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Abstract

This article presents the complete study of the long-time evolution of random waves of a vibrating thin elastic plate in the limit
of small plate deformation so that modes of oscillations interact weakly. According to the wave turbulence theory a nonlinear
wave system evolves in longtime creating a slow redistribution of the spectral energy from one mode to another. We derive
step by step, following the method of cumulants expansion and multiscale asymptotic perturbations, the kinetic equation for
the second order cumulants as well as the second and fourth order renormalization of the dispersion relation of the waves. We
characterize the non-equilibrium evolution to an equilibrium wave spectrum, which happens to be the well known Rayleigh-
Jeans distribution. Moreover we show the existence of an energy cascade, often called the Kolmogorov-Zakharov spectrum,
which happens to be not simply a power law, but a logarithmic correction to the Rayleigh-Jeans distribution. We perform
numerical simulations confirming these scenarii, namely the equilibrium relaxation for closed systems and the existence of an
energy cascade wave spectrum. Both show a good agreement between theoretical predictions and numerics. We show also
some other relevant features of vibrating elastic plates, such as the existence of a self-similar wave action inverse cascade which
happens to blow-up in finite time. We discuss the mechanism of the wave breakdown phenomena in elastic plates as well as the
limit of strong turbulence which arises as the thickness of the plate vanishes. Finally, we discuss the role of dissipation and the
connection with experiments, and the generalization of the wave turbulence theory to elastic shells.

1. Introduction

Since more than fifty years it was established that long-time statistical properties of randomly fluctuating wavy systems
possess a natural asymptotic closure because of the dispersive nature of the waves and the weakly nonlinear wave interaction
[1, 2]. This so-called wave (or weak) turbulence theory (noted WTT later on) has proven to be a powerful method to study
the evolution of nonlinear dispersive wave systems [3, 4, 5, 6]. As a main result, WTT predicts that the longtime dynamics is
driven by a kinetic equation for the distribution of spectral densities. This method was first developed for surface gravity waves
[1, 7], then for plasma waves [8], surface capillary waves [9] and nonlinear optics [10, 11, 12] among others.

The resulting kinetic equation has non-equilibrium properties similar to the usual Boltzmann equation for dilute gases,
conserving the energy and the momentum. Moreover, it exhibits a H-theorem driving an isolated system towards equilibrium,
characterized by the so-called Rayleigh-Jeans distribution. Most importantly, besides the elementary equilibrium (or thermo-
dynamic) solution, Zakharov has shown [8] that non-equilibrium stationary solutions also arise which describe a constant flux
transfer (or cascade) of a conserved quantities (e.g. energy) between large and small length scales. In the particular cases where
these cascade solutions are power laws, they are named Kolmogorov—Zakharov (KZ) spectra.

Experimental evidences of KZ spectra have been found for ocean surface waves [13] and for capillary surfaces waves [14, 15, 16].
On the other hand, numerical simulations of surface waves have exhibited KZ spectrum for weak turbulent capillary waves [17]
and, more recently, for gravity waves [18].

Ten years ago, we have shown using WTT that weak wave turbulence was also possible for elastic plates since they exhibit
dispersive linear waves [19]. Indeed, adding inertia to the well known (static) theory of thin plates, one finds ballistic dispersive
waves [20], which interact via cubic nonlinear terms that are weak if the plate deformations are small. Because of this cubic
nonlinearity, the wave interaction mechanism involves four wave resonances and the kinetic equation has been deduced using
the classical WT'T framework. As a consequence, in addition to the Rayleigh-Jeans equilibrium distribution, the existence of
spectra of direct energy cascade was proven theoretically and observed numerically.
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Soon after our original work, elastic plate wave turbulence was observed experimentally, showing slightly different spectrum
power laws [21, 22]. Following these discoveries, numerous works have investigated the dynamics of oscillating elastic plates to
explain this discrepancy between numerics-theory and experiments in the turbulent spectra [23, 24, 25, 26, 27, 28, 29], showing
eventually that it could be mainly attributed to the particular dissipation of real plates.Vibrating elastic plates have been shown
to provide an excellent prototype system to investigate and test different wave turbulence regimes, such as inverse cascade [30],
transitory dynamics [29, 31, 32, 33] high forcing [34, 35], the breakdown of the WTT or the onset of intermittency [36, 37, 3§]
for instance.

The goal of the present paper is to present a full and consistent derivation of the wave turbulence theory for elastic plates in
different configurations, from the planar plates to the cylindrical or spherical shells. First, we develop the general wave turbulence
theory for the surface deflection of an elastic plate, we study the stationary solutions and its properties. More precisely, we
derive step by step the kinetic equation of Ref. [19] using the WTT technique, solving the BBGKY hierarchy of differential
equations for the cumulants of the Fourier amplitude of the waves via a multi-scale analysis. This general framework provides
a natural asymptotic (long time) closure, that allows us to express high order cumulants in terms of the second order one. This
kinetic equation results at the fourth order in the perturbative expansion of the wave amplitudes. Prior, we derive consistently
the second order renormalization of the oscillation frequency for bending waves [39], experimentally observed in [26]. In addition
we calculate the energy flux spectrum and explicitly verified the locality of the interaction. Then, we show numerically the
relaxation to equilibrium and the existence of an energy cascade with a Kolmogorov spectra for the plate dynamics. Finally,
we discuss several related topics, such as the posible existence of an inverse cascade and the effect of damping in experimental
observations.

1.1. The Féppl-von Kdrmdn equations for a planar elastic plate.

To model the vibration of an elastic plate, the starting point is the dynamical version of the Foppl-von Kérmén (FvK
hereafter) equations [40, 41, 42] for the vertical amplitude of the deformation ¢(z,y,t) and for the Airy stress function x(z,y, t):
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Here, h is the thickness of the elastic sheet, the material has a mass density p, a Young modulus F and its Poisson ratio is o.
A = Oy + Oy is the usual Laplacian and the bracket {-,-} is defined by {f, 9} = fea9yy + fyy92z — 2fsy Yy, which is an exact
divergence, so that equation (1) preserves the momentum of the center of mass, namely O (hp [ <¢(z,y,t) dxdy) = 0. Equation
(2) for the Airy stress function x(z,y,t) may be seen as the compatibility equation for the in—plane stress tensor which follows
the dynamics at the lowest order in the dynamics. In the derivation we have omitted the inertia of the in-plane modes of
oscillations, or in other words we assume that the in-plane displacements are negligible and the quasi-static force balance holds,
so that, as said, equation (2) follows the dynamics.

Small plane waves perturbations (¢ oc e!*®=%Y with x = (z,y)) of a plane plate are dispersive with the usual ballistic

behavior of bending waves [20, 42]:
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The nonlinearities modify this picture resulting in a nonlinear wave equation: deducing the “formal” solution of x from equation
(2) and inverting the bi-laplacian, one gets formally

E
X= —§A72{47C}- (4)
When introduced into (1), it yields:
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that can be interpeted as a cubic nonlinear wave equation for the amplitude of deformation.



The total mechanical energy of the elastic plate is conserved by the dynamics of equation (1) and (2). This energy includes
the kinetic part, the bending part, and the contribution for the stretching coming from the in-plane stresses induced by the
amplitude deformations [42] :

i = [ (56 + gz (807 = g0 = (6.} dr.

As before, using (4) and integrating by parts, it simplifies to:
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A first consequence of this type of writing is that the energy contains two quadratic contributions: the kinetic and the bending
energy, and a quartic one corresponding to the nonlinear term: the stretching energy. More importantly, each term is positive
bounding the total energy from below, witnessing a “defocusing behavior” of the wave dynamics. By “defocusing behavior” we
mean that the energy contributions of bending and stretching are both positive, therefore the system cannot increase bending
and stretching simultaneously because of energy conservation. Even more, since the energy is bounded from below and because
of the energy conservation, none of these energies can diverge.

1.2. Wave Turbulence

The Foppl-von Kérmén equations (1,2) are conservative equations which may be derived from a variational argument.
However, in nature the energy is strongly dissipated through different damping mechanisms and equilibrium solutions are
possible to achieve only in numerical simulations a priori. More interesting is to look for out-of-equilibrium stationary solutions
under a constant energy injection and dissipation which can be modeled by adding an injection and a dissipation term in
equation (1). Usually the energy injection takes place at large scales while the dissipation is concentrated at small scales. If the
injection scale is well separated from the dissipation scale, an inertial range exists in which the conservative FvK equations (1,2)
hold and are responsible for the energy transport from the large scales toward the dissipation scale. Such solutions are called
turbulent in analogy with hydrodynamic turbulence and represent the main interest and motivation of the present work. A
fundamental and common assumption in the search for turbulent solutions is the non-dependence of the dissipation and injection
mechanism on the spectrum in the inertial range. Therefore in the following analytical work, we will not consider the details
of the energy injection and dissipation that will be simply modeled as a net energy flux between scales. However, dissipation
in elastic plates have various origins and may eventually play an influence on the experimentally observed spectra: dissipation
at the boundaries, air entrainment, sound emission, viscoelastic flows or heat transfer, etc. Among all these mechanisms, sound
radiation, air entrainment and heat losses are weak effect and can be in general neglected, while bulk viscoeslatic dissipation and
bending waves radiation at the boundaries seem to be the dominant mechanisms, as shown in Ref. [27]. Then, the theoretical
energy cascade is difficult to observe experimentally because the injection scale and the dissipation one are not well separated
in the spectral available domain, as it will be discussed in section 8.1.

1.8. Dimensional derivation of turbulent spectra

Turbulent spectra can be discussed firstly on dimensional grounds, following the seminal work of Kolmogorov [43]. However,
additional parameters are present in the case of wave turbulence due to the dispersion relation of the linear waves and the
thickness of the plate. In principle, the energy spectrum does depend on the physical characteristics of the plate as the Young
modulus F, the mass density p, the thickness h. Moreover, the Kolmogorov assumption tells us that the spectrum is also a
function on the energy flux P and the wave number k or the typical length scale ¢.

More precisely, considering the energy per unit of mass & = H/(phS) (here S is the total surface of the plate) that has the
dimension of the square of a velocity L?/T?, we obtain that the spectral density of this energy Ej, defined as

&= /Ekdk,

has dimension L?/T?2. Here the integral is one dimensional since it is over the wavenumber amplitude k = |k|. The flux of
energy per unit mass P in the Fourier space is defined through :
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so that the dimension of P is L?/T?3.

Following the Kolmogorov’s assumption, the turbulent spectra corresponds to a constant flux of energy per unit mass P,
and the spectrum depends only on E/p (which is proportional to the sound speed of elastic waves in the material), the effective
thickness

(=M (7)
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P and k. In the general case one gets
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where ®(-) is an unknown function of the dimensionless parameters. Obviously, this is not the only possible representation
because the arbitrary choice of the independent dimensionless parameters. However, it is interesting to emphasize that, at
this stage, the dimensional analysis does not provide a simple power law prediction for the energy spectrum, by contrast with
the classical Kolmogorov theory for fluid turbulence. In fact, two additional parameters are playing a role here, leading to the
two variables of the function ®. One parameter is usual for wave turbulence and comes from the dispersion relation, which is
not present in classical fluid turbulence. However, the nonlinear interaction prescribes the number of waves interacting at the
first nonlinear order, leading to an additional constraint on the power law exponent for P in the turbulent spectra, so that a
priori a simple dimensional prediction for the wave turbulence spectra can be obtained [6]. More precisely, since the nonlinear
interaction term in the FvK equation is cubic, the waves interact nonlinearly through 4-waves resonances (as it can be seen in
the energy density), so that the following power-law relation holds between Ej and P:

Ek O(Pl/g.

Therefore, using eq. (8), the following prediction for the turbulent spectra is obtained:

|E
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here ®; is a function of the dimensionless parameter kf. In the present case of elastic plates, because of the existence of an
additional parameter linked to the effective thickness ¢, the energy spectrum depends on a family of solution still involving one
dimensionless parameter.This additional parameter makes a specificity of the elastic plate wave turbulence for which the wave
turbulence spectra cannot be deduced by dimensional analysis alone. In fact, the derivation of this function will be done by
solving exactly the kinetic equation for the wave spectrum in Section 6.

Different or other assumptions could be made for the energy spectrum, starting from eq. (9), depending on the relevant
physical mechanisms. They would lead to theoretical predictions that are worth to compare with the expected wave turbulent
spectra:

e Consider first the limit where the spectrum does not depend on the effective thickness ¢. This case corresponds to the
situation of very thin elastic bodies where the bending is negligible respecting to the stretching. In this case ridges and
folds are expected [34]. In that case, if the spectrum does not depend on ¢, we obtain:
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If we still impose the 4-waves resonances, it gives:

E) o P1/3,/Ek—4/3.
P

This later prediction is somehow non compatible with the other assumption that the bending waves are negligible, which
explains why this spectrum is not the one that will be obtained by the WTT.



e We could also consider a limit where the spectrum does not depend on E/p, which would indicate that the elastic property
of the plate does not influence the spectrum, yielding:

Ey, = PY30530, (k0).
or similarly .
Ey, = PYPE=5384 (k().
These spectra are not compatible with the 4-waves resonances, which is consistent with the limit considered.

e Finally, in the limit where the spectrum depends neither on E/p nor on ¢ one gets the well known Kolmogorov spectrum
of fluid turbulence:

Ep = CP¥35/3, (11)

This last limit induces that the oscillation time scales do not depend on the material properties (Young modulus and mass
density) and involve instead the energy flux itself, explaining why the power law dependence in P is different than that of
the weak turbulence. It can be formally considered as a strong turbulence regime for plates.

1.4. Foppl-von Kdrmdn equations in dimensionless form

For the following, we shall use dimensionless variables, following ¢ = £(’, the in-plane position vector & = fx’, the time
t = 7t', with 7 = /%&{, and the Airy function x = E¢%y' Therefore the Foppl-von Kdrmén equations read in dimensionless
form:

0% 1
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and the dispersion relation becomes
1

For the following we will drop the primes everywhere for the sake of simplicity. It is important to notice that the resulting
equations exhibit no parameters, as if all the plates were equivalent! In fact, one dimensionless parameter is hidden, so that
the plate dynamics depends eventually on its dimensionless size A = # =/3(1— 02)%. Moreover, when injection and
dissipation are added, additional dimensional parameters can be introduced.

1.5. Plan of the paper.

In the Section 2 we recapitulate the main results of this paper, that will be demonstrated in details in the other sections:
Section 3 describes the Hamiltonian structure of the dynamics and deduces the canonical variables that diagonalize the Hamil-
tonian. Then section 4 presents the detailed derivation of the kinetic equation using a statistical description of the dynamics.
The general properties of the kinetic equation are described in section 5, followed by the deduction of the KZ spectra (section
6). Section 7 shows the numerical validation of the theoretical predictions of the WTT for elastic plates. Finally, a physical
discussion of the results is provided on section 8, comparing the theoretical predictions with the experiments and investigating
the limits of the WT'T and the generalization of the results to other configurations. A large appendix section is then provided
at the end where the more complex and heavier calculations are written in order to make the main document more easy to read.

2. Main results

The main problem concerns the evolution of the wave amplitudes for different normal modes of oscillation. We will use often
the variables in Fourier space, defined as

C(r 1) = % / Ce(t)e ™ dk, (15)
w0 =5 [k, (16)

Notice that because {(r,t) and x(r,t) are real fields one has ( = (¥, and xx = x* .



2.1. Hamiltonian formulation

It can be shown that the Foppl-von Kdrmén equations derives from a Hamiltonian formulation, with the general Hamiltonian
of the problem yielding in dimensionless form

1 1
H(Cr,pr) = 5/ [PhyP—ky + WiChy Gty | dPho1 + @n)? /Tklkg;k3k4<k1<k2<k3<k45(k1 + ko + ks + ka) d* k1234, (17)

where the momentum pyg is defined by the relation pg = C.k, wy = k2 /2 and the explicit form of the tensor Tk, ky:kqk, Will be
given in eq. (26). The Hamiltonian dynamics gives the Féppl-von Kérman equations using the classical relations:
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The dynamics will be then studied using the canonical variables Ag corresponding to the normal modes of the linear waves,

defined by:

G
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Using these normal variables, the linear term in the Hamiltonian simplifies into wy|Ag|?> which emphasizes the vibration
mode at linear order.

2.2. Kinetic equation

Considering the different cumulants of the canonical variables, a hierarchy of equations is obtained for which an asymptotic
closure can be deduced, leading to a kinetic equation that describes the slow evolution of the second order cumulant through
three or four waves resonance processes depending on the geometry. Written in term of the wave number density defined as

(ArAjy) = n(k)S(k - k), (19)

and assuming moreover the isotropy of the cumulants, n(k) = n(|k|) = n(k), the kinetic equation simplifies for the elastic plates:

d 4 2 1 _ S1 _ S9 . S3
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In these formula, e quantifies the small wave amplitude and J_p, %, k,k, is the scattering amplitude of the waves resonances
(see eq. (31)). In addition, the nonlinearity induces a frequency shift of the linear modes which reads

1 RYs P k2 00 p2
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2.3. Kolmogorov-Zakharov spectrum

Beside the Rayleigh-Jeans distribution corresponding to the equipartition of the energy among the modes, additional sta-
tionary solutions of the kinetic equations can be found, corresponding to a direct cascade of energy from the large to the small
scales. These so-called Kolmogorv-Zakharov spectra have a constant energy flux P and exhibit different scalings depending on
the plate geometry.

For elastic plate, the WTT predicts firstly KZ spectra with the same scalings than the Rayleigh-Jeans one, n(k) ~ PY/3k=2.
It indicates a degeneracy of this solution leading to an undefined flux P, so that a perturbative approach has to be performed,
leading to the following KZ spectra:

In'/3(k* /k)
2 b

n(k) = 24/3CP1/3I€7 (22)



where C' and k* are real numbers while P is the energy flux of the cascade. In the present paper we show that the interaction are
local for the spectrum (22) and we obtain an upper and a lower bound for the numerical value of C' which reads: 0.22 < C' < 0.33.
The displacement and energy spectrum can be straightforwardly deduced giving:

1 1/3 *
<|Ck|2> = 27/30131/3% and Ej = 27/37TCP1/3I€1111/3(E*/]€).

Similarly, the spectrum can be expressed in the frequency space using the relation w = k?/2, yielding:

1/3/ «
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Here w* = £*?/2. Finally, it is interesting to write these spectra back in the physical units:
5 o1 yaInt/3(k* /K E /31
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which is obviously consistent with the previous dimensional analysis (9), in particular, one readily gets that the cut-off k, = x*/¢.

3. Hamiltonian formalism.

3.1. Hamiltonian formalism in Fourier space.
Despite their complexity due to highly nonlinear terms and high order derivatives, the Foppl-von Karméan equations exhibit

a Hamiltonian structure. In fact, equations (1) and (2) can be deduced from a Hamilton principle in which the action S defined
by:

s= | (;c - [;mo? LA - xdc 4}}) dr dt (24)

is an extreme. Here dr = dz dy.

The Foppl-von Kdrmén (1) and (2) equations are thus the Euler-Lagrange equations deduced from the action (24), naturally
the Hamiltonian (6) follows directly from this variational principle.

Because the problem concerns the evolution of the wave amplitudes for different normal modes of oscillation, we will use now
on variables in Fourier space. Introducing (15) and (16) into the action (24) one gets, after some algebra, the full Lagrangian

density (as usual the action is S = fttf Ldt):
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In (25), we have used the condensed notation dki23 = dkidkadks. The tensor Tia,34 exhibits permutation symmetries Ti9,34 =
T51,34 = Th2,43 = T34;12 and it is a homogenous function of degree 4 in k, namely:

4
Tk akas ks ey = A Thoy ko skoskey - (27)

Finally, we emphasize that Tj2.34 > 0. From the Lagrangian (25) the canonical momentum is py = ék and the Hamiltonian
(17) can be deduced straightforwardly, with the followong Hamilton equations for the variables in Fourier space:

ék = Pk,
4
(2m)?
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where the cubic nonlinearity of the interaction is clearly apparent in the second equation.



3.2. Dynamics equations in normal variables

Introducing the transformations (18) into the general Hamiltonian (17) one finds that H becomes the usual Hamiltonian of
weakly interacting oscillators with associated frequency wy (obeying the dispersion relation eq. 14):

H = /kakAde + @ /Xlengngk4Tk1k2;k3k4 Z AZ:llAiiA;iAzi(S(kl + ko + ks + k4)dk1234. (28)
51828354

We shall use along the paper the notation introduced by Newell et al. [4] : A}, with s = +, —, witnessing the two directions
of propagation for each mode. It means that A7 = Ay and A, = A*, then A”] = A;* and the sum is over the values s; = —1
and +1.

Weak turbulence is valid for small amplitudes, that is the local slope of the deformation is the small parameter e. The order
of magnitude of the deformation is also €, following (x ~ O(e€). Rescaling (, — €(j so that Ay — €Ay, one concludes that
the rescaled Hamiltonian is of the form

H=eH, +¢*Hy.

Up to the lowest order (order €2) the Hamiltonian is simply H =~ ¢2Hy = € J wr AR Aj, dk, the sum of the normal modes of
oscillation. The wave interactions appear at the fourth order, with the term e*H),.
From the Hamiltonian we obtain the following equations of the dynamics for the normal variables:

dA;,
S tiswady =€ Y [ LR A AR AR 6 (Ka + Ko + ks — k)dKas, (29)
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where we have used the symmetries of the tensor Tk, k,.ksk, and the nonlinear interaction coefficient reads!

1S

Lk deaks = _W‘]—kklkzk3' (30)
Here, we have defined for convenience
1
Jkrkoksks = ngle2Xk3Xk4 (Tk‘1k2;k3k4 + Tk‘1k3;k2k4 + Tk1k4;k3k’2)7 (31)

which is the relevant scattering amplitude coefficient that will appear in the final kinetic equation.
In the weak turbulence theory the L functions satisfy usually a number of general properties [4]. In our particular case it is
easy to see that the following properties are satisfied :
Lo Ligioks = =L oks) = Lk k0, Kk
2. Ly s, issymmetricin (1,2,3),
3. Lowit, =0 when ki + ko + k3 =0,
4

Lipsas, = (si/s)Lysese,  when ky + ko + ks = k. (32)

4. Kinetic equation and statistical descripition

4.1. Moments and Cumulants

Up to now the infinite set of dynamical equations (29) describe the motion of the plate, in the frame of the Foppl-von
Karmén equations, without any approximation. Nevertheless, from now on, because of the random aspects of the fluctuations
due to the high numbers of oscillating modes, we shall treat the system statistically. To perform this analysis, we consider the
behavior of the moments and cumulants in both the physical (or real) and the Fourier spaces.

Although the physical variables in the problem are the canonical fields {(r,t) and p(r,t), for the following it will be more
adequate to define the “normal” field u®(r,t), which is the Fourier transform of the normal mode of oscillation A}, namely:

1 )
us(r,t) = 5 / Az e k. (33)

1t is convenient to keep the indices s; only for the sake of generality.



Because of the linear relationship between Aj and, ¢k and pg, one expects that u®(r,t) is a linear (but non local) functional
of the fields ((r,t) and p(r,t). If the statistic of the fields {(7,¢) and p(r,t) are homogeneous, then the statistic of the two fields
u®(r,t) is also homogeneous.

The statistical properties of these fields depend on a joint probability distribution function (PDF) at all points P[u(-)], whose
existence is assumed, even though we cannot compute it. Over the last 50 years, two different approaches have been developed,
leading in practice to the same final results. The first one is based on the random phase approximation (RPA) for the Fourier
modes[1, 3], while the second one is based on the cumulant expansion of the statistical properties of the spatial homogeneous
fields [2].

The method of random phase approximation (RPA) which has been extensibly used [1, 3] in the theory of wave turbulence,
is based on the hypothesis that all n-modes PDF in Fourier space (directly related to the n-point PDF P™ in real space) are
a product of 1-mode PDFs, and that the phases take values uniformly distributed on [0, 27]. However, this approximation has
been proven to be right only recently by Choi et al. [44]. Indeed, if we assume that the initial data satisfies the random phase
approximation properties described above, then, this property holds over the nonlinear time. Choi et al. derived an evolution
equation for the full PDF and have shown that under weak wave interaction the RPA formulation is sufficient for the wave
turbulence closure. Despite the fact that the RPA approach to the problem of weakly interacting waves may drive to better
developments for future theories on non-Gaussianity of wave turbulence and intermittency (due to the knowledge of the full
PDF), we develop in the present paper the second method, introduced by Benney and Saffman 50 years ago [2], that gives, in
our opinion, a more elegant asymptotic closure.

This method, known as the cumulant expansion, has the advantage to not impose any condition to the PDF, with the
exception that the statistics of the system for infinitely separated points are uncorrelated at some initial time. We consider thus
an infinite system and make the assumption of spatial homogeneity. It means that the moments defined above are invariant
under spatial translation, so that they depend only on the relative geometry. This allows us to have a better physical intuition
about what we are averaging over. More precisely, because of the spatial homogeneity we can define the moment of order n as

W (e (x+r)... v (x+7rp_1)) = % /us(a:)u51 (x+7r1)... v (x4 r,—1)dx

where the integral is over all the volume V' of the system.

Unfortunately, for the following the moments are not adequate, because when the distances |r|, |ra],...,|r,—1| tend inde-
pendently to infinity, the moments do not decay to zero in the physical space. Therefore, the Fourier transforms of the moments
are not ordinary functions, but generalized functions that contains Dirac d-functions, and as we shall see later, it is necessarily
to have a good tracking of the Dirac-d singularities. Therefore, the use of moments would complicate in excess this procedure.
For this reason we shall use cumulants, which are directly related to the moments by a one to one relation. The cumulants
Fourier transforms are ordinary functions if the statistics of the system, for infinitely separated points, is uncorrelated (See the
Appendix 10.1 for details on the Moment-Cumulant relationship).

For the first two order cumulants, their relations with the moments read

RVA(t) = {u'(2)} = (u(x)),
RO = {u(@)u (@ + 1)} = (u (@) (@ + 1)) — (u* (@) (u (@), (34

and highest order cumulants can be similarly deduced (see Appendix 10.1).
Let be R(Mss1sn—1(py 9. _1), the n-th order cumulant, then, we write the Fourier transform of Q™) of the n-th order
cumulant as

1 ) )
Q(n)ssl-us",l (kh L >k(n—1)) — (27T)n—1 /R(n)ssl..-snA (’l"l, o ,’l“n_l)eilkl'Tl*'flk"*l'r"’l dry...dr,_1. (35)

The n-th order cumulant, Q™| is a smooth function in the Fourier space, while the cumulant in the real space goes to zero for
two infinitely separated points. This assumption is in fact only necessary for the initial state (See Section 4.3). Obviously, we
can easily recover the moments knowing the cumulants in Fourier space. From the definition (33) one has

(ARAR, Ay ) = @ /<u“‘ (@)U (T + 7). U (@4 ) Ve FmemiR @) ik @) Grdpy | dp,

(36)



Then replacing the relations obtained in (34), and using (35), the first order moment and cumulant are related by:

(Ap,) = /R(l)llefipl"”dwz (2m) QMW" 5(py). (87)

As already said, the plate preserves the center of mass momentum, and we shall assume it is at rest in the reference frame.
Then, it is natural to assume that the mean values of the displacement and the momentum and consequently the mean value of
the field u®(x) are null. Therefore, it is expected that QWi = 0. This condition may not be true in some situations as in the
case of wave condensation of classical nonlinear waves [45]. However, in the present case, it is always zero, so that from now on
we take QU1 = 0. Under this assumption, a larger number of simplifications are obtained. Firstly, the second order moment
of the Fourier amplitudes is simply related to the second order cumulant by

(Ab kY = / ROhlb2(p)e ™2 T 4§ (py + po) = (2m) QP12 (p2)d(p1 + p2). (38)

Notice that Q@41!z(py) = Q)21 (—py) and that the wave number density satisfies:

n(lp) = 27Q@ = (p).

Similarly, a one to one relation between the higher order moments and cumulants can be derived in the Fourier space (see
Appendix 10.1).

4.2. The moments and cumulant hierarchy

From (29) a hierarchy of equations for the evolution of the moments <A21 A%2 - AZI;";J in Fourier space can be written :

d I1 gl ln dAlll l ln
A4 Az Ap) = P dt” Az AR ) =
7)1/“_”/ (—zllw(p1)<Ai,1] Alp22 N Alp"’)) +

EPyn Yy [ L (Al Al AR AR A ) (K + ke + ks — pr)dkaas (39)

515283

The resulting dynamics of the n-th order moments depends explicitly upon the (n + 2)-th order ones. This hierarchy is linear
in the moments <A§;1 Aifz e Aiﬁ) like the BBGKY hierarchy for the kinetic theory of gases. From now on, we shall use the
notation where P;; represents the permutation over the indices I; and the wave numbers p;. Later on, we shall also use the
permutation P; that runs over the indices s; and wave numbers k;.

In particular from the equation (39) we can build a non linear cumulant hierarchy using the relations (38) and (120) derived
in Appendix 10.1. After some algebra one gets for n = 2

d . ) .
%Q(z)llb(lb) = (—ihw(p:) = ilow(p2)) QD" (po) +
+ Py Y / Loy QWhe12% (o kg, k3)d(py + ki + ko + ka)dkios +
518283
+ EemPry Y /LifzséfizgcspmsQ(g)hsl(k1)Q(2>8283(k3)5(P1 + k1)d(ko + k3)dki23, (40)
518283

where p; + p2 = 0. Other cumulant equations are explicitly given in the Appendix 10.2.

Up to now we have an exact, but infinite, hierarchy of equations for the cumulants Q™. The next step consists in finding a
closure that allows us to obtain a consistent and closed set of equations. This is possible because of the dispersive nature of the
waves that creates a fast decorrelation between the different modes, and because of the existence of a scale separation between
the linear time w(p)~! and the nonlinear interaction time scales characterized by the small nonlinear coupling term leading to
a resonant interaction process. This latter process regenerates the higher-order cumulants in a special way by producing long
time cumulative effects.

10



More precisely, if €2 is the small parameter, defined by the ratio between the linear and the nonlinear terms, then the
nonlinear time scale is of order e~% compared to the linear time scale of order one. This property will be exploited from a
mathematical point of view, using a multiple time scale perturbation scheme, as exposed for the three waves kinetic equation
by Newell et al. [4]. The general 4-waves interaction, that is also operating here, has been originally derived, using a slightly
different method, by Newell in 1968 [46], but in a different context.

4.8. Asymptotic perturbation expansion for the cumulants hierarchy

The closure of this infinite hierarchy of equations for the cumulants is thus obtained by a perturbative method. That is by
looking to the solutions of the cumulant hierarchy as asymptotic expansions? in power of the small parameter € and by solving
this hierarchy order by order. Let us consider the formal expansion3

l...0, l...0, Lo dy
Q(n)llmln(p27"'7pn) :Q(On) ! (p27"':pn)+62Qén) ! (p27“’vpn)+€4Qz(Ln) ! (p?v"'vpn) + -

Up to order €” one gets that any n-th order cumulants Q") satisfy the following ordinary differential equations:

d n)ly...ln . . n)ly...ln
Q0 2 = (1) + o+ i) Q5 (P2, ) (41)

with p; + -+ + p, = 0. After an integration of this linear oscillator in time one retrieves a pure linear oscillation in time,

(71)[1...ln

p2,. .. 7pn) = qO (P27 e 7pn)e—i(l1W(p1)+"~+an(pn))t

n)ly...0ln
R

with the functions qé")ll'”l” (p2, . ..,pn) being constant at this order of the expansion. In fact, as we will demonstrate below,

this solution is valid only for times scales such that ¢+ < €2 since the next order solution in the regular expansion exhibits a
secular term that grows linearly with ¢, becoming dominant in the long time limit. To remove these secular terms, which are
responsible for the slow spectral energy transfer between modes, we develop a multi-scale perturbation expansion in time. In
this scheme, one assumes a slow dynamic evolution for q(()n)ll"'l" (p2,-..,Pn,t), that can be expressed as a formal asymptotic
series for its time derivative, yielding :

d ().l
dth

n)ly...0ln n)ly...ln,
(p27“'7pn):€2F2()1 (P27~-7Pn)+€4Fz£)l (p2a7pn)+ (42)

The oscillatory nature of the system suggests the following change of variable for all cumulants and for all orders in the
cumulant expansion :

QU (3, pa) = g (o e AP (43)
where the higher order perturbation terms qﬁ”)ll'“l“ (p2, ..., Pn,t) might depend on the fast time scale only for s > 0. Writing
equation (40) for the new variables (43) up to order €2 one gets

d ()1 i
aqéz) B(py) = —FM2(po) +
. —lpsy1s89s
+ Pry Y / Llesisass q(D09192%9 () oy ky)e " Orakikaks’ §(py + Ky + K + k)dk1os +

§18283

. y—losisasy
+ @m)Pry Y / Llsmss Prog gf?" (ke )ay "2 (ks)e " Crabikaks’ 6(py + K)o (ke + ks)dkrzs, (44)

515283

where p; +p2 = 0 and we have used the short notation 922251315,35,33 = low(p2) + s1w(k1) + saw(kz) + ssw(ks). The time dependance
o —los1sos3

on (44) is only given by e " aiikaks | hence can be easily integrated in time to obtain qéwll? (p2,t). Expanding the sums and

2Although, it is not necessarily a convergent series, we do ask here that the sequence is well ordered.
3 As we shall see later, higher order cumulants (n > 2) will develop, in general, non-smooth terms at long time. Therefore it will be convenient to have

in mind that the formal asymptotic expansion is done in the physical space, where the formal series expansion reads R(™) = R(()n) +62Rgn) +E4Rin) +---
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permutations on the right hand side term of (44) one observes that for some terms Q;zl,if}csi? vanish identically leading to

resonant terms which grows linearly in time. Therefore, we can rewrite equation (44) as
qémllz (p2,t) = oDtz (py) — ¢ <F2(2)1112(p2) — 3Pro [Z 27‘(’/[/;2[;2 2kl (2)_83(’6) dk:] q[(]wll2 (pg)) + “non resonant terms”,
S

where a(!1!2(p,) is the integration constant (see Appendix 10.3 for the full expression (123) and more details on the multiscale

perturbation). Since we are interested in solutions of q(2)l lQ(p t) that remains bounded for times of order O(e~2) we remove

211y
(2) (

the resonant term setting the slow dynamic evolution of ¢ p2) at times scales O(e~2) by

FPN (p)) = 3Py, lz o / Lizla=se a7 (k) dk | g5 (p2). (45)

This corresponds to a nonlinear shift to the natural dispersion relation for the frequency known as a frequency renormalization
which is reduced up to the end to the simplified expression (21). Similarly, it is possible to show that for all cumulant the
resonant terms at order €2 provides the same frequency shift (see Appendix 10.3 for more details).

R A lZ JE T “(k)dk] 0" (02w, (16)

Remarkably, at this order €2 in the expansion, the off-diagonal second order cumulant q(z) ”(p) does not evolve since

4 (()2) “p) = 2FQ(Z)_”(p) + O(e*) with F2(2) “(p) = 0 and one needs in fact to go up to the next order in the expansion to
capture the slow dynamics of this cumulant* A straightforward, but cumbersome, calculation at order €* following the same
multiscale perturbation scheme leads to a close equation for the second order cumulant (see Appendix 10.4). The final result
gives different informations depending on the cases I; = Iy or [ = —ls. For [y = I, one has that the slow dynamical evolution

of the diagonal element of the second order cumulant at order e* is

PP () = e (W (p2) + o (=p2) ) a7 (p2) — € (T (p2) + T (—2)) 07" (p2) (47)
where
' lziésisi
p S —518 —5258
Wi (p2) = 6(2m)* Y / L2 Py (3> a57 " (ka)as) 22 (k)O(ker + ko + ks — po)dkeras |
() ‘2815253 lo
515283 p2kikaks

is thus a fourth order correction of the frequency of oscillation, and

Plz(pg = 187T 271' Z/’Li]z2sészl22k3

S182

—18m(2m)* ) /

S152

g57 " " (1)l T (e )3k + Koz + Koz — po)8(Q5 375202 ke

Ll251 S9—lo

sysa=ta© s () V0% (o 5k oy o Ky — )62 ks (48)

is a damping term, which is also present in the slow dynamics of higher order cumulant. It turns out that I‘LEZ becomes positive,

which means that qéz)lzlz (p2) decays towards zero in time as well as the higher order cumulants.

4The general second order cumulant, q<2)lll2(p2 t), corresponds to a 2 x 2 matrix, [1&l2 being the indices of the matrix. By analogy we call

qu)” (2)-1

(p, t) the diagonal second order cumulant and g, (p,t) the off-diagonal second order cumulant.
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Finally, for the case Iy = —I5 the resonant terms give

FiZ)_lzlz(pQ) — 41271’(27T {Z /‘ l;;,;fi:;?cs

515283

(()2) 5181 (kl)qSZ)—stz (kZ)q(()Z)—sasa (ks)

x8(ky + ko + ks — p2)5(le,2€‘jf;,f§)dk123}

- ezn(en) {Z JZ

518253

S — —S818 —S28
Pi23 (l;) (1(()2) 2tz (p2)‘J(()2) ! 1(’61)‘1(()2) 272 (k)

w8(ky + key + ks — pz)a(Qp;fjf;,j;)dkm} . (49)

Since F4(2)712[2 (p2) = 5 ‘1(()2)1112 (p2) one obtains a closed equation for the second order cumulants. This four-wave kinetic equation
is the final equation responsible for the slow evolution of the system, where the energy transfer between modes is carried out
through a resonant four-waves interaction process. Nevertheless, it is important to notice that, in general, non-uniformities will
arise in R(™ at small or large scales (k — oo or k — 0 respectively) that will break down the well ordered expansion. This can
lead to intermittent behavior dominated by fully nonlinear solutions [4, 48]. We shall comeback to this point later in section
8.2. From this equation (49), together with the definition of the second order cumulant Q) ~*%(k) = (27)n(sk) one can deduce
the general kinetic equation:

l s s s
_ —12818283 ; 2 _ 1 _ 2 _ 3
dtn(lgpg) = 12mlye 51%283 / ‘ “lasisass (31k1)n(SQkQ)n(33k5)n(lgp2) (n(lgpg) n(ikn)  n(saka) n(33k3)> X
x (k1 + ko + k3 — p2)d(law(p2) — s1w(k1) — saw(ks) — szw(ks))dki23, (50)

which becomes (20) if one assumes isotropy in the wave number distributions.

5. Properties of the kinetic equation

5.1. The resonant manifold for the four waves interactions

From the kinetic equation (20) one may see that the collisional term has two J-functions, which implies the conservation
of the energy and the momentum respectively for every four waves interaction. The conservations of energy and momentum
constrain the domain of integration to a manifold, named the resonant manifold (RM). In general, if the dimension of the system
is d the integration of the four wave collisional term is over a volume of dimension 3d. However the d-functions decreasing by
d + 1 the dimension of the total volume of integration, the resonant manifold of integration is of 2d — 1 dimensions. In our case
d = 2 so that the resonant manifold of integration is of dimension 3.

We need to analyze three different kinds of 4-wave interactions, which are characterized in terms of the signs of s, so and
sg of the resonant condition : l1w(p1) + siw(k1) + sew(ka) + ssw(ks). Without any loss of generality we can take l; = 1 and
the three different cases are: firstly, when all signs s1, 2, s3 are +1, we denote this case as a process 4 < 0. Then, when two
terms have a negative sign, which represents two waves decaying into other two, labeled as a 2 «<» 2 process. Finally, when one
sign only is -1, which represents a process of three waves decaying into a single one, labeled as 3 <> 1. It should be noticed that
p1 is not an integration variable, so that the 2d — 1 resonant manifold should exist for an arbitrary value of p;.

Next we study these three processes in detail:

i) Case 4 — 0. In this case all terms in the energy conservation o-funtion have the same sign:

w(p1) + w(kl) + w(kg) + w(kg) = 0,

because in general w(k) > 0, one concludes that the only solution is given by w(k;) = w(p1) = 0, so that there is in fact no
manifold. This kind of interaction is not allowed at any dimension and one may eliminate it from the kinetic equation (20).
it) Case 2 « 2 1In this case the resonant manifold is defined by the following restrictions :

w(p1) +w(ki) —w(kz) —w(ks) =0
p1+ki—ko—k3=0 (51)

13



One can realize that such a restriction is always satisfied over a 2d — 1 manifold for any dispersion relation at any space dimension
d>2.
iit) Case 3 < 1.- One may consider without loss of generality

w(p1) +w(k1) + w(kz) — w(ks) =0
p1+k1+k2—k3=(). (52)
This case is particularly interesting, because, depending on the dispersion relation this resonant manifold could be empty and

the total wave action of the system conserved. However, we will show that for an elastic plate this is not the case and the total
wave number is not conserved.

Figure 1: The plot represents the intersection of the surfaces for a parabolic dispersion relation w(k) = %|k\2 This is the case of a decaying situation
in the 3 < 1.

To visualize the existence of the resonant manifold it is convenient to do geometrically. The dispersion relation is isotropic
depending only on the modulus of |k|, therefore the function w(k) determines a paraboloid of revolution in the three space
dimensions (kg, ky,w). Take now a point A on the surface with coordinates (p14, p1y,w(p1)) and build a new surface w(k) with A
as its origin. In the same way, take now another point B over the new surface with coordinates (p1 + K1z, Pry+kiy, w(p1) +w(ky))
and we build again a surface w(k) but with an origin at B. Fig. 1 shows this geometric construction and we can see that for
any wavenumber p; and ki, an intersection exists between the revolution paraboloid of origin O with the one that has B for
origin, satisfying therefore precisely the conditions imposed in (52). As expected, this problem has 5 degrees of freedom, but
one of this variable p; is not integrated, and so, the domain of integration becomes a three dimensional manifold.

5.2. Conserved quantities

As the usual Boltzmann equation for diluted gases, (20) conserves formally the momentum and the energy density®, and the
dynamics exhibits irreversibility because of the existence of a H-Theorem. Here we develop in details these three statements.

5.2.1. Energy conservation
Firstly, we can show that the kinetic energy per unit area

&= ;;/W(hpl)"(hpl,t)dpl (53)

is conserved.

5Here we stands by energy for the lowest order in €2 of the full energy (28). The full energy is not preserved by the kinetics, as in diluted gases the
conserved energy by Boltzmann equation preserves the kinetic energy of the gas only.
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Proof.— The proof is the same as for the usual Boltzmann equation, computing first the time derivative

de 1 d 1 oo
dat EZ/“(llpl)@”(hpl,ﬂ dp1=3 . /llw(llpl)cﬁléliig dp1dki2s (54)
l1

11818283

where in the third equality the full kinetic equation (50) has been used. We have introduced here the collisional operator, which
is completely symmetric in the index {l1, s1, s2, s3} and {p1, k1, k2, ks}, following:

1 1 1
Cosiszss = 12w 12 n(sik k k3)n(l !
Pk koo ks T\ ks oaks | M(s1K1)n(S2k2)n(s3k3)n(l1p1) Clapy) +$1n(81k1) —l—sQn(Ska) +83n(53k3)

X6 (hw(lipr) + s1w(s1ky) + sow(s2ks) + szw(ssks))o (k1 + kg + ks + p1). (55)

Repeating four times each term, then exchanging integrals and re-labeling the index leads to:

d€ 1 51505
a8 ) /(llw(llpl) +s1w(sikr) + sow(soks) + s3w(s3ks))Cp 7ok, dP1dR123 = 0. (56)
11518283
which is exactly zero because of the 6(l1w(l1p1) + s1w(s1k1) 4 saw(saka) + ssw(ssks)) of the kinetic equation.
Remark 1.- Notice that isotropy: w(l1p1) = w(—=Il1p1) and n(l1p1,t) = n(—lip1,t) is not required in the formal proof.
Remark 2.- This proof needs exchange of integrals, therefore it requires convergence of any simple integral before any
exchange can be done [4] (Fubini’s theorem).

5.2.2. Momentum conservation
Similarly, the total momentum per unit area

1
J= 3 lZ/hPl n(l1p1,t) dp (57)

is conserved. The proof is in the same vein than for the conservation of energy (not detailed here).
Remark 1.- Because of the existence of the 3 «<» 1 processes the total wave action

1
N: §Z/n(llp1,t)dp1 (58)
5%
is not conserved. If one derives this quantity
N 1 05
T =5 O (ks s+ s)CpiE dpidkig
11815253

the only terms that survive in the sum are those corresponding to the 3 < 1 processes, hence

aN 1 1 1 1
a 24F/|Jklk2k3k4|2 nlknika)n(ks)n(ks) <n(k:1) " n(ks2) i n(ks) - "(k4)>
X(S(w(kl) + w(kg) + w(kg) — w(kz4)) (5(](51 + kg + kg + k4) dk1234. (59)

We notice then that because of the existence of the 3 <+ 1 processes the wave action is not conserved formally. However, the
wave action reaches a steady state for the equilibrium distribution (Rayleigh-Jeans) as well as for the energy cascade spectrum,
because in these cases the right hand side of eq. (59) vanishes.
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5.2.3. H-Theorem

Although the original equations are reversible, the kinetic theory exhibits an irreversible dynamics towards thermodynamical
equilibrium for an isolated system. In practice, in systems with a large number of degrees of freedom, the irreversibility can be
seen as a result of chaotic behavior together with some small but non zero noise (which always exists). A positive Lyapunov
exponent, characteristic of chaotic system, is then able to amplify any extremely small noise. The irreversibility is linked to the
loss of the informations contained in the phases of the Fourier amplitudes, which disappear in the averaging process over the
ensemble. Mathematically, the loss of exact reversibility of the original equations is produced in the multi-scale perturbation
expansion. More specifically, it is the result of taking the long time limit over the linear fast time, keeping the slower nonlinear
time scale constant.

In the context of kinetic theory the irreversibility and the evolution towards equilibrium can be expressed by a H-theorem,
that we state next. Let

1
St) = 3 lZ/log[n(llpl,t)]dpl
1
be the non-equilibrium entropy, then one can show that
dS/dt > 0,

for increasing time.
Proof.— Consider the time derivative of the entropy defined above

ds o 1 1 dn(llpl,t)
at 2;/71(11 a P (60)
1

p1,t)

proceeding again in the same way as above, one splits the four terms, leading to

ds 1 1 1 1 1 .
o _ 2 I ‘ clis15253 gy dkygg > 0. 61
dt 8 Z / ( 1n(l1p1,t) + 51 n(slkzl,t) + Y ’I”L(Sgkg,t) + Ssn(s;;k:;,t)) P1kikzks P1 123 = ( )

l1s18283

Using (55), one can see that the integrand is always positive or at least zero, so that the entropy of a closed wave system can
only increase or remain constant.
The thermodynamical equilibrium corresponds to the case of % = 0 which is satisfied only by the functional relation

1 1 1 1
l + + +
( 1n(11p1) Sln(slkl) 52 n(saks) Sgn(33k3))

for p1, k1, ko and kg, in the resonant manifold. Because of the resonant conditions, the solution to this functional equation is
a linear combination of w(k) and k, that is: n(k)~! = Lw(k) + +u - k with T and u two constant parameters. This solution

corresponds to the thermodynamical equilibrium and it is known as the Rayleigh-Jeans distribution [49, 50]:

=0,

T

nk) = S Tk

(62)

Similarly, this Rayleigh-Jeans distribution may be deduced by maximizing the entropy with the corresponding constrains of
constant energy and momentum [51]. Using the technique of Lagrange multipliers (below 7' and u are Lagrange multipliers)
and writing the extremum of the entropy condition yielding

1) 1 1

one readily gets (62).

Remark 1.- As we shall see below, the energy flux of this solution is identically zero. The wave system at equilibrium presents
thus no energy, neither momentum flux. This is because the detailed balance condition at equilibrium forbids any net flux of
energy or other quantity.
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Remark 2.- In general in our case the total initial momentum J is zero, the resulting spectrum is isotropic so that u = 0.
The Rayleigh-Jeans equéilibrium distribution reads then:

T
eq _

o= (63)
Where T is called, by analogy with thermodynamics, the temperature which is naturally related to the initial energy by
& = [wpn{!d®k = T [ d?*k, the quantity [ d?k being the number of degrees of freedom per surface unit. Therefore each
degree of freedom contains the same energy: T. Naturally, for an infinite system this number diverges (as well as the energy).
This classical Rayleigh-Jeans catastrophe is always suppressed due to some physical cut-off, which corresponds to dissipation
processes at small scales. Numerical simulations on regular grids provide also a natural cut-off k. = 7/dz, where dx is the mesh
size, which gives & = 7Tk? for a large system.

5.3. Kinetic equation for an isotropic spectra

In this section we consider the kinetic equation (20) for the special case of an isotropic distribution n(p) = n(|p|) = nyp
(where p = |p|), an hypothesis that is often done in wave turbulence. Thus, because of the isotropic dispersion relation
w(p) = w(|p]) = wp, the spectrum n, is simply a function of the frequency wy, something which is more useful for the
comparison with experiments.

Multiplying (20) by w%dapp, where w;, = dw,/dp, and integrating over the polar variables dy, dpk, dpr, dpk, in [0,27], the
resulting kinetic equation reads:

d (2w 1 1 1 1
— —pnp =127 E / SewpwrwawsM1N2NM3Ny | — + 51— + S9— + 53— | I(wp + s1w1 + Sows + S3w3)dwi23.
dt ""z/a — Jp P np n1 Nno ns

5185283

The domain of integration, D, is defined in such a way that each frequency is positive, i.e. w1, ws, w3 > 0. For simplicity we use
the notation ny, = n; and wy, = w;, and the scattering matrix, which is completely symmetric, reads

Supuniins = o —r 2 3. ( /0 | Tienze 26 (ky + ko + ks + p) dgp dpr, de, d%). (64)

wj, wi wh wh
Obtain an explicit form of this isotropic scattering matrix it is complicated. However, an explicit expression for an upper and
lower bound to this scattering matrix can be obtained (see section 6.2 or Appendix 10.7).
Remark 1.- It maybe useful to define the frequency spectrum

p
N(wp) = 271';711, (65)
P

which is naturally normalized since [~ N(w)dw = [ n(p) dp.
Remark 2.- Because the dispersion relation has an homogeneity degree 2, w(Ak) = ANw(k), and because Jypak, \ksrks =
Jpk,koks does not scale in k, the S-matrix has an homogeneity

-1
SAwPAwlAw2>\w3 =A SwpwluJ2w3~ (66)

Equation (64) contains seven different terms, four of them of the type 3 «» 1 and the three other terms of the type 2 « 2.
These terms may be collected in two distinct collision integrals:

d (2
= < :Z np> = Collse[n] + Collya[n). (67)
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Here Collz..1[n] collects the wave interaction of the type 3 < 1. Using the symmetries of S 81 82 $3_ this collision integral reads:

Wpwiwaws?

Collsi[n] =12 X { / St pwnwaws N1N2N3My, ( -— - — = ) I wp — w1 — wa — ws)dwiaz
D n
+/ Swpwwz%npmngng (’I’L - — + — + > 5((4)1 —Wp — w2 — wg)dwlgg
D

+/ Swl)wlwwsnpmngng (’I’L +— = — + > 5(0.)2 —Wp — Wy — wg)dwlgg
D

1 1 1 1
S wrwaw — 4+ — 4+ — — — ) d(ws — wp —wa —w1)d . 68
+ A pwiwows LpN1M2N3 (np + " + . n3> (OJ3 Wp — w2 wl) w1923 ( )
These four terms could be easily collected into a single one by relabelling the integration variables. However, we keep the more
symmetric form (68), because it will be useful in the calculations. On the other hand the collision integral Colls.,2[n] gathers
the terms of the 2 < 2 wave interaction. These term can be re-arranged with an adequate change of variables, yielding
1 1 1 1
CO”QHQ[TL] = 367T Swpwlwwsnlngn;;np _t - — — 5(wp —+ w1 — W2 — W3)dW123. (69)
D Np nq N2 ns
It is important to emphasize that one can deduce from the kinetic equation (67) a conservation equation for the energy
spectrum F(w,t) = wN(w,t) in the form

OFE(w,t) n OP(w,t)

=0 70
ot Ow ’ (70)
where P(w,t) is the energy flux in the frequency space w given by the relation
OP(w,t
OPw,t) = —w(Collz1[n] + Collacia[n)). (71)

Oow

Equation (70) satisfies two types of isotropic stationary solutions:

i) No flux solution.- The case whenever the energy flux is identically null, P = 0, which corresponds to the equilibrium
solution, the so called Rayleigh-Jeans distribution [49, 50].

i1) Constant fluz solution.- If P(w) = P # 0 is constant inside an inertial range, a stationary solution satisfying (71) with a
constant energy flux can exist. These kinds of out-of-equilibrium solutions are usually, but not always, power law distributions,
in which case are known as Kolmogorov-Zakharov spectra. To obtain these kinds of turbulent spectra it is formally necessary
to inject energy (mostly) at frequencies below some injection range w; and to dissipate it (mostly) at frequencies larger than
some dissipation scale wy.

In principle, the injection can be modeled as a function Z independent of the plate deformation ¢ which vanishes for w > wj
and the dissipation as a function D linear on the deformation velocity of the plate ¢ which vanishes for w < wy. These functions
can be added to the Foppl-von Karmén equation (1) to describe the injection and dissipation of energy (see section (7) for an
example).

The kinetic equation under injection and dissipation could be derived in principle from the wave dynamical equation consid-
ering that injection and dissipation take place in time scales similar to the nonlinear transfer. The kinetic equation then should
read

%N(u)) = Collg[n] + Collaesa[n] + Alw) (72)
where A(w) depends on the functions Z and D and on the plate deformation. The explicit expression of A has not been
determined to the best of our knowledge and will be considered elsewhere. However it is not relevant as long as it vanishes
within the transparency window [w;,w].

The properties on the collisional terms (56) and (61) implies that for a stationary solution 4 N(w) = 0 to exist, the A
function has to satisfy the following restrictions:

I
(=)

/000 wA(w) dw (73)
<A
/0 ) dw 0. (74)
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The condition (74) has a simple interpretation: out-equilibrium stationary solutions have less entropy than equilibrium solutions.
Since the spectrum n(w) is a positive quantity the constrains (74) and (73) implies that A must change its sign. The A > 0 zone
corresponds then to the injection scale (usually at large scale or small frequency), while the A < 0 corresponds to dissipation
usually at small scales or large frequencies. If the interactions between the modes are local and the inertial range is large enough
w; < wq, one can take approximately w; — 0 and wy — oo and look for turbulent stationary solutions to the conservative
kinetic equation (67) (see section 6). Under such simplification, the injection and the dissipation take place at the boundary of
the frequency domain i.e. lim,,, o P(w;,t) # 0 but P(w = 0,t) = 0. Therefore, the out of equilibrium solutions satisfies

Pw,t) = — /Oww(Collng[n] + Collaesa[n])dw = P # 0. (75)

These formula indicates that the energy is injected at w = 0 only.
Moreover, from (72) and (73) one concludes that the energy flux may be defined through:

P= —/Owde(w)dw = /:owA(w)dw,

d

where wq is a dissipation scale (see eq. (97) below).

6. Kolmogorov Spectra

6.1. Zakharov-type of solutions

In this section we derive precisely the exact stationary non zero flux solutions of the kinetic equation. These types of solutions
were first obtained by V.E. Zakharov in the context of Langumir oscillations in plasma physics [8]. Essentially we consider both
collisional integrals Coollz..1[n] (68) and Colla.2[n] (69) acting on a power law type of solutions of the form n, = Kw,*, where
K is a constant pre-factor which will be determined later in terms of the energy flux P. Although the collisional integral C'olls..o,
has been considered extensively in the literature for different context [3, 8], the case of Colls..1[n] is definitely less known and
to our knowledge, no reference exists prior to our work on plate turbulence [19]. Therefore, we will focus here principally on
the calculations for this latter case.

Let us introduce a spectrum n, = Kw,* into the collisional terms Coll3..1[n] that is composed by four distinct contributions.
The first term reads

127 K3 / Sepwnwaws (Wpwiwaws) ™ (Wi — wi — w§ — w§) d(wp — w1 — wy — ws)dwias, (76)
o

where the domain of integration O corresponds to wi = wp, — w2 — wz > 0, as located specifically in Fig. 2. The three others
terms exhibit the same structure:

127TK3/ S waws (W1wawswp) ™" ((.u;,C —wi +wj + w?gf) 0(w1 — wp — wy — w3)dwi23, (77)
D
obtained then by the permutations of 1 < 2 and 1 < 3. In the equation (77), the domain of integration D is the whole

upper-right quadrant wy,ws >0, (D=0UITUITUIIIUIV in Fig. 2).
After the Zakharov’s transformation [3, 8] (see Appendix 10.6 for details) one readily gets:

Colls—i[n] = K3w 341D (x), (78)
where Ié}ll(x) is a pure function of x defined by

13521(95) = 127 /O/ Stuyugus (Urugus) (1 —uf —ui —uj)(1 — ui’mf2 - ugmfz — u§x72)5(1 —uy — ug — uz)duiez. (79)

and O’, is the domain O rescaled by w,. More precisely, it is the triangle defined by us =0, uz = 0 and us + ug = 1.
A similar calculation can be performed for the collisional integral (69), as presented in the Appendix 10.6, leading to

Collyen[n] = K3w, 31N, (2), (80)
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Figure 2: Relevant domains of integration in the plane (w2,ws). The diagonal line represents wz + w3 = wp.

where 12(22(@ is also a pure function of z, yielding
(1) — —T T x T 3z—2 3x—2 3z—2
Iy o(x) = 367 [ Stujusus(Uiuous)” “(1+uf —ug —uf)(1 4 uy — U —u3”" )01 + ur — ug — ug)duiez, (81)
I/

and where, as before, I’ is the rescaled domain deduced from the domain I of Fig. 2. From now on, we seek for which values
of = these two integrals vanish. From (79) and (81) one sees immediately that the collisional integrals vanish both exactly for
x = 1, because of the first bracket in (79) and in (81). This stationary spectrum corresponds in fact to the Rayleigh-Jeans
spectrum (62) already described above. Furthermore, vanishing the second bracket in the integrals selects usually the KZ spectra

solutions. However, the second brackets in both integrals 1522(32) and Iégl(x) vanish also for = 1. Therefore, both 13(21(95)

and 12(22(.%') have a double zero at = = 1, indicating that these functions behave as ~ (z — 1)? close to x = 1. More physically,
this mathematical analysis tells us that the Rayleigh-Jeans and the Kolmogorov-Zakharov spectra coincides. Therefore the
energy flux is necessarily null, because x = 1 vanishes exactly the r.h.s of the entropy production equation (61). Thus z = 1
can only represent the equilibrium solution that exhibits zero flux. This degeneracy requires an extra effort in the computation
of the Kolmogorov-Zakharov spectrum as we shall see in Section 6.3.

We end this section with the following remarks. The collisional integral 12(22(.%) alone vanishes also exactly for x = 0 and
x = 2/3. The first one (z = 0) corresponds to an uniform spectrum that describes the equipartition of wave action and the
second one (z = 2/3) has the significance of a wave action cascade, by analogy with the cases of gravity surface waves [7, 18]
and nonlinear optics [10, 11, 12]. This latter solution would correspond to an inverse cascade of wave action with a constant
flux but recall that it cannot exist because of the 13521(93) that does not vanish for x = 2/3.
6.2. Locality of the interactions.

The only physically consistent Kolmogorov spectra are the ones that provide convergent results for the collisional integrals.
If the collisional integrals Iéﬂl (79) and 12(22 (81) are convergent for a given z, it is said that the solution ny ~ k2% is a local
spectrum. However, if the integrals diverge, then the spectrum ny ~ k~2% is not a suitable solution.

In the following, we check the convergence criteria for the collision integrals I él)l(x) and 151)2(96) from equations (79) and

> —

(81) respectively as a function of z. First, notice that it is possible to bound the S-matrix (64) by

14 N
gswpwleUJ3UJ S Swpwlwgwg S Swpwlwzwgv (82)
where the modified S-matrix
N 1
Swpwlewg - m I:prwl;wzw;5 + prwz;wlw;; + [wpwg;wzwl} 5 (83)
D

and I, w,;w.ws TEAS
T

Lopononss = 3 [ 22 (3 + VG2 = ) = (v = VB2 (V33 + V&) = ) — (/G5 — V&)

min

2 qu. (84)
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1

Figure 3: The bound S-matrix Swpw1w2w3 as a function of the dimensionless variables ug = w2 /wp, u3 = ws/wp, and here it is understood that
u = wi/wp and ug =ug +uz —1if ug +uz > 1, ug =1 — (u2 +u3) if ug +u3z < 1, and, finally, u; = 0 if uz +u3 = 1. Notice that Swpwwz% =0at
the line w2 + w3 = wyp.

The integration limits are given by umi, = max{(,/w, — /w1)?, (@2 — \/w3)?} and Umax = min{(,/@, + /w1)?, (/w2 + w3)*}
(see Appendix 10.7 for more details). A surface plot of the S-matrix is shown in Fig. 3. As it can be seen, S presents nodal
lines at wy + w3 = wp, wo = 0 and w3 = 0. Further, it presents four singular points at: wy = 0& w3 = 0, wy = 0& w3 = wp,
wo = wp &ws =0, and wy = wy & w3 = wy, and two singular lines: wy = w), and w3 = wy,.

We shall define I, i )2 and I é 11 as estimated collisional integral using the upper bound §1u1u2u3 instead of the true S-matrix
in equations (79) and (81) respectively. The upper and lower bound for the S-matrix (82) leads to the inequalities

1 1 1 1 1 1
|I§2,2<w>| < IV, (@)] < 152 ,(2)]  and | I (@) < |12 (@) < |E2, ().

The above bounds guarantees that the convergence criterion for IQ( ), and 13( ). are the same as for I S )2 and 1. 35 (_),1 respectively.

—2 —1
A rather cumbersome calculation analyzing each singular point and nodal hnes of the S-matrix (see Appendlx 10.8 for details)

)

—1

shows that IQ( ) converges for 5 <z <y T while I§

—2

for7<:1c<4

converges for 2 <z < <. Therefore the interaction can be considered local

We have computed numerically both collisional integrals f2(22(x) and fégl(az) for some values of z. The final exact values
of 12(22(10) and Iégl(ac) are in between the intervals shown in Fig. 4 for both collisional integrals.

6.3. Log correction of the KZ spectrum for an elastic plate

We shall see here first that energy flux associated to the z = 1 Zakharov exponent is zero. Replacing the collisional terms
(78) and (80) into the equation for the energy flux (75), one gets

K3w—3(x—1) 1 1
e Gt @+ Bl@).

This energy flux must be independent of w, so that one takes the limit  — 1 of this expression, that is:

P—_ / K3wr 3421 (2) + 18Y,5(2)) duy =
0

, K® (o1 oLV, (x
= 5 (25 2 ) ®

Usually, for z # 1, the r.h.s. of (85) is a finite non-zero quantity, which allows to express the constant K in terms of the energy
flux P. However in the present case = 1 and the derivatives with respect to = of 3H1( ) and IQHZ(JS) (79,81) are both zero.
Therefore, the energy flux vanishes for the stationary power law solution of the form n, oc w™!, in agreement with the fact that
such solution corresponds to the equilibrium Rayleigh-Jeans distribution. In conclusion, a stationary solution with a constant
flux may exist but it cannot be written as a simple power law in w.
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Figure 4: The bounds of the collisional integrals Ié 5(z) and I§ 1 (z) as functions of . The shadow domains represent the possible values of the

exact collisional integrals I£H2(x) and I<1>1(m)

This degeneracy of the Rayleigh-Jean distribution, which has been previously observed in plasma waves and non linear optics,
suggests that the KZ spectrum is close to the thermodynamic equilibrium [3]. In the context of non linear optics (nonlinear
Schordinger equation) the authors of [10] search for a logarithmic correction to the equilibrium solution, however the resulting
constant energy flux solution was non local, hence meaningless. Further progress on the search for a Kolmogorov spectrum in
optical turbulence has been achieved using an appropriate hidden parameter [11, 12]. For elastic plates we will follow a similar
procedure as the one used in [10], we search for solution of the form

ny, = Kw™ " log® (w/w.). (86)

To properly define the coefficient K, and the exponents x and z, a third order perturbation expansion, in terms of the small
parameter w/w, < 1, should be carried out. In order to calculate the coefficient K in terms of the energy flux, one needs to
take carefully the limits, because the two limits z — 1/3 and * — 1 have to be taken independently (see details in Appendix
10.9). Cumbersome calculations lead to the constant energy spectrum

1/3
[ 8P 1 1

which gives a positive wave action for w < w,.. Here I(l)”(l) =1W5 4"(1) + I2(L)2“( 1) is the second derivative of the total
collision integral where

82[(1)

I(l)3<_>1”(1) = %() = 72’/T/ Slulugug, (U1UQU3)71(U1 log (751 + u9 log (15 =+ us log U3)2(5(1 — U — Uy — U3)dU123 > 0
o
r=1
and

2 7(1) (z)

IQHQH(l) = ;;22 = 21671'/511““2“3 (U1UQ’LL3)_1(7U1 log (5% -+ u9 IOg u9 + us log U3)25(1 + Uy — Uz — U3)dU123 > 0.
I
z=1

The spectrum (87) show two main difference with respect to the result obtained in [10] for optical turbulence. In first place the
pre factor is different since the first three order term in the expansion contribute to the flux while two of them where mistakenly
neglected in [10]. Secondly an more important, the interaction are local for (87), hence is a meaningful turbulent cascade. The

second derivative I(1) ”(1) can be estimated as we have done for the collisional integrals in previous section since

Lo < [ o) < |1 ea B0 < 52,00 < |52, ))
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Numerically we have

ID,7(1) ~ 0.29 x 2167 ~ 197 & I$V,7(1) ~ 6.12 x T2 ~ 1384. (88)
Therefore, the coefficient I (1)//(1) is bounded by 527 < T (1)”(1) < 1581, hence the final numerical coefficient in the spectrum
(87), namely (18/](1)”(1))1/37 is bounded by 0.22 and 0.33.

Remarkably, a similar procedure can be done for the inverse case w/w. > 1, where the result is given by

1/3
18P _
Ny = (I(U//(l)) w™? logl/?’(w/wc), (89)

which also gives a positive wave action for w > w,.. In both cases, this mathematical solution exhibits a cut-off frequency above
(below) which the KZ spectra is nulll The physical meaning of this cut-off frequency w. is not completely clear, for instance,

18P
T (1)
“temperature” T with the cut-off frequency scale w.. Anyway, the logarithmic correction remain valid independently of the
cut-off frequency scale.

The log-correction (87) to the KZ spectrum gives a correction to the frequency, estimated by the frequency shift formula

(21):
1/3 og(we/w oo
w2(p) _ 97'('(1 _ 0.2) 18P W /1 g(we/wp) t1/3€t dt + &/ t1/36—t dt (90)
2ph4 I(l)”(l) 2we Jo pr log(we/wp) 7

which is a function of wy,.

It is now important to investigate whether (and how) such KZ spectrum establishes in practice for elastic pates. In general,
the experimental realization of wave turbulence cascade has always been a challenge due to different experimental limitations:
for instance, the separation of scales between the injection and the dissipation, defining the so-called transparency window,
is often difficult to achieve. Furthermore, realistic dissipation might not be concentrated only at small scale, perturbing the
cascade process and sometime the measurement is not adapted to the quantities involved in the WTT. It can be thus interesting
to investigate first the KZ spectra using numerical simulations of the dynamics, where the injection and the dissipation can be
imposed in order to satisfy the WTT hypothesis.

1/3
could be associated to the existence of a warm cascade. Rewriting (87) as n, = % (T - log w) one can relate a

7. Numerical validations

In this section, we investigate numerically the different regimes studied theoretically above. We address in details the
vibrations of an elastic plate in two idealized situations: firstly, we study the dissipation free (Hamiltonian) dynamics, to
observe the dynamics towards the Rayleigh-Jeans equilibrium. Then, injecting energy at large scales and adding dissipation at
small scales only, we mimic the ideal situation of direct cascade in wave turbulence.

Solving numerically the coupled set of dynamical equations for the plates can be done thanks to a pseudo-spectral method
which take advantage of the linear wave dynamics in the Fourier space. Although spectral methods can allow different boundary
conditions, it is usually written for periodic boundary conditions as it will be the case further on. In fact, periodic boundary
conditions provide the natural framework to investigate wave turbulence. On the other hand, methods using finite difference
scheme would be more appropriate to account for general boundary conditions although it might be less accurate to capture
the wave dynamics [32, 52]. As described below the pseudo-spectral method uses the real space for computing the non-linear
term while the integration is performed in the Fourier space thanks to an Adams-Bashford scheme.

7.1. Numerical Scheme

We present the numerical scheme for the elastic plate equations (1,2) since this general framework can be adapted easily to
other situations. The set of equations (1) and (2) reads in the Fourier space:

.. k4
e = —Xck + NLS); (91)
Kxe = NL?. (92)

23



The functions NLS) and NLS) are the Fourier transform of the nonlinear terms NL(l)(:L‘,t) = {(,x} and NL(Z)(m,t) =
75{4, (} respectively. The dynamics of the plate, eq. (91), can be rewritten as:

dX
d—tkzﬁk'Xk-i-Bk (93)

with,

_ | Ck B 0 o 1
Xk_|:ck:|:Bk—{NL§c1) and Ly = _w;% ol -

While, the second equation (92) makes a simple relation in the Fourier space for x:

1 2
xe = N
Integrating (93) between ¢ and t + dt leads to:
dt
Xp(t 4 dt) = e X3 (1) + / el =)Lk By (t + s)ds. (94)
0
Notice that the exponential of the £; matrix is very simple since £7 = —w? Id, where Id is the 2 x 2 identity matrix. Therefore,

the numerical scheme follows the general algorithm:

compute in the real space NL(l)(a:, t)

calculate NL;cl)(t) using the Fourier transform

in the Fourier space, integrate equation (94) using a polynomial expansion of By(t + s), giving Ci(t + dt) and (g (¢ + dt).
compute ((x,t + dt) and its derivatives by inverse Fourier transform for computing NL(Q)(m7 t + dt)

use the Fourier transform to calculate NL;f)(t + dt)
6. compute xg(t + dt) and make its inverse Fourier transform

ARl

The poynomial expansion for Bg(t + s) is performed using the known values of By(t), B (t — dt), Br(t — 2dt)... depending on
the order of the polynomial expansion needed (order one polynomial is used in our numerics).

The plate is discretized in the real space using a constant grid size dzx, so that the discrete set of computation points is
(xi,y;) = (i- Az, j - Ax). The computational domain is defined by the number, N, of grid points in each direction, leading to a
square plate of size L x L = (N - Az) x (N - Az), and taking 0 < 4,j < N. The Fourier transform of the discretized field (e in
(91,92) is defined using the fftw library [53]:

N
2 1 ik itk
Ck = W Z C(x’uy])e (km-@ithn J)a
%,7=0
for wave-numbers ) ) N N
T™m 2mm
k= (km,kn) < 7R ) for 5 <m,n < 5

Notice that a rescaling factor is introduced between the discretized field CAk in the numerics and the continuous one (g. Using
the discretization of the integral term:

N
4 1 —ik-r _ 1 . . _i(km'ﬂci"l‘kn'm’) 2 _ 7L2 -
Gt) =5 [ Gty rar = o 3 o A = 7 Galt).

Similarly, the 62 (k) factor involved in the relation (19) between |(x|? and n(k) induces a 1/Ak?> = (L/(27))? factor in the
discretized relation:
22\ 1 N
<|Ck| > o L2 wk,'
Finally, dealiaising has been tested for the Fourier transform with no significant changes so that we usually do not use it in
order to maximize the Fourier range of our simulations.

Now that we have the general scheme to solve numerically the plate dynamics, wave action and/or energy injection as well
as dissipation can be easily implemented as described below.
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7.2. Decaying turbulence of an isolated system: towards the Thermodynamical Equilibrium

Prior to observe KZ spectra induced by injection/dissipation balance, it is interesting to observe for a free system how the
dynamics converges to the thermodynamical equilibrium. Additionally, it will provide a validation of the numerical method and
an estimation of its accuracy. In the case of the elastic plate, the Rayleigh-Jeans equilibrium spectrum (ny = 7'/wy,) gives for
the Fourier transform of the deflection:

oy T

In that purpose, we start with a Gaussian distribution of the Fourier modes as initial condition

L
Celt =0) = Ae™ =+

where g is the width of the distribution and 6 is a random phase with 6_; = —60j since ( is a real field. Starting with such
initial conditions we observe the formation of the Rayleigh-Jeans spectrum as shown on figure 5-a) for a typical case. There the
relaxation towards a Rayleigh-Jeans spectrum is seen although for the latest time reached by the numerics, only intermediate
scales are close to this regime while small and large scale modes are still far from equilibrium.
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Figure 5: a) The density spectrum <|ék|2> at different times for the free dynamics (no injection nor dissipation), starting with a Gaussian spectrum at

t = 0 (black curve). The spectra for t = 100 (red curve) and ¢t = 300 (blue curve) unit times are shown while the expected k¥~ law is plotted (dashed
line) for comparison. The spectrum is obtained by computing the mean value of |§k|2 through an angular average. The simulation was performed on
a 128 x 128 plate with dz = 0.5 in dimensionless units (so that the simulation is done with 256 x 256 modes. b) The evolution of the wave action
J nidk with time during the relaxation of the dynamics towards the statistical equilibrium.

Ironically, such numerical simulations are the hardest to perform for two main reasons: first, the relaxation is much slower than
when energy is injected at one scale and dissipated at some scales, as we will show below. Moreover, as the predicted spectrum
illustrate it, the equilibrium spectrum would correspond to very high amplitude of low £ modes and the numerics becomes there
no more stable, saying nothing about nonlinear effects due to these high amplitudes. For such numerical simulation, the energy
was conserved up to 0.5% while the wave action decreases with time as plotted on figure 5-b).

In fact, one can observe that the wave action seems to slightly increase for the later times reached by the numerics (¢ > 350).
This could be related to the high amplitudes reached by the low-k modes that increase the wave action for constant energy.
However, at the same time, the numerics becomes unstable, precisely because the low-k modes have high amplitudes and the
energy is no more preserved by the scheme. We have thus not been able to determine whether this increase was corresponding
to a physical effects (the filling of the low-k modes) or whether it was a numerical artifact. Finally, let us notice that for low-k,
because of the high amplitude predicted by the theory, the equipartition spectrum should deviate from the k=% law which is
obtained in a weak amplitude limit and nonlinear terms should be accounted for determining the spectrum (see for instance [51]
for a different case where a soliton-like solution is valid at low-k).
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Figure 6: Energy (a) and wave action (b) as function of time for a vibrating plate of size L x L = 512 x 512 over 1024 x 1024 Fourier modes. The
injection at large scale and dissipation at small scale is performed using k; = 0.1, A; = 1.25-10~% and kg = 5.5, n = 0.5.

7.8. Kolmogorov spectra of an Energy cascade
Our numerical scheme provides an ideal tool to investigate the wave turbulence processes: indeed, it is easy in Fourier space
to impose numerically injection and dissipation at prescribed scales, i.e. for limited values in k. Formally, injecting energy (and
wave action since it is coupled) and dissipation can be implemented in the dynamical equation (12) following
0%¢ 1
— = A +{(x}+I+D 95
gz = g8 ¢TGN (95)
where Z and D stand for the injection and dissipation processes respectively which will be described in the Fourier space (noted
I, and Dy). To mimic the configuration potentially leading to a direct cascade, we take for instance

k2 (42 — k2)
=

(2

I, = A ne for |k] <2k;, and I =0 otherwise.
Here, the injection amplitude is centered around the typical wave number k; with a random noise delta correlated in time
(following ny, = 1—r). Regardless the physical dissipation mechanisms present in plate dynamics [26, 27], we will first introduce
a phenomenological dissipation at small scale in order to investigate the cascade process itself:

Dy = —n(k* — E2){,, for |[k| > kq, and Dy =0 otherwise.

The dissipation is thus only present for scales smaller than the cut-off scale defined by the wave-number k;. Starting with a
still plate, a stationary regime is reached after a long transient (few thousands of unit time), as shown on figure (6) where the
time evolution of the energy and the wave action are plotted.

In this statistically steady state, the deformation spectrum <|Ck|2> exhibits a power-like behavior in good agreement with
the predicted spectrum:

log'/* (k1)

k* ’
as shown on Fig. 7-a. Notice that the cut-off wave-number k. of equation (87) is exactly that of the dissipation scale k4! In
the figure, we observe that the logarithmic correction term is pertinent near the cut-off where it describes very precisely the
spectrum. Nevertheless, let us emphasize that the mathematical cut-off of the KZ solution is not seen numerically: actually for
k > k. the spectrum is not exactly zero indicating that higher order terms (remember that the KZ solution is obtained by an
expansion of the solution) are present. This result is not surprising in fact, since the derivation of the logarithmic correction is
obtained through a perturbative approach to the Rayleigh-Jeans spectrum. Therefore, it cannot be valid near the cutoff where

(IGl*) = %]:) x pP'/3 (96)
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Figure 7: a) Numerical power spectrum (solid line) of the displacement field <|ék|2> as a function the wave number k for the same situation than

figure (6). The dashed line shows the expected relation (96) deduced from the weak turbulence theory with the prefactor 2.5 x 106 and using exactly
for the cut-off wave-number k. = kg = 5.5. b) Dissipation rate density (97) as a function of time for the vibrating plate described above for varying
injection amplitudes A; = 1.25 x 1074, 1.5 x 1074, 1.75 x 10™4, 2 x 10~% and 2.25 x 10~%. Simulations for a half-size smaller plate L x L = 256 x 256
with 512 x 512 modes are also shown for varying injection amplitudes A; = 1.25 x 1074, 2.5 x 10™%, 4 x 10~%, 5 x 10~%, 8 x 104, 0.001, 0.0015 and
0.002. After a short transient depending on the injection rate, the dissipation rate converges towards a stationary value Ps; (plus fluctuations) that
we identify with the energy flux of the cascade. The dissipation rates then exhibit small fluctuations around Ps¢. ¢) The same dissipation rate curves
(for all the 13 configurations) rescaled by the stationary dissipation rate Ps; while the time is rescaled by Pszt/?’t, showing that the time scale of the
—2/3
st

transient regime is precisely P, as it can be deduced from the kinetic equation eq. (20). d) The spectra for all the injection amplitudes of figures

b) and c) (thus for different system lengths L = 512 and L = 256) rescaled by the expected energy flux dependence C(k) defined through (99) vs. the
wavenumber k, showing an almost single universal spectrum curve.

the logarithmic term becomes dominant. Furthermore, near this cut-off, the kinetic equation becomes itself questionable since
the dissipation time scale dominates the nonlinear one involved in the WWT.

The statistically state of the dynamics can also be illustrated with the energy dissipation rate which reaches a stationary
regime for large time, as shown on Fig. 7-b for different injection amplitudes and system sizes (L = 512 and L = 256, for the
same discretization mesh dz = 0.5). This dissipation rate density is in fact easily computed from the plate dynamics (95) and
reads:

P(t) = /k k(k —k2) \ék\zdk. (97)
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Fig. 7-b shows that the dissipation rate decreases during a transient dynamics until reaching a stationary state plus
fluctuations, where the energy injected at large scale is statistically balanced by the dissipation. In this stationary regime, we
can easily extract the mean value P, of the dissipation rate that is identified thus with the energy flux density of the energy
cascade. The dependence of transient dynamics with Py can be inferred from the kinetic equation (20). Indeed, introducing the
Pslt/ ® factor of the KZ spectra in the wave number densities n(k), it leads to a P;Q/ % time scale for the unsteady dynamics. This
can be observed on Fig. 7-c where the dissipation rate (rescaled by the steady mean value Ps;) is plotted as function of Pft/ 3

for all the injection rates and system sizes investigated here. The different curves collapse into a single one, proving the P, 2/3

time scale involved in the transient dynamics. Furthermore, it is tempting to check the Pslt/ g prefactor in the cascade spectrum
itself. In that purpose, we need to compute precisely the prefactor involved for the displacement field Fourier transform by the
numerical discretization, due to the contribution L2/(27) in the Fourier transform and that (L/(27))? of the Dirac function in
the n(k) definition, yielding the following form for the numerical spectrum:

i N 2T3C 33 (k¥ k)
= = P . 98
<|<k| > wi L2 2 st X ( )
The different spectra are now rescaled according to the formula (98) above, plotting
A 12k (|G f2)
C(k) (99)

2P ' Bk k)

as function of k using the mean value P;; of the dissipation rate measured in the statistically stationary regime. In the cascade
domain, this rescaling should give the constant C (k) computed using the weak turbulence theory. Indeed, the weak turbulence
cascade manifests here as a plateau regime for the inertial range (typically here for 1 < k& < 5.5 between the injection and
dissipative ranges), where all the spectra collapse into a single curve. Notice however that the plateau regime is not perfectly
constant as would suggest the WTT. Furthermore, the spectra in this plateau regime leads to C (k) =~ 7=+ 1, while the constant
C of the WTT is expected to lie between 0.22 and 0.33. We have not been able yet to determine the origin of such difference
that we will be consider elsewhere.

8. Selected Topics

In this last section, we first discuss how experiments compare with the WTT and explain where the differences might most
probably come from. Then recent results on high forcing, breakdown of wave turbulence and potential inverse cascades are also
presented and, finally we draw different perspectives of this work, in particular on curved (cylindrical and spherical shell) shells,
and on the h — 0 asymptotic limit of strong plate turbulence.

8.1. Experimental observations.

Soon after our prediction of the WTT KZ spectra for elastic plates, two different experimental groups have measured
independently the energy spectrum of a vibrating elastic plate [21, 22]. By vibrating the plate at low frequency, both found
a turbulent regime with a large inertial range but with noticeable differences with the predicted WTT energy spectra (23):
firstly, instead of a flat spectrum (up to the logarithmic correction), they found a slight decrease in agreement with w=9-5+0-1,
Furthermore, they both observed a dependence of the spectrum amplitude more consistent with a P!/2 law than the expected
P1/3_ Different explanations have been proposed for these discrepancies: a lack of isotropy of the system due to the rectangular
shape of the plate [23], three waves resonances due to natural curvature of the plate and/or finite size effects [21, 24] and the
specific dissipation valid in plates [26]. In fact, while the two first reasons were not shown to have strong effects on the turbulent
spectra, recent results have proven that the dissipation in elastic plates is the main reason for the differences between the WT'T
predictions and the experiments [27, 28]. Indeed, the damping in real plates appears to be present at all scales (although
more important at small scales) perturbing thus the inertial range of the WTT and leading to the steeper spectra observed
experimentally. Finally, the dependence of the spectra on the energy flux P appears also affected by this real damping, although
the P'/2 was not obtained when simulating the dynamics using the realistic dissipation.
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8.2. Beyond wave turbulence: breaking wave turbulence, D-cones, ridges, high forcing and intermittencies

As already discussed along the paper, it has been stressed that weak turbulence is not a completely satisfactory theory,
because it always exhibits a breakdown at either large or small scales [4, 48, 54]. Because the theory is based on an asymptotic
(ordered) perturbation procedure, its self-consistency requires higher-order terms to be smaller than lower-order terms, a property
that should be verified for every scale, i.e. every wave number k. Naturally, such a self-consistency cannot be verified by the
equilibrium solution (62), neither by the constant energy flux since they are essentially power-law solutions.

As discussed by Newell and collaborators [4, 48, 54], a well-ordered asymptotic expansion procedure is valid as long as the
nonlinear frequency (only using scaling estimate here):

8tnk (t)
nk(t)

wn (k) ~ ~ & [ Vit s, 0(9) 8(p) sz (100)
is much smaller than the linear frequency w(k). Keeping in mind that for the elastic plate the J-matrix scales as k% and
w(k) = k?/2, then one gets the condition
wy (k)
w(k)

The weak turbulence equations are thus valid for €2n), < 1 defining the crossover wavenumber kyy, through eQn(k ~i) ~ 1. For
instance, for the KZ spectrum (22)

~etng < 1. (101)

k‘2
- NL ~ 2pl/3
In (kNL/H*)

so that one expects breakdown of the WTT for k < kypr, that is at large scale. The breakdown of the WTT arises therefore
for plates at large scale primarily (something on which we will come back in Sec. 8.3. However, this crossover scale has to
be compared to the other large scales involved in the system, particularly the injection scale k; and the size of the domain L
leading to a minimal wave number kg = 27/L (in general, one has however k;, > ko.). Thus, for instance, if kx, is outside the
frequency-bandwidth of interest delimited by the infrared, k;. = min{k;, ko} and the ultraviolet cut-offs k., or in other words,
if (knz € [kir, kc]), the weak turbulence description is safe. For a finite system size, one has always knp < k; in the WTT
asymptotic limit ¢ — 0 and the kinetic theory holds for any wavenumber k. Notice however that in that case some problems
may come when the other asymptotic limit, the thermodynamic limit I. — oo, is considered. However this is not the general
situation and one should expect to observe the effect of the breakdown of WTT in the large scale of the KZ spectra.

Finite amplitude effects arise on the wave turbulence spectrum as the injection amplitude (and therefore the flux P) increases,
as already observed in [35, 34, 38], leading eventually to the breakdown of wave turbulence at large scales. Figure (8) shows how
the spectrum is affected by higher injection amplitude: the theoretical wave turbulence behavior is changed as axpected mostly
at large scale where the amplitudes of the modes become much higher than one. There, for the highest amplitude plotted, the
slope of the deformation for the low-k modes (|V¢|?> ~ k% {|(k|?)) is of order one, so that the weak amplitude hypothesis is no
more valid. Similarly, one can show in this regime the breakdown of wave turbulence since the nonlinear frequency becomes
bigger than the linear frequency of the waves [38] In fact, in this case, it has been shown [34] that the spectrum follows at large
scale (small k) a scaling compatible with that of d-cones, leading to |(x|?> o< k=%, so that the vibrations of the plates can be
interpreted as oscillations of ridges separating d-cones (see figure 9 for an illustration of the plate deformation). Finally, this
high forcing regime corresponds also to the occurrence of intermittencies in the statistical properties of the turbulent fields [38].

8.3. A possible inverse cascade?

Although an inverse cascade of constant flux of wave action is not possible for vibrating plate because of the 3 — 1 wave
resonances that do not conserve the wave action, one can still question whether injecting deformation at small scale (large k) can
give rise to an inverse transfer of some quantities (a priori wave action) towards large scales. In fact, in the kinetic equation, the
absence of an inverse cascade solution is due to the presence of these collision terms that violate the wave-action conservation.
As explained above, if these collision terms vanish, one would expect an inverse cascade spectrum with the following properties
(see the end of Section 6.1):

n(k) o< k=43 giving (|¢k]?) o k1073, (102)

We can thus investigate such processes numerically by injecting at small k following:

(* = (ki = 8:)*) (ki + 8:)* — k%)
k4

7

I, = A, e for k; —0; < |k| < ki+6;, and I, =0 otherwise.
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Figure 9: Plate deformation for two different injection amplitude a) low injection for which the KZ spectrum is valid; b) much larger injection, for which
the breakdown of WTT is present. Notice the large amplitude of deformation and the presence of ridges. The simulations were done L, = L, = 1024,
the mesh size de = 0.5 and h = 0.5.

with dissipation at small scales only:
Dy = —n(k® — E2){, for |[k| > kq, and Dy =0 otherwise.

Notice that this process injects both energy and wave action since one cannot separate them formally. However, although it is
needed to dissipate at small scale the energy to reach a stationary regime, there is a priori no need to pump the wave action at
large scale: it should be automatically done by the dynamics since the wave-action is not conserved. This configuration has been
studied recently in great details in [30], showing a self-similar singular dynamics followed by a relaxation process that converges
at large scale towards the expected inverse cascade spectrum eq. (102).

The existence of this inverse cascade process has a practical consequence on the spectrum for a general injection: one should
observe a direct cascade towards the small scales and an inverse one towards the large scales. Again, this can be easily simulated
within our numerical scheme by taking ky much larger than k; + d;, following the formalism described above. Figure 10 shows
such spectrum for k; = 0.6, § = 0.2 and kg = 5.5. Two behaviors are identified and compared with the theoretical predictions
with very good agreement. The direct cascade law (96) is observed for k; + § < k < k4 (regardless the logarithmic correction)
and the inverse cascade regime (|(x|?) o< k=1%/3 is seen for k < k; — .
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Figure 10: Displacement spectrum <|Ck \2> as function of the wave number k for an injection in an intermediate range k; = 0.6 with § = 0.2. Dissipation
is at small range k4 = 5.5 and pumping at large scale ky,, = 0.03 so that two inertial ranges are observed. One at small scales between k; and kg so
that a direct cascade can be observed, fitted with the expected k=% spectrum (dashed line), regardless the logarithmic correction, and one at large
scale, between ky, and k;, corresponding to an inverse cascade regime, well fitted by a k—19/3 law (dotted line).

8.4. Strong turbulence in a plate, the limit h — 0.

The limit h — 0 represents an interesting challenge for the WTT. Indeed, since the linear frequency is proportional to h,
(wg o h in the dispersion relation (3)), the linear time scale of the oscillation diverges which makes the WTT asymptotic limit
not well defined. The dimensionless version of the equation involving length and time scales diverging when h — 0, this limit
can be seen as that of an infinite plate with infinite time scale. Moreover, in this limit, the nonlinear term becomes dominant
over the linear ones, leading to the formal nonlinear plate dynamics:

9*¢ E —2
This dynamical model could be deduced fromthe theory of elasticity after imposing that the out-of-plane deformations are much
larger than the in-plane deformations, and similarly for the speed of deformations, leading to the set of conditions |u,|, |u,| < [¢]
and |Oruz|, |Opuy| < |0:C]. Hence, the in-plane sound modes are neglected as in the original FvK equations.

Since no linear term are anymore present, turbulent dynamics in this limit can be called “strong” plate turbulence. In fact,
we can consider that the oscillation frequency depends on the amplitude of the waves yielding vy, ~ v/ E/pk?|(x|-

Following the dimensional analysis, two situations can be considered. Firstly, the general case, for which the spectrum is

independent of h, leads to Eq. (10):
E P
Ep=—% | ——r|.
"ok ((E/P)3/2k>

In this formula the Young modulus E is still present due to the relation of the Airy function with the Gaussian curvature (4).
On the other hand, if, for some reasons, the Young modulus is not involved in the spectrum, indicating that the spectrum is
material independent, the usual Kolmogorov spectrum for fluid turbulence is retrieved, Eq. (11):

Ej, = CP?/375/3,

Therefore, further studies should investigate the vibration of a plate in the limit A — 0 and for A = 0 in order to observe which
solution (and how) is selected by the dynamics. Moreover, since the nonlinearity is here cubic, instead of the quadratic one at
play in fluid turbulence, this limit might help to characterize the role of the nonlinearity in the strong turbulence regime.

8.5. Wawve turbulence in cylindrical tubes and spherical shells

The WTT that we have developed for elastic plates can be easily applied to other geometries such as elastic tubes or shells.
If the technical aspect of the WT'T can be adapted to these geometries, important differences in the results appear that need a
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specific discussion here. In fact, it introduces a new relevant parameter, namely R the radius of the cylinder or the sphere®, that
adds an extra dimensionless variable, R/¢. Obviously, this additional parameter modifies the general dimensional analysis of the
problem, but it affects in fact more profoundly the wave turbulence dynamics. Firstly, the inclusion of this new length modifies
the dispersion relation, changing the power law dependence between the frequency and the wave-number. More precisely, the
dispersion relation exhibits different behaviors in the small and large k limits, questioning the possible expansion of the spectra
into simple power laws. More importantly, the lowest order nonlinearities appears to be quadratic instead of cubic. For quadratic
nonlinearity in general, WTT predicts that the relation between the energy spectrum and the energy flux P should scale as
ny ~ P2 instead of the P'/3 found for cubic nonlinearity.

In the following, we present the results of the WTT applied to cylindrical tubes and spherical shells, emphasizing in particular
the differences with the WTT for elastic plates..

8.5.1. The Donnell-von Kdrman equations.
The extensions of the Foppl-von Karmén equations for a cylindrical tube with a radius R which is large compared with the
local amplitude of the shell deflection, the so-called Donnell-von Kérmén equations, read [55, 56]

o’ Eh? 5, 1 .
Pog = — 12(1 — 0.2)A ¢+ Eamx +{¢xh (103)
1, 1 1
AN = 50— S{G () (104)

where the z and y are the curvilinear coordinates running along the axial direction of the cylinder, and along the circumference
respectively. The new term in the dynamics %&w X introduces a quadratic nonlinearity through the relation (104). It should be
emphasized that in the weak turbulence framework, this nonlinearity should dominate the cubic one of elastic plates, changing
thus dramatically the wave interaction process. Moreover, the linear dispersion relation becomes then

FE h2 k4
Y b 4 z
o ¢p<uu—a%k+R%J’ (105)

which is a combination of two power law behaviors, wy oc k? at large k, (such that kR >> 1 indicating that at these scales,
the shell behaves as a plate) and wg «x Cte for small k (kR < 1), with in this case a non-isotropic property of the relation.
A cylindrical vibrating tube provides thus a non-isotropic oscillations which is reflected in the dynamical equations and in the
dispersion relation. The isotropy is recovered in the case of a spherical cap, for which the equations of motion can be obtained
in a simple way, yielding

1 1 1 1
—OpaX — EAX in (103), and Ec')mg — EAC in (104). (106)

R
E h? 1
= _— R E— 4
Wi \/p (12(102)k —I—RQ), (107)

The linear dispersion relation is then:

that presents the same two asymptotic behaviors than for the tubes. In particular, notice that this dispersion relation exhibits
E 1
P R
the dimensionless versions of the Donnell-von Karméan equations for cylindrical tubes and elastic spherical shells read

a minimum frequency, wg = and thus a forbiden frequency range [—wo, wo] for the vibrations. Similarly to (12) and (13),

0! 1 1

Gr = A e (O (10%)
2.0 _ _i/ _1 v

AN =m0 SO (109)

where R’ = R/{ and again the primes will be dropped everywhere in the following.

S0ne may imagine that locally any shell may be seen as a combination of two distinct radius of curvature.
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8.5.2. Three-waves kinetic equation for the case of shells.
The nonlinear equations for the normal mode amplitudes reads:

dA3
Ttk + iSwskAi, =€ E /LZSkllS,iZAleAZZQ(s(kl + kg - k)dk12 + 62 E /szlslizsi:;AlscllAZiAzzé(kl + kiz + kg - k)dklgg, (110)
S1S82 518283

which generalizes the equation (29). Here wy, is the linear dispersion relation (105) for the cylindrical shell and of (107) for the
spherical shell. The nonlinear interaction terms witness the quadratic nonlinearity and are given by:

58182

18 . 3
ka1k2 = 7@W*kk1k‘2 with Wi koks = TﬂXlekzxkstlkzksﬂ

together with X = 1/,/wg and

0 for an elastic plate
1 (ka2 xks|® kT, |k1xka|® k3, |ksxky|? k3, . .
Vieykoks = 6R ( Ak L+ s L+ oo T Z for a cylindrical shell (111)
1 |k2xks]? |k1 xka|? |k3xky|? .
GR( AE + a2 + T2 for a spherical shell

The cubic nonlinear terms are exactly the same as in the case of a plate. Notice that in the limit of R — oo one recovers the
equations for plates. Remarkably, both the dispersion relation wy and the coefficients Vi, g,k, are not isotropic in the case of a
cylinder shell.

Because of the quadratic nonlinearity that should a priori dominate the cubic one, the first non trivial contribution in the
WTT comes at the second order correction because of the three wave resonance induced by this quadratic interaction. This case
has been largely discussed in the literature [4] and can be easily adapted for the shell dynamics leading to the kinetic equation:

@) = 41 [ Wo apinten(he) (s = s ) 8l —wlin) = o(ka)o(p — by ~ k)il
+  4ré? / Wk kol n(p)n(k1)n(k2) (n(lp) + n(;l) - n(;2)> §(w(p) + wlky) — w(ka))d(p + k1 — k2)dki2
+ 4re / Wt > )k (k) (n(lp) \ n(;l) + n(;2>> 5(w(p) — wlkn) + w(ka))3(p — Ky + ko)dkia(112)

The four waves resonant due to the cubic interaction term is also present but appears at order €* in the expansion, so that for
small enough € the three wave interaction process is dominant.

8.5.8. Basic properties.

This three-waves kinetic equation (112) satisfies the same basic properties than the four-waves one obtained for elastic plates
in Sec. 5.2, namely equation (112) conserves energy, [wgnidk and momentum [ kngdk. Furthermore, the kinetic equation is
mandated by a H-theorem leading an isolated dynamics towards an equilibrium.

8.5.4. Kolmogorov-Zakharov spectrum for the case of shells.

Remarkably, equation (112) does not exhibit a pure power law spectrum as a stationary solution. This does not imply that
a wave turbulence spectrum does not exist, it just means that the stationary cascade is not a single power law. This is clearly a
consequence of the fact that the dispersion relation is not a simple power law in k. However, equation (112) maybe simplified in
the case of a spherical shell which corresponds to the case of isotropic spectrum. In this case the collisional term simplifies to:

d
%np = 4ge? / Swpwiws [(M1M2 = npny — npng) 6(wp — w1 — wa) + 2 (n1ng + npng — npny) d(wp + w1 — wo)] dwy dwy,  (113)
with
ki k 27
Swpwlwz = ﬂ/%% (/ |Wl7k1k52 ‘25(]61 + kQ + p) d@P d(pkl d@’w) . (114)
Wy Wy Wy 0
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Here w;, stands for the group velocity of the wave dw,/dp. Kolmogorov power law spectra can then be derived in the large R

limit (R/¢ > 1). In this case the dispersion relation (107) corresponds to wy, ~ $k? 4+ 127 + ... Keeping the ballistic behavior

only wg ~ %k2, one can deduce from (114) that Swpwrws ™~ ﬁ. It is thus possible in this limit to seek a power law solution

for the spectra: n,,, = Kw, ™. In this case the collisional term becomes:
Collaei[n] = K2w, 2 'y (2). (115)

Here I..1(x) is a function of x, that scales as 1/R2. The dimensionless function R? I,..;(z) may be determined in principle
numerically as in the case of 4-wave interactions (Sec. 6.1), yielding

Ipoqi(x) = 477/ Sty (u1u2) ™7 (1 — uf —ud)(1 — ud® — ud®)5(1 — ug — up) duy dus.
D
(116)

The stationary solutions arises from the zeroes of the function Is..j(x). This last one at least vanishes for z = 1, the
equilibrium Rayleigh-Jeans equipartition, and for z = 1/2 which corresponds to finite energy flux stationary solution with a

constant pre-factor K2 = 2P (W

; ) . The finite flux of energy stationary power law Kolmogorov spectrum
r=1/2

R

1/2
n, ~ P

(117)

is different than previous KZ spectrum (161) and different from the Rayleigh-Jeans equilibrium solution. However, the stationary

solution with = 1/2 leads to a negative value for 8125711(9”) X so that K2 < 0. The reader may notice that the function
x=1/2
I>..1(x) has a positive concavity, therefore necessarily 0125’7;(3”) > 0 and 81257;(36) ; < 0. Therefore, no stationary power
=1 r=1/2

law solution is expected to exist here aside from the Rayleigh-Jean distribution equilibrium, a prediction that would be worth
to investigate in the future.

9. Conclusions

In this paper, we have presented a full derivation of the WTT for vibrating elastic plates. The analysis for a plate shows
that the cubic nonlinearity and the dispersive property of the waves lead to a four-waves nonlinear interaction processes. In
this case, the KZ turbulent solution is degenerated from the Rayleigh-Jeans distribution, so that the direct cascade of energy
KZ spectrum ends up as a logarithmic correction of the Rayleigh-Jeans distribution. Furthermore, since the dynamics does not
preserve the wave action no stationary inverse cascade solution can exist. Numerical simulations exhibit good agreement with
the WTT. On the other hand, experimental turbulent spectra show important differences with the predictions of the WTT that
can be mainly explained by the typical dissipation in plates that is present at all scales. Generalization of this WT'T approach
to shell geometries has been also derived involving a three-waves interaction process instead of the four-waves resonance for
plates. Different perspectives of this work have been finally drawn in particular concerning the breakdown of wave turbulence
theory and the limit h — 0 of strong turbulence.

Furthermore, plate wave turbulence provides actually a convenient tool for investigating the various aspects and perspectives
of wave turbulence. In fact, even if the four wave resonance exhibits degeneracy with the Rayleigh-Jean distribution, leading to
a logarithmic correction, it represents a prototype of wave turbulence, since both experimental and numerical investigations are
easy to perform, which is not the case for many wave turbulent systems. Recent theoretical and numerical developments have
taken advantages of this situation to investigate the statistical properties of this wave turbulence [37, 34, 38], showing in particular
an interesting connexion between the breakdown of wave turbulence at large scales with the appearance of intermittencies and d-
cones, as explained above. Phenomenological models have also been developed, allowing to study more easily transient dynamics
or realistic dissipation [29]. These models are based on the assumptions of the locality of the interactions in the Fourier space
leading to a nonlinear diffusion equation in the spectral domain, equivalent the Leith equation for turbulence [60]. The nonlinear
diffusion equation is obtained by imposing the Rayleigh-Jeans distribution and the KZ spectra as stationary solution although
a complete derivation of such local equation in the spectral domain is still lacking.
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10. Appendix

10.1. Relations between moments and cumulants

In this Appendix we derive the one to one relation between the moments and cumulants in the real and in the Fourier spaces.
If we denote the cumulants by the curly brackets {- -}, then the one to one moment-cumulant relations are:

(ui(z)) = {u’(®)},
(u*(x)u™ (T + 1)) {v*(z)u (z + 7))} + {v’ (@) Hu™ (r1)},
(W (z)u (x+r)u?(x+12)) = {u’(x)u’ (x+r)u’?(x+ra)}+
°(

{u (@) Hu™ (2 + 7w (@ + 19)} + {u' (@ + r) Hu' (2)u (@ + r2)} +
{u (@ + o) Hu (@) (@ + 7)) + {0’ (@)} {u™ (@ + 7)) u (@ + r2)),

W () (x+r)... v (x+r,_1)) = {v () (x+r)...u"(x+r,—1)}+ oneof all possible partitions.
Here by “one of all possible partitions” we stand
{ar1azas ... an} = {a1}{azas ... an} + {ac}{aras ...an} + -+ {arax}{as .. .an} + - - + {a1 Haz} .. . {an}.

Because of the space homogeneity, that is the cumulants and the moments do not depend on the absolute spatial positions
but only on the relative geometry. Hence, it is convenient to write them as follows:

R(m)ss1-sn (r1y.ooyPpo1) = {u(@)u’ (x+ 7). 0" (x+rp_1)} (118)

Since {u® (x + r;)u’ (x +r;)} = {v* (z)u® (x + r; — r;)}, the moment-cumulant relation reads

(w*(2)) = RO",
(u(@)ut (z +r1)) = RE*1(r)) + ROV RWs
W (@)u (z +r)u(x+72)) = RE=2(p py) 4 RWSREO2(py —py) 4
RS RSS2 (1)) 4 RO ROt (p)) 4 RS R 132,
(W ()us (x4 r)u’? (@ 4+ ro)u® (@ +13)) = RW1525 (p) py pg) 4+ RODSRO5258 (py o) ey — ) 4

Pras RS RPI25 () pg) 4 Prog R (g ) R (g — y)
'PIZSR(USIR(USZR(Q)SM (rs) + plZSR(l)SR(l)Sl R(2)s2s3 (rs — ) +
1%(1)5R(1)311%(1)52R(I)Sg,7
(W (z)ut (& +r1) .. (e 41, q)) = RMSS1sn—i(p p 1) 4 oneof all possible partitions.
(119)

Where R(M* does not depend on the space variable, but only on the temporal ones. The symbol Pja3 stands for a cyclical
permutation over the indices 1, 2, 3 (ze P123B123 = B123 + 3312 + B231)~

We end this Appendix by adding also the expressions for the higher order moments in the Fourier space. Replacing the
relations obtained in (119), and using (35) one obtains that the n-th order moment in the Fourier space is directly related to
the cumulants up to n-th order by:
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(Ab) = (2mM"é(p)
(Ab AZ) = (27) QPN (py)d(py + p2)
(A A Ay = (2m) QB2 (ky, k3)d(ky + ko + ks)
(A AR AR AR = (2m) QUWIsro28 (kg kg, k3)6(p1 + ke + Ko + k) +
+(2m)° PrasQPho (k) QP23 (k)6 (py + ke1)d (K + k3)
(AL Al AR A2 AR) = (2m) QPIN1912%5 (py ey ko, ks)O(p1 + o + K + o + k3) +
+ (271)? ProPrasQ P (k) Q25255 (kg k3)d(p1 + k1)d(p2 + k2 + k3) +
+(2m)2 QYN (py) Q1253 (g, k3)d(py + p2)d(ky + k2 + k3) +
+(2m)7 PrasQ®%2 (ko) Q1253 (py, ke )3 (Rey + k)6 (p1 + P2 + kis)
(Ap Al Als A A2 A) = (2m) QO 151%23 () pg ki, kg, kis)S(p1 + pa + Ps + ki + ko + k) +
+ 0 (2m)° Pray QPN (py) QW 152%5 (key kg, Kis)5(p1 + p2)d(ps + k1 + ko + k3) +
+(2m)2 Priyg PragQP1 51 (K ) Q215255 (pa ko k3 )5(p1 + K1 )3(p2 + p3 + ko + k3) +
+(2m)° Pras QP72 (kp) Q12155 (py, ps, ke )S(ky + k2)S(p1 + P2 + Ps + kis) +
+ (271)? Progy Pi2sQ®1 2 (pg, k1 ) Q5525 (ko k3 ) (py + pa + k1)d(ps + ka + k3) +
+ (2m)2 QWhE (py, pg) Q) *2%5 (key, k3 )3 (py + pa + p3)d(kr + ko + ks) +
+ (27)* Prag P12sQ@1 2 (p2) Q5% (ky ) Q2% (k3)d(p1 + p2)d(p3 + ke1)d (k2 + k3) +
+ (2P PT123Q®"1% (e ) Q2% (K2 ) Q)% (k3) 3 (p1 + K1 )3(p2 + k2)3(p3 + ks). (120)

Where P7T 123 stands by the all posible permutations over the indices 1, 2 and 3.

10.2. Computation of the cumulant hierarchy

From the linear moments hierarchy (39) we can construct an equivalent non linear cumulant hierarchy using the relations
(38) and (120) derived previously. After some algebra one gets for n = 2

d .
772 = —ilhw(pn) + bw(P)QP (p2) +
+ 62731/2/ Z Lifzséfiz:;%@(@llslsﬁs (k:l, kg, k:3)5(p1 + kl + k:g + k3)dk123 +
818283
+ @m)EPry Y[ LR ProsQPh (k) QP (ks)d(py + k1)d (K + Ka)dkias.
515283

Though, the equation for the third order cumulant is not required for the case of planar plates, we write explicitly this
equation because it becomes pertinent in the case of elastic shells [4]:

d )
QU (pa,ps) = —i(lw(py) + aw(p2) + 1sw(ps) Q" (pa, ps)
+ Py Y [ Lo QP2 (py Ky ks, ks)S(P1 + pa + Kt + ko + K)o
5189283
+ EPryy Y [ LB Py Pias(2m) QPN (ky ) QP25 (K, ki )d(py + k1)d(pa + ko + ks)dki2
+ EPuryy /Lﬁf;,éfizf}cspmza(QW)Q(2)8182(kz)Q(g)llbsa (P2, k3)d(k1 + k2)0(p1 + p2 + ks)dki123(121)
S§18283

36



For n = 4 one obtains:
d .
@QM)M?ZSZ“(P%?&PD = —i(Lhw(p1) + bw(p2) + l3w(p3) + Law(pa)) QW12 (py, p3, py) +

+ EPryzw Y /Lifféfiz%sQ(G)llblssmss (P2, p3, k1, ko, k3)0(p1 + p2 + p3 + k1 + k2 + k3)dki2s +

518283
+ (27T)62Pl’2’3’4’ Z /Li;fkl:fi';?%P1/2/3/P123Q(2)1131 (kl)Q(4)l2l3szs;; (pg, kg, k3)5(p1 + k1)5(p2 =+ Ps3 + kz + kg)dklgg +
518283
+ (2n)ePraga Z /Li;l4s,§fiz%377123@(2)8182 (k2)QWN1215%3 (py py k3 )d(ky + k2)d(p1 + P2 + P3 + ks)dki23 +
S$18283

+ (2m)EPraga Y /LifféfZZZS7’1'2'3'73123Q(3)l1l281(P27 k1)Q 139255 (kg keg)5(py + P2 + K1 )6 (s + ko + ks)dkios +

515253

+ (2m)2Praga Z /Lié‘féfiiiﬂ’ﬂzg@”““ (k1)Q®"%2 (k) Q2555 (k3 )6 (p1 + k1)(p2 + k2)d(ps + k3 )dki2s , (122)

518283
keeping in mind that for each equation Y. ; p; = 0.

10.8. The order €% correction for the second order cumulant.

The equation for the second order cumulant (40) up to second order reads, after the change of variables (43) and keeping in
mind the multi-scale assumption (42):

d (2
aqf)l 2(pa) = —FP"%(po) +
T+ Pro Z ngslélsizi;iq((;l)hswzsg(kbkz’kg)ei(lgw(pz)7slw(k1)752w(k2)753w(k3))t5(p1+k1 +k2+k3)dk§123+
518283
+ (@m)Pry Y Li,fj,if,iﬁspmsqéz)hsl(k1)q(()2)3233(ks)ei(b“(p"’)_‘”“(kl)_S:’”(kZ)_SS”(kS))t5(p1+k1)5(k2+k3)dk123
518283

here p; + p2 = 0.
Expanding the eight terms of the sum

algebra, up to order O(€2):

515955 a0d using the symmetries of the interaction terms, we can deduce, after some

2)lq11 d 2141
" (py) = —aqé " (py)
. s1sos3—L
+  Prios Z /L?2Séfi2%3qé4)llsls2ss(kl, ko, kg)eithkik:ZngP;ﬁ(pl + ki1 + ko + kg)dk123
S$18283

. —lgsgsgz—1
+ 'p1,2,'p123Z/Li;;l;fg;csggks(271_)q(()2)8283(kg)q(()Q)hflz(pZ)e—thpzikl’:;kSw;dk?)
8283

lagszsg—la

+ PraPis ) / Llzasy o (2m)gl™ " (ks )ah " (pa)e ™ Rkt dky
S3

+ PraPias ) / Lt o, (2m)ag ™ (ka)ag™ " (p2)dks
$3

with the short notation 172555 = sjw(k1) + saw(k2) + saw(ks) + saw(ka).

We are interested in a solution of qémlll? (p2) that remains bounded for times of order O(e~2). Then to capture the secular

terms we take the limit ¢ — oo keeping €%t fixed, which really means that both qéz)llh (p2) and F2(2)l1l2 (p2) are constant over the
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integration in time. Such a procedure has an interpretation as an average. To see this, let us integrate over time, then divide
both sides by ¢, and finally take the limit ¢ — oo, keeping €t fixed, yielding

162 : 1 162
R T R

t—o0

+ Py / Lizsaoass a6 ey K, k) A (= Q35258 02 4)5(py + Koy + ez + heg)dRazg

§18283

+ P1'2/P123Z/Ll2_l28283 (27r)q62)szss(kB)qSQ)ll—lz(pQ)A( Q—lzszss lo t)dk5

p2p2—ksks p2—kskspz
S283
+ 7)1,2,7)1232/1;;221;255; 3 ke (27)q (2)5353(k?;)Q(()z)lllz(pQ)A(_leZ;EZi;;ZZ7t)dk3
+ ot (PP > / Lt 05, (2m)as” ™~ (ka)gg" <pz>dk3>} : (123)
s3

where a(?112(py) is an integration constant, that could depend on the slow varying scale time €*t. In equation (123) we have
defined the function )
t et _ 1
Az, t) = / e Tdr = ———.
0 1T

One sees that F, (Dt (p2) represents the time average over a time interval ¢ ~ =2, then the slow dynamics is given by
a long-time cumulamve effect of the faster time dynamics. Because of the Riemann Lebesgue lemma’, if a function f(z) is
sufficiently smooth and decays sufficiently fast at |z| — oo then [47]

hm / F(@)A(z, t)dx = sgn(t)w f(0 +2P/ (@) z,

where P denotes the Cauchy principal value of the integral and sgn(¢) = +1 if ¢ > 0 and sgn(¢) = —1 if ¢ < 0. Symbolically, this
result will be written as

fhm A(z,t) = sgn(t)mo(x) +iP < > (124)
As we suppose that q(")l1 "(p2,...,Pn) is smooth at the initial time, we can use this last relation when taking the limit at

(123)8. Using also that a(®"1%2(p,) is constant and that q(2)l it (p2) must remain bounded to preserve a well orderer expansion,
one gets the equation (45)

F{0 (py) —37>1/2/Z / Ltz s (2m) gf? ™" (k) dkeg$? " (p),

where we have used some symmetries to simplify the right hand side. The remainder terms of (123) give the next order correction
of the second order cumulant:

qg)llb (p2) = a®12(py) 4+ “non resonant regular terms” . (125)
In this case, the “non resonant regular terms” are precisely the non resonant terms in (123), that is, the terms that vanish as one
take the limit of 1/t times the right hand side of (123). They are regular in the sense of preserving the well ordered expansion
in Fourier space, i.e. they do not have a singular behavior. The long time behavior of these terms, as we will see, can be always
absorbed by the integration constant, thus they play no role in the slow dynamics.

“If the Lebesgue integral of |f(x)| is finite, then lims—, 4 oo I f(x)ettrdx — 0.
81t is also necessary to consider dispersive wave. If the frequency is proportional to the wave number, the last relation cannot be used in general.
See for example [57, 58].
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10.4. The order €2 correction for the fourth order cumulant.

Writing the equation for the fourth order cumulant (see equation (122)) of the Appendix 10.3) up to second order, using the
change of variables (43) and the multi-scale expansion for time derivatives (42), the fourth order cumulant reads up to order €:

Diilalsl 1 Dl1lalsl
F2()1234(p27p37p4):tlnolog{iqé)1234(

+P1/2/3/4/P7123 Z Ll4515253 (27()2q(()2)sll1( )q02)82l2(p) (2)8313( B)A( (s15283— la t)

P4—P1—P2—P3 P1p2pP3pP4a

P2, P3,pa) + aDil2lsl(py popy)

§18283

+t <P1/213I41P123 Z/Ll4 slijlzcl24p4 271')(](()2)_8282 (kg)q(()4)lll21314 (pg,pg,p;l)dkg) }

+ “non resonant regular terms” (126)

and we can use a priori the same kind of arguments as before. However, the third term of (126)

P934 PT 123 Z Ll4515253 - (27)2%()2)31[1(Pl)qu)Sle(P2)Q(()2)SSZS(PB)A( Qpis2ss s t) (127)

Pa—P1—P2—P3 P1P2pP3Pa
518283

deserves some caution because it does not have any integral over the k-space. Therefore, it develop a non-smooth behavior
at long times which is the main responsible of the long-time dynamics for q(2) hilz (p2). These kind of terms are usually known
as “live terms” [46, 47]. Although the expansion is no longer regular in the Fourier space, it is regular in the physical space
(which is the pertinent one) since the transform into the real space requires some extra integrals of the cumulants. This extra
integration is enough to ensure well defined functions, and therefore the asymptotic cumulant expansion remains valid. Even
though there is no integral in the term (127), we can follow schematically the formal expression (124). The secular equation
then leads to

F2(4)11121314 (P2, D3, Ps) = 3Prosu (Z/Liﬂ;; o (2 )q(()z) ss(k)dk) q(()4)11121314 (P, Ps, Pa)
(128)

and the first correction to the fourth order cumulant is

q£4)l1l2l3l4 (p2,p3, ps) = aWullla(p) e p)+  “non resonant regular terms”  +

Py PTias Y Lt o (2m)2q0) " (p1)gs” " (p2)as” ™" (ps) A(—Qpiszsale ).
515253
Note that FQ(Q) and F2(4) exhibit the same structure. Moreover, it is possible to show that for all order n
Fz(n)ll"'l" (p2,.-sPn) =3P1r_, [Z/L;:p:jzk )q(()2) *(k)dk q(()n)ll...ln (P2 )

Then, one can integrate q(n)l1 "(pa,...,pn) for all n. The constants of integration aé")ll”'l” (p2, ..., pn) play a relevant role in

the expansion. Clearly these constants do depend on the slower time scales €*t, and we can choose almost any value for o™ in
such a way that they do not depend on the fast time scale. The only restriction it is that the cumulants ¢ must be smooth
functions at ¢ = 0, that is, this choice cannot contradict the initial assumption. To avoid future complications we take o™ in
order to have

‘(p2s---,Pn) = tlirglo “live terms” . (129)

Explicitly this choice means that
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lim ¢\ (py) = 0 (130)

t—o0
lim gfV" = (py, pg) = 0 (131)
. )l 12131 2)s1l 2)sal 2)s3l
Jim gsV" (o, py ) = ProwaPTias Y Ly, (2077 (1) ™" (p2)a” ™" (ps)
518283
: 1
x (sgn(t)wcs(—sz;;g;@;j‘*) +iP <513233_z4>> . (132)
_Qmpzmm

As we already mentioned, this choice is equivalent to absorb the long time behavior of the non resonant regular terms, hence:

1. .
ag”) Y (poy. . Dn) = tlirglo “non resonant regular terms”.

At this order O(e?), the resonant condition (46) gives only a nonlinear correction to the frequency. Moreover, from (45) and
using the properties of the L’s (32) one gets
2)—1l
B p) =0,
then q(()2)_”(p) does not depend on the slow time scale €2t. For all the other cumulants one has an oscillatory dynamics

~(n)ly.

11..0n n .
g (pg, . p) = (P2, - -, Pu) exp (i2t(Py.wwh (p1)))

where w)(p) comes directly from (45), which is a second order correction to the dispersion relation:
. —ss 2)—ss
o) = =313 [ LS Cra ™ (k. (133)

10.5. The order €* correction for the second order cumulant and closure.
(n)ly...0,

As done in the %qon), in general, any higher order correction of the cumulant ¢, (p2,...,pn) could depend on the
slower time scales, so we can expand

d (..
7q( L

An n)ly...0ln n)ly...l,
e (pg,...,pn):(}'é)1 (pg,...,pn)—l-eQGg) (P2, .- ,Pn) ...

21112 2)l1 12
2 () = 07"

Doing the usual change of variable Q P2) p2) exp(—i(liw(p1) + law(p2))t), into the equation for the fourth
order cumulant (see Appendix 10.2, equation (122)) one has the equation at order €* for the second order cumulant :

d
PP (p2) + GE 2 (pa) + " (o) =

dtq4
P Llzsisass GDhors2ss (g ko ka)o(py + oy + ko + k —itQ 2515250 gy
12/ Pk ks ks 02 (K1, k2, k3)0(p1 + k1 + k2 + k) exp (=it 271727 )dk123 +
§18283
! e
Py S [ Lot Pro(2m)as " (p2)as? "> (k) exp (it 21525 ) dkes +
$18283
Pry ) / L Prog(2m)ag) " (2)as” "> (ks) exp (—itS2, 1271227 ) dkes
818283
Replacing the cumulant q£4)l1313253 (k1, ks, k3) given in (132) and integrating over the fast time scale, keeping e*t and €2t constant

and following the same procedure used to solve the equation at order €2, straightforward calculations give that the only possible
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relevant terms are

1lo . 1 2818983 15845586 8481 S58 $6S3
FP (py) = A {771121737456 > /LiazklkzigLin—ré’lsz_k3(27f)2qc(y2) ke ) gy " (o)l (kes)

S1°::S6

t
x 0(p1 + k1 + ko + k3)/ A(_Qzﬁszslg;;;) exp (—iTQ;;ijfzzks:)drdkm}
0

.1 ! 2 (2)sal (2)s5: (2)s6:
-|-tlg]goE {’PI,Q,’PT456 Z L;;,;f,"‘cz?%PlggLf:f;ﬁkal7k2(27r) a0 (P =G (k1) 9692("’2) X

S1°°-S6
¢
X 0(p1+ ki + ko + kg)/o A= ks T) €XP (—iTQ;ﬁ‘jfZ?,:;)deklgg} .
which reduce to the equations (47), (48) and (49) depending on the values of the indices {1 and Is.

10.6. Zakharov’s transformation for the collisional integrals.

In this Appendix we precise the Zakharov’s transformations to obtain simplified formulas for both collisional integrals
Collz1[n] (68) and Colla,s (69) of Section 6.1. As we mention in the text the case of the collisional term Collz.,1[n] will be
realized in detail.

The key idea is to find a change of variables over the second term (77)

127TK3/ Sopwrwsws (Wiwawswp) ™ (wg —wi +wd + wg) 0(w1 — wp — wy — ws3)dwi23,
D

that maps the line w; — w), — ws — w3 = 0 into the line w, — w; —wy — w3 = 0. The transformation reads

w WpWo Wpws3
~ Wy = g ) w3 = g ’ (134)
w1 w1 w1

D(w1,w2,ws)

4
— [ Y _ :
D61 5s53) | = ( ) . Re-arranging terms one has

w1

that has a Jacobian ’

dw 93,

—3z
e - y w w . - . D(w1,wa,ws)
12 K3 S " } ) T r _ T T T “p 5 *p _ _ _ ’ ’
m /O ij wpPg wp@3z (wpw1w2w3) (wl wp + Wa + WS) (@1 J)l (wp w1 w2 W3) D(‘Dla a}% (;}3)

@1 w1 @1

where the new domain of integration, after the change of variables, is exactly the region O, in Fig. 2.
Replacing the Jacobian and because of the degree of homogeneity of the S-matrix (66)

S = (%) s = (%) s
w ﬁ“”i‘:’? wpz J Wiwpwaws — J W1Wwpwaw3s s
PE] oy o1 p p

one finally has

—3x+2
)
3 ~ o~ ~ ~ ~ P ~ ~ ~ ~
—127 K /OS@Wp@@(wpwlewS) T (w; — (,uiC — w% — wé”) <u~}1> (5(wp — W1 — Wy — W3)dW123.

The same procedure may be done for the other two terms in (68) exchanging 1 < 2 and 1 < 3, therefore one gets at the end

that

p

—3x+2 —3x+2 —3x+2
X (1 — (wi)) — (%) — <%> ) 6(wp — W — W2 — UJ3)dUJ123.
w1 w2 w3

Rewriting everything in terms of dimensionless variables of integration u; = :‘J’—p one gets equation (78) and (79).

Collz1[Kw, ] = 1271'K3/ Sepwrwaws (Wpwiwaws) F (wi — wi — w§ — wh)
O
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Similarly, the collisional term Colls..2, maybe written after an integration of (69) with respect to w; yielding

1 1 1 1
SwpwlwgwgnannE}np + - - dw23a
Ny niy No ns

COZlQHQ[n] = 367TK3/
D
where wi = ws + w3 — wp. Because w; > 0 one has that the domain of integration exclude the region O in Fig. 2, that is
D=TUITUIITUIV (ws >0, wg >0 and wa + ws — wy, > 0). This domain of integration may be divided in the four distinct
domains: I,II,I111&IV (see Fig. 2).
As in the previous collisional term Collz..1[n], one looks for a power law solution of the form n, = Kw_*, then one splits the
integral in the four different domains I, I1, I11 & IV and finally the domains I, I11 &IV are mapped into I via the following
transformations :

- - 2
Wpw:s WpWo w.

II —1: W2:IZ—37 w3 =22, = w ==L, (135)
w1 w1 w1
~ 2 ~
Wpw w, Wpw

IIT—T1: wy=="2L =P o =222 (136)
w3 w3 w3
2 ~ ~
w WpWwi Wpws

IV I w=="L w="2— = w="2=2, (137)
w2 w9 w2

where @; = @y + w3 — wp. The final collision integral, which is defined over the domain I of Fig. 2, reads

Colly_z[n] = 36mK3 / Seopwrwaws (Wpwiwaws) ™ (W +wf — wh — w)
I

—3x42 —3x+2 —3x42
% (1 4 (wl’) — (u)p) — (w”> ) 0(wp + w1 — wa — w3)dwias, (138)
w1 w9 w3

where the tilde over the w’s were removed and the d-function was reintroduced to show explicitly the energy conservation of
the wave interaction. Notice that the integration domain I (defined in Fig. 2) differs from the one in the 3 < 1 interaction. As
previously one may rewrite (138) using dimensionless variable u; = :j—p getting equations (80) and (81).

10.7. Bounds of the S-Matriz and the modified S-Matriz .
The exact calculation of the isotropic scattering matrix (64)

p ki ko ks [*T
Swpwlwzw3 = Jjﬁﬁ |ka1,k2k3 ‘2(5(p + k1 + ko + k3) dspp d@kl dspkz d90k3' (139)
p W1 Wo W3 Jo
with
1

|ka1,k2k3|2 > g(XPXlek2Xk3)2 [|Tpk1;k2k3|2 + |Tpk2;k1k3|2 + ‘Tpk3;k2k1 ‘2+

2T pkeyskoakes Tpkoskikes + 2T pleyieokes Tpkaskeakes + 2T phsiey ks Tpkasheake: | - (140)
requires the calculation of two types of integrals. Namely the perfect square: |Tpr; ko ks |2, and the cross term: 2T pkoy koo ks Tploo oy ks -
The integration of the cross term is a complicate problem, fortunately to study the convergence of the collisional term we do
not need to calculate them. A simple lower and upper bound for the expression (140) can be obtained

|ka1k2k3 ‘2 <

1
(XpXk Xp, X5 )2 = § [|Tpk17k2;k3|2 + |Tpk2;k1k3|2 + ‘Tpks;k2k1‘2] .
1 2% k3

1
g [ Tpker oaskes | + [ Tpkaski ks> + [ Tpkaskak, |2] <

The l.h.s of the inequality follows directly from (31) and the positiveness of (26), and the r.h.s inequality follows from the
Cauchy-Schwarz inequality. Therefore, the S-matrix (139) can also be bounded as

(141)

Sw Wlwawaw < Sw, wiwaw3s < Sw wiwaw3ss
P P P

Wl
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where the modified S-matrix

A 1 p ki ko ks 2
Swpwlwzws = g;;;i;é;é(XpXlekszB) [ka1k2k3 + IPk2k1k3 + ka3k2k1] ) (142)
and
27T
Lokykoks = / | Tpkerikeakes |°0(p + k1 + ko + k3) dy, dpr, dipr, dps, (143)
0

which correspond to the perfect square term in eq. (140).
We shall add an extra integral 6(p + k1 + k2 + k3) = [ dA6(p + k1 + X)d(k2 + ks — A). The order of the indices p, ki, ...
are chosen depending on the indices of the corresponding term |Tpk,:k,k,|?. Therefore, equation (143) becomes

27
Iﬁk1k2k3 = /d}\/ |Tpk1;k2k3|25(p + ki + )\)(5(’62 + k3 — )\) dyg d(pkl dSDkQ dgoks.
0

The last integral would be over A, so that for the integrations with respect to @i, 1, 2, @3, € [0,27] one assumes that
A=()0).

2w
Tikikoks = /d)\/ | Tk keokes |26 (K cos g + Ky cos iy + N)3(k sin gy, + k1 sin ¢q) x
0
><6(]€2 COS Y9 + kg COS Y3 + )\)5(]{72 sin Yo + kg sin (pg) d(pk dtpl dQOQ d(pg.

The whole expression can be simplified because

2m * *
ok, ©1)0(kcos g, + k1 cos 1 + N)d(ksin g + k1 sin 1) dog dpr = fé(gki;f;)
0 pPk1

where

Sphur = pVIGE T2~ X202 — (kR )?),

is the area of the triangle built with the triad vectors p,kq, A, and ¢j, @] are the roots that vanish the arguments of the
S-functions. Finally, because the tensor Tpk, .k.ks Of (26) depends explicitly on 1/|p + ki1|* = 1/\* and |p x ki| = 2Spk, A, one
gets

Ams
mex AdA : :
Lok koks = 277/A F(Spklk)d(skzksk)d (144)

min

where

Amin = max{|k — ]C1|, |]€2 — ]C3|} and  Apax = mln{k + ki, ko + ]{/‘3}

Rewriting the latter expression in term of the frequencies after the convenient change of variable u = A\?/2 one gets

Toporonn = 35 [ W5+ Vo (Vo = Vo) (V5 + V)% (Vs = V) du (145)

Umin

where we define )
W (abie,diu) =~ [(a— w)(u - D)2 [(c — u)(u — d)]*? (146)

and the integration limits reads

tmin = max{(y/&, — V1), (Viz = vw3)?}  and  umax = min{(y/@, + ven)?, (Ve + vw3)*}-
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10.8. Appendiz. Sigular behavior of the S-matriz in the wa,ws plane.
In this appendix we shall study the convergence of the collisional integrals

12(22( )= 367T/I.§1ulu2u3coll(+)du23 and I§21( )= 1277/O§1u1uw360ll(7)du237

where
coll' = (uguzu) ™" (14 suf —uf —uf) (1+ suf™ % —ud" % —u3""?). (147)

For the 2 < 2 processes u; = (uz +uz — 1) and for the 3 «» 1 processes u; = (1 — uy — ug3).

As shown in Fig. 3 the S-matrix presents various singularities in the us — us plane. These singularities are located near the
lines us +uz = 1, us = 1 and ug = 1, and also near the three points (ug = 1,u3 =0, (ug = 0,uz = 1), and (ug = 1,uz = 1). To
determine the convergence of the integral we need to determine the dominant behavior of the integrand near the critical zones.
Let us first consider the integral Ié ), over the domain I in Fig. 2. In this domain there are various critical zones which are
located near the lines us +u3 = 1, us = 1 and ug = 1, and also near the three corners of the triangles us = 1, uz = 0, us = 0,
ug =1, and us =1, ug = 1. We shall consider them separately.

10.8.1. The line us +ug =1
In this case we take u; = eduy (with € < 1), and the other two variables may be written in terms of a new one Q = ug — us.
In this way, us and ug take the form:

1 1
uz =5 (14 eduy + Q) and UB= 5 (14 edu; — Q). (148)
We need to evaluate the three integrals of (83). The first contribution reads:

(1+\/65U1)2
Il,e5u1;u2,u3 - / 1/’(“) du
(1—+/eduy)?

where
v = (1 veiun) (1 V) 0 ) + T ) = 0 (e - VT e~ )

and ¥(a,b, c,d,u) was defined in Eq. (146). The key point here, is that the integral is concentrated around 1. Therefore it can
be approximated by

1 cuy sy = 4V/€0urp(1) ~ 32620u3 (1 — Q2)%/2,

The next contribution comes from

Umax
Il,ug;eéul,ug = / 1/’(“) du7
Umin
where

¥ (u) ((1+\/1+Q ) ( 1+Q)/) ;(1+Q)/2,(1+Q)/2;u>.

In the limit € — 0, one has that the previous integral is concentrate over a very small region

1 /

Umin = <—\/e5u1 + /(1 + eduy — Q)/Z) ~ (1= Q) — /221 = Qdu
(1

Umass = (\/eéul + \/(1 + eduy — Q)/2)2

1
3 — Q)+ €Y2/2(1 — Q)ouy

Therefore,

Unmax 14 Q)3/2
Il,u2;€5u1,u3 ~ / Qﬁ(u) du ~ 261/2 2(1 - Q)Mﬂ/J ((1 - Q)/2) ~ 128¢ 25 i E]_ * 31/2'
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A similar result arises for I1 ,5;u2,c5u, changing Q@ — —§). Therefore, the final S matrix behaves up to a leading order to:

& 9+ 602 + 804
Sl,E6u1;u2,U3 ~ 16(5111 ( )

12 (e O (149)

From the singular behavior of (147), one gets that the collisional integrand has two dominant behaviors depending on the value
of x:

edu)?®2f(Qx) x<2/3

(
coll ™ (§uy,2) ~ { (€0ur) ™" fo(,2) = >2/3

where f1/2(€2, z) are two functions of €, that we omit for simplicity.
Therefore, we can deduce that the collisional integral in the strip u; € [0, €] reads,

~(1) ¢ 1=ebu (+) e r<2/3
15 5 ~ e/o ourddu /—1+65u1 S(dug, Q)coll'™ (duq, ) d2 ~ { 2z 93
Therefore, this integral converges, for any small ¢, if 1/2 < z < 2.

10.8.2. The line us = 1.

We shall approximate de S-matrix in the line ug ~ 1 and ug € [0,1]. In this case we take us = 1+ €duz, hence uy = ugz+ edus.
First, we compute the contribution of

T (1+\/u3+55u2)2

— Y(u)du,
512 (1—\/U3+66’u2)2

11 g +-eus;1+eSus,us
where
v = (14 Vv ) (1= Vs du) s (Vi VIFdu) (Vi - VT du) )
In this case, it is easy to see that the final result would be at order ¢°, we approximate the integrand by

b(u) —u? 4 2u(uz + 1) — (uz — 1)%)° + O(e),

i
~ 51204 (

hence, the final result is

T 1+ /u:
Dugteswsthesunus X 3o7 (4\53(151@ + 1duz + 15) + 6(1 + uz)(5u3 — 2uz + 5) log (1—\/\/u:j>) + O(e).

Next, we consider the integral
- (Vus+vuzF+edus)?

— Y(u) du,
512 J( s ey

Il,1+55u2 suz+edus,us
where

o) = 0 (1 Var ) (1 V) (Vi Vi) (Vi Vi) ).

2
Because the lower limit (y/uz — vus + eduy)? =~ ezi%g the integral diverges as u — 0. Keeping, the singular behavior of 1 (u)
near u ~ 0, we approximate 1(u) by:

bu) ~ W (4, (1= V¥ ebu) s, Vs - m)u> .
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Keeping the singular behavior of order loge one gets
v
Iy tesusius+esusus = _§u33/2 log (€*du3) + O(1). (150)

The third term, leads also to a regular behavior, therefore the only singular behavior comes from equation (150). The final
S-matrix diverges logarithmically as

™

Sluluzug N-—7 log (62(5u§) +O(1). (151)
24us

On the other hand the wave interaction term behaves as
coll™  ~ a3z — 2)uz 2P (ug — uZ)2(u2 + u + ubtF)sud + O(e?).

The final collisional integral scales as:

67/2721’ 65/2700 6904»1/2 620071/2
log(e).

1 0
A1 ~ ™
i, = / s /_1(fd5U2)51u1u2u300”(+) dup ~ 75232 = 2) ( -4z Tt20 "5-20 dw—7

Therefore, the integral f2(22 is bounded for any 1/4 < x < 7/4 at this singular point.

10.8.3. The point us =1 and ug = 0.

Next, we investigate the situation around one of the corners of the integration domain us ~ 1 and uz =~ 0. More precisely,
we take us = 1+ €dus, ug = edugz, hence u; = eduy = €(dug + dug).

First, we compute the contribution of

P(u) du

Il,eéul ;14+-€edug,edug

(1+\/€6U1)2
/(I—MV

where

G(u) = ((1 +V/eun)?, (1 — Vedur )% (/1 + edug + veduz)?, (/1 + edug — \/eduz); u) .

In the limit € — 0, one gets

T
I esuriitesus,cous =~ 4V eduip(l) + hot. = 55u?5u§/2e7/2 + h.o.t

Next contribution reads

P(u) du

e(\/6u1+\/6u3)2
I1,1+e5uQ;e5u1,65U3 /
€

(VEur—/3us)®

where

=
S
I

v (1 Vi) (1 V) e (Vo + Vo) e (Viur - Vi) )
% [<€ (Vo + 5“3)2 —u)(u—e (Vou - @)Q>r/z [de(Our + dug)]*?. (152)

Q

In the second approximation we have neglected a e26u3 factor because the leading order is for u ~ €. This readily gives the final
result up to order €3/2. Moreover, the numerical pre-factors posses a close form:

I 1t eougicous eous ™ 63/2%(6U15U3)1/4 (4(5u1 + dus)E[p, m] — (20u; + 20us — \/5u15U3)F[@,m]) ,
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where F (plm) and E (¢|m) are the elliptic integrals of first kind F' and second kind E respectively, and the parameters read

(5u16U3)1/4> o o (Vo Vo)’

= arcsin | 2——~—— =
v arestm < vV (5u1 =+ v (5U3 4\/ (5u15U3

Finally, the expression

m
Il,e5u3;l+e5u2,e(5u1 = 567/2(571%6”?/2,

by symmetry arguments with the first term. Therefore, the final behavior of the S-matrix is up to its dominant order as e~ 1/2:

Sturiss ~ grr7s (Ourdus) /% (4(5us + 6us) Elip, m] — (20w +25u3 — /Gurdus) Flip,m] ) (153)

The collisional interaction term diverges as:

coll®) ~ 2272 (Guz ™ — duy ) (0ui* T —suy ) w <1
- z(3z — 2)e* 2 udduy “duz ” x>1

The convergence of the integral is therefore conditioned by the integral (notice the change of variables foe dug f117u3 dus —
1 0
€2 fo ddus f75u3 dous)

1 0 1 2w—1/2
~(1 A € r<l1
I2(<_))2 I~ 62/0 ddus /—5u3 /1_u3 Slu1u2u300ll(+) ddug ~ { (/22w s

Therefore the collisional integral converges, for all e > 0, if 1/4 < = < 7/4.

10.8.4. The point ug =1 and uz = 1.

Near this singular point the one has us = 1 4 €dug, uz = 1 + edug, hence u; = 1 + eduy with du; = (dug + dusz). All these
infinitesimal being negative.

First, we compute the contribution of

(1+vTFedur)’
Il,l+e5u1;1+e5uz,1+e§u3 / 5 ’(/}(U) du (154)
(1—V1+edur)
where
2 2 2 2
Yu) = U ((l—f— \/1—|—e(5u1) { (1 — \/l—i—eéul) ; (\/1+6(5u2+ \/1+6(5U3) , (\/l—l—eéuQ — \/1+6(5U3) ;u) (155)

Q

62 2 62 2
v (4, Z(Sul; 4, T (dug — dug) ;u)

In the limit € — 0, one gets integrating and expanding up to leading order in € one gets:

du3 + 6u?) (6uj — 4du3du? + duji 5
Il,l+e(5u1;1+65u2,1+€5U3 ~ —64 <( 2 3> ( 2 2”3 3) log ( U2

— ) + log (€25uq du + O(0).
o 5u2)? 5u3> g (€2 0usy 3)> ()

Similarly, other terms in (83) are obtained by exchanging du; by dus and dug in the general integral (155).
In the first case,

62 62 2
Yu) = U (4, Z(Sug;él, T (duy — dug) ;u)
but du; — dug = dus therefore
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Il,1+56uz;1+56u1,1+e6u3 ~ _64 log(eQ(Sug) + 0(60)'

And the same results holds for the remaining integral but changing Su — du3.
Therefore the final S-matrix is

~
Sluluzu;; ~

7 [ (0u3 + duj) (Ou3 — 46u3du3 + duj) (51@) N
- log| — | +3lo dug ou .
1l (53 —0u3) #ug ) + 2108 (00

On the other hand the collisional term behaves as

coll = 3x(x — 1)*(3x — 2)e*suidus + O(°)
The convergence of the integral is therefore conditioned by the integral (notice the change of variables f117€ ffﬁe dugdus —

e [ [°, dbugddus)

0 0
fégz ~ 62/ / dOu3ddus S, wyus coll ) doug ~ €8
—1J-1

Therefore the collisional integral converges, for all € > 0.

10.8.5. The point us =0 and uz = 0.

In this section we focus on the 3 < 1 collisional integral (79). Contrary to the case 2 < 2, in the present situation there are
four critical regions inside the domain O in Fig. 2. The three already discussed and because S”luluﬂm is a continuous function,
the convergence criteria is the same. Therefore, we shall focus in the fourth singular point at the origin us = 0 and ug = 0.

In this last case, we take us = €dug, us = edus, but uy =1 — edu;. (Here du; = dus + dus.)

Umax

Il,l—e5u1;e(5uz,66ug = / ’lﬂ(u) du (156)

min
where
2
€

o) = v (1 VT an) (1= VI ) e (Vo Vi) e (Vs - Vo) )

where the limits are defined after (84). There are two cases, the first domain is defined near the diagonal dus ~ dug while the

second domain is defined through € (v/duy — \/5’(1,3)2 > e2ou? /4.
In the later case,

e(\/6u2+\/5u3)2
11,1—66u1;65u2,65u3 :/ 5 w(u)du (157)
e(\/éug—\/5u3)

and keeping in mind that the u ~ € we approximate

v~ = (ueVBu - Vo) (e(y/Fua + Vo) - u)

3/2

3/2

noticing that the final scaling should be €¢°/“. The final result becomes:

™
L ustsuayesus.cin €215 (Guadug) ' | (200w + dus) = v/uzdug ) F (lm) = 4(3us + dus) E (lm)
with

o .1 2((5U26U3)1/4 o (\/ 6UQ + v 6U3)2
@ = s —— and m=-——"-—¥Y—"—.
vV (5’&2 + 5U3 4\/ 5U25’LL3
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The final, interaction matrix becomes

. B T
S11—c(Sustdus)sedus,cdus € 1/273/4 {(2(57@ + duz) — v 5U25U3) F (p|lm) — 4(6uz + dus) B (50|m)] . (158)
36 (5UQ5U3)

if € (v/oug — \/(5u3)2 > 25u?/4.
On the other hand if € (\/6u2 -V 5u3)2 < €25u2 /4, one needs to re-compute the integrals because the integration domains
change.

4edus
Il,l—2e§u2;65uz,e6u2 ~ / 5 1/’(“) du
(1-vT=2¢5uz)

where

3/2
v~ =) (1= VT=30m) ~u)

Because both limits are near the origin, the final result maybe computed using the same kind of elliptic integrals, the final
behavior reads,
™ 3/2
I 1 —2e6usseus,cous 7563/26162/ log(edus) + h.o.t.

Therefore, in this case, the S matrix is approximated by

A i
Slu1u2u2 = ﬂ€3/26u§/2 log(€5u2) .

if € (v/oug — \/(5u3)2 < 25u?/4.

On the other hand, the four waves interaction term (147) is approximated there by

coll =) ~ 2272 (Juy ™ + duz “)(Sus" 2 + ouy %) w <1
- z(3z — 2)e*" 22 5udduy “duz " x>1

The convergence of the integral is therefore conditioned by the integral (notice the change of variables foe foe dug dug —
€2 fol fol ddug dous)

1,1 2x—1/2
f 2 & (-) L)€ <1
15, € /0 /0 Stugugus Ol ™ ddug ddug { /2% 5

Therefore, the collisional integral converges, for all € > 0, if 1/4 < z < 7/4.

10.9. Logarithmic correction of the Kolmogorov-Zakharov spectrum

When the KZ spectrum coincides with the equilibrium solution, no power law solution seems to exist. However, one may
pursue a perturbative expansion to catch a stationary, non power law constant flux solution. Because of the degeneracy aspect
of the solution one seeks an expansion of the form

Ny = Kw™ " log® (w/we). (159)
We Introduce this Ansatz into the collisional terms and apply the change of variables w; = wu;. Because of the locality of
interactions one may expand the collisional integral in the parameter | log(w/w.)| > |logu;|. The result is a series of the form
Collz[n] = K3w' 3" (Iégl(x) log™* (w/w,) + zléi)l(x) log®* ™! (w/w.) + Iéil(L 2)log®* 2 (w/we) + .. ) ,
similarly

Collaaln] = K*w' =37 (Iy(2) log™ (w/we) + 2182, () 10g™ ™ (w/we) + I5(w, 2)log™ 2 (w/we) + ... )
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where we have neglected terms of order O(log®*~3(w/w,)) and smaller. The integrals Iégl(x) and 12(22(95) are exactly (79) and
(81) respectively (with v = —1). Other integrals are cumbersome so that we do not write them here. Because both expansions

have the same form we shall define 1™ (z) = [3(,21(93) + [2(22(:1:) and similarly for others, I®(z) and I®)(z,z). As before,
replacing into the equation for the energy P (75), one gets

P = — / " K3t (1<1>(x) log (w/we) + 21D (2) 1og®* " (w/we) + I® (z) log®* ~2(w/we) + . ) dw
0
K0 [I(l)(;p)wr‘(iﬁz +1,3(x — 1) log(w/w.))
2 [(2)(;p)mf(3z, 3(z — 1) log(w/w.))
IO, Z)Wr@z 1,30z — 1) log(w/we)) + .. } . (160)

Here we have used the integral

w 3(1—x)
2—3x s _ We —
/0 w log®(w/we) dw = 3T (w = 1)HSF(I +5,3(x — 1) log(w/w.)),

where T'(1 + s,2) = f:o tse~t dt is the incomplete I'-function.

Now we study the local behavior of (160) around = =~ 1. Expanding the required quantities around z = 1, up to the lowest
non-trivial order one gets

V() =~ %10)”(1)(.@ — 1240 —1)*

IP@) ~ I®'1)(z—1)+ O — 1)
I(x,2) ~ I1®1,2)+ 0@ —1).

Where the required expressions are quite simple

zlir?f I(l)”(z) = 727 </0 Sty ugus (U1t2us) L (ug log uy + ug logug + uzloguz)?6(1 — uy — ug — uz)duyzz+
3/IS1u1u2u3 (urugus) ™t (—up loguy + ug logus + uzlogusz)?0(1 4 uy — up — U3)du123) ,
Tim 1®'(@) = —1M"(),
Jim I®(z,2) = @1@”(1). (161)

Finally, doing the same kind of expansions for the I' one has

I'3z41,3(z — 1) log(w/w.)) =~ T'Bz+1)+0(z—1),

I'(3z,3(x — 1) log(w/w.)) =~ T(3z)+O(x—1), (162)
1
T3z = 1,3(z — 1) log(w/we) =~ — (I‘(3z) — (3(z — 1) log(w/w.))** ' e~3E=1 10%“”/%)) +0(z—1).
Therefore
3(1—=z)
_ 3 1) we I'3z+1) I'(3z) z
Po= KV (z —1)3-1 { 93341 “ 332 T 6332_1F(3z) T
— KO (w07 [ (3 log(w/w)) ! e e oslereo ] (163)
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We have not taken any kind of limit so far. Expression (163) is only an expansion up to first non trivial order in (z — 1).
Naturally, the first term of (163) is independent of w, representing thus a constant flux. The second term does depend explicitly
on w but it becomes independent of w in the limit x — 1. This limit, on the other hand, requires z — 1/3 because of the
ill-defined limit W asz — 1 and z — 1/3.

Indeed, the order and directions of the limits may thus play a role, which is evident in the study of the limit x — 1 and
z—1/3 of W However the final result is independent of the way one proceeds in the limit operation. This is because

the quantity

I'(3z+1) I'(3z2) z B
9233z+1 z 33z 6332—1 I'(32) _1/s =0.
The final result is
1 "
lim lim P = ——K*1M7(1). 164
- a3 18 @ (164
. . . 18P /3 n” . . .

Therefore, one has that the dimensionless constant is K = — (m) . Because T(M" (1) > 0 the result is consistent with

n(w) > 0 for w < w, :
18P Ve 1
— 2 logt/3
Ny = (I(U”(l)> 5 log™ " (we /w). (165)

In the other limit w > w, we can perform the same calculation but changing the integration limit to be consistent

P = —/ K323 (I(l)(x) log®* (w/we) + 2T (x)1og®* N w/we) + T4 (, 2) 1og** "% (w/w,) + .. ) dw.

It is easy to see that the only difference introduced by the change of the integration limits is a single sign:

) 3(1—=z)
2—3x s y_ c
/w w log® (w/we) dw = 3@ — 1) 1)HSF(I +5,3(x — 1) log(w/we)),

which converges for > 1. The final result then is given by

1/3
(18P By

which also gives a positive wave action for w > w.
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