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Wave turbulence and the Kinetic equation beyond leading order
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We derive a scheme by which to solve the Liouville equation perturbatively in the nonlinearity, which we apply
to weakly nonlinear classical field theories. Our solution is a variant of the Prigogine diagrammatic method and
is based on an analogy between the Liouville equation in infinite volume and scattering in quantum mechanics,
described by the Lippmann-Schwinger equation. The motivation for our work is wave turbulence: A broad class
of nonlinear classical field theories are believed to have a stationary turbulent state—a far-from-equilibrium state,
even at weak coupling. Our method provides an efficient way to derive properties of the weak wave turbulent
state. A central object in these studies, which is a reduction of the Liouville equation, is the kinetic equation,
which governs the occupation numbers of the modes. All properties of wave turbulence to date are based on
the kinetic equation found at leading order in the weak nonlinearity. We explicitly obtain the kinetic equation to

next-to-leading order.
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I. INTRODUCTION

This paper will present a scheme by which to solve the
Liouville equation for a classical weakly nonlinear system in
infinite volume, perturbatively in the nonlinearity. Our expan-
sion will be analogous to the construction of scattering states
in quantum mechanics. We will apply our method to weakly
nonlinear field theories and derive new results for the kinetic
equation governing the occupation numbers of the modes,
which is central to studies of weak wave turbulence [1-3].
Wave turbulence has been shown to occur in an incredible
range of contexts, from surface gravity waves to waves on
vibrating elastic plates; see Refs. [4-23] for some recent work.

The Liouville equation is perhaps most familiar in the con-
text of kinetic theory of a large number of interacting particles.
Under a range of assumptions, primarily that the gas is dilute,
the Liouville equation becomes the Boltzmann equation, gov-
erning the single particle phase space density. The corrections
to the Boltzmann equation away from the dilute gas limit can
be large and give qualitatively new effects [24-26], and they
have been studied in a number of works [27-35].

The Liouville equation can just as well be studied for in-
teracting waves, rather than interacting particles. In the weak
interaction limit it reduces to the wave kinetic equation, the
wave analog of the Boltzmann equation [36]. In addition
to the thermal state there is, surprisingly, a second sta-
tionary solution—a far-from-equilibrium turbulent state (the
Kolmogorov-Zakharov state). The properties of this turbulent
state, such as the occupation numbers of the modes and the
correlations between modes, are largely unknown, except at
leading order in the weak interaction. However, experience
from other contexts, such as the kinetic theory of gases or
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perturbative quantum field theory, suggests that going beyond
leading order is possible, valuable, and can lead to qualita-
tively new effects. There has been a recent push to study the
wave turbulent state beyond leading order [4,5], and this work
is in line with this motivation.

Long ago Prigogine observed that the Liouville equa-
tion can be viewed as a Schrodinger equation, and used
time-dependent perturbation theory to study the approach
to equilibrium, going beyond the Boltzmann equation [34].
We build on Prigogine’s work, with the distinction that we
draw an analogy between stationary solutions of the Liouville
equation and solutions of the time-independent Schrodinger
equation. More specifically, with a continuum of modes, the
Liouville equation is analogous to the Lippmann-Schwinger
equation, used in quantum mechanics to describe scattering
states. We proceed to solve the Liouville equation, formulated
as a Lippmann-Schwinger equation, perturbatively in the non-
linearity. We do this explicitly for field theories with a weak
quartic interaction, to the first two orders in the nonlinearity.

The paper is organized as follows. In Sec. II we view the
Liouville equation as a Schrodinger equation and set up the
perturbation theory for the solution. In Sec. III we specialize
to Hamiltonians for waves with a weak quartic interaction
and work out the perturbative solution of the Liouville equa-
tion at leading order in the quartic interaction, reproducing
the well-known kinetic equation for waves. In Sec. IV we
extend this to next-to-leading order in the interaction and, in
particular, derive the kinetic equation to next-to-leading order.
We conclude in Sec. V.

II. PERTURBATIVE SOLUTION OF THE
LIOUVILLE EQUATION

The statistical mechanics of N degrees of freedom is con-
cerned with solving for the evolution of the phase space
density po(J;, «;, t), a function of the action, J;, and angle,
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o;, variables, with i running from 1 to N. The evolution is
governed by the Liouville equation,

ap
— ={H, p).
” {H, p}

One is often interested in stationary solutions, which describe
the late-time behavior. For almost any interacting system, the
expectation is that this stationary solution is the thermal state.
Surprisingly, for many field theories there is an additional
stationary solution, which is the “wave turbulent” state. Con-
cretely, what is known is this: for a field theory, at weak
coupling, the stationary solution of the Liouville equation is
of the form

2.1

J
p=exp| =D L () z/dupp(f):np,
s T
(2.2)
where the sum is over all Fourier modes p. The thermal

solution has the occupation numbers,
n,=—, 2.3)

which is the Rayleigh-Jeans solution, where T is the tem-
perature (this is simply the Bose-Einstein occupation number
at large temperatures) and w), is the energy of mode p. For
certain Hamiltonians, there is a second solution—the wave
turbulent, or Kolmogorov-Zakharov, solution—with p of the
form of Eq. (2.2), but with an n,, that scales as a power of p,

n,~p7, 2.4)
where y depends on the form of the interaction. This is a
stationary solution which is very different from the thermal
solution; it is a state that is far from equilibrium.

The thermal state at finite coupling is similar to the one
at weak coupling: It is of the form of Eq. (2.2), but the w),
appearing in n,, in Eq. (2.3) is replaced with the full energy of
mode p. However, the density p(J;, ;) for the turbulent state
beyond leading order in the coupling is far more interesting
and elaborate: It will be a complicated function of the J; and
the o;. Finding p(J;, ;) is a major problem, and this will
be our goal: to systematically solve the Liouville equation,
perturbatively in the coupling, for a time-independent p.

A way of organizing the perturbation series is to notice that
the Liouville equation can be viewed as a Schrodinger equa-
tion. Explicitly, after multiplication by i, Eq. (2.1) becomes

0
i = Lp,

o 2.5)

where

L=i2<ﬁi—ﬁi>. (2.6)
; Ja j aJ j aJ j Ja j
A notable difference with the Schrodinger equation is that the
phase space density p(J;, ;) depends on both the action and
the angle variables, unlike the wave function which depends
on either the positions or the momenta.

We are interested in stationary solutions of the Liouville
equation. This amounts to finding p for which Lp = 0; or, in

the language of the Schrodinger equation, solving the time-
independent Schrodinger equation for eigenfunctions with
zero eigenvalue. There are two kinds of eigenfunctions of
the Schrodinger equation: bound states and scattering states.
It is the scattering states that we are interested in. In quan-
tum mechanics one finds the scattering state eigenfunctions
by solving the Lippmann-Schwinger equation. Let us recall
how this works; we will then do something analogous for the
Liouville equation.

A. Lippmann-Schwinger equation

The Hamiltonian in quantum mechanics is split into a
free part and an interacting part, H = Hy + V, so that the
Schrodinger equation is

(Ho+V)ly) =Ely). (2.7)
The solution is formally [37]
[¥) = [¥o) + GEEWV|Y), GE)= (2.8)

E — Hy + i€’

where [1/) is the solution of the free Schrodinger equation,
Ho|v) = E|y).! Equation (2.8) is the Lippmann-Schwinger
equation. Iterating the equation gives a perturbative expansion
for the wave function,

1Y) = [¥0) + GIEYV Vo) + GEEI)VGE)V [Yo) + ...
(2.9)
It is useful to write the Lippmann-Schwinger equation in
position space,

W) = Yol + / X' Gx, X WV () (x),

G(x,x') = (x|G(E)|X), (2.10)

where the position-space wave function is ¥ (x) = (x|¢),
and the Green’s function is G(x, x") = (x|G(E)|x’), while
the potential is taken to be local, (x|V|x') = V(x)§(x — x).
For H, corresponding to a free particle, Hy = p*>/2m, the
propagator is

) dp  €PE) m eki—%]
Gilx,x) = 3 . T T A5 o
QryYE— L +ie 2m ¥ =X

k2

= @2.11)

I'The ie that we added sets the boundary conditions. In particular,
we can view the i€ as being added to the energy and making it slightly
complex, E — E + ie. The eigenfunctions have the time evolution
e 'E! which becomes e~E'¢¢!. This vanishes in the far past, which
is what we want: We want the far past to have eigenfunctions of
the free Schrodinger equation. The choice of +ie which we made
corresponds to a retarded propagator. It means that a plane wave
is ingoing and a scattered wave is outgoing. The choice of —ie
corresponds to an advanced propagator. Notice that the i€ is absent
once we Fourier transform to position space in Eq. (2.11). If we had
picked —ie in Eq. (2.8), instead of +ie, the exponential in Eq. (2.11)
would have had a minus sign, leading to a scattered wave that is
ingoing.
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Finally, we note that the Lippmann-Schwinger equation ap-
plies to scattering states, which have a continuum of energy
levels. This was important to us when we identified the energy
of the eigenstates of both the free Hamiltonian and the inter-
acting Hamiltonian as E. This is to be contrasted with bound
states: the bound state energy levels are discretely spaced and
change as the Hamiltonian changes.

B. Liouville equation

We now return to the Liouville equation (2.5) and split the
Hamiltonian into a free part, which depends only on the action
variables, and an interacting part,

H:HQ(Jj)-}-V(Jj,O[j). (212)

The Liouville operator is correspondingly L = Ly + 6L,
where

Hy

. 3 3
Lo = —i Zw(J,)W, ol =2 @13)
j J

J

SL Z av a av 9
=1 _— .
daj J;  3J; da

J

(2.14)

Our goal is to solve the Liouville equation for a time-
independent phase space density p. We denote such a state in
ket notation as |®), so that p(J;, o;) = (J;, ;| P). As a result
of the Liouville equation (2.5) |®) must satisfy

(Lo + 8L)|®) = 0. (2.15)

In analogy with the Lippmann-Schwinger equation (2.8), the
solution of Eq. (2.15) is

1
—Lo+ie’
where |®g) solves Lg|®Dg) = 0. This is just like Eq. (2.8)
with Ly instead of Hy and with E = 0. Here the propagator
(or Green’s function) G is the inverse of the free Liouville

operator Ly. Let us look at the Green’s function in more detail.
Writing its matrix element as, (@|G|&’) = G(@—a'), we have

|®) = | Do) + GSL|D), G = (2.16)

in-a

LyG@) = —8@@), G@)= Z (2.17)

— —7i -+ i€’
1
where §(a@) =[] ;8(aj). Here i is a vectors of integers, and

we have switched to vector notation, J, @ to denote the J;, ;.
We denote the Fourier transform of the Green’s function by
G(i),

1

G(fi) = —————.
M= G e

(2.18)
Notice that the eigenfunctions |i) of the free Liouville opera-
tor Ly are plane waves,

(@A) = exp (ifi - @), Lolii) = ii - ®|ii). (2.19)

We could multiply this by any function p(J) of the action
variables and it would continue to be an eigenfunction of L.
We are particularly interested in the eigenfunctions of Ly with
zero eigenvalue, as they correspond to the solutions |®g) of
the free Liouville equation,

(@|®o) = exp (ifi - @)p(J), ii-&=0, (2.20)

where ,o(f ) is any function of the action variables. Even
though this is a function of the J variables as well, for nota-
tional simplicity we omit writing an explicit J on the left-hand
side. Also, to be clear, we wrote the sum in Egs. (2.13)
and (2.14) to be over a seemingly discrete index j; however,
we really have in mind that j is momentum, which is contin-
uous. For instance, the true meaning of 7i - & is

n-w= Zn[a),- = ana)p = /ddpnp wp. (2.21)
i r

We will continue to use the 7 - @ notation due to its simplicity.
The 7 - @ is evidently analogous to energy in the discussion of
the Lippmann-Schwinger equation.

The Liouville equation (2.16), written in the plane wave
basis, is

(7| @) = (iil®o) + > _ G(A)(HISLI) (ii'| D),

i

(2.22)

where we used that (7i|G|#') = 8,,,G(#1). The transformation
between the state in the two bases, |@) and |i), is as usual
through a Fourier transform,

(@|®) = > (@) (| P) = Y ™ (| D).

n

(2.23)

Just as we did for the Lippmann-Schwinger equation (2.9),
we may perturbatively expand |®) around |Dy),

(7| ®) = (7i|®o) + Y G()(RISLI) (n'| Do)

n

+ Y GAISLIF )G ) (7 |SLIA") (7| Do) +. . .

(2.24)

This is an expression that builds the solution |®) of the full
Liouville equation in terms of a solution |®,) of the free
Liouville equation. Let us take a special case: (&|®¢) which
is independent of @,

(@|®o) = p(J).

The Fourier transform (7i| ®g) is correspondingly only nonzero
for i = 0, with (ri = 0|®y) = p(J). We therefore set 77 = 0 in
Eq. (2.24) so that it becomes

(0]®@) = (0]®Po) + G(0){O[SL]0) (0] Do)

(2.25)

+ " G(O)(OISLIA) G ) (7' |8L|0) (0] Do) + . ...

(2.26)

In the next section we will specialize these equations to a field
theory with a quartic interaction.

II1. QUARTIC FIELD THEORY: LEADING ORDER

We now turn to our Hamiltonian of interest, for a field
theory with a quartic interaction. Rather than working with

We do this because later on we will be interested in (J,) =
JdJda J, (a|®o), which will vanish unless (o|®o) (2.20) is inde-
pendent of «.
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real fields ¢, and momentum conjugate 7, it is common to
work with complex fields a,, and their complex conjugate aj,
which we will denote by af.’ The Hamiltonian is taken to
be [2]

H = pra ap + Z Apipapsps plapoap3ap4’ (3.1)

P1,P2,P3,P4

where w, is an arbitrary real function of p and the cou-
pling Ap p,p;p, 18 any complex function of the momenta
D1, D2, P3, P4 which has the symmetry properties Ap, ,,p,p, =

— * : .
Apspipsps = Mpipapaps = )»mez Phase space in these vari-

ables is a function of the a, and at b It is convenient to switch

J

0y, Ou; Og Oy
6L Z )\,,jkh/ll Jidi e“e'f“‘"[(a —|—8 i—0r—0y) + 2( L4 2L+t _l>:|,

i,j.k,1

to action-angle variables, J,, o,

_ —ia
ap, = +/Jpe ",

so that the Hamiltonian becomes

H= Zw,J + D i/ Td Iy expli(citaj—ax—a)),

i,j,k,l

T io)y
a,= VIpetr,

3.2)

(3.3)
where we have switched to labeling the momenta p by the
discrete index i, for notational convenience. The advantage of
action-angle variables is that the free part of the Hamiltonian
depends only on the action variables.

Computing the Liouville operator, we have that Ly is
Eq. (2.13) with w(J;) = w;, while 5L in Eq. (2.14) is

34
J,‘ Jj Jk Jl ( )

where we are using the shorthand 9; = 9;,. In addition, we have defined &;;,;, which is a vector that has a —1 in the ith and jth
entry and a +1 in the kth and /th entry, and a zero elsewhere; in other words,

The matrix element of §L trivially follows

(AISLIAY =
i,j,k,l

An equivalent way of writing this, which will also be useful, is

(A|SL|) =
i,j,k,l

where we used the commutation relation [d, VA 1= %«/7 to go between the two expressions.

Now, using these matrix elements in Eq. (2.26) gives

—€jjp - O = oo j—a—0y. (3.5)
— 3" kT 8 (=) — L (4 " e (3.6)
ijkl kJ1 Ofi4-€;j4y 11/ k ] 2 J,' Jj Jk Jl . .
1/n; n; n n
=3 hijua S | (8= —01) — 5 (= + =L + =5+ =) [ VI, 3.7)
i 2\5 L TR
(3.8)

(0[®)
ijkl

= (0|®o) + G(0) Z i k112G @1t ) (B0 — 3k — ) Wi j Sy (3 +31—3;—3;) (0| Do) + . ..,

where we used that, for the matrix element (0|SL|#') to be nonzero, the intermediate state |7) has to take the form lij;kl), by

which we mean the mode occupation numbers are: n; = n; =

—1 and n; = n; = 1, and all other n, = 0.

Notice that the second term in Eq. (3.8) has a G(0). From the form of G(7) given in Eq. (2.18), we see that G(0) diverges in
the limit that € goes to zero. This means that the quantity multiplying G(0) must vanish,

Z |Aijia|*

ijki

wi+wj—wg—w|+ie

(0;+0;— 0k —

Ol JTidi B+ —3i—3))p () = O, (3.9)

where we used the explicit form of G(€;;,;) and replaced (0|®g) with p(f ). Next, we note that

1
x + ie

1
— P~ — ind(x),
X

(3.10)

where P denotes principal value. Since the principal part of 1/(wy~+w;—w;—w;) is odd under exchange of i, j with k, [, whereas
the other terms in Eq. (3.9) are even, we are left with the § function piece,

D Whijua P8 (14— =) (0+;— =) j Iy 4+ —0,—9)p () = 0.

ijkl

3.11)

Before proceeding further with analyzing this equation, let us take stock of where we are. Our problem was to solve the
Liouville equation. We wrote this in the form of Eq. (2.16) resembling the Lippmann-Schwinger equation, which gives the
solution as a series built off of the solution of the free Liouville equation. We took a special solution of the free Liouville

3The relation between them is, as usual, ¢; = ﬁ(ak +a})and 7y = ﬁ(az —a).
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equation (&|®g) = ,o(f ) (2.25) which is independent of the angles &. However we found that, rather than Eq. (2.16) giving us
corrections to this, perturbatively in the coupling, as one is used to in quantum mechanics, it gave us a constraint on p(J): at
leading order it must satisfy Eq. (3.11).

Equation (3.11) is not new: it was found by Prigogine [34]. He studied what one might call the analog of time-dependent
perturbation theory for the Liouville equation, whereas we are studying the analog of time-independent perturbation theory.

Prigogine found,

dp(J) _
ot

ijkl

= —4r Z ikt |28 (@it —wj—wy ) (848 — 8k — ) Wi j Ty (3 +81—8;— ;) p (]),

(3.12)

which of course agrees with Eq. (3.11) if one is looking for stationary ,o(f ), as we are. Let us see how Eq. (3.12) reduces to the

kinetic equation. Defining the expectation values,

(i) = /dJJi o), Uidjl) = /dJJi JiJik p(J), (3.13)
and multiplying Eq. (3.12) by J, and integrating with respect to J we get
/) 4 d 2 314
— =4 [l Y P @it —or—on) @D — =00 i 0+ —8i—0,) (). (3.14)
ikl
We integrate by parts to the left (twice) and identify the resulting integrals as expectation values,
(/i) 2
= 4 Z (Bir 438 jr—81r— 81 )| A i jit |78 (wi+w j—wr— ) (I j i dp) F(iJiedr) = (Jid i 1) — (Jid i J) ), (3.15)
i,jk,l
where §;; is the Kronecker § function. Now, if we take p(J) to be an exponential,
1 Ji
P = T P (— Z n—) i) = ni, (3.16)
then all the correlation functions factorize into one-point functions and we are left with
on _ 4 > it 8= 8= 1) Aijua P8 i+ (Ll L 1 (3.17)
=4 ir 0 —0kr—01,)|Aij witwj—wy—w;)| —+————— |nnjnn;. .
a1 j k 1 ijkl i ' k ) noon; meom i jIterty

ikl

This is the standard (leading order) kinetic equation for
waves [2].

Using our perturbative (in the coupling) solution of the
Liouville equation analog of the Lippmann-Schwinger equa-
tion, we can go beyond the leading order kinetic equation,
and compute the kinetic equation to any order in the coupling.
Generalizing what we just did, from Eq. (2.22) we have that

01®) = O®o) +G(O) Y _(OISLIT)(w'|®).  (3.18)

n

Since G(@) is divergent, it must be the case that

> OI8LI) (n'|®) = 0. (3.19)

We will refer to this as the master equation. We may multiply
this by J, and integrate over J, and identify the resulting

. . on,
quantity as proportional to Pt

an,
ot

a/WLZ@&WW@» (3.20)

This is the kinetic equation: for a stationary state, both sides
vanish, as should be the case. We therefore have a clear
procedure for computing the kinetic equation to any order in
the interaction strength: we perturbatively solve Eq. (2.16) for

(

|®) with the initial condition that |®g) is angle independent,
i.e., (i|®g) is nonzero for 7i = 0, and insert the result into
Eq. (3.20). This is what we will do in the next section.

We end this section with a comment. Perturbatively solving
the Liouville equation is equivalent to perturbatively comput-
ing integrals of motion; see Refs. [38—40]. The connection
with the Lippmann-Schwinger equation gives a systematic
and unambiguous scheme by which to compute the kinetic
equation to any order in the nonlinearity. It is important that
we are studying field theories in the continuum, which have
an infinite number of degrees of freedom. One might have
worried that once one goes away from the free limit, integra-
bility will be broken (perturbation theory will break down)
and there will be no conserved quantities. However, since we
have a field theory, any function p(J) is conserved for the free
theory; once interactions are turned on most functions indeed
stop being conserved, but some remain conserved: those that
satisfy the equations, such as Eq. (3.9), that our perturbation
theory forces on us.

IV. QUARTIC FIELD THEORY: NEXT-TO-LEADING
ORDER

In this section we continue the discussion in the previous
section, but go to next-to-leading order in the nonlinearity. To
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recap: our goal is to solve the Liouville equation for the phase
space distribution <I>(.7 , @), which is a function of the action
J; and angle o; variables of all the modes, which have been
grouped into vectors, J and @. We work perturbatively in the
interaction, starting with the solution Cbo(f , @) of the Liouville
equation for a free Hamiltonian.

We are particularly interested in the case in which & is
independent of the angle. It is convenient to change basis,
from angles & to the Fourier transform variables of occupation
numbers 7i. The @ that is & independent then only depends
on the zero mode, #i = 0. Writing @, in ket notation, it is
(n = 0|®g). Going back to our perturbative expansion (2.26)
for (0|®), we add the next-to-leading order term,

(0]®) = (0]Do) + G(O)(BL)grst + (BL)second + - --)» (4.1)

where we have dropped the (0|5L|0) term, since it vanishes
for our 5L, and we defined

(3L = Y _(OIBLIF)G(l') (i 15LI0) (0] D).

i

4.2)

(8 L )second

=Y (0L

i

i) (i |SLIA")G (") (" |SL10) (0] Po).

(4.3)

As argued in the previous section, since G(0) diverges we
must have the master equation

((Sﬁ)ﬁrsl + (5£)second =0, 4.4

to third order in the coupling.

In the previous section we computed the first term (8L )gyg;
see Eq. (3.11). Here we will compute the next order term,
(6 L)second- Before proceeding, it is useful to streamline our
notation and give graphical representations of the terms
that appear. We will label modes by 1, 2,3, ... instead of
i, j, k,....Inaddition, we can make use of the specific form of
6L for a field theory with a quartic interaction to specify which
states can appear in the perturbative expansion. Namely, §L
acts by “creating” two particles and “destroying” two other
particles, and its matrix element was given earlier in Eq. (3.6).
We have that (§£)gs (4.2) reduces to

(L) = Z G(@12:34) (O18L[12; 34) (12; 34[8L]0) (0] Do)

S=

FIG. 1. A diagrammatic representation of (§L)g in Eq. (4.5).
We start with vacuum |0). The interaction 5L, which occurs at the
left vertex, turns this into the state |12;34). The two “particles” and
two “holes” each propagate to the right. The interaction §L then
transforms the state back into the vacuum |0).

4.5)

() (b)

FIG. 2. A diagrammatic representation of the contributions to
(Sﬁ)seconw

Our notation is such that when we write [12;34) we mean
a state in which modes 1 and 2 have occupation number
—1 and modes 3 and 4 have occupation number 1. We may
represent Eq. (4.5) graphically, as shown in Fig. 1. One can
imagine a vertical dashed line running through the center of
the figure which represents the intermediate state [12;34).
The arrows on the lines indicate the direction of flow of
occupation number: an arrow pointing to the right corresponds
to occupation number plus one, while an arrow pointing to the
left corresponds to occupation number minus one. In this new
notation, Eq. (4.5) in explicit form is

(L) = Y G@1234) 12342341201 +02—03—0s)

x J1Ja3Jy (83+04—031—32){0]|Do). (4.6)

Let us now look at the next-order term (8L )second (4.3).
To compute this we need to enumerate all the possible in-
termediate states |7’) and |7i”). The most efficient way to do
this is with the aid of diagrams describing the process. The
diagrams will have three vertices, one for each §L. There are
four diagrams to consider. Two of the diagrams are shown
in Fig. 2. We also need to add the same diagrams, with all
the arrows reversed. These are shown in Fig. 3. We split
(6£)second into

(8£)second = (S‘C)Zecond + (S‘C)QCCOHd’

SRy

(a) (b)

FIG. 3. The same diagrams as in Fig. 2, but with all arrows
reversed, also contribute to (8L )second-

4.7
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where (8£)S,.,,q denotes the contribution that is the sum of
the diagrams in Figs. 2(a) and 3(a), and (8£)°, 4 denotes
the contribution that is the sum of the diagrams in Figs. 2(b)

and 3(b). Let us start with Fig. 2(a). This diagram can be cut in
|

D G(0)G(Z12:34)G(@s634) (0I8L[12; 34) (12; 34|5L|56; 34) (56; 34|5L|0) (0] o).

1,...,6

two different ways, producing two distinct intermediate states;
see Fig 4.

We start with Fig. 4(i), which corresponds to a sequence of
states [0) — [12;34) — |56;34) — |0). Its contribution is

4.8)

Let us evaluate this explicitly, making use of the matrix elements (3.6). We get

— Y G(0)G(212:34)G(@56:34)h 1234 A 5612 A 3456 (91 02— 03— 04)J1 o/ T3 TaT5 T

1,...,6

1/1 1
|:(35+36—31 —0)) + > <J—+J—>i|\/JSJ6J3J4(83+34_85_86)<0|(b0)1
3

5

(4.9)

where we used the matrix element in the form of Eq. (3.7) for (()|8L|E; 34), and in the form of Eq. (3.6) for (12; 34|8L|56; 34)
and (56;34|5L|0). It is convenient to commute through the Js5 and Jg to combine them. Using [, ST 1= %\/j , this gives

- Z G(0)G(€12;34)G(E56;34 )A 1234 A5612A3456 (01402 — 03— 04 )1 J2J3J4(054-06 — 01 — 02 ) J5J6 (03404 — 05— 06 ) (0| Do) .

Next, we note that from Fig. 3(a) we will have an identical
contribution, but with all the arrows reversed. Rather than redo
the computation, it is useful to understand how to get the result
by a symmetry transformation.

A. Particle-hole symmetry

Let us understand what it means to have the arrows run
in the opposite direction. For the couplings, it means A;ji; —
Aklij = Afjkl. It also means that the sign of the angles is re-
versed, @ — —a. In terms of G(&), reversing the sign of &
corresponds in Fourier space to sending G(ii) to G(—#). Since
with our notation our occupation numbers are either plus or
minus one, reversing arrows means G(é;j) — G(éu,ij) =
—G*(€iju)-

Now, to see the effect of reversing the arrows on the matrix
elements: we are swapping particles and holes, i.e., |ij; kl) —

o

() )

FIG. 4. The diagram shown in Fig. 2(a). We use a vertical dashed
line to represent an insertion of an intermediate state. Depending on
the two ways in which we rotate Fig. 2(a), we produce different inter-
mediate states, as shown here in (i) and (ii). In (i) the first (leftmost)
intermediate state that the vertical dashed line crosses is |12;34) and
the second is |56;34). In (ii) the first state is also |12;34), but the
second is [12; 56).

(4.10)

(

|ki;ij). We also need to understand the effect of swapping the
arrows on the explicit form of the matrix elements. In terms
of the variables, we see from Eq. (3.6) that flipping the sign of
@ corresponds to J — —J.

There is an easier way of understanding the mapping: it
follows from a symmetry of the Hamiltonian Eq. (3.3). In
particular, the Hamiltonian is invariant under*

w > —w;, Ji—> —Ji, o —> —a,

Maza = Aoip—3—a = Ay, 1=1,2,3,4. (4.11)

It is also invariant under a flip in sign of just two of the indices,

w > —w, Ji—>—Ji, o> —aw,

A234 —> Aj_p-34 = Az, 1=2,3. 4.12)

Now, returning to Eq. (4.10) and performing the described
transformation gives the complex conjugate of Eq. (4.10),
with a minus sign. Summing the two gives what (with fore-

sight) we denote as %(8 L), g Where

(6L)Secona = — 4i Z Im(G(€12:34)G(€s634 )X 1234 A561243456)

X (01+02—03—04)J1J2J3J4

X (05+06—01 —02)J5J6(03+04—05—06 ) (0| Do).
(4.13)

We also need to include the diagram in Fig. 4(ii). We notice
that it is the same as Fig. 4(i) with 1, 2 <> 3, 4 and the arrows

“We have introduced the notation that if one of the indices of the
coupling appears with a minus sign in the first two slots, it means
the same as the index appearing without a minus sign in one of the
last two slots, and likewise if an index appears with a minus sign in
the last two slots, it means the same as the index appearing without
a minus sign in one of the first two slots, i.e., Aj_»_34 = Aj3p4 and
A_1-2-3-4 = A3412.
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going in the opposite direction. But 1, 2, 3, 4 are just dummy
variables, so for that contribution we can simply change vari-
ables 1, 2 <> 3, 4. So we just need to have the arrows go in the
opposite direction. But to get Eq. (4.13) we already took the
arrows to go in both directions, so this gives back the same
thing: 1(8L)2,.,q- In total we thus have (8£)% 4.

Next we turn to the diagram in Fig. 2(b). We notice
Fig. 2(b) can be obtained from Fig. 2(a) by swapping 2 and
3 and then reversing the arrows on 2, 3,6. We must also
multiply by a combinatorial factor of 4 (because 1 and 2
can be exchanged, and 3 and 4 can be exchanged). Perform-
ing this transformation, 2 - —3, 3 - —2, and 6 — —6, on

J

(5£)gecond we get (a’c)second
(8L pcona = 16i Z Im(G(€12:34)G(€s2:46) 1123415316 14625 )

X (01+02—03—04)J1J2J3J4

X (05+03—01 —06)J5J6(04+06—02—05) (0] D).
4.14)

We have now computed all the terms appearing in the master
equation (4.4) to third order in the coupling.

B. Kinetic equation

As we established in the previous section, the kinetic equation is found by integrating the master equation,

on, :
= i [ 19, (L + L)) (4.15)
This is straightforward to carry out; the details are in Appendix A. The result for the first order term is
1 1 1 1
dJ J, (8L)grg = Z G(812;34)A 12343412 (81,482, —83,—B4r) an —t————— , (4.16)
ny np n3 ng

1,..4

and for the second order term is

.....

i=1

and something similar for f dJJ, (SL)Second which is obtained by an index interchange. Now, for G(€),.34) recall its defini-
tion (2.18),
1 1

G(é1234) = =P
(€12:34) o1 — s — s e

— ind(w3tws—wi—w»), (4.18)

w1 +wr—w3—wy

where we split the term into a principal part and a é function, using Eq. (3.10). A potentially more useful form of the kinetic
equation is one in which one makes use of Eq. (4.18) to write the terms, grouping them by the number of § functions. Doing this,
along with some permutations of the indices to combine and simplify terms (see Appendix A for details) we get for the kinetic
equation,

1 A1256A ns—+n
——16 Za<w1234>x12341_[n,( ——n———> 1+4Z 0o 20
3

16 Z A1635A2546 N6 —N5
9
vl Al23s 1256

4.19)
Al234 4625

where here we have taken the couplings to be real and we defined w;jx; = w;+w;—wi—w;, and when we write 1/w we really

mean the principal part of 1/w. This matches the next-to-leading order kinetic equation we found in Ref. [5].

V. DISCUSSION

We have studied classical field theories with weak non-
linearity. A fundamental object is the kinetic equation,
describing the time evolution of the occupation number n; of
a mode of momentum k. We presented a scheme to find the
kinetic equation perturbatively in the nonlinearity, and found
it explicitly to next-to-leading order for a field theory with
a quartic interaction. Our method amounts to perturbatively
solving the Liouville equation, which we did by analogy with
the Lippmann-Schwinger equation used in scattering in quan-
tum mechanics.

The expansion we found is analogous to perturbation
theory in many-body quantum mechanics or quantum field

(

theory. In particular, the phase space density is a function of
the action and angle variables of every mode p. The effect
of a quartic interaction on the Liouville operator is that it
adds one unit of angular dependence for some modes p; and
P2, and subtracts one unit for modes p3 and py; it is as if
the interaction creates particles of momenta p; and p, and
destroys particles of momenta p3 and p4. In this way, each
term in the perturbative expansion is represented by a Feyn-
man diagram. Our seed for the perturbative expansion was a
phase space density that only depends on the action variables.
Order by order in perturbation theory, angular dependence for
an increasing number of modes is acquired.

More broadly, the standard approach to solving the
Liouville equation is through time-dependent perturbation
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theory [34]. In contrast, our method is like time-independent
perturbation theory and works by analogy with scattering,
which is far simpler. This approach may be useful in other
contexts.

Rather than doing a phase space average, an alternative
way to derive the kinetic equation is to introduce external
Gaussian-random forcing and dissipation, perform an average
over the forcing, and at the end take both the forcing and
dissipation to zero while maintaining a fixed ratio [41]. This
is what we did in earlier work [5], streamlining earlier older
attempts [42] by using Martin-Sigga-Rose to integrate out the
forcing. The method in this paper is technically far simpler, al-
though the method of Ref. [5] is perhaps conceptually simpler.

One motivation for studying weakly nonlinear field theo-
ries is the existence of turbulent cascades (the Kolmogorov-
Zakharov state). The state is found by looking for stationary
solutions of the wave kinetic equation. This is always done
for the part of the kinetic equation that is leading order in the
nonlinearity. It will be interesting to see how accounting for
the next-to-leading order term in the kinetic equation modifies

J

the turbulent state. Some discussion of this will appear in
Ref. [43].

Although we focused on the occupation numbers of modes,
the method presented here allows one to compute much more:
it systematically gives the entire state, as a function of all the
action and angle variables, perturbatively in the coupling of
the nonlinear term. An important problem is to decide which
quantity in particular provides an insightful characterization
of the turbulent state, and to then compute it.
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APPENDIX A: FROM THE MASTER EQUATION TO THE KINETIC EQUATION

In this Appendix we fill in some of details involved in getting the kinetic equation to next-to-leading order. In particular, we
start with the kinetic Eq. (4.15), make use of (§L£)gs in Eq. (4.6) and (8L )secona in Eqs. (4.7), (4.13), and (4.14) to obtain the

final form of the kinetic equation in Eq. (4.19).
We first look at the integral of (§.L)gy, given in Eq. (4.6),

/dJJr BL)first = /dJJr ZG(512;34))»1234)»3412(31+32—33—34)Jl-72-]3f4 (83+34—31—2)p(J),

1,...4

(AL)

where (0|®) = p(J). As shown in Sec. III, we repeatedly integrate by parts to the left and then use the exponential distribution

-

for p(J), as given in Eq. (3.16), so that this turns into

4
/dJ I (L) = = Y G(@raa)hiasahsaa(B1,+82,—83—84) [ [ i

I,...4

Next we look at the integral of (§L)

a
second’

We repeatedly integrate by parts to the left so that this turns into

1 1 1 1
= . (A2)
izl n n; nj3 ny
given in Eq. (4.13),
/dJJr (OL)econa = — 4l'/djfr Z Im(G(812:34)G(€56,34 )M 1234 1561213456 ) (01 +02— 03— 04)
1.6
X J1J2J3J4(35-+36— 1 — 32 WsJ6 (33-+04— s —dg ) o (). (A3)
/dJJr (BL)cona = —4i/dfz Im(G(&12;34)G(€56;34)A1234 1561213456 ) (81,402, —83,—B4,)
1.6
x J1JaJ3JadsJ, 1+1 1+1 P 1 ) (Ad)
123456J1 7 A Jép .

Evaluating using an exponential distribution for p(J), as given in Eq. (3.16), turns all the J; into n;,

ny np ny ng N5 nNg

; . q q o1 IN/1 1 1 1
dJ Jr (L) jeeona = —41 ZIm(G(€12;34)G(656;34)/\1234/\5612/\3456)(51r+52r—53r—54r) l_[ni —F— )t -
i=1

I,....6

064127-9



VLADIMIR ROSENHAUS AND MICHAEL SMOLKIN PHYSICAL REVIEW E 109, 064127 (2024)

The other term, f dJJ,. (SE)SCCOHd, is obtained by the transformation discussed previously: 2 — —3,3 — —2, and 6 — —6, and
multiplying by a combinatorial factor of 4, giving

1 1 1 1 1 1
/dJJ (8L)cona = 161 Z Im(G(€12:34)G(@s2:46 )M 1234453164625 ) (81,482, — 53r—34r)1_[nl(———> (—+ ————— )

6 e ny nj3 ng nNeg Ny nNj
(A6)
Combining all these terms gives, via Eq. (4.15), the next-to-leading order kinetic equation. We would like to make sure that
it matches the result we found previously in Ref. [S]. Focusing on Eq. (AS), we see that we can replace (8;,+082,—83,—84,) —

2(81,—083,) because of the symmetry of everything else under 1 <> 2 or 3 <> 4. For the term coming with §3, we do a change of
variables, (1,2) <> (3, 4),

6

1 1 1 1 1 1
dJT, (L., = —8 Y 8, ni{Im(G(Z 30)G (@sean)h1mahseioh )<—+—><—+ ————— )
/ @ oond = 126 1 ,1:! 12:34 2 L | (e
R R 1 1 1 1 1 1
+ Im(G(€1234)G(€12:56 )A 1234 A5612A3456)| —+— || —+————— , (A7)
n3 ng ny np nNns nNg
where we used that G(—&) = —G*(€). Next, we insert the relation
G(812;34)(G(Es6;34) + G(€12;56)) = G(E56,34)G(€12:56) (A8)

into Eq. (A7). Writing the G(€;;,;) in Eq. (A7) explicitly, we have

1 1 1 1 1 1
[dJ Jr (6L)gecong = — 8i Z Sir l—[n Im[)»1234)»5612)»3456{ ( +n—) <—+n—> ,
noom 4

p n3 W34;56— 1€ Ws6;12—I€

1 1 1 1 1 1 1 1 1 1 1 1
(=) (—+— : o e | : _ . (A9)
ns neg/)\np ny/ w3412—1l€ W3g56—1€ ns Ne/) \N3 N4/ W34;12—1€ Ws6;10—1€

where we defined the shorthand w;j = wj+w;j—wr—w;. This precisely reproduces what we had in the kinetic equation in
Ref. [5].° There we proceeded by using Eq. (4.18) on all the G(é;j.1;) terms, grouping terms together based on the number of
3 functions of the w;, and performing the change of variables (3, 4) <> (5, 6) on some of the terms to show that they are either
zero due to antisymmetry, or to combine them with other terms. The end result is the kinetic equation (4.19).

APPENDIX B: FREQUENCY RENORMALIZATION
In the Hamiltonian Eq. (3.3),

H = Zw,] + D /T Iy expli(citoj—ax—e)), (B1)
i,j,k,l
it is useful to split off the term in the interaction in which some pair of indices are equal,

H = Zw,J + D i/ expli(ctitoj—ax—0r)) + Huen,
@@, N#k,D)

ren =2 Z )\zkszJk + Z )sz]z (BZ)
i#k

The corresponding matrix element of (6L ), for Hye, is, from Eq. (2.14),

(AOL)renl) = 48550 Y M ki + 2 85 Z Niii ;. (B3)
i#k

Switching to notation in which we call mode i to be 1 and mode & to be 5, we have that the contribution at order A3 which
involves one insertion of (§L)ep 18

(8L)en = —4 Y G(@1234) | M123al* (91 +02—03—04)J12J3Ja]5 (1515 hasos—Aasas — hasas ) (D3+04—01 —92) (0] Do), (B4)

5In particular, in Ref. [5] insert Eq. (4.25) into Eq. (4.32) and use that the Im(x*) = —Im(x).
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where we have accounted for the fact that (§L),., can be inserted along any of the lines 1, 2, 3, 4. The contribution to the kinetic
equation is

[ 15 600m=i Y

I,...4

I ) : 1111
Im(G(Z12:34) ) Maal* S1,+82r =83 —84) [ [ i | —+————— (bw1+8wy—dw3—dws),  (BS)
i=1

n np n3 nyg

where we used that the term with Re(G(é12:34 )?) gives zero due to the symmetry under 1, 2 <> 3, 4, and where

8wq =4 hasashs. (B6)
5
‘We note that
R . d 1
G(@Ers) = ——, = Im(G(E1234)") = — Im — = 18 (w1234). (B7)
w1234Fi€ 0wi234  wiopatie

The contribution to the kinetic equation of Eq. (BYS) is therefore

4
dn, 1 1 1 1
=4 Z 78 (@12:34) M 1234] > (81,482, —83,—84r) Hni —_—t (Swi+8wr—8wz—8wy). (B8)
ot ren 4 i n np n3 ng
The reason we interpreted this as a frequency renormalization is because if one takes the leading order kinetic equation,
4
on 1 1 1 1
=4 (1,482 =83 —84)mS(wina)hioza* | [ i [ —4————— : B9
ot 124( 1782, =83, =84, )7 8(@12:34) | A 1234] En <n1+n2 = n4> (B9)

and sets w, — w, + dw,, then the change is precisely Eq. (B8).
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