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Cascade model of wave turbulence
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We propose a cascade model of wave turbulence designed to simplify the study of this phenomenon in the
way that shell models simplify the study of Navier-Stokes turbulence. The model consists of resonant quartets,
in which some modes are driven and damped and others are shared by pairs of quartets and transferring energy
between them, mimicking the natural energy transfer mechanism in weakly turbulent waves. A set of detailed-
balance conditions singles out the case of the cascade model in equilibrium, for which we can explicitly derive a
Gaussian equilibrium measure and a maximum-entropy principle using a Kolmogorov forward equation. Away
from equilibrium, we can approximate the second-moment dynamics of the mode amplitudes using kinetic
equations. In a nonequilibrium steady state, we can also approximate the higher moments of the driven-damped
mode amplitudes and characterize the distribution of the shared-mode amplitudes as Gaussian. For this latter
distribution, we find an information-theoretic argument, akin to entropy maximization, which lets us conclude that
arbitrary initial shared-mode amplitude distributions approach Gaussian form in forward time. The cascade model
may provide insight into mechanisms governing weakly turbulent wave systems and perhaps afford computational

savings as compared to direct numerical simulations of the corresponding wavelike equations.
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I. INTRODUCTION

Turbulence presents one of the most challenging problems
in theoretical and computational physics and applied math-
ematics. One property of turbulent systems in nature that
simplifies their study somewhat is that they frequently absorb
and dissipate energy at vastly different spatial and temporal
scales and thus create an inertial range that emerges between
the well-separated forcing and dissipation ranges in the wave-
number domain. In this intermediate range, since their behavior
is close to that of a weakly perturbed Hamiltonian system,
turbulent phenomena can be approximated by Hamiltonian
dynamics. Because of the typically chaotic nature of these
dynamics, a statistical description is more suitable for studying
turbulent phenomena than attempts at resolving individual
system trajectories. One prominent facet of the statistical
description is represented by the energy spectrum, which, in
the inertial range, sometimes satisfies a simple scaling law.
For example, in fully developed hydrodynamic turbulence,
i.e., in the high Reynolds number limit, the energy spec-
trum obeys Kolmogorov’s —5/3 power law [1]. While many
advances were made since Kolmogorov’s discovery of this
law, numerous important questions concerning the theoretical
understanding of fluid turbulence still remain open [2,3].

Direct numerical simulations of the incompressible Navier-
Stokes (NS) equations in the turbulent regime, i.e., when
the Reynolds number is extremely high, present a great
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computational challenge. This is because the number of de-
grees of freedom necessary to describe the flow increases
dramatically with the increasing Reynolds number [4]. The as-
sociated computational difficulties have provided the impetus
for the development and investigation of simplified reductions
of the NS equations. Some of these reductions have been
designed under the assumption that certain important statistical
properties, such as intermittency, need not depend on the
details of the system dynamics, provided they share the overall
symmetry properties with these dynamics [3].

Shell models [5-8] form such a reduced class of model
equations, which unlike the NS equations are not partial dif-
ferential equations (PDEs) but are instead systems of ordinary
differential equations (ODESs). They are usually constructed by
dividing the Fourier space into shells and taking into account
only a few dynamical variables per shell [5-8]. Typically, each
shell is taken to be annular in shape, and the radii of neighboring
shells are equidistantly distributed on the logarithmic scale.
The form of the terms describing the interaction between
the two sets of variables in neighboring shells is designed
to reproduce some chosen features of the NS equations.
Despite resulting in a drastic reduction of the original dy-
namics, the shell model has advanced our understanding of
the universal scaling laws governing the energy spectra in
inertial ranges, and has revealed several hidden structures of
turbulent dynamics, such as intermittency corrections to the
Kolmogorov scaling [9] and to the Obukhov-Corrsin scaling
for the advection of a passive scalar [10]. Importantly, it is
considerably easier to perform numerical simulations of the
shell model than those of the NS equations, which makes
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the shell model suitable for conducting detailed computational
studies. Therefore, shell and related kinds of reduced models
can be useful for providing insight into the behavior of fully
developed turbulence, as long as their analysis is based on
a clear understanding of the resemblance and the differences
between the simplified model and the original NS equations.
In contrast to hydrodynamic turbulence, the interactions
among different spatial scales in many dispersive-wave sys-
tems can be analyzed in the context of the weakly nonlinear
limit. In this case, an effective timescale separation together
with a near-Gaussianity assumption allows for a systematic
treatment of the statistical behavior, which results in the
weak-turbulence theory for describing wave turbulence using
kinetic equations [11]. The goal of the present paper is to apply
principles resembling those involved in devising shell models
to wave turbulence and to study possible energy transfer
mechanisms among the waves, some of which may underlie the
behavior captured by the weak turbulence theory. As it is well
known that the energy transfer among the scales in a wave
system occurs largely through resonant sets, typically triads
or quartets [12,13], one is compelled to choose these sets as
building blocks for the reduced subsystems when constructing
a shell-model analog in wave turbulence. We use a single
quartet or multiple quartets to develop such a model, which we
have designed to share a number of important features with the
much more complicated physical or model systems exhibiting
wave turbulence. For example, the four waves in a single
quartet interact with one-another in the same way as those
in a resonant quartet observed in typical nonlinear dispersive
wave systems, such as the MMT model [14], in the long-time,
small-amplitude asymptotic limit. In the case of multiple
quartets, a hierarchical structure among the quartets causes
energy transfer from one quartet to another and allows for the
existence of a mode without forcing and dissipation, which
resembles waves in an inertial range. Furthermore, our cascade
model enjoys certain theoretical advantages over the original
wave-turbulence models in that because our model consists
of a system of stochastic differential equations (SDEs), the
probability distribution of the dynamical variables it comprises
can be studied directly using the Kolmogorov forward equation
(KFE), which is not the case for the kinetic theory of wave
turbulence. We remark that our choice of quartets for the
building blocks of the cascade model is arbitrary; we could
as well have chosen triads and obtained analogous results.
We have studied the cascade model both in equilibrium
and also in nonequilibrium statistical steady state. We have
determined that the equilibrium case satisfies a set of conditions
that correspond to detailed balance in the thermodynamic
equilibrium of turbulent wave systems. A complete statistical
description of the equilibrium case of the cascade model by a
Gaussian equilibrium measure derived from a corresponding
Kolmogorov forward equation is possible, which also satisfies
the condition of zero probability flux and the maximum-
entropy principle, again in agreement with wave turbulence.
Away from equilibrium, we have derived kinetic equations for
the second moments of the wave-amplitudes in the cascade
model and, in examples, numerically computed their fixed
points corresponding to solutions with nonzero probability
flux in a statistical steady state. We have also been able to
approximate the higher moments of the driven and damped

modes in such a state. Finally, we have characterized the
Gaussian nature of the marginal distribution of the undriven-
undamped wave-mode amplitudes for the cascade model in
a nonequilibrium steady state and presented an information-
theoretic argument resembling a maximum-entropy principle
that explains why other initial marginal distributions should
tend to this marginal distribution in forward time.

The remainder of the paper is organized as follows. In
Sec. II, we construct a system of four-wave resonance equa-
tions, in which some wave modes are driven and damped to
generate an energy cascade. We derive equations for resonant
four-wave interactions governing energy transfer among the
modes of two prototypical examples of one-dimensional wave-
like models, and then summarize them in a minimal general
quartet model in Sec. IT A. We then posit the cascade model in
Sec. II B and recast it as systems of stochastic differential equa-
tions in rectangular and polar coordinates in Sec. II C. In Sec. I1I
we study the statistics of the cascade system in equilibrium.
We derive the Kolmogorov forward equations for the cascade
system and the equilibrium conditions and distributions in
Sec. IIT A and present the macroscopic view of these equations
in Sec. IIIB. In particular, we derive a maximum-entropy
principle for the equilibrium distributions in Sec. IIIB 1 and
find a probability flux that vanishes along those distributions
in Sec. IIIB2. In Sec. IIIC, we discuss the analogies of the
equilibrium cascade model with and its implications for the
weak turbulence theory. In Sec. IV, we study the statistics of
the cascade system in a nonequilibrium steady state. We derive
the kinetic equations, numerically compute their fixed points in
representative examples, and predict the moments of the wave-
mode amplitudes in Sec. IVA. In Sec. IV B, we determine
the stationary distribution of the shared-mode amplitude in a
nonequilibrium steady state, and in Sec. IV C, we again use an
argument akin to an entropy maximization principle to study
how the statistics of the shared-mode amplitude relax towards
this state. We summarize the results and present the conclusions
in Sec. V.

II. CASCADE MODEL

As mentioned in the Introduction, energy transfer among
different scales is largely facilitated by resonant sets, which
tend to be triads or quartets. In this section, we describe how
quartets arise in the small-amplitude, long-time limit of a pair
of prototypical, wavelike dynamical systems in one spatial
dimension. After extracting the general form of the equation
describing energy transfer through resonant quartets, we use
it to construct a cascade model that describes this transfer
through a sequence of such quartets. Each quartet consists
of two or three modes that receive white-noise driving and
linear damping, and one or two modes without the driving and
damping that it shares with neighboring quartets. The energy
transfer from one quartet to another proceeds via these latter
modes.

A. Equations governing the dynamics of a resonant quartet

In this section, we describe how equations describing energy
transfer through excited resonant quartets of wave modes are
obtained in two typical, one-dimensional wavelike example
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systems. We then present a general equation that captures the
salient features shared by all such equations in specific cases
and also discuss how these equations should be interpreted
to relate to the energy transfer in some underlying wavelike
systems.

1. MMT system

For many nonlinear dispersive waves, both the linear dis-
persion relation of each wave and also the manner in which
different waves interact with each other are rather complicated.
Fortunately, under certain circumstances, both these processes
can be approximately described using simple scaling laws.
The MMT model [14] provides an example of the effective
simplification afforded by such laws. The equation for the
wave profile ¥ (x,t) in this dynamical system in one spatial
dimension is given by

iy = 10,9 £ (9,15 (|Iac1 S w10l 5w), (D)

containing two parameters «, 8 (>0). Equivalently, for the
wave amplitude (¢) in the Fourier space, Eq. (1) becomes
[14-16]

P = k1P + / koksk | P D U7,
x 8(ky + ko — ks — k) dkidkydks. )

Here, |9, | denotes the pseudodifferential operator, defined by

18 9)(x) = f kP e i,

~

Yy is the Fourier transform of 1 (x), and * denotes the complex
conjugate. While the parameter « controls the linear dispersion
relation |k|*, B controls the strength of the nonlinearity. The £
sign corresponds to the defocusing and focusing nonlinearities,
respectively. Equation (1) [and (2)] includes a number of
familiar wave systems as specific cases. For example, the MMT
equation becomes the nonlinear Schrodinger equation when
o =2, B = 0, and mimics the scalings present in water waves
wheno = 1/2, 8 = 3.

The (linear) energy of the wave mode with wave number
k is defined as Q(k)|V|?, where Q(k) = |k|* is the linear
frequency of this mode, obtained from the linear dispersion
relation, which we find in the weakly nonlinear limit of Eq. (2).
For a system with a cubic nonlinearity such as the MMT model,
the dominant exchange of energy among the modes occurs via
the sets of four waves whose wave numbers {(ky,k,),(kp,kp)}
and frequencies €2(-) satisfy the resonance conditions

ky + kg = ky + k., (3a)
Qky) + Qky) = Qky) + Qky). (3b)

Such a set of four waves is called a resonant quartet [11-13].
For the linear dispersion relation (k) = |k|* of the system in
Eq. (2), the conditions in Eq. (3) can be solved nontrivially
(ie., k; #k,,k,) only when o < 1. If only one resonant
quartet, corresponding to the wave numbers {(k;,k>),(k3,k4)},
is initially excited in the MMT system, the long-time behavior
of the waves it comprises can be captured by seeking an

asymptotic expansion of the form

4
Y=Y eAiene ™ I L Syl @)
j=1
for small € > 0. (Here, A} is shorthand notation for Ay;.) Sub-
stituting the trial form in Eq. (4) into Eq. (1) and suppressing
the secular growth leads to a system of ODEs given by [14]

100 Ag = E20kikokska S AL AL A,

4
B B B
£ 2D k1A P = kg |21 Ag 1P | 1kgl2 Age (5)
j=1

where we have taken {(¢,q"),(p, p")} = {(1,2),(3,4)}. (We will
use this index-pair notation for quartets throughout the text.)
The first term on the right-hand side of Eq. (5) represents the
nontrivial resonant interactions of a wave with the remaining
three waves in the quartet. The second term represents the self-
interaction of each wave with itself due to the trivial solution
(kg =k, or k; = k) of the conditions in Eq. (3). As shown
in Refs. [17,18], we can drop this term from Eq. (5) without
causing a qualitative change of the energy transfer mechanism
among the resonant waves.

2. Hyperbolic PDE

Four-wave resonant interactions also govern the wave dy-
namics in the one-dimensional hyperbolic PDE

[97 + @*(18: D) ]u + €*u® = 0. (6)

In the weakly nonlinear limit, ¢ — 0, the frequency w(-) gives
the linear dispersion relation for the wave amplitudes i (t).
(Here, #ix () again denotes the Fourier transform of the wave
profile u(x,t).) As in the MMT model, the substitution

4
u(x.t) =Y Bjlex.et, )™M pew'(x,t) ()
j=1

into Eq. (6) yields the equations

. 3
la€2th = mB;/Bpo/

4
3
+ 2Y B> —|B,*|B,. (8
260(kq) JXZI: J q q

A detailed derivation of Eq. (8) using multiple timescale
analysis of Eq. (6) via the ansatz in Eq. (7) can be found in
Appendix A. Asin the case of the MMT model, the second term
on the right-hand side of Eq. (8) arises from self-interactions
of the wave B, and can be removed with no qualitative loss of
information.

3. General structure of a four-wave resonant quartet

As the result of the above considerations, an equation of the
general form

iday = Tqa;‘,a,,ap/, 9)

obtained by ignoring the self-interaction terms in either Eq. (5)
or Eq. (8), captures the asymptotic evolution of the respective
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wave profiles in a resonant quartet over the timescale of
order €2. Here, ay (i.e., shorthand notation for akq) is one
of the four waves with subscripts {(k,,k;),(kp,k )} satisfying
Eq. (3) with the appropriate frequency €2(-) depending on the
system under study. We note that the interaction tensor T, =
+2|kykoksks|P/# in the four-wave resonance equation in Eq. (5)
of the MMT system is independent of the mode g and also of
the linear dispersion relation |k|*. However, the coefficients
T, = 3/w(k,) in Eq. (8) vary with the choice of the index ¢
and are determined by the linear dispersion relation w(-). This
difference arises due to the disparate effective timescales, i.e.,
A; in Eq. (4) is a function of €%t, while B; inEq. (7)is a
function of e and €?t. Therefore, it is important to study not
only a specific case but rather the general form of the interaction
tensor 7, in Eq. (9).

As in the two specific examples given above, in general,
the dynamics of the system in Eq. (9) mediates the transfer of
the energy Q(k,)lay, |> among the four excited resonant modes
in the underlying wave system with the (here unspecified)
dispersion relation (k). In the single and multiple quartet
systems studied in the remainder of this paper, the term energy
transfer will be used in this same sense.

We should remark that there exist numerous examples, in
one and more dimensions [11,19], in which energy is trans-
ferred through resonant triads of modes instead of quartets.
In the above two examples, triads are absent. In particular,
in the MMT model in Eq. (1), they are absent due to its
linear dispersion relation not allowing for the existence of
three-wave resonances analogous to the four-wave resonances
described by Eqgs. (3) [14]. In the hyperbolic PDE, triads are
absent because the cubic nonlinearity implies that all their
corresponding coupling coefficients (the analogs of 7, in
Eq. (9) that would multiply products of two rather than three
wave profiles) vanish. We do not consider examples of energy
transfer through resonant triads, or triads themselves, here, but
again emphasize that all our results below could equally well
be developed for resonant triads.

B. Cascade of resonant quartets with driving and damping

A single mode in wave turbulence exchanges energy with
other modes in the system, including possibly some that are not
resolved by the assumed mode expansion, in a chaotic fashion.
Frequently, the influence of unresolved modes or subgrid-scale
effects on a given mode can be approximated by white-noise
driving and linear damping [20]. In this section, we present a
set of model equations for a quartet of such modes, and then
generalize it to two and more quartets that are coupled through
a (cascade of) shared mode(s).

1. Single quartet

In the case of a single resonant quartet, using Eq. (9) and
two sets of parameters, o, and v,(>0), we find that the model
equation for (any) one of its driven-damped wave modes, as
mentioned above, can be written in the form

ida, = Tqa;‘,apap/ —ivga, + Uqu, (10)
where Wq denotes complex-valued Gaussian white noise,
whose realizations are independent among different values of
the wave number ¢q. This scenario is illustrated in the left panel
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FIG. 1. Left panel: single quartet. Right panel: double quartets
shared by one mode.

of Fig. 1, where the crossed bars denote interactions among
the four wave modes governed by Eq. (9), and the two-sided
vertical arrows for each wave denote the corresponding forcing
and dissipation described in Eq. (10).

We here mention that, when 7, = 0, i.e., in the absence of
any resonant interactions among the waves, Eq. (10) reduces
to a description of the Ornstein-Uhlenbeck process [21,22].
We also mention that, if the parameters 7, are all equal and
if two modes (k,4,k,) are driven by white noise of equal
strength (0, = o, # 0) without damping (v, = v, = 0) and
twomodes (k,,k, ) are equally damped (v, = v, # 0) without
driving (0, = 0,y = 0), then this single quartet reduces to the
resonant duet model (a, and a,), introduced in Refs. [17,18].
There, for a fixed value of the driving parameter o, the
statistical behavior of the duet exhibits a transition from near-
Gaussian to highly intermittent behavior as the dissipation
controlled by the damping parameter v, increases from weak
to strong.

Below, we will proceed by building models describing
multiple quartets, coupled through shared wave modes that
have no external driving-damping.

2. Double quartets

We next consider a pair of resonant quartets whose wave
numbers are given by {(ki,k»),(k3,kq)} and {(ks,ks),(ke,k7)},
which share a wave, a4 . (We use the notation ay to distinguish
this shared mode from the mode a4 in a single quartet.) We
construct a dynamical system consisting of these two quartets,
in which the waves are forced by white noise and linearly
dissipated, except for the shared mode which mediates the
interaction between the two quartets, as illustrated in the right
panel of Fig. 1. While the equations for the nonshared waves
are the same as Eq. (10), the equation for the shared wave is
given by

i8,a4/ = T4/a§‘a1a2 + T4,a;‘a6a7, (11)
where Ty and T, denote the interaction tensors of the mode a4
in the resonant quartets {(k;,k>),(k3,ks )} and {(k4,k5), (ke ,k7)},

respectively. This shared mode behaves very much like the
waves in an inertial range of a general nonlinear dispersive
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FIG. 2. An example of hierarchical resonant quartets.

wave system in that the statistics of the mode a4 are determined
by the nature of the energy transfer from other modes through
this mode. Therefore, the statistical behavior of this type of
waves is of particular interest to our investigation.

3. Hierarchical cascade of quartets

Using more than two quartets, we can construct a hierar-
chical set of four-wave-resonant quartets, with each pair of
quartets in the hierarchy sharing one mode, and in which all
the waves except the shared ones are driven-damped, as shown
in Fig. 2. We refer to the model constructed in this way as the
cascade model.

We have designed our cascade model to provide insight
into possible energy transfer mechanisms in wave turbulence,
and we have utilized in its construction certain parallels with
principles used in designing shell models in fluid turbulence.
Thus, although the equations of motion in these two model
types appear very different, they do share one common design
feature: both comprise a hierarchy of modes in an inertial range,
with the energy transfer through these modes occurring via the
interactions between the nearest neighbors in the hierarchy.
However, one of their key differences is that, in contrast
to shell models in fluid turbulence, in which the modes are
ordered according to the size of the associated wave numbers
and thus strictly local interactions in the Fourier space are
postulated, there is no such ordering among the elements
of the hierarchy in our cascade model of wave turbulence.
Therefore, nonlocal interactions within a resonant quartet can
be described by our cascade model of wave turbulence. For
example, {(k,k2),(k3,kq)} = {(400,25),(441,—16)} gives one
solution of the conditions in Eq. (3) for the MMT system with
a=1/2.

We should here reiterate that we only consider white-noise
forcing for the cascade model in this paper. This is because our
intent is to mimic energy transfer among modes in the inertial
ranges of weakly turbulent systems, in which the influence
of the unresolved (including directly-forced) modes should be
well modeled by white noise [20].

C. Coordinate representations of the cascade model

In this section, we rewrite the cascade models we posited
above in terms of real coordinates, which will enable us to
perform further analysis of these models using stochastic and
statistical-mechanical methods.

1. Rectangular coordinates

When we represent the complex-valued wave amplitude as
a, = x4 + iy, using its real-valued components x, and y,, the
SDEs in Eq. (10) can be written in terms of these components
as stochastic differential equations

dxq = ,U«qut + a_(ldexqa

7

Oy
dyq = ,bLyth + —ZdByq,

V2

in which the coefficients w,, and p, are given by the
expressions

(12)

Wx, = —VgXq + Tylm(ag.apay), (13)
My, = —Vg¥q — TqRe(a;‘,apapr).

Here, and throughout the text, we let By denote the Brownian
motion driving the dynamical variable X, and assume that By
and By are independent when X # Y.

Likewise, for the system of double quartets, Eq. (11) for
the shared mode ay = x4 + iyy is rewritten as the pair of
equations

dxy = Mx4/dt,
(14)
dY4' = /"l‘y4rdt7

in which the coefficients u,, and w,, are given by the
expressions

Wy, = Twlm(aiaiay) + T, Im(asasar), s
(15)
Wy, = —TyRe(ajaiar) — T, Re(asasar).

We can also readily obtain the corresponding SDEs for dynam-
ical systems consisting of more than two quartets, such as the
one shown in Fig. 2.

2. Polar coordinates

The eight variables, {x;,y; | j =1, ...,4},used to describe
the system consisting of a single quartet in Eq. (12), can be
reduced in number by transforming Eq. (12) to the polar-
coordinate representation, a; = p; ¢'% . In this representation,
only five variables, {p;,¢ | j =1,...,4}, where ¢ =064+
03 — 0, — 0, is the resonant linear combination of the phases
0, are necessary to determine the dynamics of the corre-
sponding equations in Eq. (10) due to their phase symmetry.
The corresponding SDEs for the radii and the resonant angle,

062140-5



WONJUNG LEE, GREGOR KOVACIC, AND DAVID CAI

PHYSICAL REVIEW E 97, 062140 (2018)

{pj,$}, are given by

o
dp, = pp,dt + T%dqu, (16a)
4 /52
do = ;,L¢dt + Z (—jz)dB¢, (16b)
j=1 2’01'
where the coefficients 11, and uy are expressed as
o2
Mo, = j —VgPq + Typg Pppp sINBy + 6, — Oy — 04)
q
o2 .
= = = Ve0q T T4 0q 0ppp sIN(P),
4p4
T T T T
ne=|—5+=5—=—= |oippspscos(d).  (17)
P1 0 03 Py

In the definition of the variable Hp,s + is used forg = 1,2
and — is used for ¢ = 3, 4. The nonresonant angles are absent
from the right-hand sides of Egs. (16) and can be solved for
subsequently via quadratures.

Similarly, for the system of double quartets, the 14 variables
{x;,yj | j =1,...,7} (weignore the prime in 4 for notational
brevity) can be reduced to the nine variables {p;,¢',¢ | j =
1,...,7}, where ¢ =60y + 63 —0, — 6, and ¢ = 07 + 65 —
0s — 64 are the two resonant angles. In this case, the SDEs
are given by Eq. (16a) for p; with j # 4’, and

dpy = pp,dt,
de' = Hedt + (13)
dp = podt + |y
where
Wpy = =Ty p1p2p3sin(@") + Ty, ps psp7 sin(ep),
n T, T3 Ty
Uy = <—2 + =5 — = — —5 | p1p2p3px cos(¢)
L1 P2 3 Py
T,
— | = ) papspep7 cos(y),
Py
T/, T5 T6 T7
Ky = <—‘§ + = — — — —5 | papspsp7 cOS(P)
Py Ps  Ps  P7
Ty )
+ | — ) p10203 04 cOS(@'). (19)
2

Writing down the corresponding SDEs for a hierarchical
system of more than two quartets is a straightforward general-
ization of the procedure described above.

III. CASCADE MODEL IN STATISTICAL EQUILIBRIUM

In this section, we study a class of cascade models that
reaches a statistical equilibrium. We find the proper balance of
the driving-damping parameters that allow for the existence of

this equilibrium by determining when the KFE corresponding
to the cascade-model SDEs, presented in the previous section,
possesses a Gaussian stationary solution, which we show to
be the model’s equilibrium measure using a maximum entropy
argument. The model relaxes toward this measure regardless of
its initial condition, and so the statistical equilibrium is unique.
We also derive an appropriate probability flux that vanishes
on the equilibrium measure. We find that the parameter-
balance condition, which ensures the existence of the statistical
equilibrium in the cascade model, corresponds to conditions
in the wave turbulence theory that lead to the thermodynamic
equilibrium. The vanishing of the probability flux in our model
corresponds to the vanishing of the net energy (and also
wave-action) flux through the system in the thermodynamic
equilibrium of wave-turbulence models.

A. Stationary solution of the Kolmogorov forward equation

In this section, we derive KFEs that correspond to the
stochastic models of resonant quartets discussed in the previous
section and find the conditions for the existence and the form
of their Gaussian equilibrium solutions.

1. KFE and equilibrium in rectangular coordinates

For the cascade model consisting of N waves, we denote the
probability distribution of the variables a; = x; +iy; by P =
P(t,{xj,y;}), j =1,...,N. In the case of multiple quartets,
we ignore the prime in the subscript of the shared waves. (For
example, a4 in a double quartet is understood as ay if N > 4.)
We let G be the infinitesimal generator of the SDEs for the
general cascade model, which is given by

N 2

o
G=Yy_ [ux,.ax, 1y, 0y, + (07, + 83_,.)}, (20)
j=1
where 1, and py, are defined in Egs. (13) and (15). Then, the
evolution of the distribution P is governed by the KFE

N 02
4P =Gg'P=->%" [ax,, (MX,P - T’aij)

J=1

o2
+ 9y, (uyjP - Zfayjpﬂ, (21)

where GT denotes the adjoint of G [22]. The boundary con-
ditions we consider for Eq. (21) are that P, oy, P, and y, P
vanish as |x;|,|y;| — oo.

For the system consisting of a single quartet, we denote the
distribution P by P, and the infinitesimal generator G by G;.
For this system, substituting the Gaussian distribution

4
PGy = [ e o7 (22)
j=1

into Eq. (21) with N = 4 yields

4 0,2
gSTPSO = Z (Vj B ijj)[axf (XJPSO) + aY.f (yszO)]

j=1
+2(Tiy1+Thys — Tzys — Tyys)Im(ajasazas). (23)
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We find that the Gaussian P? with the parameters y; satisfying
the equations

21)]'
Vi=— (24)
o
J
and the condition
Tiyi+ Ty, —Tyys —Tuya =0 (25)

becomes a stationary solution of the KFE in Eq. (21).

Note that Eq. (25) is a special condition on the driving-
damping parameters of the single-quartet cascade model,
which thus singles out a particular class of such models. There
are single-quartet models that do not satisfy this condition and
so do not possess stationary solutions of the form in Eq. (22).
We will study these latter kinds of cascade models later in
Sec. IV.

As mentioned above, without interactions among the waves,
i.e., when T; = 0, the SDE (10) of each wave profile becomes
the Ornstein-Uhlenbeck process. In this case, the function in
Eq. (22) with the parameters y; satisfying Eq. (24) is the
unique time-independent measure [22]. Equation (23) reveals
that there is no difference in the statistics of the driven-damped
waves in Eq. (10) between the two cases with and without the
nonlinear interactions, once the condition in Eq. (25) holds for
the system in question. When the wave interactions 7; do not
vanish, the role they and Eq. (25) play in this scenario is to
select the balance among the relations in Eq. (24) between the
driving and damping of the individual wave modes for which
these same statistics persist in the coupled model.

For the system consisting of double quartets, we denote
the probability distribution of the wave-amplitude components,
P, by P, and the infinitesimal generator of the corresponding
SDEs, G, by G,. We again substitute the Gaussian distribution

;
0 _TT Y —yia2ey?
Pd(xj,Yj)=l_[;j€ v+ (26)
j=1
into Eq. (21) with N = 7, to obtain the value of the adjoint,
gj, evaluated on it, which is

7 02
gip) = Z ("j - 7]1/])[3)(, (x; P7) + 0y, (v, PY)]
j=1
4

+2(T'y1 + Toys — Ty —
+ 2Ty vy + Tsys —

Ty ys)lm(aiasazay)

Tsys — TrypIm(ajasasay).
27

The expression in Eq. (27) vanishes when the parameters y;,

J # 4, are given by Eq. (24), and there exists a nonzero value
of the parameter y, that satisfies the equations

Tyyy =0, (28a)

This implies that the Gaussian function PL? in Eq. (26), with
the parameters y; defined by Eqs. (24) when j # 4 (i.e., for the
driven-damped modes but not the shared mode), in any special
system of double quartets in which all y; satisfy the condition
in Eq. (28), becomes a stationary solution of the KFE (21)

Ty + Ty, — Ty —
Tyyy + Tsys — Toye —

with N = 7. Thus, again, the condition in Eq. (28) singles out
a special class of systems of double quartets that allow for the
existence of a Gaussian steady state.

Interestingly, the marginal distribution of the shared mode,

Pg(x4’9y4’)E/Pd(-x]ayj l_ld'x]dyj - _VA,(X4/+y4)

j=1
J#4

(29)

is Gaussian, just as for the driven-damped waves. However,
the corresponding randomness it represents is induced by the
four-wave resonant interactions and not by the forcing and
dissipation [cf. Eq. (11)].

For a system of more than two quartets, it is not too difficult
to verify that the Gaussian distribution

N
Py =[] e, (30)
j=1

whose parameters y; for the driven-damped modes are defined
by Eq. (24), in the class of systems in which all y; satisfy
conditions analogous to Eq. (25) or Eq. (28), is a stationary
solution of the corresponding KFE (21). As we will demon-
strate below in Sec. III C, Eqgs. (25) and (28) are the analogs of
the detailed-balance conditions that define the Rayleigh-Jeans
spectra corresponding to the thermodynamic equilibrium in
weak turbulence theory.

2. KFE and equilibrium in polar coordinates

An equivalent result can be obtained using the polar repre-
sentation of the SDEs describing our cascade model, for which
the probability distribution and the infinitesimal generator will
be denoted by Pandg, respectively. In this representation, we
obtain the KFE

WP =GP, (31)

which is equivalent to Eq. (21).

For the system consisting of a single quartet, we again
denote the probability distribution P by Py and the infinitesimal
generator G by ;. For the distribution Ps , we find the relation

4
B(t,(p,s0) = Pu(ttxsoy,h) x @) [ o,

J=1

where ]T;z
coordinates, and the normalization constant (277)> arises from
the reduction of the four phases {0; | j = 1, ...,4} tothesingle
resonant phase ¢ € [0,27). We use Eq. (16) to obtain the form
of the infinitesimal generator,

| pj is the Jacobian of the transformation to polar

4 2

g
> |

=1 Fj

4 2
gs = Z |:ij 8,0, + — 357] + M(ﬁaq& +

(32)
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and the KFE

- 4 o? .
atPs: Z|: (P‘p, _ZjaprS>:|

t o2 ~

> 4’2 0P |, (33)

j'=1

— Jg Mq&fN’s —

where the coefficients 1, and uy are defined in Eq. (17). The
boundary conditions we consider for Eq. (33) are that Py, ,, P;,

and 0y IES vanish as p; — 0o and are periodic with respect to
the phase ¢. We see that the Gaussian distribution

~ 1 &
P(pj.9) = 2—]‘[ 2y,¢77% ), (34)

which does not depend on the variable ¢ and in which the
parameters y; are defined in Eq. (24), becomes a stationary
solution of Eq. (33), provided that the system is chosen so that
the parameters y; satisfy the condition in Eq. (25).

For the system consisting of a pair of quartets, we denote the
probability distribution P by P, and the infinitesimal generator
G by G,. For the function Py, we find the relation

,
Py(t.4p;.¢" 0] = Pa(t.dxj.y;) x @) [T ;-
j=1

We use Eq. (18) to obtain the form of the infinitesimal generator

7 2

~ o
Ga = Z |:/ijap,- + Zjag,:| + /‘Lp4rapj

j=1
j#4

3 2
g
+ | g Oy + Z—jz 83,

i 4p%,

B jr=1

i 7 o2
+ wedy + [ 2 5 |9 |- (35)

s A0

and the KFE

Py = QNJ Py

—_Z[p,(“pjpd 48 P):| 304(Mp4/Pd)
J#4

3 2
— 0y | g Pa — Z jz g Pa
=1 7
- ' o2 -
— 3y | HpPa— Z —=10,P4 |, (36)

2
a2,

where the coefficients w,,, j # 4, are defined in Eq. (17), and
Moy > Mg and i, are defined in Eq. (19). We consider boundary
conditions similar to the case of a single quartet and find that

the Gaussian distribution
27
Pf(ﬂj@/,ﬁﬂ)E( ) l_[ 2yje prr,o 37)
j=1

which does not depend on the variables ¢' and ¢ and whose
parameters y; with j # 4 are defined by Eq. (24), becomes a
stationary solution of Eq. (36), provided the system is such that
all y; satisfy the conditions in Eq. (28). In this case, we denote
the marginal distribution of the wave amplitude p4 by

7
Pl(py) = / Boj.¢'.0) [ [ dpid¢'dp = 2ywe 7% py,
o
(38)
which agrees with Eq. (29) up to the Jacobian and normaliza-
tion constant.

For a system of more than two quartets, it is clear how to
obtain the KFE (31) and its Gaussian stationary solution PO,
provided its driving-damping parameters allow for conditions
analogous to Eq. (25) or Eq. (28) to be satisfied.

We have thus seen that only a special subclass of cascade
models admits Gaussian-type stationary probability distribu-
tions, namely those whose driving-damping parameters allow
for conditions of the type given in Eq. (25) or Eq. (28) to be
satisfied. In the remainder of the current section, we will take
a closer look at this subclass.

B. Macroscopic view of the cascade model

In the previous section, we identified a class of cascade
models that admit a stationary Gaussian probability distri-
bution P° (or PO) as a solution to the corresponding KFE.
We now expand our finding by showing that, in this class,
the Gaussian distribution we have identified is in fact the
equilibrium measure of the corresponding cascade model.
Moreover, we find an appropriate probability flux that vanishes
along this measure.

1. Maximal entropy principle for equilibrium distribution

Motivated by the knowledge that irreversible evolution
toward the thermodynamic equilibrium is characterized by
a simultaneous increase of entropy [23], we here establish
an entropy maximization argument whose result shows the
distribution P° to be at the global maximum value of the
appropriate entropy function. This argument simultaneously
shows that all other solutions of the KFE for the cascade model
relax toward P? at large times.

For our cascade model, we consider the relative entropy
of an arbitrary distribution P with respect to the Gaussian
distribution PP,

P
Spo(P,PY) = —<log <ﬁ>>
Plog (L) aa, 39
/ 0g<P> (39)

where dA = ]_[j-v=1 dxjdy; = ]_[jy:1 p;dp;df;, and we show
that it increases along the trajectories of the SDEs describing
the model and achieves its maximum when P = P°. Here,
we denote by (-) the statistical average over the distribution

062140-8



CASCADE MODEL OF WAVE TURBULENCE

PHYSICAL REVIEW E 97, 062140 (2018)

P. We remark that, instead of the distributions P and PY in
the rectangular coordinates, we can use for the definition of
the relative entropy their counterparts in the polar coordinates,
P and P°. Namely, since Eq. (39) is invariant under coordi-
nate transformations, we see that SEQ(P PO ) is equivalent to
Skq(P, P% up to a constant factor.

For a single quartet, the calculation in Appendix B shows
that the time derivative of Eq. (39) under the dynamics of

Egs. (33) is given by the expression
o2 2
(UJP + 4 Jap/P)

—SEQ P, P

Ve

b 2
O’
+<4 0, P ) dA

—=2(Tvy) + Ty, — T3y3 — Tuys)

x /P1P2ﬂ3,04 sin (@) Py d A, (40)

in which the parameters y; are defined in terms of the driving-
damping parameters o; and v; through Eq. (24). In the class of
systems in which the condition in Eq. (25) holds, the right-hand
side of Eq. (40) is positive semidefinite and vanishes precisely
when P; = P?, given in Eq. (22), so that the relative entropy is
maximized pre01sely when P; = PY. Therefore, in this class of
systems, any initial distribution of modes relaxes irreversibly
to the Gaussian distribution P?.

For a pair of quartets, a similar calculation using Eq. (36)
yields the equation

d L o4p o} ’

—S§ P,Pozzf—’ viPy+ -3, P

di EQ( d d) . szpd jLfd 4p; ojtd
4

2 2
6
+ (4 289 Pd> dA

=2(Tvy1 + Ty, — Tzys — Tayw)

X / P1p2p3p4 SIN(@) Py d A

— 2T} yw + Tsys — Tove — Try7)

X fp4'Pspép7 sin(p) Py dA, 41

in which the parameters y;, j # 4, are again defined through
Eq. (24). In the class of systems in which the conditions
in Eq. (28) hold, the right-hand side of Eq. (41) is positive
semi-definite and vanishes exactly when P; = P, given in
Eq. (26). Therefore, any initial mode distribution again relaxes
irreversibly to the Gaussian distribution P?.

One can readily obtain the time derivative of the relative
entropy in Eq. (39) for a system of more than two quartets.
This derivative is positive semidefinite and vanishes precisely
when P = P°, the Gaussian stationary distribution given in
Eq. (30), with the parameters y; of the driven-damped modes
defined via Eq. (24), in the class of cascade systems in
which all the parameters y; satisfy equations analogous to

Egs. (25) and (28). Therefore, in such systems, the relative
entropy Sgq(P, P 9)indeed increases as time evolves, unless the
probability distribution of the cascade model is the distribution
P, to which all other distributions relax irreversibly. As a
result, the stationary distribution P? is the equilibrium measure
for this class of cascade systems.

2. Probability flux vanishing in equilibrium

Typically, KFEs such as that in Eq. (21) can be written in
the conservation form

N
WP =G'P=— Z [0x; s, + 8y, Ty, ], (42)
j=1

expressed in terms of a probability flux J = (Jy,,Jy,;). In
addition, if the system described by such a KFE possesses an
equilibrium measure, the flux J can be chosen so that it vanishes
on this measure. Below, we find an appropriate flux for the
system of a single quartet. Note that the vanishing of this flux
is the analog of the vanishing energy flux in the thermodynamic
equilibrium of weakly turbulent wave systems. In both cases,
we say that such a system has achieved detailed balance.

The first candidate for the probability flux J to give rise to
the KFE (21) is

o? o?
— J J
J:(JXJ’J_"/)Z (/’LX/P_IBX/P’IU“,\’/P_IH,V/‘P)’

(43)

and one would expect that J should vanish when the probability
distribution P becomes the equilibrium Gaussian measure
P°, but this is not the case. For the system of a single
quartet, from Eq. (22), it is easy to conclude that qu(PsO) =
T,Im(a},apa,) P # 0 and J, (P)) = —T,Re(a}aya,)P) #
0. In fact no probability distribution can make the flux J vanish.
Namely, if Jy, (Py) = J,,(P;) = 0 for some distribution P,
then P; must simultaneously be proportional to each of the four
functions exp {[— 2vq(x + yq) + (4Tq/02)lm(a Ay apay )1},
with the proportionality factors that do not further depend on
the variables x, and y, (but could depend on the other three
pairs x,, y,, where p # g). However, this cannot be true for all
the wave numbers in a single quartet, because the interaction
tensors T, are distinct and the term Im(a;‘a;,a pap) involves
all the variables and has the opposite signs for ¢ = 1,2 and
q =3,4.

The same situation appears at first in the polar coordinates,
in which Eq. (33) can be written in the conservation form

where

(44)

is the first assumed probability flux. One can again show that
J does not vanish for any probability distribution.
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Because the probability flux satisfying the conservation
form is not unique, we instead consider the modified flux

V=(T,.7)=|7,-1 Ps,J¢+Z/ P)d¢ |,

(45)

where J is as in Eq. (44) and 1,, = £T, p1020304 sin(@)/ py (+
is used for ¢ = 1,2 and — is used for g = 3,4). The resulting
conservation equation

is again the KFE (33). We can show that this flux vanishes
on the Gaussian equilibrium measure in Eq. (34), J’(PO) =0.
This result brings out the fact that, for describing the cascade
model in equilibrium, the physically meaningful probability
flux is more suitably defined (as J') in polar coordinates.

For a system composed of multiple quartets that admits
the existence of a Gaussian equilibrium measure, one can
appropriately modify the naive guess for the flux in the polar
form, as we did in Eq. (45), so that it vanishes on this measure.
The better suitability of the polar representation in describing
the cascade model will be revisited in Sec. IV.

Because, as we have just shown, cascade systems in
equilibrium achieve detailed balance, we will from here on
refer to conditions in Eqgs. (25) and (28), as well as their
counterparts for systems comprising more than two quartets,
as the detailed-balance conditions. As we will see in the next
section, the detailed-balance conditions also determine the
thermodynamic equilibrium in the analogous and/or underly-
ing weakly turbulent wave systems.

C. Relation to wave turbulence theory

In this section, we relate the results we have obtained for
the equilibrium cascade model to their counterparts in wave, or
weak, turbulence theory. To properly understand this relation,
we first note that we can recast the detailed-balance conditions
in Egs. (25) and (28) for the cascade model in terms of the
wave spectrum

1
n) = / p;PYdA = (46)
V.l

In particular, these conditions can be recast as

T, T, T

AT A Y 47)
n0 a0 0 40
q q P r

Moreover, the entropy-evolution equations, Eq. (40) or (41),
confirm that the condition in Eq. (47) is essential for the cascade
model to approach the statistical equilibrium.

The form of Eq. (47), in which we recast the detailed-
balance conditions in Egs. (25) and (28) in the previous para-
graph, points to the conclusion that our results have not been
obtained by coincidence, but in fact reflect a common feature
of wave-turbulence systems in thermal equilibrium [11]. Here,
we illustrate this feature on the example of the MMT model in
Eq. (2). For this model’s wave spectrum, Ni(r) = (| ()[*)o,

where (-)o denotes the statistical average over the initial Gaus-
sian distribution, under the near-Gaussianity assumption due
to the weak nonlinearity, the following kinetic equation was
derived [14]:

8Nk

at —47T/|k1k2k3k|2N1N2N3Nk

1 1 1 1
%M*E‘E‘M)
X S(lky | +1ka|* — k3 ]* —[k]%)
X 8(ki+ky—ks—k)dkidk,dks. (48)

Using this kinetic equation, we can derive the time derivative
of the wave-system entropy,

S[Ni] = /log(Nk)dk, (49)
to be

d
ES[Nk] = 77/ |kikaksk| 2 Ny Ny N3Ny

1 1 1 1\?2
X\—+———— —

N, N3 N, N
X 8(lky|* 41k — k3 |* — k)
x 8(ky+ky —k3 —k) dkidkadksdk > 0. (50)

Note that, in Eq. (49), the entropy is given in terms of the
wave spectrum instead of the probability distributions of the
wave variables, which appears different from the usual defi-
nition using a probability distribution. However, if we assume
that the real and imaginary parts of the wave amplitude ¥ (¢)
are statistically independent, identically distributed Gaussian
random variables with distribution Qy(s), and that all waves
with different wave numbers k are statistically independent
from one another, then we derive in Appendix C that the
entropy S[Ny] equals — f Or(s)log Qi(s)dkds, up to an
additive constant, provided we equate Ny to the second moment
of the resulting distribution for ¥ (¢). In fact, the wave-system
entropy S[N;] is widely used in the weak-turbulence theory,
in which the probability distribution of the wave amplitudes is,
or at least approaches, near-Gaussian [14,24]. It is this near-
Gaussianity that therefore enables us to use the wave-system
entropy for determining the statistical equilibrium of the MMT
model, as we elaborate in the next paragraph.

The spectrum N,? = 6/|k|*, where 6 denotes the tempera-
ture, satisfies the equation

1 1 1 1 0

NN T ey
and makes both Eqs. (48) and (50) vanish. It is thus an
equilibrium spectrum that maximizes the entropy. In fact, this
spectrum N,? is the Rayleigh-Jeans distribution arising from
the Gibbs measure. We emphasize that Eq. (51) is equivalent
to the resonance condition in Eq. (3) with Q(k) = |k|*, and,
for the MMT model, to the detailed-balance condition in
Eq. (47). Namely, in the MMT model, the interaction tensor
T, = 42|k  kokska|P/* is the same for all four wave numbers
kg, q =1, ...,4, whichimplies that Eq. (51) contains the same
information as Eq. (47).
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The above result also immediately holds for other wave
equations in which the interaction tensor, 7, = T (ky,k2,k3,k4),
is symmetric under permutations of the wave numbers ki,
ko, k3, and k4. However, the detailed-balance condition in
Eq. (47) also holds for the thermodynamic equilibrium in a
more general class of weakly turbulent systems without the
proper interaction-tensor symmetry. For such systems, in the
kinetic equation in Eq. (48), the expression in parentheses is
replaced by the left-hand side of the detailed-balance equation
in Eq. (47) [25]. Finding the corresponding thermodynamic
equilibrium thus entails solving a possibly complicated system
of functional equations for the wave spectrum N ,? ,consisting of
Eq. (47) together with the resonance conditions in Eq. (3). One
simple example is the case in which T, = F[w(k,)] as for the
hyperbolic PDE in Sec. IT A 2. In this case, from the resonance
condition in Eq. (3b) and the detailed-balance condition in
Eq. (47), we conclude that the Rayleigh-Jeans spectrum in
the thermodynamic equilibrium is determined by the equation
N, ,? = 0 F(w(k))/w(k), where 6 again denotes the temperature
[cf. also the kinetic equations in Egs. (62) and (63) below.]

An immediately recognizable difference between the cas-
cade model and a turbulent wave system in a detailed-balance
thermal equilibrium is that the former is driven and damped
while the latter evolves freely. However, one must note that
the cascade model in this case does not describe an entire
wave system in detailed balance, but only one of its sub-
systems, with the influence of the rest of the wave system
on this subsystem’s modes represented by the white-noise
driving and damping. The detailed-balance conditions of the
type described by Egs. (25) and (28) thus ensure that this
balance does not only exist among the modes represented
explicitly in the cascade model but also between these and
the unresolved modes represented by the appropriate amounts
of driving and damping determined by these conditions.
Moreover, we should re-emphasize that the functional form of
the detailed-balance conditions in both types of systems is the
same.

We should also again stress the important role of Gaus-
sianity in both systems. In particular, as shown in Sec. IIIB 1,
under the detailed-balance conditions, any initial distribu-
tion of the cascade model will approach the appropriate
Gaussian equilibrium measure at long times. The same is
true in weakly turbulent systems. While for the derivation
of the appropriate kinetic equation only the random-phase
assumption is needed [11], the distribution of the long-time
wave profiles was shown to approach Gaussian [24]. (In the
MMT model, near-Gaussianity was verified numerically in
Ref. [14].) The white-noise forcing and damping in the cascade
model used to mimic a subsystem of a weakly turbulent system
in thermal equilibrium is crucial here: without forcing and
damping, a (Hamiltonian) system describing a finite number
of interacting waves may exhibit statistics very different from
Gaussian.

As we have just seen, the cascade model in equilibrium
and its equilibrium measure are closely connected with wave
turbulence in thermodynamic equilibrium. Therefore, it is
also natural to expect that the study of the nonequilibrium
dynamics exhibited by our cascade model may be helpful in
understanding such dynamics of wave-turbulence systems as
well.

IV. CASCADE MODEL IN NONEQUILIBRIUM
STEADY STATE

In this section, we study the statistical behavior of the
cascade model whose parameters do not allow it to approach
an equilibrium Gaussian invariant measure but may admit a
nonequilibrium steady state. Such a model does not satisfy
the detailed-balance conditions in Egs. (25) and (28) (or their
analogs for a system consisting of more than two quartets).
Focusing on the systems of single or double quartets unless
otherwise specified, we resort to the kinetic theory to approxi-
mate an appropriate four-point correlation function of the wave
modes to derive a closed set of kinetic equations for the dynam-
ics of the second moments of the wave-mode amplitudes. In a
steady state, we use these second moments to approximate the
higher moments of the nonshared modes. For the shared wave
in the double-quartet cascade model, we demonstrate that it is
distributed according to the Gaussian law in two ways. First,
we numerically corroborate that the computed moments of the
shared-mode amplitude agree with the relations satisfied by the
moments of the Gaussian distribution. Second, we construct
an auxiliary model in which the shared mode is driven and
damped, show that the marginal distributions of its shared-
mode amplitude is Gaussian, and take a distinguished limit in
which the driving and damping of this mode vanish to conclude
that the Gaussian distribution also governs the statistics of
the shared mode in the underlying double-quartet cascade
model. Finally, we use an information theoretic argument,
akin to entropy maximization, to indicate that this marginal
distribution should be the long-time asymptotic limit of all
other initial marginal distributions.

A. Kinetic approach to the cascade model

In this section, we derive approximate kinetic equations
governing the second-moment dynamics of the mode ampli-
tudes in the cascade model. We first determine the role that a
four-point correlation function of the waves in a quartet plays in
characterizing the energy transfer among these resonant waves.
We then use an effective timescale separation between the
timescales governed by the nonlinearity and driving-damping
to approximate this four-point function as a function of the
second moments of the wave amplitudes, which enables us to
derive a closed set of kinetic equations. For the nonshared
wave-mode amplitudes in a statistical steady state, we can
then derive the expressions for all the higher moments. For
the shared wave-mode amplitude, we cannot derive explicit
expressions for its higher moments, but we can numerically
corroborate that the relations among these moments satisfy
the assumption that its distribution is Gaussian.

1. Four-point correlation function and wave-action flux

When the detailed-balance conditions in Egs. (25) and
(28) are not met, a theoretical analysis of KFEs (21) and
(31) becomes significantly less tractable. Therefore, instead of
studying the joint probability distribution of the cascade model,
we turn our attention to the moments of the wave amplitude,
(,o;-"), where m > 0 is an integer. Under the assumption that,

as pj — 00, both P and 0, P tend to zero sufficiently fast, so
that p' P and p7'9,, P approach zero as well, for the system of
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a single quartet, we derive the equation

o2

o) = m| ) b

+ Ty(0) 2 p102034 sin(qs))} (52)

using Eq. (33) along with integration by parts. Here, + is used
for ¢ = 1,2 and — is used for g = 3,4.

When m = 2, Eq. (52) describes the time-evolution of the
second moment, or wave action, given by

dpg) = 05 — 2v,{07) £ 2T, (p1p203 04 5in(9)).  (53)

In a statistical steady state, Eq. (53) gives rise to an equation
for the stationary power spectra

2
) o, + 27,7
= = -, 54
g ('Oq) zvq 54
which contains the four-point function
I, = (p1p2p3pasin(@)) = (Im(ajarazas)). (55

In the class of systems whose solutions approach the
equilibrium governed by the Gaussian equilibrium measure
PS0 in Eq. (22) [or, equivalently, PS0 in Eq. (34)], which we
investigated in Sec. III, it is easy to derive, using Eq. (24)
and the absence of the resonant phase ¢ from the equilibrium
measure, that the equilibrium spectrum satisfies Eq. (54) with
I, = 0. Thus, for a system in a nonequilibrium steady state,
a nonzero value of the four-point function Z; represents the
deviation of the stationary spectrum in Eq. (54) from the
equilibrium spectrum in Eq. (46).

In the system of double quartets, the four-point function
plays a yet clearer physical role. In particular, in this system,
the moments of the driven-damped modes satisfy an equation
similar to Eq. (52), while for the shared-mode we derive the
equation

a(oy) = m[ — Tu(py > p1p203p4 sin(@)
+ Ty (042 pa psps 7 sin(e))] (56)

using Eq. (36) along with integration by parts. Physically,
Eq. (56) indicates that the cascade model can reach a steady-
state only if the shared mode, from which driving and damping
are absent, gains the same amount of energy via the interaction
with one quartet as it loses to the other quartet. In particular,
Eq. (56) in the case of m = 2 reads

ar{pd) = 20=Tu (p1o2p3py sin(¢)
+ Ty (oa pspsp7 sin(@))] = 2(=TyZy + T, T)),
(57)

and this equation indicates that the evolution of the second
moment of the shared mode is determined by the two four-point
functions, Z,; and Z,. Physically, the expression on the right-
hand side of Eq. (57) corresponds to the wave-action (and thus
also energy) flux in and out of the shared mode. In particular,
we see that in a nonequilibrium statistical steady state, i.e.,
when the right-hand side of Eq. (57) vanishes but the four-point

functions do not, and when the sign of T4Z; (or equiva-
lently 7, 7)) is negative, there exists an energy cascade from
the quartet {(k;,k»),(k3,kq)} to the quartet {(ky,ks),(ks,k7)},
i.e., from the upper to the lower quartet in the right panel
of Fig. 1.

2. Closed kinetic equations for wave action

In this section we derive kinetic equations that approximate
the dynamics exhibited by the second moments n; = { p?)
of the cascade-model modes in a nonequilibrium statistical
steady state. Our strategy is to derive closures for the equations,
such as Eq. (53) or (57), that describe the dynamics of these
moments. We derive these closures by approximating the
four-point functions, such as Z;, Z;, or I[i, in terms of the
second moments (,of). By substituting these approximations
into Eqgs. (53) and (57), we are led to a system of kinetic ODEs
for the wave spectra.

Approximate descriptions of nonequilibrium wave systems
using kinetic equations can frequently be obtained via a mul-
tiple timescale analysis. For the cascade model, this approach
to the kinetic description is similar to the approach used in the
kinetic theory of weakly nonlinear dispersive waves [11]. More
precisely, the evolution of a dynamical variable in the system
described by Egs. (10) and (11) consists of two parts: one due to
the driving and damping (quantified by o, v;) and the other due
to the four-wave interactions (quantified by 7;). We have seen
that when the detailed-balance conditions in Egs. (25) and (28)
hold, the system allows for Gaussian distribution of modes,
the equilibrium distribution purely induced by the driving-
damping, and thus behaves as if there were no interactions
among the waves. When these conditions do not hold but are
nearly satisfied, the nonlinear interactions begin to weakly
affect the dynamics of the system. As aresult, their contribution
to the time average of any dynamical variable is negligible on
relatively short time intervals and becomes nontrivial only on
very long time intervals. In other words, the typical timescale
due to the nonlinear interactions is much longer than that due
to the driving-damping. Invoking the ergodicity assumption to
replace the statistical average by the time average, we use this
sharp timescale separation in the cascade model to approximate
the four-point functions in terms of the second moments and
thus derive the kinetic equation.

For two dynamical variables X and Y that are uncor-
related in equilibrium, the average of their product can
be approximated by the product of the averages of each
variable, i.e.,

(XY) = (X)(Y), (58)

due to the assumption of near-Gaussianity. In particular, we
have

(" 07) = (01" \o7), (59)

for integer m, n (>0) and i # j. The approximation in
Eq. (59) becomes less accurate for large m, n because the time
interval required for obtaining a good approximation of the
statistical average by the time average must be longer. At these
longer times, however, the nonlinear interactions disturb the
independent Gaussian distributions.
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Using Egs. (10), (11), and (58), we obtain the approximation
i (arayapay) ~ —(Tylag*lap*lay | + Tylag*lay*lay |

2 2 2 2 2 2
_Tp|aq| |aq’| |ap’| _Tp’|aq| |aq’| |ap| )
—i| > v |taiaiapay), (60)

J

where ) ; vj denotes the sum of the damping parameters for a
given quartet. For example, this sum represents Z‘;:l v; for the
system of a single quartet, and Z§=1 v; for {(¢.q").(p.p)} =

{(1.2),G.4)), Y] _s v; for {(4.9).(p. )} = (4,5),(6,7)} for
the system of double quartets. In equilibrium, as described in
Sec. I1I, the left-hand side of Eq. (60) would vanish, while the
two terms of the right-hand side would be finite. Thus, under
the near-Gaussianity assumption, we may likewise neglect this
left-hand side, and use Eq. (59) to obtain an approximation for
the four-point function,

(0g g PpPp cOS(By + 6, — 60y —6,)) =0, (61a)

(pqpq’pppp’ Sin(ep’ + 91) - eq’ - 9{/))

1 T, T, T T,
~ —[nqnq/npnp/(—q + L _£2_ —”)} (61b)
> Vi ng Ng np Ny
in terms of the spectran; = (pjz.).
Using Egs. (61), we can derive a closed equation for
the approximate values of the spectra n;. In particular, the

substitution of Eq. (61b) into Eq. (53) yields the kinetic
equation

ong(t) 2 2T,
” =0, — 2vu4ng + ﬁ Nghg NNy

>{§+Q—Q—Qﬂ (62)

ng Ng nNp Ny

for the driven-damped modes. Similarly, Eq. (57) for the
shared-mode spectrum can be approximated as

8n4/ (t) 2 T4/ Tl T2 T3 T4,
9 =3 mnynzng| —+ — — — — —
g Zj:l Vj ny  np n3 Ny

2T, 7, T T T
+ 7—4[n4rn5n6n7<—4 + —5 - —6 - —7)]
2 j=5 Vi ny ns  ng ng

(63)

One can generalize this derivation of Eq. (62) for the driven-
damped modes and Eq. (63) for the shared modes (with-
out driving-damping) to cascade systems of more than two
quartets.

The ODEs in Egs. (62) and (63) form a set of kinetic
equations analogous to the kinetic integro-differential equa-
tions derived and studied in the theory of wave turbulence
[11,25-29] [cf. Eq. (48) for the MMT model in Sec. [II C]. The
above derivation shows that, in contrast to wave turbulence,
the applicability of our kinetic equations is not limited to the
case of weakly nonlinear interactions, i.e., the values of the
interaction coefficients 7; do not have to be small as long
as the system can be assumed to reside in the regime of

near-Gaussianity. In cases in which a cascade model with a
small number of quartets would suffice to glean some particular
property of energy transfer, Egs. (62) and (63) would likely
afford computational savings in studying that property over
direct numerical simulations of the wave system.

We should note that both the perturbation methods used
to bring out resonant interactions in the examples presented
in Sec. IT A, as well as the classical derivations of the kinetic
equation in continuous models of weak turbulence the [11,25—
27], only include the dominant wave interaction mechanisms,
which, for our examples, were resonant quartets. Less promi-
nent interaction mechanisms are neglected or captured at
the higher-order in the perturbation expansion. The cascade
model should be able to capture these mechanisms in its
driving and damping terms, which would leave the form of the
kinetic equations in Egs. (62) and (63) unchanged. However,
in discrete systems, such as those obtained in numerical
simulations of weakly turbulent processes, the dominant role
is played not by resonant but near-resonant interactions. While
the derivation and the form of the kinetic equation changes
in this case [28,29], triads or quartets remain the basic mode-
interaction mechanism. Therefore, our cascade model (or its
triad counterpart) should also perform well at modeling the
dominant near-resonant interactions in discret(iz)e(d) systems.

3. Examples of nonequilibrium steady-state solutions

We are particularly interested in possible stationary solu-
tions of the kinetic equations in Egs. (62) and (63) for the
cascade model. In the case of a single quartet, we only need to
solve a system of four algebraic equations for four unknowns
nj, glanced from the right-hand side of Eq. (62). A yet better
method is to solve just one algebraic equation for one unknown,
7T,, obtained by substituting Eq. (54) into Eq. (62). Similarly,
for the system of double quartets, one can replace the system
obtained from the right-hand sides of Eqs. (62) and (63) for
seven unknowns 7 ; by a system of two algebraic equations for
two unknowns, Z;, ny, using Eqs. (54) and (57). This drastic
dimensional reduction is extremely helpful not only in finding
a stationary solution of our kinetic equations, but also when
verifying its uniqueness.

We here examine the validity of our kinetic equations in
Egs. (62) and (63) via numerical simulations. We consider
a system of double quartets in which the interaction tensors
T'=T,=T;=Tyareallequal to0.1,and T, = T5 = T =
T7 are all equal to 0.2. We fix v; as 1.0, and vary the parameter
Ao satisfying oy = 1.0+ 2.0 x Ao, 0, =1.0+ 1.2 x Ao,
03=1.0, 05=1.0, 06=10—-15x Ao, and 07 =1.0 —
1.7 x Ao. When both ¢; and v; are the same for all modes,
i.e., Ao = 0, the system is in equilibrium and the four-point
functions Z,, I;i vanish. Therefore, Ao can be used to measure
the deviation from the equilibrium state. As Ao > 0 increases,
the energy cascade from the upper quartet to the lower quartet
in the right panel of Fig. 1 strengthens.

For a progression of Ao values, we numerically integrate
Egs. (10) and (11) using the Euler-Maruyama method with the
time step At = 0.0025. We compute the four-point functions
Z4, T}, and the wave spectran; = ( ,ojz.) via averaging over both
time and noise realizations. The time interval for the averag-
ing ranges from 1.0 x 10° to 2.0 x 10° and the number of
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o Zg = (p1p2p3py sin(¢’))
!

o I, = (papspeprsin(p))

-0.05 : :
0 .

0 0.1 0.2 0.3
Ao

FIG. 3. Top panel: numerically measured Z,(circles) and
7/ (diamonds) as functions of Ao for the system of double
quartets. Bottom panel: numerically measured (p?)(circles) and
( pf,)(diamonds) as functions of Ao for the system of double quartets.
In both cases, the solid lines are the solutions of Egs. (62) and (63).

realizations is chosen as 50. We compare these numerically
measured statistical quantities with the theoretical predictions
from our kinetic equation. In all cases, Egs. (62) and (63) allow
for a unique solution, n4 and Z, for which the spectra n; of
Eq. (54) are positive. Figure 3 reveals that the theoretical pre-
dictions are in good agreement with the numerically measured
four-point functions, Z, I(’i, and wave spectra, n, nq, for a
wide range of Ao.

4. Higher-order moments of the wave amplitude
To compute these moments, we consider the approximation
. )
10, (|lag|" (a;a;‘,apapr)) ~ 0, (64)

which holds exactly in the equilibrium case. Using a method
similar to the one presented in the preceding section, together

10

10

1 2 3 4

6 7 8 9

5
m

m

FIG. 4. Numerically measured (p7")(circles), (o )(diamonds)
when Ao = 0.20, and (p};)(squares) when Ao = 0.30, as functions
of m for the system of double quartets. The solid lines are the
theoretical predictions using Eq. (66) for (p{") and Eq. (67) for (o}).

with Eq. (64), we obtain an analog of Eq. (61b):

(05 2 Papq ppoy SINEy + 0, — by —6))
1 Tq’ Tp Tp’ m
~—oor-ovI\nnn,| —— — — —
DV [ e <"q’ np Ny (,oq )
+ Tq”q’”pnp’<p:/n2):|' (65)

When the wave a, is driven-damped, the substitution of
Eq. (65) into Eq. (52) yields the approximation

o2 T?
q 9 ,
(m+2)4+ + ST ngnpn,

m+2\ ~
(5 %) = Tq 1, 1,
Vg = s g\ s

jl)/' nq! nP l‘lp/

(o) (66)
)

for a steady-state system. We insert the value of n, = (,o;),
obtained by solving our kinetic equations in Egs. (62) and (63)
into Eq. (66) with m = 2 to approximate the value of (p;‘).
This fourth-order moment, in turn, gives us an approximation
of ( pg). By repeating this procedure, we approximate all even-

order moments ,05’") using Eq. (66). This recurrence relation
can also be used to approximate the odd-order moments

(,05’”’1), once the first moment (p,) is available. One of its

approximations can be obtained using (o) = (/7 /2)( pj) 12
under the near-Gaussianity assumption.

For the system of double quartets, we compare the theoret-
ical predictions of the higher-order moments for the driven-
damped modes with the moments estimated numerically. We
continue to use the same setting as in the previous case and fix
Ao = 0.20, for which our kinetic equation yields very accurate
predictions. Figure 4 shows that the analytical approximations
of (p]") obtained from the solution of Eqgs. (62) and (63)
alongside the relation in Eq. (66) are in good agreement
with the numerically measured ones, for any 1 <m < 9.
The agreement tends to be less accurate for the higher-order
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moments as compared with the lower-order moments, because
Egs. (59) and (66) become less accurate as the power m grows.

Unfortunately, Eq. (66) cannot be applied to approximate
the higher-order moments (p}/) of the shared mode due to
the inherent nature of this mode, i.e., the absence of driving-
damping. Thus, the kinetic approach developed so far can only
predict the second moment of the shared-mode amplitude,
and even that only in a limited parameter regime (see the
bottom panel of Fig. 3). Since we have designed the shared
wave in the cascade model to be reminiscent of the modes
in an inertial range in wave turbulence, and so are particularly
interested in its statistics, we change tack and first proceed with
numerical experiments. As discussed below, we find from these
experiments that the shared-wave amplitude py is distributed
according to the Gaussian law also in a nonequilibrium steady
state.

We analyze the outcome of these numerical experiments by
noting that, when the marginal distribution of the amplitude
P4 18 Gaussian, the relation

)= (5 + 1)) a

is known to be satisfied. Here I'(-) denotes the Gamma function
[30]. When Ao = 0.20, we insert the stationary solution
ny = (pf,), obtained from our kinetic equations in Eqs. (62)
and (63), into the right-hand side of Eq. (67). In this way,
we theoretically predict moments (/). Up to the ninth order,
these predicted moments give excellent agreement with their
counterparts computed by direct numerical simulations of
Eqgs. (10) and (11). (Note that this prediction also includes
m = 1.) We also examine the case of Ao = 0.30, for which
our kinetic equation can no longer accurately predict the value
of second moment ( ,of,), as seen from Fig. 3. As we therefore
possess no analytical tools to accurately approximate (p7) in
this parameter regime, we instead substitute its numerically
measured value into Eq. (67) to compute approximations
of the higher moments (p}/) based on the near-Gaussianity
assumption. Again, as displayed in Fig. 4, these semiempirical,
Gaussian-based higher-moment approximations agree very
well with the numerically-measured higher moments at any
order m < 9. We thus tentatively conclude that the system
possesses a Gaussian stationary marginal distribution of the
shared-mode amplitude. In the next section, we amplify this
result by predicting this marginal distribution via a comple-
mentary approach using the KFE.

B. Marginal distribution of the shared-mode amplitude

In this section, we apply an alternative approach to demon-
strate that the amplitude of the shared mode in a cascade
system of double quartets in a nonequilibrium steady state
is distributed according to the Gaussian law. To this end, we
first recall the equilibrium case, i.e., the family of cascade
models satisfying the detailed-balance conditions in Eq. (28),
for which the KFE (36) possesses a joint Gaussian stationary
solution described by Eq. (37). One might expect that it
would also be possible to derive and analyze a second order
PDE, similar to the KFE, which would govern the marginal
distribution P,(t,04). However, as we will see below, this
attempt is hampered by the fact that the shared wave is free from

driving and damping. The key idea to get around this intractable
point in the theoretical analysis is to let the shared wave be
externally forced and dissipated. We are then allowed to study
the statistics of the shared mode utilizing the KFE of this new,
auxiliary dynamical system. Finally, we remove both driving
and damping that we had imposed on this mode, by letting them
vanish via a distinguished limit taken along a particular curve
in the driving-damping plane, to recover the cascade model.
This roundabout approach provides a framework that leads
us to re-examine the known Gaussian statistics in equilibrium
from a different perspective, and to predict the nonequilibrium
stationary distribution of the shared-mode amplitude.

1. Augmented model

We construct a new, auxiliary model with white noise
forcing and linear dissipation added to the shared wave of the
double-quartet cascade model. We name this class of systems
the augmented model. For instance, the augmented model
comprising double quartets is the same as the one displayed in
the right panel of Fig. 1, except that the wave a4 is governed
by the equation

i0;ay = T4ra§‘a1a2 + TL(Z;(ZGCW —ivgay +oyWy. (68)

Let Fd be the probability distribution and éd be the infinites-
imal generator [similar to G, in Eq. (35)] of this new system
in polar coordinates. (From now on, it will be helpful to keep
in mind that P is used to denote distributions in the cascade
model and P in the augmented model.) The SDEs (10) and
(68) then give rise to the KFE

3 Pa(t,{pj. 00} = Gl Py(t,{p;,¢',0}) (69)

for the augmented model. The marginal distribution of the
mixed-mode amplitude,

7
Putt.pu = [ Put.to;. 8" o0 [ [ dosao'as.

J#4

then satisfies the equation

7
Futt.p) = [ Putt1p).0' o0 [ dosder

j=1
4

7
= [GiPuttoy.0 o0 [T dpsas e
T

= —/804/ (M;)4,F61(tv{pj’¢,7¢})

2
_ %

,
2 00 E(t,{pj,¢’,¢}>) [ [drjdd'de.,

j=1
J#4

(70)

. P .
where the coefficient 11/, is given by the expression

o

ro_ Oy
MP4’ — dpy

— vy py — Ty p1p203 8in(@") + Ty, ps ps p7 Sin(g).
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In general, Eq. (70) is not a closed equation. However, the
independence assumption

Pa(pj.¢'.9) = Pulps) Papj\pu.¢'9),  (T1)
where pj\py ={p; | j=1,...,7;j #4} gives rise to the
closed PDE

_ o2 o2
0; Pu(t,pa) = 0, T8p4r Py(t,py) — 1w Vy P
"

— (T p1p2p3 5in(@") — T} ps pspr sin(w))’) ﬁd(t,pzl/):|~
(72)

Here and after, (-)’ denotes the statistical average over the
distribution of the augmented model.

There are two issues that we must address with regard to
the derivation of Eq. (72). First, the condition in Eq. (71) does
not imply that the variable a4 is independent of the remain-
ing variables. That independence would follow from assum-
ing Py(x;,y;) = Pa(xa,ya) Pa(x;\xe,y;\ya), where x;\xy =
{x;li=1,....7;j #4 and y\yy ={y;lj =1,....7;] #
4}, which Would be a stronger assumption. In fact, this issue
is closely related to the discussion in Sec. IIIB2, i.e., the
question of why polar coordinates are more appropriate for the
description of the cascade model than rectangular coordinates.
Second, Eq. (70) is trivial when o4 = vy = 0, and therefore
there is no second-order PDE analogous to Eq. (72) for the
cascade model, as we pointed out above.

In what is to follow, we will use a distinguished limit of
this augmented model, in which the driving and damping of
the shared mode are made to vanish along a specific curve,
to approach the marginal distribution of this mode in the
limiting cascade system in a nonequilibrium steady state, and
demonstrate that it is Gaussian.

2. The augmented and cascade models in equilibrium

Starting with a cascade model, we now set up a distin-
guished, one-parameter family of augmented models that will
limit on this cascade model. Choosing this family so that, for
each augmented model in it, the marginal distribution of the
shared mode is the same, we can use it to characterize the
marginal distribution of the shared mode in the underlying
cascade model. For clarity and illustration purposes, in this
section, we first set this distinguished limit up in the case when
the cascade model can reach a Gaussian equilibrium steady
state.

We begin by again considering the augmented model,
described by Eq. (69), letting y; = 2v; /o7, except for j = 4,
as in Eq. (24), and supposing there exists a positive value 7°
satisfying the pair of equations

Tiyi + Ty, — Tsys — Tw7° = 0,
o (73)
Tyy” + Tsys — Teye — Try7 = 0.
If the value of the parameter
_ 2y
VE=E— (74)
lop

equals 7°, then one can show that the equilibrium distribution
of the augmented model comprising double quartets is given
by the expression

T

0 1\* ,
PYpj ' 9) = (27% 77 m’)(z_) [TCrie 7 p))

(75)

in amanner similar to what we did in Sec. IIT A. This expression
leads to the marginal distribution

7
EO(M) = / ﬁf(ﬂjﬁ/aw) Hdpjd¢/d¢ =270 7" py
T

(76)
of the shared wave-mode amplitude ps, which is Gaussian.
Note that the distribution in Eq. (75) satisfies the independence
condition in Eq. (71), as well as gives rise to the equation

(Ty p1p2p38in(9"))" = (T, pspep7 sin(g)) = a7

Consistently, in this case, Eq. (72) possesses the unique
stationary solution given by the expression in Eq. (76).

Letus now consider a cascade model in thermal equilibrium.
As we recall from Sec. IIT A, the combinations y; in Eq. (24)
of this model’s driving and damping parameters o; and v;,
j=1,...,7, j # 4, together with some positive number yy,
must satisfy the detailed-balance conditions in Eq. (28). Its
equilibrium distribution is, in polar coordinates, given by
the function P (pj,9',9) in Eq. (37), and, consequently, the
marginal dlstnbutlon of its shared-mode amplitude py is given
by the Gaussian P (py) in Eq. (38). Given this cascade
model, let us con51der an augmented model instantiated by
the exact same parameters, except o4 and vy (which do not
exists in the cascade model). For this augmented model, let
its parameter combinations y; in Eq. (24) and y in Eq. (74)
satisfy the detailed-balance conditions in Eqgs. (73), so that
¥ = 7. Furthermore, let ) = y4, so that the detailed-balance
conditions in Eqs. (28) and (73) become identical. Then the two
respective sets of variables and, consequently, the two shared-
wave amplitudes are distributed identically. In other words,
the two equilibrium distributions, Po(p i,¢',¢) in Eq. (75) and
Po(p_, ,@',9) in Eq. (37), are given by the same function, and
consequently also the two marginal distributions, 13(?(,040 in
Eq. (38) and i’\do (p4)inEq. (76), are given by the same function.

To set up the distinguished limit, given a cascade model
in equilibrium, let us pick a family of augmented models,
characterized by the common value of the parameter y = ) =
ys and by decreasing parameters o4 and vy. In particular,
we consider the limiting case of this family in which we take
the distinguished limit o4,vy — 0 while still maintaining the
same value of their combination y in Eq. (74) at y =y =
ys. In other words, we let oy,vy vanish along the curve
in the (o4 ,vy)-plane defined by Eq. (74) with y = % = yu.
By approaching this distinguished limit, we gradually reduce
the randomness originating from the driving-damping of the
shared mode, so that it becomes more and more negligible and
the vast majority of the randomness in that mode becomes
induced by the resonant interactions. Thus, eventually, the
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augmented models become indistinguishable from, and in the
limit oy,v4 — O turn into, the given cascade model, for which
the statistics of the shared-mode amplitude ps are purely
determined by the resonant interactions.

The above distinguished limiting process clearly leaves
the probability distributions Po(p i,¢",p) and P (p4) of the
augmented model in Eqgs. (75) and (76) invariant, since they
only depend on the forcing strengths o; and damping strengths
v; (including o4 and vy ) through their combinations y;, j # 4,
and 7, which remain constant. Therefore, in this dlstmgulshed
limit, we recover the probability distributions PO(,o i@ @)
and Po(p4/) in Egs. (37) and (38) with y4 = 7, belonging
to the cascade system of double quartets we have considered
in the first place. In particular, for the marginal distribution
of the shared-mode amplitude p4, this distinguished limit
yields the equation

PY(py) = lim  PJ(py), (78)

2v4r/nf,:}70

where, as Just mentioned, we use the invariance of the distri-
bution P (ps) over the distinguished family.

We should remark that, in the equilibrium case studied in
this section, the above distinguished limiting process was triv-
ial. Namely, the probability distributions for all the variables in
both the cascade model and the associated distinguished family
of augmented models in equilibrium are known explicitly, as
is the limit of the latter distribution onto the former. This
will definitely not be true in the next section, in which we
will use a similar type of distinguished-limit approach to
study the marginal distribution of the shared mode of the
double-quartet cascade model in a nonequilibrium steady
state.

3. The augmented and cascade models in nonequilibrium
steady state

In this section, we use the idea we employed in the
preceding section to study the marginal distribution of the
shared-wave amplitude for the double-quartet cascade model
in a nonequilibrium steady state via a distinguished limit of a
corresponding family of augmented models.

Unlike in the equilibrium case, discussed in the previous
section, for which our distinguished limit is only a means
of further highlighting the properties of the exactly obtained
equilibrium measure, our use of the distinguished limit in the
nonequilibrium steady state of the cascade model is unavoid-
able. This is because, as we pointed out in the last paragraph
of Sec. IVB 1, in such a state, we could find no dynamical
equation that would govern the marginal distribution of the
shared-mode amplitude.

Let us first focus on the augmented model of double
quartets. Even for this model, if the detailed-balance conditions
in Eq. (73) for the equilibrium do not hold, we cannot obtain
an explicit expression for its nonequilibrium steady-state dis-
tribution. Instead, we derive the steady-state distribution of its
shared-mode amplitude using properties of its moments. In
particular, for the moments of the shared-mode amplitude oy,
from the KFE (69), using integration by parts, we compute

the equations

m—2

/ 0412 m\’
ot = m | m 2o )
0.

— Ty 7 p1p203pa sin(@')

— Ty04 2 4 Ps P67 sin(w))/] (79)

[cf. Egs. (52) and (56)].
In a statistical steady-state, Eq. (79) with m = 1 gives rise
to the equation

(Ty p1p203 sin(") — Ty pspsp7 sin(p))’

= i) = vartpa) (80)

If we again make the independence assumption in Eq. (71) for
the joint probability distribution Pd(,o i@’ ) of the augmented
model in this state, we note that the Gaussian distribution

Pl(ox) = 27¢ 7% py, (81)

where the parameter 7 satisfies Eq. (74), makes the right-hand
side of Eq. (80) vanish, which further implies the equation

(Ty p1p2p03 sin(9") — Ty pspsp7 sin(p)) =0.  (82)

In turn, when Eq. (82) is satisfied for a joint distribution
Pd(,o i,¢’,p) that also satisfies the independence assumption in
Eq. (71), the resulting equation in Eq. (72) allows for the unique
stationary solution given by Eq. (81). Thus, we conclude that
any augmented model in a nonequilibrium steady state, whose
corresponding joint distribution P.(p;,¢’,¢) satisfies the in-
dependence assumption in Eq. (71), necessarily possesses the
Gaussian distribution in Eq. (81) as the marginal distribution
of its shared-mode amplitude py .

Turning our attention to the cascade model, we begin by
considering a distinguished limit of an appropriate family
of augmented models, all of which find themselves in a
nonequilibrium steady state. In particular, we choose a family
of the augmented models sharing identical parameter values
except for vy and oy ; for these two parameters, the ratio y (=
2vy /o) is identical for the entire family. In the distinguished
limit of vanishing driving-damping while keeping y constant,
the form of the marginal Gaussian distribution in Eq. (81)
remains invariant. This invariance, as in the equilibrium case,
allows us to define a formal limit, which we denote by

Bi(oy) = lim  Pj(ps). (83)
Jim,

2y /of, =7

To understand which distinguished family of augmented
models we should associate with a given double-quartet cas-
cade model, we notice that, for all these augmented models,
the parameter y (=2vy/ 642,) in the Gaussian distribution in
Eq. (81) equals the reciprocal of its second moment. Therefore,
the appropriate choice of the distinguished augmented-model
family corresponding to the chosen cascade model is such that
the parameter y of this family equals y, which satisfies the
equation

(84)
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Here, the stationary second moment { ,of,) for the cascade model
is obtained as the appropriate component of the corresponding
fixed point of the kinetic-equation system in Egs. (62) and (63)
provided such a fixed point exists. Together with Eq. (84), the
formal limit in Eq. (83) and the Gaussian form in Eq. (81) pro-
vide us with a strong indication that the stationary shared-mode
amplitude distribution of the given double-quartet cascade
model should be given by the Gaussian form

P}(pw) =2ye i py. (85)

This indication is amplified by the numerical corroboration that
the higher-moment relations of this distribution closely agree
with the Gaussian prediction in Eq. (67), as explained at the
end of Sec. IVA4.

We should note here, however, that the above derivation is
formal. Unlike in the equilibrium case, treated in the previous
section, in which all the solutions are explicitly known and
the distinguished limit is therefore trivial, we made no attempt
at proving Eq. (85) rigorously. Moreover, we have not even
proven that the distinguished limiting process gives conver-
gence to a solution of the cascade model in a continuous fashion
in the case of a nonequilibrium steady state. Nevertheless,
we will be content with the above strong indications that
the shared-mode amplitude distribution of a double-quartet
cascade model in such a state should indeed be the Gaussian
in Eq. (85).

We should also note that we use the distinguished limit of the
augmented model here solely to demonstrate the Gaussianity
of the shared-mode amplitude distribution in a nonequilibrium
steady state of a double-quartet cascade model. This limit
does not give us a direct way to compute the width of this
distribution, and in fact, the limit of the augmented model
as oy ,vy — 0 without satisfying any constraints is singular.
Namely, while we have found that the shared-mode distribution
of the augmented model in a nonequilibrium steady state is
Gaussian, its width can vary widely in the oy ,vy — 0 limit
depending on the value of the ratio 7 = 2vy /0. In other
words, an arbitrarily small addition of driving and damping
to the shared mode in the cascade model can, in the resulting
augmented model, significantly alter the width of this mode’s
amplitude distribution in a nonequilibrium steady state.

Before concluding this section, we should remark on the
physical importance of certain points in the arguments pre-
sented above. In particular, it is important to notice from
Egs. (74) and (81) that the Gaussian statistics of the shared-
mode amplitude in the augmented model are not caused by
the resonant interactions among the modes, but are instead
completely determined by the forcing and dissipation. (Recall
from the previous section that the same property holds in the
equilibrium case.) We thus emphasize that Eq. (82) can be
viewed as a balance of two resonant interactions, and plays
exactly the same critical role in the nonequilibrium system
as the detailed-balance condition in Eq. (73) plays in the
equilibrium system. This role is to ensure that the subsystem
describing the shared mode behaves as if there were no
interactions with other modes, and further possesses a Gaussian
stationary distribution of its amplitude. In this regard, we also
note that Eq. (77), satisfied by the system in equilibrium, is a
special case of Eq. (82).

For the cascade model obtained from the augmented model
via the distinguished limit, the balance condition in Eq. (82)
formally gives the limiting balance condition

(Ty p1p2p03 sin(9") — Ty pspsp7 sin(p)) =0.  (86)

Alternatively, we can obtain the balance in Eq. (86) directly
from Eq. (56) with m = 1, and in particular without resorting
to the independence assumption in Eq. (71) or its possible
limit in the cascade model. This fact will be important for the
information-theoretic approach presented in the next section.
We here also remark that the relation between the balance
condition in Eq. (86) and the detailed-balance condition in
Eq. (28) in the cascade model is analogous to the relation
between the balance in Eq. (82) and the detailed-balance
condition in Eq. (73) in the augmented model.

We should also note that the balance condition in Eq. (82)
is closely related to the vanishing of the net wave-action flux
into the shared mode of the augmented model in a steady
state, as we can deduce from the independence assumption
in Eq. (71), the Gaussian distribution form in Eq. (81), and
Eq. (79) with m = 2. Its distinguished limit in Eq. (86) is the
vanishing of the right-hand side of Eq. (57), i.e., the vanishing
of the difference between the wave-action fluxes into and out
of the shared mode of the cascade model in a steady state,
which we have already discussed at the end of Sec. IV A 1. This
is a much less restrictive condition than the detailed balance
condition in Eq. (28), or its consequence, the cascade-model
limit of Eq. (77), which imply the vanishing of both the fluxes
into and out of the shared mode separately.

Under the less restrictive balance condition in Eq. (86),
the wave-action flux through the shared mode in the
nonequilibrium steady state of the cascade model equals
(Ty p1p2p3 5in(9)) = (T pspep7 sin(p)), and generally does
not vanish. This is reminiscent of the finite-flux, Kolmogorov-
Zakharov solutions of the kinetic equation for the inverse (or
direct) cascade in weak turbulence, for which the total input
flux of wave action (or energy) into a mode also equals its
total output flux. For the special, power-law type Kolmogorov-
Zakharov solutions [11,27], which appear in systems with
scaling symmetries, more restricted wave-action (or energy)
contributions from quadruples of proportional quartets that
share a node must already add up to zero [14]. Modeling of such
Kolmogorov-Zakharov solutions that describes this property
would require a more sophisticated architecture of a coupled-
quartet model than our linear cascade, to properly capture the
underlying symmetry and the resulting self-similarity, which
is outside the scope of this paper.

Finally, we should address the question of when a given
cascade model possesses a statistical steady state. We know
from Secs. IIIA and IIIB that it possesses an equilibrium
precisely when the detailed-balance conditions in Egs. (25)
and (28), or their counterparts for cascade systems comprising
more than two quartets, hold. More generally, the kinetic
equations in Egs. (62) and (63) provide a strong indication
for the existence or nonexistence of a steady state: a steady
state is likely to exist for the corresponding cascade model
precisely when these equations have a fixed point. We will
address possible approach of other initial distributions to such
a steady state in the next section.
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C. Information-theoretic approach to relaxation
of shared-mode amplitude

Finally, we discuss the long-time behavior of the shared-
mode amplitude in the cascade model. Recall that, in a
statistical equilibrium, we have addressed the long-time be-
havior of the entire system via the maximal entropy principle
discussed in Sec. IIIB 1. There, the key object is the relative
entropy Sgq(P, P?), defined in Eq. (39). For the system of
double quartets satisfying the detailed-balance condition in
Eq. (28), we use Eq. (41) to show that the time-derivative of
the corresponding relative entropy Sgq( Py, PL? ) in rectangular
coordinates is positive semidefinite and vanishes if and only if
P = Py(t,{x;,y;}) = PY 7(x,y;), the equilibrium distribution
in Eq. (26). Likewise, we can use a_similar derivation to
show that the relative entropy SEQ(Pd P ) in polar coor-
dinates is positive semidefinite and Vamshes if and only if
Pd(t {0j,¢",0}) = PY (P, ¢, @), the equilibrium distribution
in Eq. (37). Formally, we represent the monotonic growth of
the macroscopic quantity SEQ(Pd P ) by the statement

Pi(t,{pj,¢",0}) = Pp;.¢',¢) as t — oc. (87)

We should remark here, however, that we have by no means
proven pointwise convergence of arbitrar(il)y (rough) distri-
bution functions P, towards the equilibrium distribution PO,
given by Eq. (37). Moreover, addressing any precise manner
in which possible functional convergence of solutions of the
KFE (36) to the distribution PO in Eq. (37) might take place is
beyond the scope of this paper.

For nonequilibrium dynamical systems, there also exist
attempts to describe the irreversible relaxation to the steady
state by defining and studying entropylike quantities [31]. One
immediate candidate is obtained by using a nonequilibrium
stationary distribution instead of the equilibrium distribution,
which reads

~ - o
Sss(Pa(pj @' 9), Pi(pj.d'.9)) = —<1og (%)>
d\VMj>¥ >

(88)

in the case of the cascade model. Here, SS stands for steady
state, and the reference distribution P (pj,9',9) denotes a
time-independent solution of Eq. (36), 1f it exists, other than
PO(,o .9, ). Naively, one might expect in the nonequilibrium
case to use the evolution of the “relative entropy” defined in
Eq. (88) to reach a conclusion similar to that in Eq. (87) in
the equilibrium case. However, it is known that quantities such
as Sgg can fail to correctly predict the relaxation process (see,
for instance, Ref. [32]). Furthermore, in the present case, we
are unable to examine the validity of the maximization of the
relative entropy Sss in Eq. (88) as a means of estabhshmg long-
time convergence to the steady-state distribution P (pj,9",0)
simply because we do not even know what P (0j,9",0)
would be.

We instead conclude this paper by pointing out that the
condition in Eq. (86) underlies the monotonic growth of the
macroscopic quantity

- - Pi(ow
Sss(Pa(pa). P (pa)) = —<10g (P(fil; ;>>, (89)
d\P4

which is maximized when the marginal distribution of the
shared-mode amplitude py becomes the Gaussian function
P (py) in Eq. (85), just as the detailed-balance constraint in
Eq (28) underlies the formal limit in Eq. (87) in the case
of equilibrium. This result may be interpreted as irreversible
relaxation of the shared-mode amplitude, ps, of the cascade
model to a nonequilibrium statistical steady state, which we
formally denote by the statement

Py(t.py) — Pj(py) as t — oo. (90)

To study the time evolution of the macroscopic quantity
Sss in Eq. (89), we again use our distinguished limit from
Secs. IVB2 and IVB3. We employ the augmented model
characterized by the parameter y = y [cf. Egs. (74) and (84)]
and define the analogous quantity

c 5 s Paton |\
Sss(Pa(pa), P (pa)) = —<10g ( = , ©On
( i (0) Pl (pw)
where (-)’ denotes the statistical average over the distribution
of the augmented model. Using Eq. (72), a calculation similar
to the one in Appendix B yields the time derivative of Eq. (91):

d -~ ~ ~
ESSS (Pa(pa), P} (pu))

= [ —=<*—|8,, Pu(ps) — <——217/04'>Pd(p4/)] dpy
/ 4Pd(p4/>[ . pu

— (T p1p203 sin(9") — Ty ps s p7 sin(p))’
1 —~
X f <,0_4 - 277104/>Pd()04’)d/04/, (92)

which is positive semidefinite and vanishes only when the
marginal distribution of the shared-mode amplitude, py, of
the cascade model becomes Pd(p4) = P (pa), provided the
condition in Eq. (82) holds. [Eq. (92) can be regarded as a
counterpart of Eq. (41)]. Applying the distinguished limit as
oy,vy — 0 to the result of the augmented model, using the
same approach we used in the previous section, we predict the
formal limit in Eq. (90).

We should again emphasize, as we did in the text following
Eq. (82), that we have derived the balance condition in Eq. (82)
directly and without resorting to any special assumptions on
the initial distribution in the cascade model. Therefore, the
formal limit should hold regardless of the initial distribution,
provided a statistical steady state exists for the cascade model
in question. We discussed the conditions for this existence at
the end of the previous section.

V. CONCLUSIONS

In the spirit of shell models of Navier-Stokes turbulence,
we have constructed a cascade model of wave turbulence. As
the backbone of our construction, we used the natural objects
mediating energy transfer in many weakly turbulent wave
systems, which are resonant interactions among four waves.
The result is a minimal, yet realistically coupled, driven, and
damped model that reproduces a number of salient features
exhibited by physical systems and their kinetic-theoretic de-
scriptions in wave turbulence. In particular, in addition to a set
of driven and damped modes, our cascade model incorporates
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a coupled sequence of modes free of driving and damping,
which are intended to reflect the properties of the wave modes
in the inertial range of a weakly turbulent wave system.

We first found that the equilibrium case of the cascade
model directly corresponds to the thermodynamic equilibrium
in wave turbulence. We have been able to show that all the wave
amplitudes in this case obey a joint Gaussian distribution law
and also that the appropriately chosen energy flux among the
wave modes vanishes, as is expected in thermodynamic equi-
librium. Moreover, the conditions that need to be imposed on
its parameters for the cascade model to find itself in equilibrium
ensure detailed balance, just as the equation characterizing the
Rayleigh-Jeans spectra in wave turbulence. Last, we derived
a maximum-entropy principle for the equilibrium distribution
in the cascade model, which corresponds to the maximum-
entropy principle for the thermodynamic equilibrium in wave
turbulence.

The nonequilibrium steady-state case of the cascade model
resembles statistical steady states of weakly turbulent wave
systems in which nonzero energy transfer takes place, such
as perhaps states in which these latter systems exhibit
Kolmogorov-Zakharov spectra [11]. While a closed-form joint
distribution of the variables characterizing the cascade model
is impossible to find in this case, we do find an approximate
description by deriving a closed set of kinetic ODEs for the
second-order amplitude moments of the wave modes. These
ODE:s parallel the corresponding kinetic equations in wave
turbulence. We use the second-order amplitude moments we
obtain from the kinetic equations to further find the higher-
order amplitude moments of the driven-damped modes and
a Gaussian marginal distribution for the coupled modes not
subject to any external driving or damping, and thus we
determine the marginal distributions of all the wave modes in
the cascade model also in a nonequilibrium steady state. Again,
we find an information-theory-based process resembling an
entropy-maximization principle for the Gaussian marginal
distribution of the modes without driving or damping.

Altogether, the cascade model sheds new light on and
provides details of the energy-transfer mechanisms in wave
turbulence by closely mimicking and carefully taking into
account the main features of weakly turbulent wave systems
on the one hand, and being analytically tractable on the other.
One ultimate goal of our simplified modeling would be to help
to better explain system behavior in realistic wave turbulence,
in particular, the steady-state dynamics of modes in inertial
ranges of such systems, based on the knowledge gained from
the nonequilibrium dynamics exhibited by our cascade or
related models.
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APPENDIX A: MULTIPLE TIMESCALE ANALYSIS
OF A HYPERBOLIC PDE

First, we derive Eq. (8) from Eqgs. (6) and (7) by substituting
the formal expansion

U= V(x,ex,t,et,e2t): Vo + €V +€2V2+-~- (A1)
into the hyperbolic PDE
[87 + @*(19:D]u + €%’ = 0 (A2)

and employing term-by-term analysis. At the lowest order, the

wave equation
o): [ +a*(8:D]Vo=0

emerges. We substitute the four-wave resonance solution

(A3)

4
Vo= Bj(ex.et, e’ e/ttt
j=1

(A4)

and that gives rise to the next-order equation,
0@ [37 +?(13:D]V:

4
deo(k; :
=) :2iw(kj)[a€t3j + —‘;]({ ’)aEXB,}e’“‘fx—w("ﬂ”.
j=1 J

We suppress the secular growth of V; by letting the coefficient
of the resonant wave vanish, which leads to the transport
equation for the wave amplitude B; over the timescale of

order e !,

deolk;
@ )aexB —0.
ok,

Likewise, by suppressing the secular term in the third-order
equation,

0(e?) :

aetBj +

[97 + @*(10,:] V>

4
= Zzw(kj)[iagztlaj
j=1

——B% BBy
(k)] k Dk

3
2 B — B ilkjx—w(k;)t]
Zw(k)( D = |) }

4+ nonresonant terms,

we find Eq. (8).
Next, we use a timescale separation to study the asymptotic
behavior of the hyperbolic PDE

[87 + @*(10,])]u + eu® = 0, (A5)

which has a different amplitude scaling from the one given in
Eq. (A2). The substitution of

u=V(x,ex,tet)=Vy+eV + (A6)

again yields Eq. (A3). If we again assume four waves to be
excited, as in Eq. (A4), the resulting equation,

deo(k ;)
3

i0¢Bj +i———0,B;

J

6 3
w(k)B] By By + (k)<22|31| —|B; |>

062140-20



CASCADE MODEL OF WAVE TURBULENCE

PHYSICAL REVIEW E 97, 062140 (2018)

obtained via the suppression of a secular term in the first-order
equation,

oG : [97 + o (19:D]V

24: k| ioaB;+i2%0 g O popp,
= 2w 10e l ex
2 : ok, (k)jkk

< X:|Bz|2 |B; |2> } itk ek
o)

is a transport equation with a resonant nonlinear interaction.
Therefore, the study of Eqs. (A1), (A2) and Eqgs. (AS), (A6)
reveals that different scaling of the amplitude leads to different
long-time dynamics.

APPENDIX B: POSITIVE SEMIDEFINITENESS OF THE
RELATIVE ENTROPY

In this Appendix, we show the equation

2 2
o
Loa(rort) =3 [ 2| (wn+ o)
J

2 2
0
+(4289P> dA

—2(Tvy1 + Ty, — Tzy3 —

Tyys)
X /mpngm sin(¢)Ps dA. (B1)

Using the notation in Egs. (42) and (43), the time evolution of
the entropy becomes

d
ESEQ(PJ,P;’)

||
Et

U

5

aQ
N
Hw NU
\/

U

b

Il
—_—

g

s
£

+
&
o)
S

||
M*
\
I—l
/‘\
S’
:U
Sj
?é ~
“ o
~——

— T,Im(a}.apa,)P;)

Xq x[,

q:

+

Jy, + T,Re(a apay) Py )]dA

4

- T Im(a 7 Apap ) Py )

+(Jy, + T,Re(@apay) Py)’ ] dA

Tqu(a;‘,a,,a,,r)PY

! 4
2/ 7!
X (qu — Tqu(a;,apap/)Ps)
— T,Re(ayapa, )Py

x (4, + TyRe(azapa,)Py)]dA

=7 +1.

Here 7, can be separated into

4 2
4 o
L=y / L [qum(a;«,apap,)ps <—quq o=, Ps)
q=1 77"

02
— 13, PS):| dA
4 7q

= — Z/ {4T vq Im(a a ,apa,,/)]PX} dA

-7, Re(a;‘,a,,apr)ﬂ (—vq Vg Py

+ Z / {T,[~Im(a}ayap)ds, Py
g=1

+ Re(a;;/apa,,r)ayq Ps] } dA
=Dy +Ip,
in which
Im(a:;a;‘,apapr) = qum(a’q",apapr) — que(a’q",apap/)

is used. We turn to the polar representation and make use of

X Y.
Oy, = =20, — =% 0g,,
Pq Py

Y
dy, = =L, + "ag,
pq q

and
Re(a;a;‘,apa,,r) =X, Re(a;,apa,,/) + Im(a;,a,,a,,/)

to calculate
2
24: / 22l (ve+ % 3y, P
= 2pPi| \Vils T g 0t
o o P 4p;

) 2
o;
+<4 239 ) dA,

Dy =—2Tiy1 + Thys — T3y — Tyys)

« / prpapapasin ()P, dA,

062140-21



WONJUNG LEE, GREGOR KOVACIC, AND DAVID CAI

PHYSICAL REVIEW E 97, 062140 (2018)

and
4 1
Ty :Z/ T, [—Im(aja;,a,,apr)p—apq Py
q=1 !

+ Re(a;‘a;,apap) dg, P :|dA

q

4
. 1

=y / T, [ F (p1023p3)” sin(p)— 0, Py
g=1 Pq

+ (p1p2p3p4)* COS(¢)

i| Hdpjde
4 1
=Z/Tq[i(p1pzp3p4)2 sin(¢)— P
g=1 Pa

— (01020304)* 3, (COS(¢)) ] ]_[a'p,d9

4
. 1

= Z / T, |: + (p1p2p304)° sin(¢)— P
q=1 %

1 4
F (p1p2p304) sin(cb)?Ps} Hdpjd9j =0.
q j=1

Here the first sign for £ and = is used when ¢ = 1,2, and the
second one when g = 3,4. Therefore, we obtain Eq. (B1).

APPENDIX C: ENTROPY IN WAVE TURBULENCE

For a mechanical system, the entropy is defined as

S = —/ P[b]In P[b]Db, ChH

where P[b] denotes the ensemble distribution in the phase
space, b = {by,b,, - - -} denotes all the phase variables, and
Db = dbdb, - - - [23]. However, in the theory of weak turbu-
lence [11], the entropy is defined as

S = /lnnk dk, (C2)

where ny = (aaj) is the wave action, a; denote the (complex)
wave-mode variables, and (-) denotes the ensemble average
over the initial conditions. We now sketch the underlying
reason behind the equivalence of these two expressions.

Consider a probability density function (PDF) consisting of
a product of statistically independent phase-variable probabil-
ity densities for each j, i.e.,

Plbl =[] @)
J

where ¢; are the one-dimensional distributions. For this PDF,
the entropy in Eq. (C1) becomes

S=3 f [1¢n®m)ng;®;)dby.
J m

For m # j, the corresponding factor in each product becomes
f Zm(by) db,, = 1, so what remains in the sum is

S = Z |:— / £j(b;)In fj(bj)dbji|' (C3)
J

In other words, when the phase variables are statistically
independent, their total entropy equals the sum of the entropy
contributions from each individual phase variable.

In a wave system, if the real and imaginary parts of each
wave mode a; = x; + iy, are independent and identically
distributed, then each term in the above sum in Eq. (C3) can
simply be counted twice, once for b, = x; and the second time
for by, = yy, and so the entropy of the wave system becomes

S = ZSk, Sy = —2[ Ck(br) In & (by) dby,. (4
k

If the wave components x; and y; are both Gaussian-distributed
with zero mean and variance (|a;|?), i.e., obey the distribution

bi

1
b = o an? P [_2<|ak|2>

], by =xx or y,

(C5)
then the term Sy in Eq. (C4) becomes

1 )
=gy | [ mertar

b2 b2
— db
* <|ak|2>}exp[ 2<|ak|2>}

Taking into account that the Gaussian distribution in Eq. (C5)
integrates to 1, and realizing that we can eliminate the variance
(Jax|?) from the second term in the integral by changing the
integration variable to b/ (|a;|*)'/?, we finally find the equation

Sk

Sy = In{|ag|?) + const.

Ignoring a possibly infinite constant, we can write the total
entropy as S =), In(|ax|?). If we replace the discrete sum
over the wave-mode number & by an integral over a continuous
wave number, we obtain precisely Eq. (C2), as in the weak
turbulence theory [11]. Therefore, the expression for the
entropy in Eq. (C2), commonly used in the weak-turbulence
theory, emerges as a consequence of the underlying assumption
that the real and imaginary components of the waves obey
statistically independent Gaussian distributions, identical for
the two components of each wave mode but not necessarily
identical from one wave mode to another.
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