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Main Symbols

a(k,t), ar, b(k,t), bg, c(k,t), c, ~wave amplitudes

d dimensionality of the k-space

E energy

e(k) energy density in the k-space

E(k) energy density in the k-space

g gravity acceleration

Im magnetic-to-mechanical ratio

H, H magnetic field

H Hamiltonian

h Planck constant

Ln(k' t)}, I(k), I collision integral

k wave vector

k wave number

m scaling index of interaction coefficient
n(k,t), ng wave density in the k-space

N total number of waves

p energy flux in the k-space

P(k), Py, P energy flux in the k-space

11 total momentum of waves

R momentum flux in the k-space

S entropy

T(ky,ko, ks, ky) = T1234 coefficient of four-wave interaction
Viki, ko, k3) = Vias coefficient of three-wave interaction
Q index of wave frequency

I'(k) external growth-rate (or decrement)
d(x) Dirac’s delta-function

w(k), wg wave frequency

& dimensionless variable

X proportional

~ approximately equal

~ of the same order



2 Statistical Description of Weak Wave
Turbulence

It is a thing which you can easily explain twice before anybody
knows what you are talking about

A.MILNE The House at Pooh Corner

In this chapter we shall go over from the dynamic description of a wave
systems to the statistical one. This will be done in terms of pair correlators
of a wave field. They represent the occupation numbers (density) of waves
in k-space. In Sect. 2.1 we shall obtain the kinetic equation for the occupa-
tion numbers of waves as the main mathematical objects dealt with in the
first volume of this book. In Sect. 2.2 we shall study the general properties
of these equations and derive the stationary equilibrium solutions. Section
2.2.3 deals with general conditions which are necessary for the existence
Kolmogorov spectra.

2.1 Kinetic Wave Equation

2.1.1 Equations of Motion

In the preceding chapter we have applied the Hamiltonian method to the

motion in continuous media like fluids, plasmas, solids and the planetary at-

mosphere, have considered the structure of the Hamiltonian for weak nonlin-

earities and given its coefficients for some physical examples. The canonical

equations of motion in terms of complex wave amplitudes c(k,t), i.e.:
Z,f)c(k:,t) 6Hint

5 wic(k,t) = o (k1) (2.1.1)

is the main result. After application of the procedure outlined in Sect. 1.1.3,
the interaction Hamiltonian H;,; includes only the terms describing only
real processes for which the energy and momentum conservation laws are
valid. In a medium supports propagating waves for which the three-wave
decay processes are allowed, we have:



202 Statistical Description of Wave Turbulence

1
Hint = Hg = 5 /[VlggCTCQCg + C.C.} 5(k1 — kg — kg) dkldkﬁgdkg . (212)

In this case

Oc(k,t)
ot

. 1
7 — wkc(k:,t) = /|:§Vk1201625(k — kil — kg) ( )
2.1.3

+ Vicrcsd(ky — Kk — kg)] dkydks |

The first term of the right-hand side of this equation describes the k —
1 4 2 decay processes with conservation laws

W =wi twy, k=ki+ko, (2.1.4a)

[w; = w(k;)] and the reverse 142 — k processes. The second term in (2.1.3)
describes the confluence k + 2 — 1 processes with

wk+w2:w1, k—|—l€2 :kl . (214b)

If the three-wave processes (2.1.4) are forbidden, the Hamiltonian (2.1.2)
vanishes under the nonlinear canonical transformation (1.1.28). In that case,
Hint includes only the four-wave scattering processes of type 2 — 2:

1
Hint = H4 == Z /T12734CTC§C;3C45(]<71 +k2—k3—k4) dkldkgdk3dk4.(2.1.5)
and the canonical equations of motion have the form:
k,t
iac(at’ ) — wic(k, t)
1 (2.1.6)

= 5 /Tk123CT6263(5(k + ki — ko — kg)) dk1dkodks .

The right-hand side of this equation describes the dynamics of scattering
processes

wp+wr =w2+ws, k+ky=ky+ks.

2.1.2 Transition to the Statistical Description

The dynamic equations (2.1.3, 6) describe the time evolution of wave am-
plitudes |c(k,t)| and of their phases ¢(k,t):

c(k,t) = |c(k, t)| explip(k, t)] - (%)

At weak nonlinearity and with a large number of excited waves, such de-
scription is generally highly redundant: it includes the slow evolution of
amplitudes (constant in the linear approximation) and the fast but uninter-
esting phase dynamics
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¢(k,t) = w(k)t,

which leave the amplitude evolution virtually unaffected. This redundancy is
eliminated by the transition from the dynamic description of a wave system
in terms of |c(k,t)| and p(k,t) to the statistical one, in terms of the corre-
lation functions of the field c¢(k,t). Consistent statistical averaging consist
of two steps, the construction of an ensemble of dynamic equation solu-
tions and specification of the rule for using them to compute the averages.
Then one should consider only those averaging conditions (i.e., correlation
properties of the field) which are compatible with the dynamic equations
and are independent of time. In other words, it is necessary to introduce an
invariant measure on the manifold of wave field configurations. Using the
smallness of the nonlinearity we can go over to a statistical description in
terms of perturbation theory in Hiyg.

In the zeroth approximation in H;,; we have a free field with the trivial
evolution that the amplitudes c(k,t) = c(k) are constant and the phases
are given by Eq. (*). For the “slow” wave phase

w<k7 t) = So(ka t) - W(k)t
by virtue of (2.1.1) we get

oV(k,t)
ot

i.e., the ¥ (k) phases are in a state of indifferent equilibrium. Consequently,
any small random perturbation like medium inhomogeneities and the in-
teraction with a thermostat drives them into a chaotic regime. Apart from
external reasons there is also an “internal” reason of phase chaotization: the
dispersion (i.e., the k-dependence) of wave frequencies. Because of disper-
sion, even initially correlated harmonics with different k’s undergo phase
randomization as time progresses. Thus in describing a free wave field it
would be natural to average by the ensemble of chaotic (random) phases,
i.e., to use random-phase approximation. After such an averaging, only cor-
relators that are independent of the wave phase will be nonzero. For exam-

ple,

:0, at Hint:07

(ck) = (lex| exp(igr)) =0,
(ck err) = (lexlen | exp(ir +ipr)) =0, (2.1.7q)
(crcr) = (|exllew | explivr — ipw)) = n(k)d(k — k') .

Evidently, all odd-order correlators vanish. Only such correlators be non-
zero if the number of factors c(k,t) in them coincides with the number of
c*(k,t), and if the wave vector at one of the factors ¢(k, t) coincides with that
for (any) other ¢*(k,t). Only then will the averaged expression be phase-
independent. Later on we shall need the fourth- and six-order correlators
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{ciczcsca)

= n(k1)n(k2)[0(k1 — k3)d(ke — kyg) + 6(k1 — kq)d(ke — k3)], (2.1.79)
(cicicseqcscs)

= n(k1)n(k2)n(ks) [0(k1 — k4)[0(k2 — k5)d(ks — ke)

+ 0(ky — k)0 (k3 — ks)] + 0(k1 — ks5)[0 (ke — ka)d(ks — ks)  (2.1.7¢)
+ 0(ko — ke)d(ks — ka)] + 6(ka — kq)[0(ks — k5)d(ka — ka)

+ 0k — ks)o (ks — ka)]] -

It is seen from these examples that the random fourth-order correlator de-
composes to various products of pair correlators. This implies Gaussian
statistics the free wave field. Of course, the above considerations are not a
proof of this fact. With nmore rigor the problem of statistical properties of
the free and weakly interacting fields will be discussed in the second volume
of this book.

We consider only ergodic systems for which () equally well to averaging
over the ensemble or over the times that are much longer than the time
of fast phase evolution and much smaller than the time of slow amplitude
evolution. In (2.1.7), the wave field was suggested to be statistically homo-
geneous in space, therefore the correlator

(e(k,t)c* (K, 1)) o 8(k — k') .

The classical pair correlator n(k,t) is proportional to the quantum-mecha-
nical occupation numbers N (k,t):

n(k,t) = hN (k. 1), (2.1.8)

i.e. to the "number of the quanta” of the respective Bose field. Therefore
we shall call n(k,t) the number of waves, in spite of the fact that n(k,t) is
a dimensional value. For weak nonlinearity we may use perturbation theory
in Hint to obtain an equation closed with respect to n(k,t).

2.1.3 The Three-Wave Kinetic Equation

To calculate On(k,t)/0t, we shall multiply the equation (2.1.3) by ¢*(k,t),
the complex conjugated equation by c(k’,t), subtract the latter from the
former and average. Setting k = k', we obtain:

on(k,t)
ot

= Im/[Vk12Jk125(k — ki — k2)
— 2Wika 120 (k1 — k — k)] dkdk; .

(2.1.9a)

Here

J1235(k1 — k‘Q — kg) = <C>{0203> (219b)
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is the triple correlation function. For a free field, Jy23 = J?’23 = 0. This
implies that in first order perturbation theory in H;,; we have

on(k,t)
ot
In order to calculate On(k,t)/0t in second order perturbation theory in Hiyg,

one should know Jy23 in the first order. Using the definition (2.1.19b) and
the equations of motion (2.1.3), we calculate 0.J/0t:

=0.

0
iy + (@1 = wa = w3)] (K, ko, ks 1)

1 *
B /[_5‘/145']45235(’“1 — k1= ks) (2.1.10a)
+ViasJ15340(ka — ko — ks)
+Vizs J15246 (kg — k3 — ks)| dkadks .

Here
J1234(5(k1 + kig - k‘,3 - k4) = <C>(1<CQC3C4> (2110b)

is a quadruple correlation function. As we are interested in Jl(;g,) (in the first
order), one should substitute into the right-hand side of (2.1.10a) Jy234 in
the zeroth order in Hiyg, i.e., Jigs, for the free field. In accordance with
(2.1.8), this correlator is expressed via the pair correlators n(k,t). As a
result we have

0
t—+ (w1 —wo —ws)|J1(k1, ko, ks;t
gu T~ w2 —wa) | Dilk, ko, keast) (2.1.10¢)

*
=Vias [nins +ning —nang) = Aqas .

Remaining constantly within the second order of the perturbation theory,
one should neglect the time dependence of n(k,t) on the right-hand side of
(2.1.10c), i.e., set A =const. Then this equation may be solved

J(kl, ko, kl; t) =B exp(—iAwt) + A123/Aw,

Aw = w1 — wg — w3 .

(2.1.10d)

By substituting the first term in (2.1.9a), we get at ¢ # 0 an integral of a
fast oscillating function, its contribution decreases with increase of ¢, and
becomes nonessential at the times larger than 1/w(k). The second term from
(2.1.10d) gives for J; an expression depending via n(k;,t) parametrically
on the slow time:

_ Vihs(nang + ning — nong)

Jl(kl,k27k3;t> = W1 — Wo — wa +25 . (2111)

To the denominator we have added the term 0 to circumvent the pole.
It may be obtained in a consistent procedure by considering the free wave
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field at ¢t — oo , and adiabatically slowly including the interaction [for
t > 1/w(k)]. The sign of § can also be determined by accounting for the
presence of small wave damping. Substituting (2.1.11) into (2.1.9a) and

using Im {w + id) = —7md(w), we obtain the three-wave kinetic equation:
on(k,t
(8 ) _ 77/[|Vk12|2fk125(k — k1 — k2)d(wg — w1 — wa)
¢ (2.1.120)
+ 2|‘/1k2|2f1k25(k1 —k— kg)é(wl — Wk — u}g) dkldkg 5
fk12 = nNi1Ng — nk(nl + ng), n; = n(k:j,t). (2112b)

Most of the first volume is devoted to studying the solutions of this equation.
Now we shall discuss at a qualitative level the conditions for application of
it.

2.1.4 Applicability Criterion of the Three-wave Kinetic Equation
(KE)

Let us consider a distribution n(k,t) in the form of a broad packet with
Ak ~ k. The characteristic time 1/v(k) of variations of the occupation
numbers n(k,t) may be estimated from the kinetic equation (2.1.12):

27’ka'd

N
v(k) 2 |Vie k] ~ ‘kak‘2w_k :

Wik

(2.1.13)
N:/MM%.

Perturbation theory and random-phase approximation are applicable if this
characteristic time is significantly larger than time required for phase chaoti-
zation estimated to equal roughly 1/Awy, ~ 1/wy. Here Awy, is the difference
between the packet wave frequencies. Comparison of these times yeilds the
following applicability criterion for the kinetic equation:

2
&1(k) = |Vikk| Nwp < 1. (2.1.14)
Let us derive the same criterion by calculating directly the ratio

<Hint> _ Rer123J1236(k:1 - k)g - kg) dkldkgdkg
(Ha) Jw(k)n(k) dk |

§a(k) = (2.1.15)

Substituting here (2.1.11) for J;, we get

(k) = f‘V123|2f123(w1 —wy — w3) " 16(ky — ko — k3) dkidkodks
k)= Jw(k)n(k)dk "(2.1.16)
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Rough estimates of this equation for a wave packet with Ak ~ k yeild
&1 =~ &. Thus the criterion (2.1.14) ensures the smallness of the interac-
tion Hamiltonian (Hin) as compared to the Hamiltonian of the free wave
field (H2). This is exactly same as the applicability condition of perturba-
tion theory. For narrow wave distributions the applicability of the kinetic
equation should be treated more accurately. For example, the interaction
of three narrow packets should obey the equation (1.5.9), so the nonlinear
interaction time is by vitue of (1.5.10):

1
tint = %|‘/V1230max| . (2117)

Let all the three packets in the initial state have approximately equal
amplitudes ¢; >~ ¢y >~ ¢3 >~ cmax and widths [; ~ [ ~ [3 ~ [ , and let them
evolve in such a way that they collide at a certain moment, i.e., they arrive
into the same spatial region. All three packets overlap each other during the
time of collision

leol @ ——, V123 = maXle - ’U2|, |vl - ’Ug|, |’U2 - USH : (2118)
V123
If tint > teol, the amplitude and phase of each packet will change only
slightly during one collision. It is clear that the interaction of an ensemble
of such packets may be described statistically assuming their phases to be
almost random, i.e., using the kinetic equation. The applicability criterion
for the kinetic equation thus derived has a form

tcol

123 = ~ (27)%/2|v123Cmax| <1. (2.1.19)
int 1,23
Using (1.5.8), we calculate
1 N
es(r ) = s [ o+ k) ds; = 30 (2.1.20)

Taking into account that the width of the packet in the coordinate repre-
sentation [ is related to Ak as follows: [ ~ 1/Ak, we obtain

VN
Akvia3

&123 ~ | Vias| <1. (2.1.21)
If we set here Ak >~ k, v123 >~ v; >~ Ow(k;)/0k;, kv; >~ w;, the expression for
&123 will coincide with (2.1.14) and (2.1.16). This is, of course, not accidental,
but a consequence of the fact that all the three inferences are equivalent.
Our reasoning in the coordinate representation was the most detailed one,
therefore the applicability criterion (2.1.21) allows us to clarify more subtle
things. In particular, it yeilds that for waves with the linear dispersion law
w(k) = ck, the classical kinetic equation is inapplicable at any excitation
level of the system. Indeed, at w(k) o k, it follows from the conservation
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laws (214) that kl || k?g || kt3. Then V1 = Vg = V3 = ij/kj and, by
(2.1.18), v123 = 0. In the coordinate language, the inapplicability of the KE
in this case may be easily understood: all interacting packets travel in the
same direction with identical velocities and, therefore, they can not diverge.
As a result an arbitrary weak interaction will lead to substantial correlation
phases of the wave packet.

As to be demonstrated later, there exists a difference between two- and three-
dimensional cases in the applicability of the kinetic equation to acoustic turbulence (see
Sect. 3.2.1). In the three-dimensional case KE formally undergoes a transition to the non-
dispersive limit and it may be shown that at low excitation level KE is applicable [see
also remark after (2.1.25) below].

Now let us consider a wave system with the power dispersion law
w(k)=ak®, a>1,

and let k1 = 2k, ko = k+ Kk, k3 = k — k. It follows from the conservation
law (2.1.4) that

w(2k) = 2w(k) + Lk,
. 0w vk? W' (kk)?
2 L _
L™= Z_ZJ_W” ohdk; k@ (2.1.22)
_ Ow(k) y 0%w(k)
R

and whence

(k/E)? ~a—1. (2.1.23a)

It is easy to see that all differences in group velocities in (2.1.20b) are of the
same order and

V123 = U(Kv/k) (2123b>
Thus the criterion for the applicability of kinetic equation has the form

V Nk
g ~ Vi2lVNE
v Ak

or, after substitution of (2.1.23a) for k&,

1, (2.1.240q)

Vel | N

G [ <1 (2.1.24b)

But for the dispersion law is w(k) = csk(1+ uk?), criterion (2.1.24a) remains
valid; but for k we have, instead of (2.1.23a),

(k/k)? ~ uk? .

The applicability criterion for the kinetic equation in this case is
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- |U123\/N

Ek <1 (2.1.25)

csk/nAk ’

As we shall show elsewhere, the strict criterion for weakly dispersive waves depends on
dimensionality d of the media(see also Sect. 3.2 bellow). The criterion (2.1.25) holds only
for d = 2. For the case d = 3, (2.1.25) should be replaced by the criterion |Vi23|V/ N /csk <
In=Y(uk?)~ 1.

In addition to the motion of packets limiting the time of their interaction,
one should also take into account the dispersion diffusion of packets. The
time of such a diffusion process is

taie ~ 1/L(Ak)? (2.1.26)

where the L operator is given by the equation (2.1.22). When the diffusion
is dominant (at tgir < tco1), we obtain instead of the criterion (2.1.21) [and
the equation (2.1.24-25) following from it], the inequality

M«l.

T AR (2.1.27)

ke = tint /taif =
It should bre borne in mind that all our deductions about the applicability
criterion of the kinetic equation are of qualitative character. More strictly
this question can be discussed in terms of the Wyld’s diagram technique.

2.1.5 The four-wave Kinetic Equation

In the non-decay case, resonant conditions (2.1.4) can not be satisfied so
that the right-hand side of the kinetic equation (2.1.12) vanishes identically.
Consequently, the four-wave processes should be taken into account. The
respective kinetic equation is derived in the same way as the one for three-
wave processes. Namely, using (2.1.6), we calculate on(k,t)/0t:

on(k,t)

T = Im/Tklggl]klgg(S(k + kl - kz - kg) dkldkgdkg N (2128&)

where Ji123 is the fourth-order correlation function (2.1.10b). In the zeroth
order in interaction it is determined by the equation (2.1.8b). This gives

on(k,t)

ot
As Tha34 = T34, the right-hand side becomes zero and dn/dt = 0 to
first order in the interaction. Using the scheme employed in Sect.2.1.3

fotr the derivation of J(ki, ko, ks), we obtain a first-order addition to
J(klvk27k3vk4):

= n(k,t)lm/Tkk/kk/n(k/) dk’/ . (2.1.28b)

Jl(kl, k?g, kg, ki4;t) = T1*234fk123 (w1 + Wy — W3 —wyq + ’L'(S)_l, (21286)
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fk123 = 7’L2’I”L3(’I’Ll + nk) - nlnk(ng + ng) . (21290,)

In deriving that expression, we have represented the sixth-order correlator
for the noninteracting field via the product of pair correlators by (2.1.8¢c) and
neglected the time derivative 0.J; (k1, k2, k3, k4;t)/0t like in the three-wave
case. Note that we neglected the nonlinear renormalization of the frequency
Re [ Ty kiyn(k") dk’ since its contribution to On(k,t)/0t is only to the next
order. By substituting (2.1.28¢) into (2.1.28a), we get the four-wave kinetic
equation

on(k,t)

T
ot 2 /|Tk123|2fk1235(k + ki — k2 — k3)

xé(wk + w1 —wo — u)3) dkldkgdkg .

(2.1.29b)

Its applicability criterion may also be obtained in terms of interacting pack-
ets. In contrast to (2.1.20a), tiy for the four-wave processes has the form

1

tint

= (27)3|Tcmax|® ~ TN . (2.1.30a)

The most rigirous applicability criterion of the four-wave KE will be
obtained in the case of self-interaction within a single wave packet which
is narrow in the k-space. We denote its center by kg and its width by Ak.
In the r-representation this will be a smooth packet with an envelope of a
width [ ~ 1/Ak. The interaction process must be restricted by the diffusion
of the packet during the time tg;r (2.1.26). Thus, a necessary condition for
the applicability of the kinetic equation (2.1.29) is

€ = ting/tair ~ TN/L(AK)? < 1, L~uw'". (2.1.300)

2.1.6 The quantum Kinetic Equation

The above derivation of the kinetic equation is valid in the classical limit,
when n(k) > h, i.e., the quantum-mechanical occupation numbers (2.1.8)
N(k) > 1. In deriving the quantum KE, it is convenient to start from
the Hamiltonian operator for a wave system in the second quantization
representation. One can go over from the Hamilton function H expressed
in terms of complex canonical variables to the operator H by substituting
for ¢k, ¢} the Bose operators of creation ¢t and annihilation ¢ of wave-field
quanta, respectively (see, e.g.[2.2]):

cp — néz, ek — V/nég. (2.1.31)
The anticommutator of ¢, éT is known to be nonzero:
{é(kz), é+(k:')} =¢(k)eT (k') — et (k)e(K') =6(k — k'), (2.1.32)

therefore we encounter in Hs a problem related to the order of the operators,
which amounts to choosing a reference point for the energy. If we assume
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Ho = %/hw(k) (et (k)e(k) + e(k)et (k)] dk (2.1.33)

then the H-eigenvalues will coincide with the energy of a system of nonin-
teracting oscillators

1
E= /hwk(Nk +5)dk . (2.1.34)

The presence of hwg/2 terms in this integral indicates that even in the
ground state (vacuum), when all the occupation numbers Ny, are zero, there
is quantum uncertainty in the coordinates and velocities of atoms comprising
our ”continuous” medium. This quantum-mechanical effect is called zero os-
cillations, and the terms hwy /2, accordingly, the energy of zero oscillations.
It should be noted that the integral in (2.1.34) defining the full energy of
zero oscillations of a continuous medium diverges in the region of large k’s.
But as any medium (a solid, fluid, gas or plasma) consists of separate parti-
cles, integration in (2.1.34) is cut at some ky,ax =~ 1/1, where [ is an average
distance between the particles. It is customary to write all annihilation op-
erators on right-hand side of the interaction operator Hi,, then its average
value in the vacuum state will be zero. Thus, we obtain from (2.1.2,5,31)

h3/2

Hs = 5 [‘/1236f6263 + H.c.|0(k1 — ko — k3) dk1dkodks, (2.1.35)
hQ

Hy = T /T12346T6363645(k1 + ko — kg — ky) dk,dkodksdky. (2.1.36)

The quantum-mechanical states of a medium may be classified according to
the states of a noninteracting wave field whose Hamiltonian Hy (2.1.33) is
the sum of the Hamiltonians of noninteracting harmonic oscillators. The en-
ergy spectrum of an oscillator with frequency w is known to be hw(N +1/2),
where N =0,1,2,..., with all states N being nondegenerate. Therefore for
an oscillator there exists a complete set of fuctions g, 1, ..., YN, .. ..
They may be denoted by ¢n = |IN). Such a choice of functions is called the
second quantization representation. The matrix elements of operators ¢ and
¢t are [2.2]:

(N —1J¢|N) = (N]éT|N — 1) = VN, (2.1.37)

being zero between other states. It is seen that the creation operator ¢
increases the number of quanta N by a unity while ¢ reduces it by a unity.
One can introduce an operator describing the number of quanta N = éte,
which is diagonal in the |N) representation:

(N|N|N) = N. (2.1.38)
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the question is whether the oscillator description using the average value of
the occupation number N is complete or not. The answer may be found us-
ing an analogy with classical mechanics where an oscillator is characterized
by the energy o< N and the phase ¢. In quantum mechanics, the energy of
an oscillator and its phase may not be measured simultaneously. In a state
of a definite energy the phase is absolutely random. Thus the description of
a quantum system using the distribution function Ny is completely equiva-
lent to the random-phase approximation (2.1.7) used by us in the classical
approach. A more complete description of a quantum system allowing for
its phase correlations is possible in terms of a density matrix (where the
numbers N}, are its diagonal elements). Thus, in the random-phase approx-
imation we obtain an equation describing the variation rate of the number
of quanta of a field N with a given wave vector k. The Ny value decreases
in the decay processes

’Nk, le N2> — ’Nk—l, N1—|—1, N2+1>, k:k1+k2 (2139&)
and the confluence processes
|Nk, N1, No) — [N — 1, Ny — 1, No + 1), k+ ki =k, (2.1.39b)

and increases in the reverse processes. According to quantum-mechanical
perturbation theory, the probability of these processes is equal to the prod-
uct of 2w /h with the squared modulus of a matrix element of the interac-
tion Hamiltonian and by the J-function of the energy difference between
the initial and final states. For example, for the sum of the decay processes
(2.1.39a) with different k; and with ko = k — k;, the probability is

2

W, = 27T/‘<Nk, N1, Nalégéf éf |Ni — 1, Ny 41, Na + 1),
(2.1.40)

|Vk12|2 X h26(wp — w1 — w2)d(k — ky — ko) dk1dk; .

Here the matrix element of the operator éxéf ¢ should be calculated here

for the free field. It decomposes to the product of matrix elements from each
degree of freedom of the field

()a = (Nklé|Ne — 1) (N1]éf [Ny + 1) (V2|63 [Ny + 1) (2.1.41a)

This procedure is, in effect, equivalent to the uncoupling of the classical
correlators (2.1.7) used in deducing the expression (2.1.11) for the classical
triple correlator. Using (2.1.37), we obtain from (2.1.41a)

[(Val®> = Ne(N1+ 1)(N2 + 1) (2.1.41b)

which, together with (2.1.40), gives the final expression for the probability
W,. Clearly,

ON (K, 1)

T —(Wa+Wa) + (Wa + W) .
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W, and W), are the probabilities of the processes (2.1.39a,b), which reduce
Ng by a unity, and W, and W, are the probabilities of the reverse processes
increasing Ny, by a unity. Computing in a similar way Wy, W, and Wi, we
get finally

ON (k,t
% _ wh/[le12|2Fk12(5(wk w1 — wn)(k — Ky — k)
(2.1.42a)
—Q‘Vlkz‘zFlkgé(u)l — W — CUQ)5(’€1 —k — kg)] dkﬁldkg
with
Frio = (N7 + 1)NaN3 — Ny (No + 1)(N3 + 1) . (2.1.42b)

The factor 1/2 before V12 eliminates double counting of individual pro-
cesses. The expression (2.1.42b) may be rewritten in the form

F123:N2N3—N1(N2+N3+1) . (21426)

Neglecting unity in this expression and replacing N (k;) by hn(k;), the quan-
tum KE (2.1.42) go over into the classical one (2.1.12). In a similar way we
obtain the quantum kinetic equation for scattering processes:

ON(k,t) =
% :5 / ‘Tk123‘2Fk1235(’C + ki — ko — kg)

X §(wk + w1 — wa — w3) dk1dkadks (2.1.43)
Fri2s =(Ni + 1)(N1 + 1)Na N3 — NN (No + 1)(Ns + 1)
=NyN3(Ny + Np +1) = N1 Np(No + N3 +1) .

For Ni > 1 it goes over to the classical kinetic equation (2.1.29).

For those familiar with solid state theory, it is customary to use the
kinetic equation to describe weak nonequilibrium kinetics (see, for example,
Ziman [2.3]). Here we shall use kinetic equation to describe turbulence, i.e.,
the states which are rather far from the equilibrium. Aas we have seen,this
use of the kinetic equation is possible since its applicability is ensured by the
weakness of the nonlinearity (rather than the proximity to the equilibrium),
and averaging is possible due to the statistics of a free wave field (but not
the thermodynamic equilibrium).

In the opposite (quantum) limit N < 1, waves behaves like a parti-
cles and equation (2.1.43) goes over into the well-known Bolzmann kinetic
equation for classical particles with energy € = hwy and momentum p = hk

ON,
ot

s —
512 [ Typaaf? (NaNa = NuN,) 66 + B~ 3 o)

§(ep + €1 — €2 — €3) dpydp,dps

(2.1.44)



214 Statistical Description of Wave Turbulence

2.2 General Properties of Wave Kinetic Equations

2.2.1 Conservation Laws

The existenceof conservation laws for kinetic equations is an important prob-
lem which turns out to be more involved than expected. Let us first attempt
to obtain the energy integral. As seen above, the initial dynamic equations
for the wave amplitudes, conserve the full Hamiltonian ‘H = Hs 4+ Hint. The
kinetic equation is valid in the limit H;,; < Hs; the interaction is in this
case described by the collision integral whose form is entirely determined
by resonance processes. In this case, every elementary interaction preserves
the sum of wave frequencies. Thus, in the weakly nonlinear limit the role
of energy should be played by the quadratic term of the Hamiltonian Hs.
The kinetic equation should retain the averaged value, (Hs). However, for
a statistically homogeneous field we have

(c(k)c* (k1)) = nkd(k — k1)

and the Hamiltonian Hs is infinite. The finite value is its density per unit
volume. Considering a wave system in a box with sides of length L then we
have for (k) at k=0 (27/L)%, and see that the value

E = /w(kz)n(k,t) dk (2.2.1)

is the spatial density of the average wave energy. Indeed, it is easy to see that
(2.2.1) may be an integral of motion in the equations (2.1.12.29) if some ad-
ditional conditions are satisfied. The formal reason for the vanishing dF/dt
is the presence of the frequency J-functions ensuring energy conservation in
every elementary act of wave interaction. For example, in equation (2.1.12):

dE

E — /(wk — W1 — u)z)‘vklg‘Q(S(wk — W1 — w2)5(k — k)l — kg)

X(n1n2 —NEny — nkng) dkdkldk‘g =0.

(2.2.2)

This equation is valid if its integrals converge. Assuming that there are no
singularities of n(k,t) at & = 0 and the power law of the functions w(k)
and Vi12 at k — oo, we see that the integrals in (2.2.2) converge if in the
region of large k the occupation numbers n(k,t) desceases more rapidly
than k~™~%. Here m is the homogeneity index of Vj12 at k — oo: and d the
dimension of the k-space. In order to explain the physical meaning of this
condition, we should introduce the idea of energy flux in the k-space. The
equation (2.2.2) allows us to write the kinetic equation (2.1.12) in the form
of a differential equation, i.e., as a continuity equation for energy density

e(k,t) =w(k)n(k,t)
Oe(k,t)
ot

+divp(k,t) =0, (2.2.3)
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where p(k,t) is the energy flux in the k-space given by
divp(k,t) = —w(k)I(k,t) . (2.2.4)

The symbols I(k,t) = Ix{n(k,t)} = I} denote here and below the collision
integral, i.e. the right-hand side of the kinetic equation (2.1.12) or (2.1.29).
The variation rate of the full energy of the wave system dE/dt, according
to (2.2.3) must be equal to the integral over a spheric surface of infinite
radius from the normal component of the vector p(k,t). The condition of
a faster fall-off of n(k,t) as compared to k=™ % is necessary to ensure that
this integral goes to zero at k — oo, see (2.2.4). It may be well that this
is satisfied. Moreover, even if the initial distribution is rather localized, the
power distributions corresponding to a constant flux are formed in a natural
way in the evolution process at k — 0 or £ — oo. Such asymptotics may
set in at an infinite interval during the finite period of time (as it will be
described in Chap.4). Due to this, the problems related to the existence
of integrals of motion in the kinetic equation are not quite trivial. Thus,
some value may be conserved only for a limited period of time (see Sect. 4.3
below). One of the main goals of this book is to demonstrate that given the
infinite k-space the “naively” determined integrals of motion may prove to
be fictitious and are not really conserved.

Violation of the conservation law of the kinetic equation surely implies also its vio-
lation for the initial dynamic equation which is, however, more difficult to show.

The four-wave kinetic equation (2.1.29) may also be represented in the
form of a continuity equation like (2.2.3). In this case, full energy of a wave
system is conserved if at k — oo, the value n(k,t) decreases with k more
rapidly than k—9~2™/3_ As mentioned in the previous chapter, the four-
wave scattering processes do not change the number of waves. Therefore,
the kinetic equation (2.1.29) as well as the dynamic one (2.1.5b), have an
additional integral of motion

N = /n(kz,t) dk | (2.2.5)

Integrating (2.1.29) over dk this is readily seen to hold. The integrand
changes after the interchange k < ky or k1 < ko of dummy integration vari-
ables. Owing to conservation of the N value, the four-wave kinetic equation
may be written in the divergent form

on(k,t)

o diva(kt) =0, diva(k,t) = —I(k.1). (2.2.6)

The quantity g(k,t) is called the flux of the number of waves or the wave
action flux. The latter name is due to the fact that the value n(k,t) =
e(k,t)/w(k) has the meaning of density of adiabatic wave invariant in phase
space.
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Besides thefrequencies d-functions, the kinetic equations also contain the
d-functions of wave vectors, leading to conservation of the full momentum
of the wave system

H:/kn(k:,t)dk:/ﬂ-(k:,t)dk,

or(k,t)
ot

(2.2.7)
+divR(k,t) =0

Here the momentum flux R is a second order tensor.

It should be pointed out that, contrary to E, the N and II values are
exact integrals of motion, i.e., they are preserved within the framework of
the starting dynamic equations (for distributions that go fast to zero).

In the general ( nondegenerate) case the quantities E, N and IT form
a complete set of integrals of motion for the kinetic equations . Additional
integrals may only appear in degenerate cases. Let us consider, for example,
the three-wave kinetic equation (2.1.12). The resonance surface for interac-
tion in the space of vectors ki, ko is given by the condition

W(kl) + W(kg) = W(kﬁl + kg) . (228(1)

If the function w(k) is not uniquely retrieved from the form of this surface,
i.e., if there is another function f(k) [f(k) # Aw(k) + (B - k)| satisfying on
the surface (2.2.8a) the same condition

f(k1) + f(k2) = f(k1+ k2) (2.2.8b)

then the dispersion law w(k) is called degenerative. Here the quantity

P / F(k)n(k, £) dk

will be the integral of motion of kinetic equation (2.1.12). The nondegener-
acy criterion for w(k) and examples of the degenerate dispersion laws are
given in [2.4].

For example, let us consider shallow-water gravitational-capillary waves with the
dispersion law (1.2.39)

w(k) = ck(1+k?/2k3) .
If the motion is almost one-dimensional k; > ky the dispersion law has the form

w(ke, ky) ~ ckz (1 + k2 /2k2 + k2 /2k2) = Ap+ p® /16 + 3% /p .
That dispersion law corresponds to Kadomtsev-Petviashvili equation (1.5.4) and coincide
with (1.5.5a) with 3 > 0 and p = 2kz(c/k2)'/3 and q = ky(c?/k«)*/3/+/3. In the four-

dimensional space of vectors ki, ks the resonance condition (2.2.8a) defines the three-
dimensional surface. That surface can be parametrized by [2.4]:
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p1=2(& — &), q =€ —€5, p2=2(&2—&), q=¢& —&7,

A
w(p1,q1) 25(51 — &) +2(¢8 - €3),

A
w(p2,q2) 25(52 — &) +2(¢65 - €3) .

Thus, if we introduce

fo0) = o() = ol = ¢ (1 +5) — ¢ (£-8)

with the arbitrary even function ¢, then f satisfies condition (2.2.8b). Therefore we have
an infinite set of integrals of motion for this case, which corresponds to an integrability
of Kadomtsev-Petviashvili equation.

2.2.2 Boltzmann’s H-theorem and Thermodynamic Equilibrium

The dynamic Hamilton equations are invariant with respect to time rever-
sal, i.e., the transformations ¢t — —t, H — —H. The kinetic equations
obtained after the averaging procedure, however, describe an irreversible
evolution towards thermodynamic equilibrium. The mathematical statment
of irreversibility is the theorem of entropy growth which is similar to the
Boltzmann’s H-theorem for gas kinetics [2.5]. Indeed, let us consider, for
example, the time dependence of the entropy

S(t) = / In[n(k, )] dk (2.2.9)

of a wave system that obeys the three-wave kinetic equation (2.1.12). We
obtain

ds [ on(k,t) dk [ I(k,t)
E‘/ ot n(k:,t)_/n(k:,t)dk

= /|Vk12|25(wk — w1 —wz)d(k — k1 — k2) (2.2.10)

(nang — ngny — ngna)

dkdkq,dks > 0 .

NnEnansg

Similar inequalities may be derived for the four-wave and quantum kinetic
equations. In the latter case, one should proceed from the exact expression
for entropy of a Bose gas

Sp(t) = /{[1+N(I<:,t)] In[l+ N(k,t)] — N(k,t) In N(k,t)} dk , (2.2.11)

whose classical limit [at N(k) = n(k)/h > 1] is (2.2.9). Differentiating
(2.2.11) and substituting N (k) from (2.1.42) we get
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% = /‘Vk12’25(wk — W1 — a@)é(ki — kil — kg)
x {N(k,t)[N(k1,t) + 1][N(ka,t) + 1] — N(k1,t)N(ko,t)[N(k,t) + 1]}
[N (K1, t) + 1[N (ka, t) + 1N (k. t)

x In N(ky, )N (ks, )[N(k, 1) + 1]

dkdk,dks > 0 .

The inequality follows since (z — y)In(x/y) > 0 holds at any z, y.

Thus, the entropy of a closed wave system can only increase. The ther-
modynamic equilibrium corresponds to the maximum of entropy given a
constant total energy. Making use of the method of Lagrange multiplier, we
obtain from (2.2.11)

4] N(k)+1

—— (S —-AE)=ln—F—— =

SN )=y
The X\ parameter is given by the temperature of the system A = T'/h, hence
we have the Planck distribution

N (k) = {exp[hw(k)/T] — 1} 71 . (2.2.12a)

In the quantum limit [when hw = e > T and N (k) < 1] (2.2.12a) gives the
Mazwell distribution N(g) = exp(—e/T'), which is the stationary solution
of the Boltzmann kinetic equation (2.1.44). In a classical limit hw(k) < T
and (2.2.12a) goes over to the Rayleigh-Jeans distribution

T

n(k) = hN(k) = w(k)

(2.2.120)
which may be obtained directly, by varying (2.2.9). The equilibrium solu-
tion (2.2.12b) corresponds to the equipartition of energy in the degrees of
freedom e(k) = T.

If we demand that, apart from energy, the total momentum of the system
be also nonzero and constant, we obtain the drift equilibrium distribution

T
w(k) — (k- u)

n(k) = (2.2.13)
Here w is the drift velocity of a wave system relative to the chosen reference
system.

Upon direct substitution it is seen that (2.2.12a) is a stationary solution
of (2.1.42,43), and (2.2.12b,13) are the stationary solutions of (2.1.12,29). In
this case every term in the collision integral vanishes separately. The energy
flux on equilibrium distributions is identically zero p(k) = 0.

The four-wave kinetic equation has three integrals of motion, therefore
the general equilibrium distribution depends on three constants:

T
w(k) = (k-u)—p

n(k) = (2.2.14)
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Here p is the chemical potential. As (2.1.29) is invariant relative to sub-
stitution w(k) — w(k) — p, one can set u = 0, which corresponds to the
definite choice of zero energy.

2.2.3 Stationary Nonequilibrium Distributions

Under influance of external effects the wave system deviates from the ther-
modynamic equilibrium. Under sufficiently powerful effects all wave excita-
tions in different media lead to instability and exponential growth of wave
occupation numbers at the linear stage. Damping of waves is possible due
to interactions with inhomogeneities of the medium, quasi-particles of other
types etc. We shall describe all these effects, both of wave generation and
relaxation, by the same function I'(k):

on(k,t)

= = Ik, t) + T(R)n(k,t) .

In the regions of the k-space where I'(k) is positive it defines the growth-rate
of wave instability, and where I'(k) < 0, the damping decrement.

We shall call turbulence a highly nonequilibrium state of the wave system
when the occupation numbers deviate from equilibrium in some regions
of the k-space. The kinetic equation, which is valid at weak nonlinearity,
describes the so-called weak turbulence.

Let us discuss the necessary requirements to be satisfied by the I'(k) to
ensure existence of the stationary distribution n(k)

I'(k)n(k) + I{n(k)} =0 (2.2.15)
[2.6]. These requirements are based on the general properties of the collision

integral I(k) which is a functional of n(k;). First, it follows from the H-
theorem that [ I(k)n~'(k)dk > 0 [see (2.2.10)]. Thus, it is necessary

/mek<0. (2.2.16)

to satisfy (2.2.15). The physical meaning of this condition is obvious: for the
existence of a nonequilibrium steady state the environment should provide
a constant output of entropy from the system.

Since energy and momentum conserve as waves interact with each other,
in the stationary distribution we have

/ [ (k)w(k)n(k) dk = 0 (2.2.17)

/ I(k)kn(k)dk =0 . (2.2.18)
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These conditions should be satisfied at convergence of their integrals, i.e.
with the fluxes becoming zero at k — oo.

It is seen from (2.2.16) that the function I'(k) ensuring a steady state
should be sign-alternating, i.e., describe both sources and sinks of wave
energy. The mutual disposition of a sources and sinks in k-space should not
at all be arbitrary. Let us consider, for example, an isotropic arrangement.
Let us introduce the energy density in the space of wave numbers

E(k) = (2k) tre(k) = (2k)* trw(k)n(k)
and the respective flux P(k) (also in spherical normalization):

ap(k)

— = —(2k)  rw(k)n(k) .

Then the stationary kinetic equation (2.2.15) may be written as

dP(k) _
= = T(R)I(k) - (2.2.19)

Let us integrate it from some k,, to infinity:

Poo) — P(ky) = /k PR E(R) dis (2.2.20)

Assuming the occupation numbers to decrease rather rapidly [faster than
k=™~ for three-waves KE  (2.1.12) and k=9=2™/3 for four-waves KE
(2.1.29)], we have P(oo0) = 0. Nearly in all cases of wave turbulence (see
Chap.1), m+d > o and 2m/3 +d > «, where m, « are the indices of inter-
action coefficient and the dispersion law at k — oco. These inequalities imply
that with the growth of k in the region of large k the nonequilibrium station-
ary distributions should decrease more rapidly than the equilibrium ones.
This means that at sufficiently large k, the energy flux is positive P(k) > 0.
Indeed, for the equilibrium solution we have e(k) =const and P(k) = 0
while more localized distributions have a flux directed towards the regions
with smaler the energy density (k), i.e. towards to large k [positiveness of
the flux may also be shown strictly, see below Sect. 3.1 (3.1.18)]. Returning
to (2.2.20), we see that for the stationary distribution Jky, Yk > kpy,:

/OO r'(KE(K) dk’:/OO(Zk’)d_lwf(k’)w(k’)n(k’)dk’<O. (2.2.21)
k k

Thus, a necessary condition for the existence of a nonequilibrium steady
state is energy damping in the region of large k. For the four-wave kinetic
equation the condition

/ I(k)n(k)dk =0 (2.2.22)



2.2 General Properties of Wave Kinetic Equations 221

following from conservation of the total number of waves should also be
satisfied in addition to (2.2.17-18). From this one can easily obtain (in
isotropic situation too) the necessity of at least one more sink, i.e. a region
with negative I'(k). Indeed, if the function I" changes its sign only once, it
is easy to prove that it is impossible to satisfy the equations (2.2.16) and
(2.2.22) simultaneously, since w(k) is assumed to be a monotonic function.

A very common situation is the case when the pumping and damping
regions in the k-space well separated (by a large region called the inertial
interval where I'(k) = 0). In this region the stationary turbulent distribution
should satisfy

L{n(ki)} =0. (2.2.23)

At the ends of the inertial interval the solution n(k) should match source
and sink. Clearly, the equilibrium distributions (2.2.12-14), though reducing
the collision integral I(k) to zero, cannot match external sources and sinks.

Determination of nonequilibrium stationary distributions is based on the
universality hypothesis, according to which the form of solution in the iner-
tial interval should be independent of the structure of I'(k) in the pumpimg
and damping regions. The expression for n(k) may contain only the integral
characteristics of the source that determine fluxes of the integrals of motion.
Such a universality implies a step-by-step (cascade) transfer of energy (or
another integral) over different scales from the source to the sink. The nec-
essary condition is locality of interaction in the k-space; motions of strongly
differing scales should produce a weak effect on each other.

Thus, the program for determinaning stationary weak turbulent distri-
butions is:

1) find the universal solutions of equation (2.2.23) transmitting the fluxes
of conserved quantities;

2) verify the locality of the resulting distributions, i.e. convergence of col-
lision integrals;

3) match the universal solutions with the source and the sink.

In order to make sure that the solutions obtained are physically realiz-
able, one should see if they are stable.

The first three items are covered in Chapt. 3; the third item, in Sect. 3.4
and the stability problem is solved in Chap. 4.
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