @9) includes ek=exk, (48)

S where the asterisk means a complex conjugate. Furthermore,
K the second-order plasma response, defined &23n under

SP(Z):_J dpdk 2ied

€k 3 T
(2m)* wr|K||k] [K=klek-ie -« conditions(1)—(3), has the following symmetry:
1 d Sck_k=—S (49
1z k. K-k K,—k -
X g (K k)ap}(bpé(w kv), (42

Therefore, we conclude that contributions from imaginary
which corresponds to coupling &=V with 5f(”) in pS¥,  parts ofeg"™ ands™? cancel each other:
and

sha) f dpdk 2e*  ((K—k)-K)? Im(™ Y +ex"?) =0. (50)
fr T (2m)3 7mZ |K—K[?|K|%ek Similar consideration allows us to establish the zero con-
1 tribution from the polarizational terraR” given by Eq.(40):
- —k-. 0
X(Q—K-v)4q)p6(w k-v), (43 |E¢ )|

Im eRP= 4] dk |m(skK Sk 10 =0. (52)
due to coupling ofESY with 5f(” in pS¥); here,m, is the _
electron mass. Finally, the last contribution comes from théNote that this cancellation is due to the same symmetry as in

last term in the right hand side @R9) with coupling of the case of the above-thermal level of resonant oscillations,

EN, EO) and 5f$)0) in p5®. We have see, e.g., Ref. 8. Thus we have shown that asfly and
£SP4) effectively contribute to the nonlinear imaginary part
SSPU)_ _f dpdk 2e* 1 1 (ki) of dispersion equatiofé5). Also, there is no imaginary con-
K 2m® m |[K[AKk[%ex Q—K-v| " dp tribution from the linear dielectric permittivityy (t) because

of the absence of the lineare@nkov resonance; see condi-

! )qn S(w—Kk-v). tion (2).

e (KKK ( "op

(44 VI. CHANGE OF THE NONRESONANT WAVE
Thus the resulting dispersion equation, which follows from”AMPLITUDE, NUMBER OF QUANTA, AND ENERGY

Eq.(29), is Using results of the previous section, we can write the
following expression for the growtfor damping rate of the

4 2
dek(t) .
SR 4 j LK) nonresonant wave amplitudg®
ex(t)+eR+el +Z H—aa plituds -
1 Jek(t
S SP4)y . 7 KV
lﬁst(t) dQy(t) dek(t) (= {&SK(t)/&Q Im(sg+ex™ )+ 0 ot
3907 ar T g =0. (49
Q=QK(1) 1 (928K(t) dQK(t) } (52)
We stress that up to this point, E@5) is quite general, in 2 0% dt Q=0,(

the sense that no specific resonant conditions have been used
to derive it. If we specify that the time evolution is due to
particle collisions, the resonant conditions, as was used t8°

The number of the nonresonant quanta can be introduced

derive (31), should be applied.
Now, we take into account resonan® and calculate N(t)= f WNK(U
imaginary part of all the dielectric functions in the left hand
side of Eq.(45). First of all, we note that because of absence _f 2EN12 (1 dek(t) 53
of the scattering resonance, see conditi®n we have ) @m)2” BTk 0 53

Q=0,(t)

SR(3) — . .
Imey™*"=0. (40 Then the wave energy of the nonresonant waves is defined

Then, we consider contributions from imaginary parts ofPy

ex" M ande$™?) | After integration in parts in Eq$41) and dK

(42) we find W(t)= f WQK(t)NK(t)- (54)

Im(eg "D +ex™?) For change in time of number of quan®8) we obtain
dpdk 2¢° K-(K—k) 1 dN(t) [ dK  dNg(t) 5
2% 7mak] K[IK —Klox (=K )2 at ) @mF dt (59
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where e (t)

+ . 58
dNg(t) 2| EN2 1) Pex(t) N Peg(t) dQy(t) 92t ]Q—QK(t) 9
dt TR 00 T 07 dt
dek(t) L
+ 2y (1) (56)  Change of the nonresonant wave energy is given by
94 Q=0 (1)
If we introduce the rate of change of the number of dW(t) dK [0 AN (1)
quanta, - K KV
dt (277)3[ ar kO F Q) =g,
dNg (1) (59
g L k(ONk(D), (57)

then from(52) we find o D SHa4
Now, we calculate the contribution fromZ+eg 4.
Using Eqgs(24), (32), (39), and(44), and taking into account

2 Im(eR+e3R% .
[ (eictex™) resonancél), we can write

1
T(®= _[ FPGIED

i D 4 £ SR _J dpdk 4m%e* 1 J 1 ) seok
et e | mr KPE a- K| ap) e ko < ap) XY
9D 2e’d dp’ b
2. 22r| _ p VTN e
x|IE 'k<" ap) ke 2] 2m? 2 k”( ap'”
dpdp’dk 47e? 3(K-k) &k-v—k-v' ID oM
26t | e ( )4 ( 2 )q’p’(k'_p)_q’p(k'_?”
(2m)°lk[* mg (Q-K-v) ek kvl ap ap
B 4wezj dp 1 Ib, 1 Peg(t) 50
T ome ) 2mP(Q-Kv)? gt 2 9Qat (60)
|
where we have also used E&J). Thus the wave energ§4), unlike the nonresonant quanta, is

Thus, an important theorem is proved: in the systemsiot conserved in the presence of the resonant wave fluctua-
considered, the nonlinear contribution is balanced by the retions in closed plasma systems. We note that the conserva-
verse absorption effect due to Coulomb collisions. The baltion of the nonresonant quanta is a consequence of the gen-
ance leads to conservation of the nonresonant quanta, as caral theorem of adiabatic invariants in closed systéros

be easily seen from E@58), gauge invariance under changes of phase in the system’s
Lagrangiart® It is well known from the course of mechanics
I'r(t)=0. (61 that when the frequency of the pendulum is adiabatically

changed in time, its energy also changes as in(G§). As

For the nonresonant wave amplitude we have @), has been noted in Refs. 11 and 36, the same physical mecha-

1 Pe(t) nism leads to change of the wave energy in slowly varying
=— closed adiabatic plasma systems.
(V) [ 20ex(V)19Q | 9Qat P y
ey (1) dQ(t
LK(Z_) dQx(t) } VIl. REGULAR NONRESONANT WAVES
o dt Q=0 (1) . .
Above, we considered propagation of turbulent nonreso-

1d de(t) nant waves in the presence of electrostatic resonant oscilla-
=—54|In (62 tions. Since the effects studied are linear in the nonresonant

2 dt QN g ® .

K

waves, the case of a regular test wave is described by the

The change of the nonresonant wave energy, calculated froffc rate¢62) and (63) for the change of the wave ampli- .
tude and energy. The number of the nonresonant quanta is

(59) taking into account the conservation of the plasmon

number, is proportional to the change of the eigenfrequencgls0 conserved in this cajiee., Eq:(61) IS observed which is
of the waves: ctually clear from general considerations for closed plasma

system$ However, the perturbation equations are different

dW(t) dK  dQy(t) in the case of the regular nonresonant waves:
at ) 2o ar kO ©3 (E)=EM. (64)
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Below, we present the corresponding series necessary to diéthe electric field in it is the virtual on&". Note that the
rive the dispersion equation. term containing combinatio(®5f(© in (68) gives a con-

In contrast to(6), we now divide the distribution func- tribution to the Balescu—Lenard collision integfall). Thus
tion into the regular and fluctuating parts in which perturba-from (68) we have, instead of26), the following equation:
tions of the regular distribution due to the regular test wave

field are considered: S(1) dpdk; e ! Kk ,i
Pk (2m)3 i[ky| @—Kk-v+i0\" "+ ap
= = (1
fo=(fp)+ 8fp, (T =pt 2 ), (65 X ((ERHES) S0, ), (70

wheref{ is proportional to the corresponding order of the where virtual fieldsERY and ESV satisfy Eqs(25) and (28),
regular fields. For the fluctuating fielef , we, as before, use respectively. Note that for the process considered, no regular
expansion(7). virtual fields appear.

_ The regular perturbations of the distribution function,  In the second order, we have contributions fréf?)
f$, can be divided into the paff"”’, which is proportional  andf3(?). The term containing§® gives rise to the second-
to the zeroth-order regular distribution functidn,, and part  order charge density™?) which can be written as

507, which is proportional to the zeroth-order spontaneous

. (0) . P . 4ie
fluctuat|0ns(5fp of particle distribution. Therefore, we have _ X PE(Z): J d(Z)SLz((E?V‘F EfV)E(ZO)>. (72)
L)

—i(w—k-V)fRH=—eEN. (9—pp (66)  The term containing ) is responsible for

| 5 | ' paz):_jdpdklde e? 1 - kl-i)
—i(w—k-v)fgfg“):—ef d(2)<Ek1~&—p(5f§fg2)+f§<g;)>, “ (2m)°  [kallka| @—k-v+i0| ™" gp

(67) 1 J (0)=N «(0)
9 sz—kz-v+i0 kz.% <Ekl Ekzﬁfpvk*k1*k2>

_i(w—k.v)fgfkhz_ef d<z><Ekl. &—pafg?§2>, (68) (72)

[compare with Eq.(27)]. In the third order, we have just

‘ d . , ibuti R(3) \which i i ird-
_i(w_k.v)ngl): _ef d(2)<Ek1'{9_p(5fS“)+f§ff< )>_ contribution fromf which is responsible for the third

P.ka order charge density perturbatipf(®):
(69 .
. , ie
For further calculations, we need to consider termsupto  — FTTPE@): f d®s3 124 E&O)EQEEO)). (73

33 and f3X¥) . In the first order, we have perturbatios6)
which contributes to the linear dielectric permittivity of the Thus we obtain the general nonlinear equation, analo-
nonresonant waves, and perturbatié8) which contributes gous to(29), which is written for the regular test nonresonant
to the dispersion equation for the test nonresonant wave onlyave EN:

dpdk, 4me? 1 d
N_ (3) N/E(0)=(0) (2) RV =SV =(0)\ _ e
8KEK Zj d 21,2,'C‘EZ<E1 E3 >+2f d Sl,Z((Ek1+Ek1)Ek2> J(2’7T)3 |K||kl| QO—K-v+i0 kl ap
dpdkdK; 4mied 1 d
RV SV (0) .—
X<(Ek1+Ek1)5fp,K—kl>+f 2m73 IK[[KJJK O—K~v+i0| < 7p
— K| e (EQ 50 ) (74)
Q,—Ky-v+i0| 1 gp) Kt Tk Tip Kok
|
From this equation, we can see that the contributions due to t dr
the nonlinear charge densities lead to the same terms in the Dx(t)= fﬁmﬂaK(Tyt_T)EK(t_ 7); (79

dielectric function of the regular test nonresonant wave
which are described by Eq&39)—(44). it uses also geometrical optics approximatit88) (with

The procedure of accounting for the slow nonstationarityregular amplitudeE{®), and finally gives the same result
effects in the dispersion equation for the test nonresonar(84) (for details, see, e.g., Ref).8Thus, for the case of the
wave is based on expansion of the expression for the digegular nonresonant wave the final dispersion equation has
placement, the form(45), and therefore all the above results on change
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of the nonresonant wave amplitude, number of quanta, andalid], we can obtain quite straightforwardly the scattering
energy are also applicable to the case of a regular nonresoross-sections, see, e.d., Refs. 27 and 31. Analogously,
nant wave. And, finally, we note that if the system includesplasma bremsstrahlung can be calculdted.

regular resonant waves, qualitatively new features such as

more effective energy exchange can appear as a result of the- kK NOWLEDGMENTS
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