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The long-standing and controversial Fermi-Pasta-Ulam problem addresses fundamental issues of
statistical physics, and the attempt to resolve the mystery of the recurrences has led to many great
discoveries, such as chaos, integrable systems, and soliton theory. From a general perspective, the
recurrence is commonly considered as a coherent phase-sensitive effect that originates in the property of
integrability of the system. In contrast to this interpretation, we show that convection among a pair of waves
is responsible for a new recurrence phenomenon that takes place for strongly incoherent waves far from
integrability. We explain the incoherent recurrence by developing a nonequilibrium spatiotemporal kinetic
formulation that accounts for the existence of phase correlations among incoherent waves. The theory
reveals that the recurrence originates in a novel form of modulational instability, which shows that strongly
correlated fluctuations are spontaneously created among the random waves. Contrary to conventional
incoherent modulational instabilities, we find that Landau damping can be completely suppressed, which
unexpectedly removes the threshold of the instability. Consequently, the recurrence can take place for
strongly incoherent waves and is thus characterized by a reduction of nonequilibrium entropy that violates
the H theorem of entropy growth. In its long-term evolution, the system enters a secondary turbulent regime
characterized by an irreversible process of relaxation to equilibrium. At variance with the expected
thermalization described by standard Gibbsian statistical mechanics, our thermalization process is not
dictated by the usual constraints of energy and momentum conservation: The inverse temperatures
associated with energy and momentum are zero. This unveils a previously unrecognized scenario of
unconstrained thermalization, which is relevant to a variety of weakly dispersive wave systems. Our work
should stimulate the development of new experiments aimed at observing recurrence behaviors with
random waves. From a broader perspective, the spatiotemporal kinetic formulation we develop here paves
the way to the study of novel forms of global incoherent collective behaviors in wave turbulence, such as
the formation of incoherent breather structures.

DOI: Subject Areas: Nonlinear Dynamics, Statistical Physics

I. INTRODUCTION

Recurrence as discovered by Fermi, Pasta, and Ulam is
the phenomenon of an apparent reversal of thermalization
that occurs in a variety of physical systems [1]. Their
numerical study of the dynamics of an anharmonic chain
of particles with a single sine wave initial condition
shows that energy spreads out from the initially occupied
mode to neighboring modes, apparently approaching the

thermodynamic equilibrium state of energy equipartition.
Surprisingly, this process is subsequently reversed as the
nonlinear dynamics of the chain leads to an energy flow
back to the initially occupied mode. Instead of the expected
irreversible process of thermalization, the system exhibits
recurrent oscillations between a state that is similar to the
initial condition and a seemingly disordered state where
energy is spread out over several modes.

The paradox of the Fermi-Pasta-Ulam recurrence had a
deep impact on the development of nonlinear science [2—6],
in particular, in the context of ergodic theory, soliton theory,
and integrability [7-15]. Aside from the specific model
equation originally considered by Fermi, Pasta, and Ulam
[1], the recurrence effect is a general phenomenon found in
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a variety of almost integrable models whose phase space is
strongly segmented by the existence of a large number
of nearly conserved quantities. As a result, a trajectory
emanating from a Benjamin-Feir modulational instability
can return nearby the original state, while weak non-
integrable terms cause only a slow irreversible thermal-
ization. The recurrence phenomenon has been studied
experimentally in deep water waves [16], magnetic films
[17], and optical systems [18-20]. In recent years, recur-
rence behaviors have attracted an enormous interest for
explaining the formation of extreme wave events (rogue
or freak waves) in oceans and photonic seas [21,22],
in relation to oscillatory breather solutions of integrable
nonlinear Schrodinger equations (NLSE) [23-35]. In these
cases, recurrent oscillatory behaviors emerge from coherent
wave initial conditions, so that one might think that phase
coherence constitutes a prerequisite for the recurrence
phenomenon. There is an intuitive appeal in the idea
that weakly nonlinear random waves should not exhibit
reversible recurrences, but instead a monotonic irreversible
process of thermalization to equilibrium. Such irreversible
processes can be precisely formulated by using the well-
developed wave turbulence theory [36—41], which has been
successfully applied to a huge variety of physical systems
[7-9,11,42-48]. The wave turbulence theory is formally
based on irreversible kinetic equations that describe an
irreversible process of thermalization to equilibrium,
as expressed by the fundamental H theorem of entropy
growth.

In contrast to this common intuitive picture, here, we
present and explain the new phenomenon of recurrence of
incoherent nonlinear waves in optics, fluids, plasmas, and
Bose-Einstein condensates. We show that large convection
among a pair of random waves is responsible for a
recurrence phenomenon that manifests itself in oscillations
similar to the Fermi-Pasta-Ulam recurrence. However, the
recurrence effect occurs under radically different physical
conditions: Firstly, the recurrence that we observe does not
originate in integrability. Secondly, unlike recent studies
dealing with purely coherent wave evolutions [20,26-35],
here, the recurrence emerges from strongly incoherent
random waves. More precisely, the incoherent recurrence
is characterized by a reduction of nonequilibrium entropy
that violates the H theorem of entropy growth far from
integrability.

We explain this phenomenon by showing that convection
leads to the spontaneous emergence of strongly correlated
fluctuations in the turbulent wave system. For this
purpose, we develop a nonequilibrium kinetic theory that
accounts for the existence of phase correlations among
the random waves. Phase correlations are known to play a
role in different cases [7-9,49-58]; in particular, they
lead to the formation of large-scale coherent structures
(solitons or condensates) emerging from a strongly
nonlinear turbulent regime [38-46,59—65]—a coherent

structure being inherently a phase-correlated object. Also
note that stochastic recurrences of random waves have been
predicted recently for water waves governed by Alber’s
equation when nonlinear effects are stronger than linear
dispersive effects [66]. In contrast, here, we consider a
system of weakly interacting random waves, in which
phase correlations are expected to decay, as precisely
described by the wave turbulence theory. At variance with
this usual understanding of wave turbulence, our theory
reveals that strong phase correlations emerge spontane-
ously and grow exponentially by virtue of a novel form of
modulational instability. More precisely, in contrast to the
expected Landau damping that provides a stabilizing effect
against the incoherent modulational instability [46,67-72],
here, we identify a regime in which Landau damping can be
completely suppressed. This has two major consequences.
It first explains why our recurrences can take place in the
weakly nonlinear regime and thus violate the H theorem of
entropy growth. In addition, the suppression of Landau
damping makes possible the emergence of strong phase
correlations even for highly incoherent waves. Our theory
then reveals that the expected natural loss of “phase
information” by irreversible processes is partly offset by
this spontaneous creation of correlated fluctuations. It turns
out that our phase-correlation kinetic theory preserves the
time-reversal symmetry and describes in detail the phe-
nomenon of recurrence in a nonintegrable random wave
system.

In its long-term evolution, the system enters a secondary
turbulent regime that degrades the phase information
stored in phase correlations, which reestablishes temporal
irreversibility in the system. However, at variance with the
expected thermalization and the maximum entropy pro-
cedure underlying Gibbsian statistical mechanics [4,73],
here, the thermalization process is shown to ignore the
usual constraints dictated by energy (Hamiltonian) and
momentum conservation. This establishes a novel scenario
of thermalization relevant to a large variety of systems, e.g.,
optical polarization, magnet systems, waves in nonlinear
periodic lattices, or the resonant three-wave interaction.
This unconstrained thermalization process, as well as the
critical phase-correlation effects underlying the incoherent
recurrences, constitutes remarkable phenomena that can
shed new light on the fundamental origins of irreversibility
in turbulent systems operating far from thermodynamic
equilibrium.

II. RECURRENCES FAR FROM INTEGRABILITY

A. Nonlinear Schrodinger model

We study the role of convection among two incoherent
waves by considering a system of two coupled NLSEs,
which is known as a universal model for the description of
vector phenomena in nonlinear wave systems. This model
describes, for instance, the evolution of the orthogonal
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polarization components of a light beam that propagates
in an optical fiber [74]. It also describes coupled light
and Langmuir waves in plasma [75], deep ocean waves
propagating along two different directions in hydrodynam-
ics [76], systems of coupled electrical oscillators [77], or
the matter wave dynamics of binary mixtures of different
types of Bose-Einstein condensates [78]. The model can be
written in the following form:

i0u = —0gu — iwdeu + (|u)?® + x|v*)u, (1)
i0,0 = =N v + iwdw + (o> + klul?)v,  (2)

where u(x,t) and v(x,t) denote the amplitudes of the
interacting waves. For convenience, we write the NLSE
in dimensionless form; that is, we normalize the problem
with respect to the nonlinear time, 7o = 1/(yoN), and the
“healing” length, A = +/f,79, where y, is the nonlinear
coefficient, 3, (f,), the dispersion coefficient of u (v), and
N is the total energy of the waves. In these units, k¥ denotes
the ratio between the cross- and self-interaction coefficients
and n = f,/p,. Note that the equations are written in a
reference frame of average velocity of u and v, so that
the parameter w denotes the amount of convection in
the system. The initial conditions are incoherent waves
modeled by random fields that exhibit fluctuations that
are statistically homogeneous in space. In the numerical
simulations, we consider periodic boundary conditions
over the interval [0, L], with L that is much larger than
any characteristic length scale of the problem.

The NLSE conserves three important quantities: the
partial “energies” N, = (1/L) [ |p|*dx, with ¢ = u, v,
and the Hamiltonian, H=F+ 17, which has a linear
contribution

.1 /L . .
E=y [ wbo =P +10wP +afoapdx. (3)
0

where 134, = Im(@0,¢*), with ¢ = u, v, and a nonlinear
contribution

~ 1 /L1
U:—/ Lu + o) + cluPoPax. (@)
L/ 2

Note that the linear contribution to the Hamiltonian that is

due to convection (first term in E) is not positive or negative
definite, a feature that will be shown to play a key role in
the process of unconstrained thermalization. Of course, the
total “energy,” N = N, + N,, is preserved as well, and we
have N = 1 within our normalization. Equations (1) and (2)
are integrable for n = k = 1 (or n = k = —1), regardless of
the parameter w [15]. In the following, we consider the
nonintegrable case—in particular, we consider the typical
value of xk = 2/3, which corresponds to a realistic exper-
imental configuration in an optical fiber system [74].

B. Inapplicability of the wave turbulence theory

The effect of Fermi-Pasta-Ulam recurrence of purely
coherent waves has been widely studied in the framework
of NLSE models in relation to the Benjamin-Feir modula-
tional instability [16,18-20,72]. As a result of this insta-
bility, the initial coherent waves (usually called “pump
waves”) lead to the amplification of two spectral sidebands
[74]. Once the sidebands reach an amplitude comparable to
the pump amplitudes, the system enters the nonlinear
regime of modulational instability, which is characterized
by a reversible transfer of energy from the sidebands to
the pumps. This leads to the well-known phenomenon of
coherent recurrences mediated by modulational instability
[16,18-20,72]. In the following, we study the existence of
recurrence behaviors by considering initial random waves.
We anticipate that the effect of incoherent recurrence
we present is also related to a modulational instability,
although this instability is of a different nature than the
usual incoherent modulational instability [46,67-72].

We consider a highly incoherent (i.e., weakly nonlinear)
regime where the strong randomness of the waves makes
linear dispersive effects dominant with respect to nonlinear
effects, |E| > U at t = 0. The initial incoherent waves have
a Gaussian spectrum [~ exp[—k?/(20?)]] with independent
random spectral phases; i.e., they obey Gaussian statistics
with a correlation length 4, ~ 1/6. The simulations reveal
the existence of incoherent recurrences that originate in an
instability apparently similar to the modulational instability
of fully coherent waves [74]. Hence, we study the incoher-
ent recurrences as in the coherent case and analyze the
energy transfer among the incoherent pumps (u,,,v,) and
incoherent sideband components (uy,v,), whose corre-
sponding spectra are centered at the maximum growth rate
of the (coherent) modulational instability, i.e., at k = +w
for w > 1. We thus split the fields as

u(x,t) = u,(x, t) + ug(x, t) exp(—iwx), (5)
v(x,1) = v, (x, 1) + vy(x, 1) exp(+iwx), (6)

where w is sufficiently large so that the incoherent pump
and sideband components have no spectral overlap and can
be discerned—we recall that the spectral bandwidth is of
the order 6 ~ 1/, ~ 1, while w > 1. The analysis reveals
that the pump and sideband components remain discerned
throughout the evolution.

We report in Fig. 1(a) the evolution of the energy ratio
between a pump and its sideband, N, (7)/N,, where

we remind the reader that N, = Nu,, + N, = const,
with N, (1) = (1/L) [§ |u,|*dx. For moderate convection

w ~ 1, we recover the expected result where the recurrences
are inhibited by the incoherence of the waves. In this case,
the system exhibits an irreversible evolution characterized
by a monotonous process of entropy production, which is
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FIG. 1. Incoherent recurrences. Evolutions of the (a) power

ratio N, (t)/N, and (b) total entropy S(1), for w = 5 (black line),
w = 9 (blue line), and w = 25 (red line) from NLSE simulations:
The recurrences get more pronounced as w increases, which
violates the H theorem of entropy growth (¢ = 0.47, n = 1).
(c) Probability density function (PDF) in logarithmic scale of the
intensity |u|?> of the wave at ¢ = 50 (blue circles) and 7 = 60
(dashed red line) corresponding to w = 25 [red lines in (a) and
(b)]: Gaussian statistics is preserved throughout incoherent
recurrences, as confirmed by the evolution of the kurtosis (d).
Note that the dashed dark line in (c) shows the purely exponential
law inherent to Gaussian statistics of the wave amplitudes.

illustrated in Fig. 1(b) (black line). This is consistent with
the H theorem of entropy growth, 0,5 > 0, where the
nonequilibrium entropy is defined by S = S, + S,, with

S, (1) = / log[7i, (k. )]k, (7)

where 7,,(k, t) are the spectra of the waves (¢ = u, v)
[36,38-40]; see Appendix A.

In contrast to this monotonous behavior, for large
convection w > 1, the energy ratio N, (r)/N, exhibits
recurrences: After some time, the energy in the incoherent
sideband is reversibly transferred back to the incoherent
pump, as illustrated in Fig. 1(a) (red line). This is
characterized by a reduction of nonequilibrium entropy
that violates the H theorem; see Fig. 1(b) (red line). The
wave turbulence theory cannot explain this recurrence
phenomenon, despite the fact that it occurs in the weakly
nonlinear regime.

We confirm that the recurrences take place in the weakly
nonlinear regime by different methods. We first note that in
the simulation reported in Fig. 1, the ratio between non-
linear and linear energies is of the order U/E ~ 107!
throughout the whole evolution (0 < ¢ < 200). In addition,
we analyze separately the contribution to the linear energy
that is due to convection (E 1) and the contribution due to
dispersion (Ez), with E = El + Ez. The analysis reveals
that near the recurrence (i.e., for r = 50) the ratio is of the

order U/|E;,| ~1072, which confirms the weakly non-
linear regime of interaction. This weak interaction has also
been confirmed by the fact that Gaussian statistics is
maintained throughout the evolution. This is illustrated
by the analysis of the probability density function (PDF) of
the intensity of the waves, which exhibits the purely
exponential law inherent to Gaussian statistics, as
shown in Fig. 1(c). We also study the evolution of the
kurtosis, which is a parameter that measures the deviation
from Gaussian statistics (K, = (|p[*)/(2(|p|*)?) — 1,
with @ = u, v). As illustrated in Fig. 1(d), the kurtosis
remains smaller than a few percent, and thus confirms the
Gaussian statistics of the waves throughout the incoherent
recurrences.

Note the presence of a peak in the kurtosis at # = 50, which
occurs almost at the same time that the time derivative of
the entropy becomes negative, i.e., when the energy in the
sideband component u, reaches its maximum. This may be
ascribed to a deviation from Gaussianity of u, during its
rapid (exponential) amplification from the pumps (u,, v,),
while for large times, Gaussian statistics is restored by the
dominant role of dispersion with respect to nonlinear effects
[see Fig. 1(d) for ¢ Z 60]. Note, however, that the peak in the
kurtosis at = 50 is too small to significantly affect Gaussian
statistics, as confirmed by the corresponding probability
density reported for = 50 in Fig. 1(c) (blue circles).

C. Discussion on the integrable limit

As already mentioned in the Introduction, the Fermi-
Pasta-Ulam recurrence is usually considered as a phenome-
non that originates in the property of integrability. This
statement should be interpreted in the sense that a non-
integrable system, which is “tangent” to an integrable one,
behaves as integrable, at least for some amount of time, a
property that has been discussed with care in recent works
[10,11]. However, it is also important to note that, despite
common thought, there is no exact result (no theorem) on
the connection between recurrence and integrability.

On the other hand, it is well known that the inverse
scattering transform allows one to study an integrable
system and that it is possible to develop perturbation
methods to analyze almost integrable systems. For mod-
erate times, one can then determine the effects of small
perturbations on the evolution of an exactly solvable
nonlinear evolution equation. It was first done for the
Zakahrov-Shabat inverse scattering transform, that can be
applied to the scalar NLSE [79]. The Kaup-Karpman-
Maslov perturbation scheme was then extended to other
systems, such as the (Manakov) vector NLSE [80,81]. In
our setting, if k and # are close to one, this approach would
predict that the NLSE [Egs. (1) and (2)] departs from
integrability after propagation times of the order of
t, ~1/max(|x — 1|N, |7 — 1|/6®). In our case, however,
we observe incoherent recurrences even for values of k far
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FIG. 2. Microscopic vs macroscopic fluctuations. NLSE simulation showing the spatiotemporal evolution of |u,|?(x,?) (a) and
corresponding spatial profile of the intensity at t = 35 (b) [see the dashed line in (a)]. Panel (c) shows a zoom on a particular small region
within the blue rectangle in (b): Aside from the microscopic fluctuations with correlation length 1.~ 1 (c), the waves exhibit
macroscopic fluctuations with the large scale Z, ~ 4zw/k = 103 (b). The envelope of the macroscopic fluctuations is reported by the
dark bold line in (b), which denotes the spatial profile of the correlator n, (x,# = 35), whose dynamics is coupled to the other correlators
(n,/,/, m,,) by the phase-correlation kinetic equations; see Egs. (11) and (12).

from one (k > 5), which means that the system is far from  incoherent recurrences disappear without strong convection
integrability even for short times. (for w~1). This evidences the fact that the incoherent

In addition, by considering the integrable limit  recurrences do not originate in the integrability of the
(n =x =1), the numerical simulations reveal that the = NLSE [Egs. (1) and (2)].

phase (u,)
(d)
1 1
o
. 0.8
(a) Phase correlations c 5
S 0.8 =
5 06 N
® >
[0}
0.4
£ 06 <
o2l
Qlanele T 0.4
0 10 20 30 40 50 60

phase (u,)

~N
i

phase (vg)

‘&"/X'

1
-1

Correlation

Y

FIG. 3. Creation of local phase correlations. (a) Spatiotemporal evolution of the product |u,(x, f)v}(x, 7)| obtained from NLSE
simulations, showing that phase correlations grow and exhibit a nonhomogeneous statistics. (b),(c) Spatiotemporal evolutions of the
phases of the random waves in local spatial regions of size #, [white rectangles in (a)]: The similarity of the phases of the random waves
u, and v, reflects their strong correlations [note that the space-time windows in the phase plots (b),(c) correspond to those in the white
rectangles in (a)]. (d),(e) Evolutions of the normalized phase correlation coefficient ¢,,(#) given in Eq. (8) (blue line), and power ratio
Ny, (1)/N, (red line), in local spatial regions [white rectangles in (a)]. Note that there are no correlations between the initial random
waves, 0,,(t = 0) = 0: As a result of the phase-correlation modulational instability [Eq. (16)], the correlation grows up to almost unity,
Quy = 1. The dashed dark lines in (d) and (e) show the correlation coefficient g, (#) computed over the whole numerical spatial window,
showing that there is no global phase correlation, ¢,, () < 0.1: A complete phase correlation (g,, = 1) solely emerges in local spatial
regions of scale ¢, which in turn leads to almost complete local recurrences, N u, /N, ~ 1 [red lines in (d) and (e)]. Parameters are
c=75n=1,k=2/3, w=25.
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D. Creation of correlated fluctuations

The simulations do not reveal any apparent phase
coherence among the random waves, a feature that is
confirmed by a global analysis of phase correlations. In
order to properly discuss this aspect, we first note that the
random waves exhibit a double structure: Aside from the
microscopic fluctuations with correlation length 4.~ 1,
the waves exhibit macroscopic fluctuations with a large
length scale #,. ~ 10°. The nonhomogeneous nature of the
random waves is illustrated in Fig. 2, which clearly shows
the separation of scales between the microscopic and
macroscopic fluctuations. The important point to note is
that, considering individual local spatial regions of quasi-
homogeneous statistics with typical size 7., we find that
a strong phase correlation emerges among the random
waves. This unexpected result is illustrated in Fig. 3,
which reports the global spatiotemporal evolution of
lu,(x, t)vi(x,1)], as well as the evolutions of the phases
in the local spatial regions defined by the length scale Z;
see the two white rectangles in Fig. 3(a). We can notice a
remarkable similarity among the phases of the random
waves in Figs. 3(b) and 3(c), which reflects the emergence
of a strong correlation among them.

We confirm this fact through the analysis of the
normalized phase correlation coefficient

[ {upv5) (1)]
Quo(1) = W (8)

In order to distinguish the local and global phase correla-
tions, we consider two different spatial averages,
(u, ) (1) = (1/Lg) [5° u,(x, t)v}(x, £)dx: For the global
analysis, the average is taken over the whole numerical
window, Ly = L, while for the local analysis, Ly = 7,
denotes the size of the rectangular regions in Fig. 3(a).
In contrast to the global analysis [dark dashed line in
Figs. 3(d) and 3(e)], in local spatial regions we observe the
emergence of a strong phase correlation with ¢, ~ 1 [blue
lines in Figs. 3(d) and 3(e)]. This in turn leads to nearly
complete recurrences of the incoherent waves, as illustrated
in Figs. 3(d) and 3(e) (red lines), which shows that the
energy in the sideband is almost completely transferred
back to the pump wave. This study then reveals that the
incoherent recurrence phenomenon originates in the spon-
taneous creation of strong local correlations among the
random waves.

III. PHASE-CORRELATION KINETIC THEORY

A. Normal correlator and anomalous phase correlator

We explain the incoherent recurrences by developing a
kinetic theory that takes into account nonhomogeneous
phase correlations among the random waves. More spe-
cifically, the derivation of the kinetic equations follows the

general procedure based on the wave turbulence theory:
Considering the weakly nonlinear regime, linear dispersion
effects dominate nonlinear effects and bring the random
waves close to Gaussian statistics, which allows one to
derive a set of closed equations for the second-order
moments of the fields [36,38-40]. However, at variance
with the standard wave turbulence approach that neglects
phase correlations, we introduce anomalous phase corre-
lators that account for phase correlations among copropa-
gating random waves—see Appendix B for a detailed
derivation of the phase-correlation kinetic equations.
Note that anomalous correlators have been introduced to
describe parametrically unstable magnet systems [37], or
coupled NLSE systems [52]. However, the mechanism of
convection induce phase correlations reported here (w > 1)
has not been discussed in these previous works. In
particular, in Ref. [52] a set of equations for the correlations
describing a reversible transfer of coherence among the
waves was derived. However, such a system consists of a
set of ordinary differential equations describing a dynamics
of the waves which is uncoupled in both the spatial and
frequency domains. Accordingly, the system is inherently
unable to describe spatial effects, such as the recurrences
mediated by modulational instablity or the unconstrained
thermalization process we discuss below. We anticipate that
the spatiotemporal kinetic formulation we develop here for
the coupled evolutions of the conventional and anomalous
phase correlators is found in quantitative agreement with
the simulations, without using adjustable parameters.

We define the usual “normal correlators” that denote the
spectra of the waves:

(6, K 1) = / B, (x,& 1) exp(—ike)ds,  (9)

where B,, (x,&,1) = (@j(x +&/2,t)p;(x — £/2,1)) are the
autocorrelation functions (¢ = u, v, j = p,s). Note that,
because the waves exhibit fluctuations that are not
homogeneous in space, the spectra depend on the spatial
variable x. In addition, we introduce the spectra associated
with the “anomalous phase correlators” for the pair of
copropagating waves:

m,(x, k. t) = /Fﬂ(x,f, t) exp(—ik&)dé, (10)

with u=uv, vu, where T, (x,& 1) = (u,(x +&/2,1)x
vi(x=¢&/2.1))  and Ty (x, & 1) = (us(x + £/2, 1)
vy, (x = &/2, t)). Performing a multiscale expansion with
the small parameter 1 /w < 1, we derive in Appendix B the
following phase-correlation kinetic equations:

(8, +wd)n,, (x.k.1) = Gy[m, . (11)

i(0 = wO )my(x. k. 1) = Gylnyomy]. (12)
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while the evolutions of the sideband spectra are
deduced from those of the pumps [e.g,
n, (x,k.t)=n, (k,t=0)—n, (x.k 1)]. The functionals
read G,[m, ] =—2kIm{m,,, (x,k,t) [mQ; (x,t) +m?; (x.1)] } and
Gl ) = =2 () {(2=r) ), (x.1) = (3.0)] +
(1=&/2)(N,=N,,)} =k[m0, (x.1) +-m, (x.1)] [, (k.t=0)—
2n, (x,k,1)]+(1=n)k*m,, (x,k,1), where we define

ng (x.1) = B, (x,& = 0,1), (13)
mi(x,t) =T, (x.£=0,1). (14)

The corresponding equationsforn, (x,k,)andm,,(x,k,1)
can be deduced from Eqgs. (11) and (12) through a
simple substitution; see Appendix B. It is important to note
that, in contrast to the wave turbulence formalism (see
Appendix A), the phase-correlation kinetic equations (11)
and (12) are formally reversible in time.

B. Phase-correlation modulational instability
1. Incoherent modulational instability

Here, we show that the linearized phase-correlation
kinetic equations (11) and (12) predict a modulational
instability characterized by an exponential growth of phase
correlations. It is important to discuss this phenomenon
within the general context of the modulational instability of
random waves. The “incoherent modulational instability”
refers to a phenomenon in which a statistical homogeneous
random wave can become unstable with respect to the
growth of weak statistical inhomogeneities, thus leading to
a periodically modulated pattern of the random wave. This
phenomenon is fundamental and has been widely studied in
different contexts [46,67-72,82-86]. At variance with
the (Benjamin-Feir) modulational instability of purely
coherent waves, the incoherent modulational instability
is characterized by a threshold: The instability is sup-
pressed in the weakly nonlinear regime when the incoher-
ence of the waves is increased beyond some critical value.
This property is due to a Landau damping, which has a
stabilizing effect that tends to suppress the modulational
instability [46,67-70,72]. This stabilizing effect is not an
ordinary dissipative damping, but an energy-conserving
effect that created its own share of confusion about 40 years
ago [67]. It is interesting to remark that in the nonlinear
stage of the incoherent modulational instability, the system
can exhibit recurrence behaviors that can be viewed as the
stochastic counterpart of the Fermi-Pasta-Ulam recurrence,
a property discussed in detail in the framework of Alber’s
equation [66]. Note that such recurrences do not occur for
strongly incoherent waves, because in the weakly nonlinear
regime, the modulational instability is suppressed by the
Landau damping—the development of the instability
requires that nonlinear effects are stronger than linear

dispersion effects (i.e., a Benjamin-Feir index, BFI > 1,
in one spatial dimension [71,72]).

2. Suppression of Landau damping

Here, we present a phenomenon of incoherent modula-
tional instability, which is of a different nature than that
discussed above [46,67-72,82-86]. First of all, the modula-
tional instability occurs solely for the phase correlations
m,(x, k, ), so that the two sidebands (uy, v,) are stable and
do not grow. Furthermore, we identify a regime in which
Landau damping is completely suppressed, so that the
modulational instability does not exhibit any threshold:
The phase correlations grow efficiently even for strongly
incoherent waves. At variance with the stochastic recur-
rences predicted in Ref. [66], here, the suppression of
Landau damping allows the recurrences to take place in the
weakly nonlinear regime, which leads to a violation of the
H theorem of entropy growth.

We start to analyze Eqgs. (11) and (12) by considering the
initial regime of interaction in which phase correlations
are negligible and the energy in the sidebands is much
smaller than in the pumps (n,, >n,, , n, > |m,| for small
interaction times, ¢ < 20). The linearized equations (11)
and (12) can be solved by the Fourier-Laplace tech-
nique, M, (p.k,A) = [s°dt [dxm,(x,k,t)exp(—At—ipx),
which gives the growth rate A of the phase-correlation
modulational instability:

. ix <nup (k,t=0) nvp(k, t=0)
C2n) \A—iA_(p.k) A—iA, (p.k)

>dk, (15)

where Ay (p.k) = (n—1)k* 4 pw—24, with A=
(N,—N,)(1 —«/2). As illustrated in Fig. 4(a), Eq. (15)
reveals that the incoherence of the pumps significantly
reduces the growth rate of the phase-correlation instability.
This property is due to a Landau damping effect, which
is known to introduce a threshold in the modulational
instability of random waves [46,67-72]. However, the
unexpected result revealed by Eq. (15) is that such effective
damping is completely suppressed for n =1, so that a
strong phase correlation emerges in the system regardless
of the amount of pump incoherence. In this case, the phase-
correlation growth rate reads

1(p) = /2 /4~ (wp — /22, (16)

where we consider, for simplicity, the case where
the two pump waves have the same initial spectra
(n, (k,t=0)=n, (k.t=0)]

In this instability, the sideband components (uj, vy)
are linearly stable: Their amplifications are delayed by a
significant time [see Fig. 4(b), 7, = 13] because their
growths are driven by the phase correlations [m,,(x,1)]
in the subsequent nonlinear stage of the phase-correlation
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FIG. 4. Phase-correlation modulational instability. (a) Growth
rate of phase-correlation instability Re[4(p)] from Eq. (15) for
n =1 (blue line), = 1.01, 6 = 7.5 (black line), n = 1.1, 6 =2
(red line): Landau damping is suppressed for 7 = 1, thus leading
to an efficient phase-correlation growth. The length scale of
macroscopic (nonhomogeneous) fluctuations is £. = 27/ pwr;
see Fig. 2 and Eq. (17). (b) Temporal evolution of the energy in
the sideband (u,) in the presence of coherent (dashed black line)
and incoherent (solid blue line) pump waves. When the pump
waves (u,,v,) are incoherent, the phase correlations are un-
stable, while the sideband components are stable, so that the
growth of u; is delayed by a significant time, 7, = 13 (solid blue
line). In contrast, when the pump waves are coherent, the
standard modulational instability leads to an instantaneous
growth of the sideband u; (dashed black line).

instability. Such a time delay simply results from Eq. (11):
the sideband growths can only start once the nonlinear
product m,(x, £)m%;(x, t) reaches the sidebands’ noise
level.

The phase-correlation instability explains the origin of
the macroscopic nonhomogeneous fluctuations of the
waves observed in the NLSE simulations in Figs. 2 and 3.
This is simply due to the fact that the homogeneous mode
of the instability has zero growth rate, 4,(p = 0) = 0; see
Fig. 4(a). Note that in this way the incoherent recurrences
cannot take place homogeneously in space. More precisely,
the maximum growth rate in Eq. (16) occurs at
pwvi = k/(2w), so that the large length scale of macro-
scopic (nonhomogeneous) fluctuations of the waves is

C.=2x/pyi = 4aw/k. (17)

Note that since the interaction coefficient is typically of
order 1, x ~ 1, then . ~w > 1. The separation of scales
between microscopic fluctuations (with correlation length
A. ~ 1) and macroscopic fluctuations (with Z, ~ 10%) is
clearly visible in the NLSE simulations, as discussed in
Figs. 2 and 3.

C. Nonlinear stage of phase-correlation
modulational instability

1. Reduced form of phase-correlation kinetic equations

The incoherent recurrences take place in the nonlinear
stage of the phase-correlation modulational instability, as
discussed above through Figs. 1-3. To describe this
phenomenon, we remark the important fact that for n = 1,
Egs. (11) and (12) can be simplified by factorizing the

correlators into their spatial and spectral contributions.
Specifically, Egs. (11) and (12) admit the following exact
solutions:

ng (x. k1) =n, (k,t=0)ng (x,1)/N,,  (18)
for ¢ = u, v, and

m,(x, k, 1) :n,,,p(k,tzo)mg(x, t)/N,. (19)
for y =uv, ¢ =u (or y =ou, ¢ = v). Note that this
form of the solutions has a simple meaning, namely,
that the shapes of the (averaged) spectral profiles of the
waves (u(/,j,v%) are preserved during their evolutions.
Accordingly, Egs. (11) and (12) recover the simplified

closed form:
(9, +wd)ny (x,1) = Gy[ng, m), (20)
(9, = wd,)m, (x, 1) = Gy [nf), my], (21)

and two similar equations for n (x,t) and m),(x, t), while
»

ng, (x,1) = N, — ng (x,1) (¢ = u, v). The functionals read
G3[1. ) = —2xtm{m (x, (ms (x )] and G ) =

=m0 (){(2(k=1)[N, =21 (x)]+(2=1) [N, —2n]) (x)]}-
ki, (X)[N,=2n9 (x)]. The reduced phase-correlation
kinetic Egs. (20) and (21) provide an accurate description
of the incoherent recurrences and their spatial nonhomo-
geneous nature, as revealed by a remarkable agreement
between the kinetic equations (20) and (21) and the NLSE.
This is illustrated in Figs. 5(c) and 5(d), which report a
direct comparison of the evolutions of the normal and
anomalous correlators (ngj, m), obtained by simulations of
the NLSE and the kinetic equations (20) and (21). Note that
this good agreement is obtained without using adjustable
parameters.

2. Poincaré-Stokes variables: Relevance and limits

It is interesting to note that the reduced phase-correlation
kinetic equations (20) and (21) can be written in a compact
form by using the Poincaré-Stokes variables. The Stokes
vectors are defined by

U= 2{Im(m191/)7 _;13177 Re(mgv)}7 (22)
V= 2{Im(m(b)'u)v ﬁgp’ Re(m?fu)}’ (23)

where 7ip (x,7) = N,,/2 = ng, (x,1) (¢ = u, v), and evolve
on the surface of two spheres of radii U3 = >°3_, U? = N3
and V3 =33 V?= N2 The phase-correlation kinetic
equations (20) and (21) can then be recast in the following
compact form:
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Long-term evolution: Secondary turbulent regime and unconstrained thermalization (a),(b) Simulations of the phase-

correlation kinetic equations (20) and (21) showing the evolutions of the normal correlator 7 (a) and anomalous phase correlator \mm|
(b): After a few incoherent recurrences (¢ > 80), the correlators enter a secondary turbulent reglme (d),(e) Corresponding evolutions of

0

the spatial averages of the correlators (n; )(7) (c) and (Jm9,])(#) (d), obtained from the simulations of the phase-correlation kinetic
equations (20) and (21) (dashed red line) and NLSE (blue line): For large times (¢ = 150), the fields relax to the equilibrium state
predicted by the theory (horizontal black dashed lines); see Eqs. (35) and (36). Parameters are N, = 0.6, N, = 0.4,k = 2/3, w = 54.
Unexpectedly, this equilibrium state is not constrained by Hamiltonian and momentum conservation (see Sec. IV).

(0, +wo,)U=UxZ(U+V), (24)
(0, —wd,)V=VxZI(V+U), (25)
with the diagonal matrix Z = diag(x,2 —«,«). This

formulation unveils the Hamiltonian structure of the
phase-correlation kinetic equations; see Appendix C. The
Hamiltonian can be split as follows:

H - HU + HV + Hintv (26)

where the cross-interaction term is H, =— f V-ZUdx,
while the self-interaction contributions read: H; =& i+U;,
j=U,V,withtdy, = —%fU-Ide, L{V:—%fVIde,
Ey =-wPy, Ey =wPy, and P; = [P;dx, j=U,V.In
addition, Eqgs. (24) and (25) conserve the momentum,

P:/PU+PvdX, (27)
as well as the “magnetization,”
1
M:—E/UQ—FVde, (28)

as discussed in detail in Appendix C.

The Poincaré-Stokes formalism proved efficient to
describe nonlinear polarization phenomena by considering
essentially coherent optical waves; see, for instance,

Refs. [87-89]. However, it is important to note that, here,
the application of the Poincaré-Stokes formalism exhibits
some important differences with respect to the usual
approaches. (i) The Stokes vector has no physical inter-
pretation in terms of polarization effects, because the
Stokes variables do not refer to a single wave component,
but involve a cross-correlation among different components
le.g., u,(x, 1) and v,(x, r) for U]. (i) In contrast to usual
approaches, here, the Stokes vector denotes the averaged
envelopes that describe the macroscopic nonhomogeneous
fluctuations of the turbulent waves. (iii) The Stokes
formalism [Egs. (24) and (25)] is valid only for n =1
and a specific initial condition of the form U(x,r=0)=
(0,U,,0), V(x,t =0) = (0, V,,0), where U, (x,t=0)=U,
and V,(x,t =0) =V, are constant. For general initial
conditions, we deal with eight coupled real equations for
(n,.m,), which makes the Stokes parameters irrelevant
to our problem. In spite of these limits, we show that the
Stokes formulation proves convenient to discuss the ther-
malization process presented in the following section.

IV. UNCONSTRAINED THERMALIZATION

A. Secondary turbulent dynamics for the correlators

The simulations of the phase-correlation kinetic equa-
tions (20) and (21) reveal that, for long interaction times,
the system enters a second stage characterized by an
irreversible evolution toward equilibrium, as illustrated in
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Figs. 5(a) and 5(b) for ¢ = 80. In this regime, the averaged
envelopes [ngj (x,1)] that describe the nonhomogeneous

fluctuations of the waves themselves undergo strong turbu-
lent fluctuations. This secondary turbulent regime deterio-
rates the phase information stored in the phase correlations
my(x, 1), which have been shown to be responsible for the
incoherent recurrences. It turns out that, despite the formal
reversibility of Egs. (20) and (21), the system exhibits an
irreversible process of relaxation to equilibrium.

We describe this second turbulent stage of the system by
developing a secondary statistical analysis on the equations
that rule the evolution of the correlators (nf) ,my). In this
respect, it is important to note that the phase-correlation
kinetic equations (20) and (21) do not exhibit quadratic
dispersion relations; i.e., they do not exhibit second-order
spatial derivatives. This means that the system [Egs. (20)
and (21)] is weakly dispersive, with purely linear acoustic-
like dispersion relations. In this way, the highly nonlinear
turbulent regime illustrated in Fig. 5 cannot be described by
a weakly nonlinear approach, such as the wave turbulence
theory. The nonlinear character of this secondary turbulent
regime will be confirmed by the probability density
functions of the correlators (nf,),] m)), which will be shown
to be of different nature than Gaussian statistics. Note that
secondary statistical analysis of a primary mean-field
approximation of the problem has been considered in
magnet systems under parametric excitation [37].

B. Gibbsian statistical mechanics on the correlators

We study the equilibrium properties of the phase-
correlation kinetic equations (20) and (21) by following
a statistical mechanics approach based on the maximization
of the Gibbs entropy, i.e., a functional S[p] =— [plog(p)dK
of the PDF p(K) that operates over the whole phase space,
as discussed in Appendix D. For this purpose, it proves
convenient to make use of the phase-correlation kinetic
equations written in terms of the Poincaré-Stokes variables
[Egs. (24) and (25)], which have been shown to conserve
the Hamiltonian H, the momentum 7, and the “magneti-
zation” M. According to standard statistical mechanics
and information theoretic principles, the equilibrium PDF
is obtained by maximizing S[p] under the constraints that
the phase-space evolution takes place on the shell that
conserves H, P, and M,

p~exp(—fH —vP —y M), (29)

where (f3, v, y) are the inverse temperatures (Lagrange multi-
pliers) associated to (H,P, M) given in Egs. (26)—(28)
[4,73].

C. Zero inverse temperatures

In this section, we show that the statistical mechanics
approach of the phase-correlation kinetic equations (20)
and (21) [or Egs. (24) and (25)] reveals the existence of an

10

irreversible process of thermalization that is quite general,
in the sense that it is relevant to a large class of weakly
dispersive wave systems, as we discuss below in more
detail (see Sec. VA). Such a thermalization process is
unconstrained in the sense that it is not dictated by the
usual laws of energy and momentum conservation; i.e.,
the equilibrium state is characterized by zero inverse
temperatures:
v=0§/0P =0, p=08/0H =0. (30)
To avoid confusion, we clarify that this process of uncon-
strained thermalization does not occur for the microscopic
fluctuations of the random waves (u, v) (with correlation
length A, ~ 1), but for their macroscopic nonhomogeneous
fluctuations (n{/,/_, m,,) (with correlation length £, ~ w > 1),
whose dynamics is ruled by the phase-correlation kinetic
equations (20) and (21). As a remarkable result, the
unconstrained thermalization is shown to characterize
the equilibrium properties of the waves (u, v) ruled by the
NLSE [Egs. (1) and (2)], such as the amount of energy
shared between the pumps and respective sidebands once
equilibrium is reached.
In the following, we discuss two different arguments
that explain the unexpected zero inverse temperatures

[Eq. (30)].

1. First argument: Helix structure

The first argument is based on the idea that the
constraints imposed by the conservation of Hamiltonian
and momentum have no influence on the entropy S. This
stems from the simple observation that any surpluses of H
and P can be stored by “helix” structures that are arbitrarily
small in space.

Consider a small spatial subsystem of the whole system
that extends from x; to x; + Ax. Some arbitrary functions
are assigned to the field (U,,ay,V,,ay), where a;
simply denote the azimuthal angles in cylindrical coordi-
nates; see Appendix IX B. The angle variables are supposed
to increase with constant rates O,q; = a = const,
0,ay = b = const. This contributes

X +Ax x+Ax
AP:a/ Uzdx+b/ Vzd.x (31)
to the total momentum and
X1 +Ax x1+Ax
AH = wa/ U,dx — wb/ Vodx  (32)

to the Hamiltonian. It is obviously possible to assign any
values a and b to this helix structure, so that A’H has an
arbitrarily large positive or negative value, while keeping
constant the momentum, AP = 0. Alternatively, notice that
AP could also have any positive or negative value. We
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stress the idea that this property is fundamentally related
to the fact that, because of the convective nature of the
interaction (w # 0), the sign of the Hamiltonian is unde-
termined and can be either positive or negative. The helix
structure can thus store any positive or negative amount of
‘H within an arbitrarily small region in space Ax. At the
same time, by virtue of its small size, the formation of such
a helix leads only to a negligible change of the entropy AS,
so we can associate it with a zero inverse temperature,
p = AS/AH = 0. On the other hand, the third conserved
quantity M is virtually unaffected, as it is proportional to
the small Ax but does not contain large values of a or b.

In other words, the system can store any positive or
negative amount of H or P in a helix, but only a negligible
amount of M. The helix acts as a source or sink from which
the rest of the system can take an arbitrary amount of
Hamiltonian and momentum. This allows the rest of the
system to achieve the state of maximum disorder without
caring for constraints by Hamiltonian or momentum
conservation.

Note that this is similar to a first-order phase transition
with two coexisting phases. One phase is the narrow
helix that absorbs any positive or negative amount of
Hamiltonian and momentum, which is possible because
these quantities are unbounded and not positive (or
negative) definite. The second phase refers to a rapidly
fluctuating field that fills almost the entire system and that
always contains the right amount of energy and momentum
to maximize the entropy, as well as virtually all of M.
In this sense, the entropy is not constrained by H and P,
which means that both f and v are zero.

2. Second argument: Thermodynamic
equilibrium property

An alternative argument for v = # = 0 can be obtained
by considering a fundamental thermodynamic equilibrium
property, namely, that an isolated system at equilibrium
should only exhibit a uniform motion of translation (or
rotation) as a whole, while any macroscopic internal motion
is not possible at equilibrium [73]. This property means that
the maximum of entropy cannot afford to waste energy in
macroscopic motion; i.e., turning this energy into the
microscopic degrees of freedom creates more entropy. If
the system has a nonzero total momentum, this constraint is
satisfied with a minimum investment of energy when all
subsystems move with the same velocity. A schematic
illustration of this thermodynamic equilibrium property is
reported in Fig. 6.

We now proceed by following a reasoning similar to that
outlined in Ref. [73]. For this purpose, it proves convenient
to consider the phase-correlation kinetic model written in
terms of the Poincaré-Stokes variables, Eqgs. (24) and (25).
First, we can divide the system into two macroscopic
subsystems corresponding to the two waves U and V, with
H = Hy + Hy + H;y; see Eq. (26). It is important to note
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Vi= Vs,

KRy
J R Eeni——

FIG. 6. Property of equilibrium thermodynamics. Schematic
illustration of the collision of two incoherent waves with two
different velocities. After the collision, the two waves propagate
with the same average velocity, so as to prevent a relative internal
motion among the two waves: An isolated system at equilibrium
can only exhibit a uniform motion of translation as a whole, while
any macroscopic internal motion is not possible at equilibrium
[73]. This equilibrium thermodynamic property is verified for a
system of strongly dispersive (weakly nonlinear) waves, as
described by the wave turbulence theory [46]. However, this
property is not verified for weakly dispersive (strongly nonlinear)
waves ruled by the phase-correlation kinetic equations: A
maximum entropy state is achieved for v = f = 0; see Eq. (30).

that in the second stage of unconstrained thermalization,
the interaction Hamiltonian H;, is averaged out by the
large convection among the two waves (¢ = 1/w < 1 is the
small parameter of the problem), so that the contribution
of H,;, results much smaller than the self-interaction
contributions, H;, << Hy v [90]. This important property
is confirmed by numerical simulations, as revealed by the
good agreement between the numerics and the theoretical
equilibrium PDF [Eq. (D2)], in which U and V result
uncorrelated with each other.

Because of this weak interaction between U and V,
near equilibrium the additive entropy can be written in
the form S = Sy + Sy. Next, we split each Hamiltonian
into the corresponding linear and nonlinear contributions,
H; = & jt+Uj, j=U, V (note that the unconstrained
thermalization does not occur in the weakly nonlinear
regime, i.e., a priori |E;| ~ |U;|, despite the fact that there is
a weak interaction between U and V). Proceeding as in
Ref. [73], the entropy of a subsystem is only a function
of its “internal energy,” S; :3j(Hj—5j), j=U, V.
The total entropy as a function of the momentum has a
maximum; then by introducing the Lagrange multiplier v,
we look for the maximum of F =, ;,S; —vP;. Then
O0F/O0P; =0 gives v = —pOE;/OP; [73].

Let us consider this result in the framework of classical
kinetic gas theory. Considering a mixture of two classical
gases of masses M;, the dispersion relation is quadratic
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& :P§/(2Mj), which gives P;/M; = —v/p: The two
subsystems propagate with the same velocity at equilib-
rium, P;/M;, which proves the above property of equi-
librium thermodynamics [73]. It is important to note that
the same equilibrium property holds for a system of weakly
nonlinear waves, in which dispersive linear effects domi-
nate nonlinear effects. More precisely, the wave turbulence
theory explicitly shows that a set of weakly nonlinear wave
packets (with quadratic dispersion relation) relax toward a
thermodynamic equilibrium state, in which all wave pack-
ets propagate with the same average velocity (see pp. 69-70
in Ref. [46]). In contrast to this weakly nonlinear regime,
the macroscopic envelope fluctuations (nq,j, m,) evolve in
the nonlinear regime of interaction, because the corre-
sponding equations for such correlators are weakly
dispersive, as discussed in Sec. IVA. In other terms, the
phase-correlation kinetic equations exhibit a purely linear
dispersion relation: £, = wPy;, £y = —wPy; see Eq. (26).
In this way, 0F/0Py =0 gives v = —fw, whereas
OF /0Py =0 gives v = +pw, which thus leads to the
conclusion v = f# = 0. As a consequence, weakly disper-
sive systems like Egs. [(20) and (21)] [or Egs. (24) and
(25)] cannot satisfy the above equilibrium property, so that
the maximum entropy state is achieved with v = = 0.

D. Equilibrium PDFs for the normal
and anomalous correlators

According to the previous discussion on zero inverse
temperatures, f =v =0, the general form of the PDF
Eq. (29) reduces to p ~exp(—yM). Starting from this
reduced density, we compute the marginal PDFs of the
normal and anomalous phase correlators. Specifically,
the PDFs for ngp (¢ = u, v) are exponential truncated on

[0,N,]:

o 7PN /2 =18,
PXoy) =5 sinh(yN,,/2)

(1 =2ny /N,), (33)

where s = +1 forgp = u (s = —1 forp = v) and I1(x) = 1
if x € [-1,1] and O otherwise. For N, = N,, then y = 0,
and the PDFs p(ny, ) become uniform over [0, N, ], which
contrasts with Gaussian statistics. On the other hand, the
marginal PDF for the anomalous phase correlator reads

ylmp| cosh(y/Ng /4 — [my]?) H(l B 4|mg|> |

sinh(yN,,/2)\/N2/4 — |m0]? N,

p|myl) =

(34)

for (4 = uv,p = u) or (u=vu,p = ).
From the PDFs [Egs. (33) and (34)], we obtain the
averages of the normal and anomalous correlators:
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N SN

0 e S e 35
(g, dea =5+ 2tanh(yN,/2)’ (35)
while
aN,I,(yN,/2)
(mdl)oq = Fom 0 (36)

~ 4sinh(yN,/2)’
and (Re(mg))eq = (Im(mﬂ))eq = 0, where I, (x) is the first-
order modified Bessel function of first kind. The expres-
sions of the PDFs of the correlators and the corresponding
averages are found in good agreement with the simulations
of the phase-correlation kinetic equations (20) and (21), as
illustrated in Fig. 7.

We remark that the PDF distributions [Eqgs. (33) and
(34)] are of a different nature than Gaussian statistics,
which corroborates the fact that the dynamics ruled by the
phase-correlation kinetic equations cannot be described by
a weakly nonlinear approach, such as the wave turbulence
theory. Let us recall that the above PDF distributions
describe the averaged envelopes of the macroscopic non-
homogeneous spatial fluctuations of the waves u(x,1)
and v(x, ), while the underlying microscopic fluctuations
(on the small scale 4,.) ruled by NLSE [Egs. (1) and (2)]
still exhibit Gaussian statistics. More precisely, the
phase-correlation kinetic equations (20) and (21) are
derived under the assumption that the correlators
[, (x, 1), mj) (x, 1)] evolve with a macroscopic correlation
length scale, of the order Z.~w > 1. During their

41— -
(@)
o ol
g I
0 (|) 0.6
0 .
.
15
(b)
— 10}
o 3
£
g 5
0
0 I | 0.3

uv

FIG. 7. Unconstrained thermalization: PDFs of the correlators.
Equilibrium PDFs of the normal correlator ”8,, (a) and anomalous
phase correlator [m9, | (b), obtained from simulations of the phase
correlation kinetic equations (20) and (21). A good agreement is
obtained with the theory; see the equilibrium PDFs [Egs. (33) and
(34)] in red lines. The equilibrium state is not constrained by
Hamiltonian and momentum conservation (N, = 0.6, N, = 0.4,

k=2/3, w=54).
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relaxation to equilibrium, the typical correlation lengths of
[, (x, 1), my)(x, 1)] get smaller and smaller, so that there
exists some time beyond which such correlation lengths are
much smaller than w, which thus invalidates the assumption
made to derive the phase-correlation kinetic equations. In

computing the PDFs of the correlators (n,, ,m,) numeri-

cally, the simulations are stopped before the envelope
kinetic equations (20) and (21) break down, i.e., for spectral
widths not much larger than 27z /w (typically for ¢ < 200).
The PDFs we compute numerically then approach the
corresponding PDFs predicted by our equilibrium theory
within some large, yet finite, time.

A remarkable result revealed by the unconstrained
thermalization of the correlators (ngj, m)) is that it provides
an analytical expression of the energy shared between the
pumps and respective sidebands at equilibrium. This is
expressed by Eq. (35), which gives the amount of energy
in the pump components, (19, )eq = (|@, (¥, 1)|*)¢q, With
¢ = u, v, while the equilibria for the sidebands <n2x)eq are
deduced from energy conservation, N, = const. These
analytical expressions of the pump and sideband energies
are found in quantitative agreement with NLSE simulations
without using adjustable parameters, as illustrated in Fig. 5.

V. DISCUSSION

In summary, we show that large convection among
weakly interacting random waves is responsible for a
phenomenon of incoherent recurrence that can occur far
from integrability and that originates in the spontaneous
emergence of strongly correlated fluctuations. We explain
this phenomenon by developing a nonequilibrium kinetic
formulation accounting for spatial nonhomogeneous phase
correlations. The theory reveals that the incoherent recur-
rence is due to a novel form of modulational instability that
occurs solely for the phase correlations m,, so that the
growths of the usual modulational unstable sidebands are
delayed by a significant time. In contrast to conventional
incoherent modulational instabilities, we identify a regime
in which Landau damping is completely suppressed,
which unexpectedly eliminates the modulational instability
threshold. Owing to this remarkable fact, the incoherent
recurrence can take place for strongly incoherent waves
in the weakly nonlinear regime, which thus leads to a
violation of the H theorem of entropy growth.

After a few incoherent recurrences, the system enters a
secondary turbulent regime for the correlators (nfﬂ/’ m,),

which is characterized by an irreversible evolution to
equilibrium. This thermalization process cannot be des-
cribed by a weakly nonlinear treatment, so we resort to a
Gibbsian statistical mechanics approach on the correlators.
Unexpectedly, the analysis reveals the existence of a
novel scenario of irreversible thermalization, which is not
constrained by energy (Hamiltonian) and momentum
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conservation; i.e., the corresponding inverse temperatures
are zero, f=v =0. We give two physical arguments
without a rigorous mathematical proof that explain the
nature of the unconstrained thermalization process. The
first one is based on the idea that the presence of narrow
helix-shaped coherent structures can store any amount of the
Hamiltonian and momentum, so that the constraints imposed
by these conserved quantities have no influence on the
entropy. The second argument is based on thermodynamics
grounds and reveals that the unconstrained thermalization
does not verify an equilibrium property, namely, that an
isolated system at equilibrium should exhibit a uniform
motion of translation as a whole. Both arguments rely on the
fact that the dynamics is dominated by the convection among
the waves, which introduces an undetermined sign of the
energy (the Hamiltonian is not positive or negative definite).
Our numerical simulations are in good agreement with the
equilibrium PDFs predicted by the unconstrained thermal-
ization process. In this respect, it is interesting to note that the
equilibrium PDFs of the macroscopic fluctuations of the
waves exhibit strong deviations from Gaussianity, which
shows that a bunch of random waves with large intensity
(“incoherent rogue wave”’) can even be more probable than
bunches of small intensities (see Fig. 7).

A. Generality of the process of unconstrained
thermalization

Her, we emphasize that the unconstrained thermalization
does not constitute a specific property of the phase-
correlation kinetic equations derived in our paper, but rather
a general property for weakly dispersive wave systems
whose dynamics is dominated by convection. We illustrate
such a generality by considering two important examples.

We first consider the evolution of a nonlinear wave in a
periodic potential, a problem encountered in a variety of
physical disciplines, such as optics, condensed matter
physics, or Bose-Einstein condensates [91-94], in which
the behavior of atoms mimics those of electrons in crystals
or photons in optical gratings. Because of Bragg reflections
around a forbidden frequency band gap, these systems
are generally characterized by a counterpropagating wave
interaction, so that the dynamics is dominated by con-
vection; see Appendix E. The corresponding model has
been widely studied in relation with the generalized
massive Thirring model [91-94]. Note that this model is
also relevant to the description of ocean waves in deep
water for a periodic bottom [95].

Another remarkable example of weakly dispersive wave
system is provided by the resonant three-wave interaction,
which is known to occur in any weakly nonlinear medium
whose lowest-order nonlinearity is quadratic in terms of
the wave amplitudes. For this reason, the three-wave
interaction is encountered in such diverse fields as
plasma physics, hydrodynamics, acoustics, and nonlinear
optics [96].
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Both the Thirring model and the three-wave interaction
model constitute weakly dispersive systems with purely
linear dispersion relations. Accordingly, these systems
exhibit a Hamiltonian structure analogous to that of the
phase-correlation kinetic equations; see Appendix E.
Hence, following the analysis developed in Sec. IV C, both
models exhibit an irreversible process of thermalization
toward an equilibrium which is not constrained by energy
(Hamiltonian) and momentum conservation. We finally
note that, as discussed above through the phase-correlation
kinetic equations, the equilibrium state itself contains
arbitrarily short fluctuations, in a way similar to the
well-known ultraviolet catastrophe inherent to the ensemble
of classical waves [39]. In this respect, the equilibrium is
not, strictly speaking, a physical state. Its physical impor-
tance is its role as a statistical attractor that governs the
thermalization process at physically relevant scales.

B. Degenerate resonances

It is interesting to note that for # = 1, the dispersion
relations of the system [Eqgs. (1) and (2)] exhibit degenerate
resonances, a property of fundamental importance to find
additional integral invariants of kinetic equations [97], in
relation to the general problem of integrability [15,98].
It turns out that the wave turbulence kinetic equations
associated with Eqgs. (1) and (2) admit “local” invariants
for n =1 [99]. Contrary to usual integral invariants which
lead to a generalized Rayleigh-Jeans distribution [97], local
invariants are responsible for an anomalous process of
thermalization toward an equilibrium state of a different
nature than the Rayleigh-Jeans spectrum [99]. However,
we stress the fact that, irrespective of the local or integral
nature of the invariants, the wave turbulence theory still
predicts a monotonic process of entropy production.
Therefore, the wave turbulence theory cannot describe the
incoherent recurrences reported here, despite the fact that
they occur in the weakly nonlinear regime. We note
the interesting aspect that fast oscillatory energy transfers
among modes can be described through quasiresonant (or
nonresonant) interactions in the framework of a generalized
version of the wave turbulence kinetic equation (see
Refs. [71,100,101] and Chap. 7 in Ref. [41]). However
such a generalized kinetic approach does not account for the
existence of phase correlations, so thatitis inherently unable
to describe the incoherent recurrences we report here.

We also note that the process of “anomalous thermal-
ization” reported in Ref. [99] is of a fundamentally different
nature than the unconstrained thermalization reported in the
present work. Firstly, as discussed above, the anomalous
thermalization results from the conservation of a local
invariant in frequency space, which implies, in particular,
the conservation of the energy and momentum [99]. Then
in contrast to the unconstrained thermalization process, the
anomalous thermalization is constrained by the conserva-
tion of energy and momentum. Secondly, the anomalous
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thermalization process is entirely described by the standard
wave turbulence kinetic equations in the weakly nonlinear
regime [99]. This is in contrast to the unconstrained
thermalization that occurs for weakly dispersive wave
systems that evolve in the strongly nonlinear regime, as
revealed by the equilibrium PDFs, which are of a different
nature than Gaussian statistics (see Sec. IV D).

C. Experimental implementations

Spatiotemporal recurrence phenomena have been widely
studied with purely coherent waves in various different
recent experiments in optical fibers [26,27,34] and water
tanks [29,30,34,35]. The present work should stimulate a
novel class of experiments aimed at observing spatiotem-
poral recurrences with incoherent waves.

The phenomenon of incoherent recurrence reported here
should be observable in coupled Bose-Einstein condensates
[78]. One may simply consider a binary mixture of the
same atomic species (same masses) with different internal
degrees of freedom, so that 7 = 1 in Egs. (1) and (2), while
the amount of convection among the waves can be
controlled by well-known techniques [102]. We remark
that this type of experiment is relevant to the emergent key
area of quantum turbulence in Bose-Einstein condensates
[103]. Hydrodynamic experiments can also be envisaged in
water tanks, by considering the interaction of deep water
waves propagating in different directions (note that n = 1
in the NLSE model [76]).

We also consider with care the feasibility of an experi-
ment in an optical fiber system. In this respect, the NLSE
[Egs. (1) and (2)] are known to accurately describe the
propagation of orthogonal polarization components (u, v)
in highly birefringent optical fibers. In this setting, the
cross-phase modulation coefficient is set to k = 2/3 (which
corresponds to the value used in the simulations) and the
ratio between the dispersion coefficients is usually approxi-
mated to # = 1, while the convection among the polariza-
tion components u and v is related to the amount of fiber
birefringence [74]. Our analysis reveals that the numerical
simulations reported in this paper refer to an experiment
that can be implemented with currently available fiber
technology, so that we can reasonably expect in the near
future the observation of the phenomenon of incoherent
recurrence.

D. Toward incoherent breathers

The spatiotemporal character of the kinetic formulation
we develop in this work paves the way to the study of
novel forms of global incoherent collective behaviors in
turbulent systems. In the following, we discuss the impor-
tant example of breathers [27-35,104—109]. In this respect,
we note that, although breather structures have been
shown to emerge from a turbulent state of the system
[104,105,108,109], the breather itself has always been
considered as being inherently a coherent localized entity.
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On the other hand, we show in this work that, by creating
strong phase correlations, convection introduces a large-
scale behavior of the incoherent wave . ~ w [see Eq. (17)],
whose macroscopic envelope evolution is described in detail
by the phase-correlation kinetic theory. Now, one can simply
remark that a coherent breather solution of the phase-
correlation kinetic equations (24) and (25) corresponds to
an incoherent breather state by referring back to the original
NLSE random waves. In other words, the incoherent waves
(u,v) ruled by the NLSE system exhibit a microscopic
incoherent random structure, and a macroscopic envelope
structure, (U,,,V,,), which corresponds to a coherent
breather solution of the kinetic equations (24) and (25).
Then in contrast to widely studied coherent breathers, our
formulation predicts the existence of a large-scale incoherent
breather structure, in which it is the incoherent wave as a
whole that exhibits spatiotemporal recurrences.
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APPENDIX A: INAPPLICABILITY OF THE
WAVE TURBULENCE THEORY

The standard mathematical tool to study the dynamics of
weakly nonlinear random waves is based on the wave
turbulence theory [36,38—40]. This kinetic approach relies
on a natural asymptotic closure of the moments equations,
which is induced by the dispersive properties of the waves.
It leads to a kinetic description of the wave interaction that
is formally based on irreversible kinetic equations, a feature
which is expressed by an H theorem of entropy growth.
The wave turbulence theory is essentially based on the
following assumptions: (i) the waves evolve in a regime
of weak nonlinear interaction |U/E| < 1, (ii) the waves
exhibit fluctuations that are statistically homogeneous in
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space, (iii) there are no correlations among the wave
components (u,v). In this way, the theory derives a set
of irreversible kinetic equations that govern the
evolutions of the averaged spectra of the fields 7,(k, 1)

and 71, (k, 1) (@(ky, )it (ky 1)) = 71, (ky, 0)3(ky = ky),
(V(ky, )" (ko 1)) = i, (K, 1)8(ky — ka),  with a(k,r)=
(1/V2x) [u(x,t)exp(—ikx)dx, v(k,t)=(1/v/2x) [v(x,t)x

exp(—ikx)dx. Following the wave turbulence procedure,
one obtains the following set of coupled kinetic equations:

/ / / dk,dkydks R, W,,. (A1)
2
i, (k. 1) :;—” / / / dkydkydksR Wy, (A2)

where Rut - ﬁu(kl) ~1/(k2)ﬁv(k3)ﬁu<k> [ﬁ;1 (k) + ﬁfl (k3>_
71 (k) =i ()]s W = (@, (K1) + @, (k) = 0, (ks)—
,(k))6(k, + ky — ks — k), while R,, and W,, are
deduced with the substitutions u <> v. The dispersion
relations read w, (k) = k* + wk, w,(k) = nk*> — wk. The
resonant conditions of energy and momentum conservation
are expressed by the Dirac 6 functions. Note that the
self-interaction term in the NLSE [Egs. (1) and (2)] does
not contribute to the kinetic equations, because the con-
servations of energy and momentum are trivially satisfied
in one dimension. Equations (A1) and (A2) conserve the
energies (number of particles) of each component,
N = [#,(k t)dk, the total momentum, P = Zq)i’w,

= f knq, k, t)dk, and the linear contribution to
the Hamiltonian, E = E(pE,,,, E = [w,(k)n,(k t)dk
(p = u, v). The irreversible character of Egs. (Al) and
(A2) is expressed by an H theorem of entropy growth,
dS/dt >0, where S=3",S,,, and S,,(r) = [log[fi, (k.t)]dk
is the nonequilibrium entropy of the @th component
(¢ = u, v). The thermodynamic equilibrium spectra 7y’ (k)

o, (k1) =

realizing the maximum of entropy S [, 7,], given the
constraints of conservation of E P, and N
well-known Rayleigh-Jeans distribution,

refer to the

T

~RJk —
o k)= Tk =q,

@ =u,v, (A3)

where T (temperature), ji, ,, (chemical potentlals) and U are
the Lagrangian multipliers associated to E, N P, respec-
tively. Energy equipartition among the modes takes place
in the tails (large k) of the Rayleigh-Jeans distribution,
where w,,(k)y' (k) = T. Regardless of the amount of
convection in the system, i.e., irrespective of w, the kinetic
equations (Al) and (A2) then describe an irreversible
thermalization to the Rayleigh-Jeans spectrum, so that the
wave turbulence theory is unable to describe the incoherent
recurrences.

1137
1138
1139
1140
1141
1142

1143
1144
1145

1146

1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158

1159
1160

1161
1162
1163

1164
1165

1166
1167

1168
1169

1170

1171
1172
1173

1174
1175
1176
1177
1178
1179



1180
1181
1182

1183

1184
1185
1186

1187

1188
1189
1190
1191
1192
1193
1194
1195

1196

1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222

APPENDIX B: DERIVATION OF THE
PHASE-CORRELATION KINETIC EQUATIONS
[EQS. (11) AND (12)]

1. General form of the kinetic equations
The starting point consists of splitting each wave, u(x, ¢)
and v(x, 1), into a pump component and the corresponding
sideband modulational instability spectral component:

u(x,t) = i, (x —wt, t) + iy (x +wt, t) exp(—iwx), (B1)

v(x,t) = 0, (x +wt, t) + Us(x — wt, t) exp(+iwx), (B2)
with the assumption that w > ¢, where ¢ is the typical
spectral bandwidth of the waves u; and v; (j = p, s). The
coherence length of a field, 4. ~ 27/0, is typically smaller
than one within our normalization. The shifts +wd, in
Egs. (B1) and (B2) are chosen so as to cancel the transport
terms in the four-wave model equations. Substituting these
Ansdtze into the NLSE, and keeping the resonant terms,
we obtain:

0y, = F plit;, 0;] 4 x05(x) (its05) (x + 2wt) — Oyt
(B3)

10,1, = F i, ;) + K, (x) (i1, 57) (x = 2wt) = Dy,
(B4)

with (j = p, 5), and where the functionals read 7, [ i j} =
[ty ? +2(Jas ) (x +2w8) + (15, ) (x +2w8) + &[5 i,
and Flig v = [l P +2(1a, *) (x—=2we) +x|3, P+
k(|v,*)(x—=2wt)]it;. The equations for (v,.7,) can be
derived from those for (i,,i,) with the substitutions
Uj < 0; (j=p, s), w = —w, Oyit; = ndy,v; (j = p, s).
Note that, contrary to the usual four-wave interaction
equations, we retain here second-order dispersion effects
[last terms in Eqs. (B3) and (B4)], which appear to play a
fundamental role in the emergence of phase correlations
among the random waves. Specifically, the phase-
correlation modulational instability reveals that the char-
acteristic length scale of nonhomogeneous statistics of the
random waves is determined by the amount of convection
in the system, 7, ~w [see Eq. (17)]. The existence of
incoherent recurrences requires the presence of a large
convection, w > 1. Then the microscopic scale fluctua-
tions of the random waves that are characterized by the
coherence length, 4. ~ 1, are much smaller than the macro-
scopic scale variations of the nonhomogeneous statistics,
ie., . < w. In this way, large convection is responsible for
an effective averaging of the microscopic scale fluctuations.

We derive an ensemble of closed equations for the
evolutions of the correlation functions that describe
the dynamics of the macroscopic scale fluctuations of the
random waves. Under the assumption that the interaction
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takes place in the weakly nonlinear regime, we follow the
general procedure of the wave turbulence theory to achieve
a closure of the infinite hierarchy of moments equations.
However, at variance with the standard wave turbulence
theory, here, we take into account the existence of phase-
correlation effects among the two pairs of copropagating
random wave components, as well as the nonhomogeneous
statistics of the macroscopic spatial fluctuations. We
denote u,(x,t) = i, (x —wt, 1), uy(x,1) = u,(x + wt, 1),
v,(x, 1) = V,(x +wt 1), v5(x, 1) = ,(x — wt, t). The cor-
relation functions are defined as follows: B, (x,&,1) =
(uj(x +&/2,uj(x = &/2, 1)), for @ = u, v (j = p, 5), and
Lo (x,80) = (up(x + &/2,0)05(x = £/2.1)). Ty (x. £, 1) =
(us(x +&/2,t)vy,(x = &£/2,t)). Recalling that the large
length scale of macroscopic fluctuations associated to
the nonhomogeneous statistics is £, ~ w > 1, we consider
a multiscale expansion with the small parameter € = 1/w:

B,/,j(x,cf,t):B((,,(j.)(ex,f,t), p=u or g=uv(j=p,s),

T80 =T (ex.61), g=uv or g=uu.

In this way, we have wd, B,, (x.£.1) = OxBly) (X. &, 1), with
X =ex(p=u,v,j=p,s). We also have B, (x£&/2,0,1)—

B, (x:Ff/Z,O,t)’—V:l:g:f@XBg,,(i) (X,0,1), so that these terms
result to be negligible with respect to terms of the form
w@waj(x, £, 1). In this regime, second-order dispersion
effects (second-order spatial derivatives in the NLSE) are
negligible for the autocorrelation functions, 97,8, (x,£) =

.983(58((,2) (X,&, 1), while dispersion effects do affect the
evolutions of the phase-correlation functions with terms of
the form E)EFE,O,}) (X, &, 1). Collecting terms of the order &°,

we obtain the following system of closed equations
governing the evolutions of the correlation functions:

i(at + Wax)Bu,, (X’ g) = Bup [Fﬂ]’ (BS)

i(at - Wax)Bu: (xv 5) = Bux [Fﬂ]’ (B6)

10+ w0 )Ty (x.8) = B,y [B,, T, ] - 6071, (x.8).  (BT)

(
where §=1-7 and the functionals read B, r,]
_Kruv (X, ‘f) [F:;v (X, 0) +F;u (X,O)] +KF:;1; (X, _é) [Fuv (.X', O)
Ly (X,O)], Bux [F/l] = —kl'y, (x’ 5) [FZv (x’ O) + 17 (x’ O)]
KDy, (X, =8) [T (x,0) + T, (x.0)], and  B,,[B,,.T,]
L, (x,6){x[B,, (x,0) =B, (x,0)+ B, (x,0) = B, (x,0)]+
2[Bup (x’ 0)_B1;,,. (x70)+Bu,‘. (x’ O)_va (X, 0)]}+K[Buy (x’ 5)_
B, (x.&)|[[y(x,0) +T',,(x,0)]. The corresponding equa-
tions for ij(x,é, 1) G=p, s) and T',,(x,& 1) can be
deduced with the substitutions: u; <> v; (j=p, ),
w— —w, [, (x,& 1) - T, (x, =&, 1), 6 > =6.
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2. Invariant correlation functions

Equations (B5)—(B7) reveal the existence of conserved
correlation functions: (0, +wd,)[B, (x.£,1)+B, (x.£,1)]=0
and (9, —w0,)[B, (x.&.t) + B, (x.& 1)] = 0. Let us ana-
lyze these invariant correlation functions in the problem
under consideration here, in which only the two incoherent
pump waves are initially injected in the system; i.e.,
lgp,(x.t = 0)| > |p,(x,t = 0)|, with ¢ = u, v. Moreover,
the incoherent pump waves exhibit fluctuations that are
statistically homogeneous in space, so that we have two
conserved functions, Q,,(¢) and Q,, (&), which are determined
by the initial condition

0.(8) = Bup(é’t =0)=
Qv(g) =B, ((f,l‘: 0) =

By, (x.¢.1) + By, (x. &, 1), (BY)

B, (x,&.1)+ B, (x.¢,1).  (B9)
Note that these invariants do not depend on the spatial variable
X, because of the assumption of homogeneous statistics
of the initial pump waves. Owing to the invariants [Egs. (B8)
and (B9)], the general equations for the correlation functions
Egs. (B5)—(B7) reduce to a set of four closed equations. These
can be reformulated by considering the evolutions of the local
spectra of the fields by taking the Wigner-like transform, as
defined through Egs. (9) and (10). In this way, we obtain the
phase-correlation kinetic equations (11) and (12) for the
evolutions of n, (x,k,t) and m,,(x, k,t), where N 0=
Q,(& = 0) (with ¢ = u, v) denote the conserved “‘energies”
of the waves u and ». Note that the corresponding equations for
n,, (x,k, ) and m,,(x, k, ) can be deduced from Egs. (11)
and (12) through the substitution Ny, <> My, W= =W,

mvu(xv é:’ t) < mZv(xv 51 t)’ (1 _77) - _(1 _77)

3. Formal reversibility

Note that, contrary to the usual wave turbulence for-
malism discussed in Appendix A [36,39,40], the system
Egs. (11) and (12) is reversible in time; i.e., the equations
are invariant under the transformation
k— —k,

*
u-

(B10)

n,—n

» M

1= -1, w— =W, —>m

u

This transformation is inherited from the well-known
time invariance of the NLSE [Egs. (1) and (2)]: t - —,
w—=—-w, u—u*, v-— v

APPENDIX C: HAMILTONIAN STRUCTURE
OF THE PHASE-CORRELATION
KINETIC EQUATIONS

1. Spherical coordinates

The Hamiltonian of Egs. (20) and (21) can be unveiled
by using the Poincaré-Stokes representation reported in
Egs. (24) and (25). We consider the Poisson bracket:
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(F.G} = Z/dx’&x e QIF.G.  (C1)

ijk

where Q[F.G]=Ui[6F/(6U;)][6G/(6UL)|+V,[5F/ (V)
[0G/(6V)],  and  [6F/(U;)|=[0F/(0U})]-[d/(dx)]
[0F /(0U")], with &;; the antisymmetric tensor. Here and
below, the prime denotes the spatial partial derivative;
e.g., '=0,U;. In particular, we have {U;(x),
U;(x")} =eiuUpd(x—x') {Vi(x),V;(x') } =3 Vid(x=x).
Equations (25) and (26) can then be written as
o,U={U,H}, 0,V={V,H}, with the Hamiltonian
H=Hy+ Hy + Hiy explicitly given in Eq. (27).
Making use of U-U' =0, V-V =0, we have

={U.Py}, V' ={V, Py}, where the momenta read
U / !
PU:W(U3U U, U3), (C2)
Py = V2 ViV =V, V, C3
Vi, ()

and the conserved total momentum is P = [ Py, + Pydx.

2. Cylindrical coordinates

It proves convenient to rewrite the Hamiltonian in
cylindrical coordinates. The canonical cylindrical coordi-
nates (U,,ay, V,,ay) are defined by

U:[\/U2 Ul sin(ay), Us, /U 2 cos aU} C4)
|4 :[\/V2 Visin(ay), Va, \/ V3= V3 cos(av)}

In these coordinates, the corresponding canonical equations
read:

(Cs)

(0; + wo,)ay = 0H,/0U,, (Co)
(0, + w0, )Uy = —0H [ Day, (C7)
(0, —w0,)ay = 0H/0V,, (C8)
(0, —wd,)V, = —0H/Oay, (C9)

where Hy = —3(U+V)-Z(U+ V) = —k[\/U} — Usx
V'V = Vicos(ay —ay) + UsVo] = (1 = k)(Uy + V3)*~
(U} + V}). These equations are equivalent to Eqs. (24)
and (25). The advantage of these canonical cylindrical
coordinates with respect to the spherical Stokes parameters
is that the momentum contribution to the Hamiltonian
takes a much simpler form. Using the fact that Py, = U,ay,
and Py = V,a), the Hamiltonian has the form H =

fﬂ(Uz, Vy,ay, ay, ay, ay)dx, with
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ﬂ(U2s V2a aUs aV? a/U’ a/V)
=w(Voay, — Usay)
~e[\/U3 - U3 Vi - Vicostay ~ ) + U211

—(1=R)(Us + V2 =3

Ui+ V3), (C10)

the momentum reads P = ff?(Uz, Vy, ay, ay, &y, &y)dx,
with

P(Us. Va.ay.ay. dyy.dyy) = Urdyy + Vody,  (Cl1)
and the magnetization reads M =
[ MUy, Vs, ay, ay, dy, ay)dx, with

S 1

M(Uy, Vy, ay, ay, ay, ) = —§(U2+V2). (C12)

APPENDIX D: DERIVATION OF THE
PROBABILITY DENSITIES [EQS. (30)-(35)]

1. General expression

We begin by introducing a finite-dimensional approxi-
mation of the partial differential equation (C6)—(C9)
through a spatial discretization of the variable x,
which gives a finite-dimensional system governing the
evolution of (Kj);’zl, where K = (U,, V,, ay. ay. ay, ay)
is an element of the phase space. The equilibrium density p
maximjzes the Gibbs entropy functional, Sg[p]=
— [p[(K;)}_ Nlog{p[(K;)}_,|}dK,...dK,, under the con-
straints dictated by the three conserved quantities, the
Hamiltonian ‘H [Eq. (C10)], the momentum 7P
[Eq. (C11)], and the magnetization M [Eq. (C12)]. Follo-
wing the standard procedure based on the Lagrangian
multipliers, the equilibrium PDF reads p[(K;)}_]~
exp{—fH[(K;)j_,|-vPI(K;)j_ | |-y M[(K})j_,]}. In the
long-term evolutlon, the waves U(x, 7) and V(x, ) exhibit
fluctuations that are statistically homogeneous in space, with
a correlation length that decreases during the evolution. In
this way, the large convection among the waves (w > 1)
leads to an effective averaging of the spatial correlations of
the waves, so that the state of maximum entropy p[(K )} ]~

exp[—f27 THK;) =030 PK ;) =y 30 MK )], with
H, P, and M given by Eqs. (C10)~(C12), results to be the
product of the elementary densities [ [}_; p(K), with

p(K) ~ exp[-pHL(K) - vP(K) -y M(K)],  (D1)

where K stands for K; to simplify the notations.

2. Reduced form of the equilibrium density

According to Eq. (31), we have v = =0, and we
now look for the equilibrium PDF distribution p(Q), by
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considering solely the constraint imposed by the conser-
vation of M. The vector @ = (U, V) is an element of the
phase space that refers to the product of the two spheres of
radii U and V). We refer back to the original variables so
as to derive the equilibrium PDF in terms of the correlators
(ng,, my). Accordingly, the vectors [iig, , Re(my), Im(m})]
evolve on the surface of two spheres of radii N,/2, with
(¢ = u,u = uv) or (¢ = v,u = vu). We represent these
vectors in spherical coordinates: 7, = (N,/2)cos6,
(9 =u, v); Re(m))=(N,/2)sinf,cos85,, Im(m))=
(N,/2)sind,,sind,,, with (p=u,u=uv) or (p=wv,u=ou).
We look for the stationary distribution of the state vector
0,,6,,0,,5,) by maximizing the entropy under the con-
straint imposed by the conservation of the magnetization
M, which can be written as L~" [[fy (x,1) =7} (x,1)]dx=
(N,—N,)/2. Following the usual procedure based on the
method of the Lagrange multipliers, we obtain the PDF of
the equilibrium distribution:

N N,
p(0,,6,,0,,6,) = Z ' exp [}/(7“0059,4 - 7”005@,)} ,

(D2)
where the multiplier y, associated to the conservation of M,
is the unique solution of
2 N, 1 N, 1
+ _ =
2 tanh(yN,/2) 2 tanh(yN,/2)
641>

and Z is given by
N, N,
——sinh ! sinh !
N,N,y 2 2

The PDF Eq. (D2) shows, in particular, that |72 iy ,Re(m 0,
Im(m,)] and [ . Re(m)
The marginal PDFs for the normal correlator p(

N,-N,
2 2

Z =

). Im(m9,)] are 1ndependent.
ny.) and
anomalous correlator p(|my]|) given in Egs. (34) and (35)

have been computed from the general expression of the
PDF Eq. (D2).

APPENDIX E: HAMILTONIAN STRUCTURE
OF THE THIRRING AND THREE-WAVE
INTERACTION MODELS

In order to illustrate the generality of the process of
unconstrained thermalization, here, we show that the phase-
correlation kinetic equations (24) and (25) [or Egs. (20)
and (21)] exhibit a Hamiltonian structure analogous to that
of the Thirring model and the three-wave interaction model.
The generalized massive Thirring model can be recast in
the following dimensionless form [91,92,94,95]:

iOu + i0u = —6v — (|ul* + 2|v]*)u, (E1)

i0v — i0v = —6u — (|v* + 2[u|*)v, (E2)
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where u and v denote the forward and backward wave
amplitudes, while 6 is the linear coupling coefficient of the
structure. These equations conserve the total energy
N = [|u|* + |v]*dx, the Hamiltonian H = [P, - P,—
T(ul* + [o]*) = 2[ul?|v]* = k(uv* + vu*)dx, and  the
momentum P = [P, + P,dx, with P, =1Im(pd,p"),
@ = u, v. On the other hand, the equations for the three-
wave interaction can be written in the form [96]

i0uy + iw0uy = —uzus, (E3)
i0:uy + iwy 0ty = —usul;, (E4)
i8,u3 = —Uiuy, (ES)

where w; denote the velocity differences between the
daughter waves u; , and the pump wave u3. These equations
conserve the Manley-Rowe invariants for the energies
Ny = [|u;> + luz*dx, Ny = [|up]* + |uz*dx,  the
Hamiltonian H = [ —w P — wyPy — ujuyuy — uiuiusdx,
and the total momentum P = [P+ P, + P3dx, with
P; = Im(u;0,u;). Note that the signs of the velocities (w;)
of the three waves can be changed by simply writing the
equations in different inertial references frames.

It becomes apparent from the expressions of the con-
served quantities that the generalized massive Thirring
model and the resonant three-wave interaction model
exhibit a Hamiltonian structure analogous to that of the
phase-correlation kinetic equations [see the relation
between the Hamiltonian and the momenta in Eq. (27)].
Then, following the same reasoning as that developed in
Sec. IVC, one arrives at the conclusion that the
Hamiltonian and the momentum do not constrain the
maximization of the Gibbs entropy at equilibrium.
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