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LINEARIZED WAVE TURBULENCE CONVERGENCE RESULTS
FOR THREE-WAVE SYSTEMS

ERWAN FAOU

ABSTRACT. We consider stochastic and deterministic three-wave semi-linear systems with
bounded and almost continuous set of frequencies. Such systems can be obtained by consid-
ering nonlinear lattice dynamics or truncated partial differential equations on large periodic
domains. We assume that the nonlinearity is small and that the noise is small or void
and acting only in the angles of the Fourier modes (random phase forcing). We consider
random initial data and assume that these systems possess natural invariant distributions
corresponding to some Rayleigh-Jeans stationary solutions of the wave kinetic equation
appearing in wave turbulence theory. We consider random initial modes drawn with prob-
ability laws that are perturbations of theses invariant distributions. In the stochastic case,
we prove that in the asymptotic limit (small nonlinearity, continuous set of frequency and
small noise), the renormalized fluctuations of the amplitudes of the Fourier modes con-
verge in a weak sense towards the solution of the linearized wave kinetic equation around
these Rayleigh-Jeans spectra. Moreover, we show that in absence of noise, the deterministic
equation with the same random initial condition satisfies a generic Birkhoff reduction in a
probabilistic sense, without kinetic description at least in some regime of parameters.
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1. INTRODUCTION

We consider nonlinear three-waves dynamics of the form

(1.1) %Uk(t) — onUk(t) + QN (U, U) + gu(6,0)

where k = (k;, k,) € Dy := DNZ*/N where D is a bounded set of R?, and where Uy(t) are
typically renormalized Fourier coefficients of a sequence of N-periodic lattice points U (t, j, {),
(4,0) € Z?, or of a function U(t,x,y) defined on a large torus or size N. The nonlinearity
QY is quadratic of convolution type and symplectic in some Hamiltonian variables. The
frequency vector wy, is the trace of a smooth real function on the discrete set Dy and is skew
symmetric with respect to k. The term g (0, U) models a random forcing in the angles of
the complex coefficients Uy(t), of strength 6. We moreover make the hypothesis that (1.1)
preserves the L? norm of the Uy, which guarantees the existence of an invariant measure
corresponding to the equirepartition of energy amongst all the modes.

As explained in the book of Nazarenko (see [30]) such equations are universal models
for two-dimensional real nonlinear waves and can be derived as model equation for various
physical phenomena such as water waves [1], [35], [18], but also in nonlinear optics [33] or
plasma physics [19]. Such models can be also derived from nonlinear lattice equations like
Kadomtsev—Petviashvili (KP) lattices (see for instance [11]), FPUT lattices (see [6, 3]), finite
differences or spectral approximations of real semilinear real wave equation (see for instance
[17]), or real Hamiltonian partial differential equation set of a large periodic domain of size
N (as in [13]), with regularized nonlinearity truncated in frequency. In order to obtain fully
explicit formulae and have access to simple calculations, we will retain this last modelling
and require the nonlinearity to be quadratic while the linear frequencies will be fixed to
(1.2) wp = k) +nklk, ",
corresponding to the frequency of the continuous KP equation. This choice simplifies some
technical parts of the analysis concerning the resonant manifold. The parameter n > 0 is
given, and will be important for the analysis of the deterministic case without random phase
forcing but plays no role in the stochastic case.

In the present paper, we consider the system (1.1) in the framework of wave turbulence
theory, see [31], [32], [41], [42], [27], [26], [24], [23], [30], which means that we consider random
initial data, and are interested in the statistical description of the solution over long times.
The external forces gx(d, U) models the classical Random Phase Assumption invoked in wave
turbulence theory by a stochastic forcing in the angles of the complex coefficients Uy (). Such
a random forcing ensures the preservation of the L?, as for instance multiplicative noise in
Schédinger equations (see [8]) or in conservative Hamiltonian system (see [29, 28])".

Note that the bound on the frequency set if of course a strong assumption in the model and
restricts the analysis to discrete models on lattices, as in [26], or numerical approximations
of partial differential equations. However, it allows to focus the difficulties on the continuous
limit in frequency, which drives the phenomena of concentration on the resonant manifold
appearing in wave turbulence.

We will consider asymptotic regimes with respect to the following three parameters:

Tt can be also compared with the convolution potentials used in KAM theory to avoid resonances (see
for instance [2, 12]
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e Continuous limit in the frequency set, i.e. N — oo. The model thus degenerates to
a dispersive equation.

e Small nonlinearity, i.e. ¢ — 0, the system is thus weakly non linear.

e Small noise: The random phase forcing is driven by independent Brownian motions
in the angles of the coefficients Uy (t) with variance o — 0.

Wave turbulence theory predicts that in a some asymptotic regimes with respect to these
three parameters, then the expectations E |Ug(t)|?, k = (ks, k,) € DNZ?/N are well approx-
imated in some time scale by r(t, k), k € D C R? the solution of a wave kinetic equation of
the form

(1.3) Or(t, k) = Q’;j r(t, 7) r(t,m)dX(j,m),

k=j+m

WE=w;j+wm
where Q’;@j are real coefficients. The measure d¥(j,m) is defined as the microcanonical
measure on the resonant manifold. This kinetic equation of Boltzmann type possesses
stationary solutions typically of the form |k|™® describing Kolmogorov spectra. Amongst
these solutions, Rayleigh-Jeans spectra are specific stationary solutions corresponding to
equirepartition of the energy according to the invariant quantities of (1.1). In the case of
the L? norm, which is an invariant of (1.1), it corresponds to constant stationary solutions
r(t, k) = o2 of (1.3), for some o > 0, which is well defined as the set of frequencies considered
is here bounded. In Hamiltonian variables - that we will use constantly in the sequel - these
distributions correspond to one-dimensional cascade solutions of the wave kinetic equation
proportional to |k,|~' where k, is the fourier index in the variable x.

In our setting, for all given set of parameter (N, , ), these particular solutions correspond
to Gaussian invariant measures associated with the L? norm of the equation. If U, = P, +iQj
with P, and ), real random variables, a sampling of these measures can be done by drawing
all random variables Py, and Q;, according to the same normal law N(0, 02 /2) for some o > 0.
For such an equirepartited initial data, the law of the solution Uy(t) is stationary, and the
momenta E|U(t)|* = 02 are constant.

We consider random initial data with small perturbations of the variance o of order
O(1/N%), a > 1. Each of the modes P(0) and Qx(0) are drawn with respect to normal laws

with variance "72 + 5= 9o(k) where go(k) are functions depending smoothly on k. We thus

have

2

go(k)

Ne '’
Under these assumptions, our main result can be stated as follows. We can identify the weak
limit of the renormalized fluctuations,

(1.4) E|U(0)]* = 0% + a>1.

(1.5) Vte[0,7], lim lim N <E|Uk(i2)|2 —0?) = f(t.h) weakly,
5%015320 IS

and prove that f(t, k), k € R? satisfies the linearized kinetic equation on [0, T]]

(1.6) oty =ct [ Qb (ftm)+ £(2.0)d=Gm),
Wr=wj+Wwm

with f(0,m) = go(m), coming from the linearization of (1.3) around the stationary solution

r(t, k) = o?. Let us make some comments on this result.
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e The scaling (1.4), in particular the condition o > 1 means that we consider fluc-
tuations around the invariant measure. It is consistent with the Feldman-Hajek
Theorem concerning the perturbation of Gaussian measures (see [7]) and allows to
obtain bounds independent of N. It is also reminiscent of fluctuation scalings used in
hydrodynamics limits: see for instance [4] and the reference therein for the derivation
of the linear Boltzmann equation from N particules in hard sphere interaction over
long times. As observed in this latter reference the a priori estimate given by this
scaling (see Proposition 2 below) ensures a propagation of chaos (here the random
phase assumption) over very long times.

e Weak convergence here means that we have to consider local averages in k£ to obtain
strong convergence of coarse-grained quantities at a scale h larger than 1/N. The
limits in € and N in (1.5) then depend on this coarse graining parameter h, but
these limits commute once h is considered as fixed. The effect of § is to regularize
the resonances of the linear operator and to introduce some dissipation reflecting the
effect of the noise. Therefore when § is fixed and (N,e) — (00,0), averaging can be
performed and some limit identified: when ¢ becomes small the averaged terms can
be isolated, and when N — oo this averaged term has a continuous limit allowing
the concentration on the resonant manifold. Precise statements with explicit error
estimates are given in Theorem 1 and Corollary 1.

e Acting only in the angle of the Fourier coefficients, the system has a degenerate noise,
and can be considered as a Langevin system with small noise in large dimension.
Equation (1.5) expresses the fact that the normal form term at the order 2 (or the
effective equation in the terminology of [21, 22]) inherits dissipative properties in the
actions |Ui|? from random forcing in the angles of Uy. We can thus interpret the
kinetic equation as an effect of the hypoellipticity of the system which is due to the
presence of the nonlinearity as in [16].

e The choice to work with the (KP) dispersion relation (1.2) is made to allow explicit
calculations. The results presented here extends to general equations of the form
(1.1) under the condition that we have: (i) a bounded but almost continuous set
of frequencies, (ii) existence of an explicit invariant measure, and (iii) frequencies
defining non degenerate resonant manifold. Concerning this last assumption, we
can observe that the resonant manifold associated with (1.2) is made of two non
intersecting branches of parabola (see Equation (6.5)) and the result could possibly
be extended to other similar non degenerate situations up to some technical work.
The presence of singular points, like & = 0 which is controlled here by (7.14), or as
appearing more drastically in the case of the nonlinear cubic models might possibly
be considered but certainly requires more elaborate technics, see for instance [15].

The second -complementary- result of this paper shows that the role of the noise is crucial
to obtain the kinetic equation with the same random initial data. In generic situations, ¢.e.
for almost all n > 0 (see (1.2)) we have for fixed t € [0, T,

. . . a t 2 2\
) i i B N (B GP =*) = (4
contradicting (1.5) in this specific asymptotic regime. This result should not be a surprise
for readers familiar with normal forms or averaging theory in a deterministic setting. We

can interpret it as the fact that in the absence of random forcing (6 = 0) and in the regime
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where £ — 0 first and then N — oo, the system (1.1) admits generically in 7 a weak version
of Birkhoff normal form reduction preserving the actions over long times, see for instance [2]
and [22] in a stochastic setting. Equation (1.7) thus expresses that the normal form at the
order 2 commutes with the actions and do not change their dynamics. It can be explained by
the fact that the discrete frequencies (1.2) which are given as traces of a continuous function
on the discrete grid are generically non resonant for almost all n, with a control of the small
denominators depending on N. We thus see that in this regime, the random forcing is crucial
to obtain a kinetic representation of the dynamics.

It is not the first occurence of a linearized kinetic equation in the mathematical literature
on wave turbulence. In [26] it has been proved that in a similar setting and without noise
(i.e. 0 = 0), if the random initial are drawn with respect to the Gibbs invariant measure
associated with the complete Hamiltonian, then whereas the quantities E |Uy(¢)|? and all the
moments in the Fourier space are constant in time, the evolution of space-time covariances is
driven by a linearized kinetic equation. Note that this result concerns the deterministic case,
where N — oo first and then € — 0 and uses the dispersion effects of the linear operator.

Here we consider random initial data drawn as fluctuations of the invariant measure at a
scale O(1/N®) generating a non trivial dynamics of the actions E |Ug(t)|* and the hierarchy
of moments. Our results provide an example of situation where the presence of noise yields a
kinetic description of the dynamics, while the deterministic system in the same regime does
not. The justification of a nonlinear kinetic dynamics even in the stochastic regime remains
an open problem.

Acknowledgements. This work originates from many discussions with Laure Saint-
Raymond and the author would like to thank her for many advises and comments. During
the preparation of the manuscript, many help was also given by Charles-Edouard Bréhier,
Benoit Cadre, Arnaud Debussche, Pierre Germain and Martina Hofmanova. It is a great
pleasure to thank them all.

2. A STOCHASTIC MODEL

As explained in the previous section, a system of the form (1.1) can be obtained by several
modelling, from nonlinear lattices to numerical discretization and regularizations of partial
differential equations. In the sequel, we make the choice of considering the stochastic KP
equation

(2.1) AU = —0p0eU — 10510, U dt + €0, F(U) dt + V26 0,U ® dW (¢)

where U(t, z,y) is random real process depending on (z,y) € T% where T% = (R/(2r NZ))?
is a large torus (N € N, N >> 1) and with zero average in the direction =, a property
that allows to define 9! and is preserved by the flow. The parameter 7 is fixed and will be
only used as external parameter® for the resonance analysis in the deterministic case (that
is when 6 = 0). Equivalently, we could have put this parameter in the definition of the
discrete frequency grid induced by the large torus. The function F(U) is a real nonlinear
function of U which is a regularization of the function U — U? but acting only on a bounded
set of frequencies: F(U) = P(PU)? where P is a smooth projector on the bounded set of
frequencies. Note that at the continuous limit N — oo, the number of frequencies goes to

2In the sense of KAM theory, i.e. to generically avoid resonances, see for instance [2], [12] for applications
to PDEs.
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infinity like O(N?) inside this bounded set. The nonlinearity and the noise —~which is the
combination of the convolution and the Stratonovich product— are small and represented by
the numbers € << 1 and § << 1.

In the book of Nazarenko [30] another system, the Petviashvili model introduced in [34],
is also widely studied as a master model for three-wave turbulence. This equation takes
the same form as (2.1) except that the linear operator is replaced by 0., U + 0,0,,U. The
analysis of this case in our setting is entirely similar to (2.1) except for the analysis of
resonant manifold which is technically slightly simpler with the KP equation. Similarly, KP
lattices (see [11]) which naturally yields to model with bounded and almost continuous set
of frequencies, present a similar structure with frequency involving typically trigonometric
functions of k.

We now describe in more detail the mathematical formulation of (2.1).

2.1. Fourier coefficients and nonlinearity. The set of frequencies associated with the
two-dimensional torus T3 is denoted by Z3 := {(aw, ay)/N | (a, o) € Z?}. With a function
U(z,y), we associate the following normalized Fourier coefficients

1 )
U, =—— e @Y (2, y)dady, n = (n,, n,) € 7
27TN T?\,
where n - (z,y) = nyx + nyy. With this normalization, we have for smooth enough functions
1 )
U — m'(f&y)Un
('I? y) 27TN € bl
nGZ%

so that if U, are random variable drawn with respect to a random phase measure, i.e. a
measure such that EUU, = 0 for k # ¢ and E|U|> = 0, = O(1), then we have for any

measurable bounded set B,
1 , _
E 2d — z(k—f)~($,y)E d
/B|U(x)| x 2Ny g /T e U,U,dx

koez3, ” TNOB
1
= Vol(B) EEE > 0w = O(Vol(B)),

kez?,

uniformly in N if oy, is sufficiently decaying and smooth (typically we will consider oy, as the
trace on the grid Z% of a smooth function with compact support in R?). We now define the
following bounded set of frequencies. Let

Dt C {(ky, k,) € R?| k, > 0}

be a smooth bounded domain. We define D~ = {(—k,, k,) € R? |k, € DT} the symmetric
of Dt with respect to the axis {k, = 0}, and we set

D=D"UD".
We define moreover the fine grids
Dy =D}, UDy, Dy =D NZ3.

corresponding to the discrete set of frequencies. Note that Card Dy = O(N?). Let us fix

Y+ :R? — R, a smooth non-negative function with support in D* (a regularized indicator

function of D) and let ¢ = ¢* + ¢~ where ¢~ (ks, k) = ¥ (—ks, ky). The projector P is
6
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FiGURE 1. Examples of sets of frequencies Dy, for increasing values of N.

defined in Fourier by the formula (PU)(k) = ¢ (k)Uy, k € Z3, and the nonlinearity is defined
by the formula F(u) = P(Pu)?. Hence F(U) acts only on the Fourier coefficients in the set
Dy.

2.2. Random phase stochastic forcing. The stochastic term represents a forcing in the

angles of Fourier variables. The process W (¢, z, y) is an O(N?) dimensional Brownian motion
defined by

1 1 n-(x,
W(t,l’,y) = (27TN)2 Z n—Wn(t)e ( y)7
n€Dn z

where W, (t), n € Dy, is a sequence of independent real Wiener process on a filtered prob-
ability space (Q,F, (Fi)i>0,P) satisfying the usual conditions. For all n € Dy, we assume
W_, = —W,, ensuring that W (t,z,y) is real. The (skew-symmetric) factor 1/n, is purely
convenient for the next calculations. Remark that on Dy, n, takes values in two finite in-
tervals bounded away from 0 and independent of N, so that at the continuous limit, the
function 1/n, is smooth on bounded on D, and W (¢, x,y) converges essentially to a white
noise when N — oo, see for instance [7].
The symbol ® means the combination of the convolution in (z,y) and the Stratonovich
product:
(U @& dW (1)) (z,y) := / Ult,e — 2,y —y') o dW (¢, 2/, ¢/ )da'dy.
TX
With these notations, the equation in terms of the Fourier coefficients is written

(22)  VYneDy, AU, =iw,U,dt + V25 U, o AW, (t) + z%nx 3 xrelinUedt,

n=k+¢

with wy = k2 + nk; 'k} which is well defined for k € D, and xnue = 1(n)ip (k)Y (0). As U is a
real function, the Fourier coefficients U}, satisfy

VteR, VYkeZi U_(t)=Ukt),

as can be check directly from the relations w_,, = —w, and W_,, = —W,,. Moreover, the
presence of the frequency cut-off makes the dynamics completely decoupled between the
frequencies in Dy and the frequencies in Z3,\Dy, for which the evolution is simply given
by the free evolution ¢®™nU,(0). In the remainder of this paper, we will thus consider
the equation (2.2) for n € Dy only, possibly extended by natural continuity on a small

neighborhood of Dy when needed (for the definition of coarse-grained momenta).
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Note that for A € R, the scalar equation
dU,, = i\U,, o dW,(t)

is equivalent to the Ito equation dU, = iAU,dW — %)\QUndt, and is explicitly solved. We
have
Un(t) — ez‘)\Wn(t)

and in particular as W, is real, |U,(t)]* = |U,(0)|?. The noise is thus acting only on the
angles of the Fourier coefficients and models the Random Phase Assumption that is invoked
in wave turbulence (see in particular [27], [30]).

By It calculus, and using the symmetries of the equation, we can easily see that the
equation (2.2) possesses as natural invariant the L? norm

(2.3) My(U,T) = > |UJ"

n€Dn

Note that as this sum is finite, this ensures the global existence of solutions of the stochastic
system (2.2) for any fixed deterministic initial datum.

2.3. Hamiltonian formulation. Following [30], we can write the KP system as a Hamil-
tonian system on Dy. In presence of noise, that is when § > 0, we will see that it falls into
the class of stochastic systems preserving the Hamiltonian structure introduced in [28]. As
the noise only acts on the angles and not on the amplitudes, we will see that up to a polar
decomposition, the system admits a formulation similar to the classical Langevin equation.
Let us make the change of unknown

Un
V, = .
V k]
The equation becomes, for n € Dy,
(2.4) AV, = iw,V,, dt + iv/28 Vi, o AW, (t) + i%sign(nx) 3 WaViVedt.
FieD
where W, = /|1 ||kz| [zt (0 . Note that this term is symmetric in (n, k, £) and

invariant by change of sign of n, k € Note moreover that W,z is the trace on the grid Z3%
of a smooth function defined on RQ. We will by a slight abuse of notation continue to write
U,1e at the continuous limit, that is when n, k and ¢ will take values in R?. As V,, = V_,,
we can decompose for n € Dy the sum

S UViVe = D UuiVe+2 Y UiV
n=k+¢ n=k+/ n=—k+{
K yls >0 Kzl >0
= > ULVVI+2 > ULV,
n—k-+£ n=—k+¢
where U, = \/|ng| ke[0T ( k)t (¢), and the equation can thus be written, for
n € Dy
(2.5) dvn:mnvndtﬂx/%vnodwn(t)ﬂ% > \I/:MVngdt—FZi% DR AT
n=k+£ n=—k+¢

8



We can write this equation under the Hamiltonian form

HS,
Vn e Dy, dV—2ng (V, V)dt + iV20 V,, 0 AW, (t),

n

where V' = (Vn)nepfv, and where H§ = Qy + e Ky with

(2.6)
— 1 1 o
(V. V) =3 > wVi? and Ky(V,V) = N > U (Vi + ViV V).
keD}; k+0—m=0
k.L,meD};

Introducing the real processes (P, Q) such that
Vk:Pk—FZQk, kEDXI,

we can write the Hamiltonian Hy as function of the variables (P, Q) := {(FPx, Qx) | k € D, },
and (2.5) can be written

AP, = —w,Qndt —V25Q, odW, — ggN (P,Q)dt
(2.7)
dQ, = w,P,dt + /26 P, o dW, +e%[]§N(P, Q)dt

Note that this system falls into the framework of stochastic systems preserving the Hamil-
tonian structure introduced in [28]. As the L? norm of the original system is invariant, we
can check that the quantities

(2.8) My(P,Q) = ) %(P;f +QN = %lVHQ, Vi, = Loy

+ + ks
keD}, keDf;

are invariant along the trajectories on (2.5), and correspond to the invariant My (U,U) in
the original variable, see (2.3).

Eventually, let us consider the symplectic variables (A, ©) € (R, x T)P~ defined by the
formula

Vi = P +1Qp = /24,6, k € D}

Then we can write the previous system under the form

dA, = —sﬁKN(A,@)dt
90,,
(2.9) oK
dO, = wydt+v26dW, + ¢ 5 AN(A, O)(P,Q)dt

where Ky(A,0) = Ky(P,Q) for (A,0) = (A, @k)kepx. We thus see that the system is a

degenerate stochastic system (the noise being active only on half of the variables) similar to
the Langevin system.

3. INVARIANT MEASURES AND RANDOM INITIAL DATA

We will consider the system (2.7) with random initial data (P;(0,w), Qx(0,w))4ept drawn
with respect to a probability density function py (0, p, q) with

(p7 Q) = (pknq}c)kepx S (R X R)D?\} = RN
9



The function py (0, p, q) is assumed to be smooth, non-negative, and such that

/ pn(0,p,q)dpdg = 1,
'RN

where dpdg =[] keD dp;dg; is the standard Lebesgue measure on RY. It means that for a

measurable domain OV C RY, we have

PUP0.). Qul0.6)seng €O™) = | pw(0.p.)dpda

Using It6 calculus, the equation for the density py (¢, p, q) of the probability law of the system
a time t is given by

dpn = OLnpn —{Hy,pn}
(3.1) = 0 Z (qr0p, — POy )’ P + Z Wi (qkOp, — PrOgy ) pn — e{ KN, p},

keDf; keD};
with the Poisson bracket
{H,G} =) 0,,H0, G — 0, HD,G.

keDY

The operator Ly = > kDt (qr0p, —PrOy, )* can be easily interpreted in action angle variables:
settting py, + iqr = v2axe* for (ay,0;) € Ry x T, k € Dy, we have Ly = ZkeD; J.
corresponding to a diffusion in the angle variables in the system (2.9). The linear operator
in (3.1) can thus be written Zkepg(_wk’(%k + 00 ) and we thus see that the noise acts
as a regularization of the transport operator — ZkeD;; wy0p, which is degenerate along the
resonant manifolds.

For a given observable G : RY — C, if (P(t),Q(t)) = (P.(t,w), Q/yc(lf,w))kepjG denotes the
solution of (2.7), we will write

3:2) (G(0) = EG(P.Q) = [ Glpa)pnlt.p.)ipds

For such a function we will write similarly EG(V(t), V(t)) the previous expectation for the
function defined with an abuse of notation by G(p,q) = G(v,v) with v = (vk)kepﬁ € CP%

satisfying vy = py + iqr. Typically, we will consider the evolution of momenta of the form
E Vi.(t) Vi (£)V (t) for k, £, m € Dy, and the relation Vi (t) = Px(t) + iQx(t) will always hold
implicitly.

3.1. Invariant measures. Let us set
1 1
pn(p,q) = Z—NeXP ( - Z %(pi + qZ)) where Zy = H Y-

+ +
keDf; keDy;

We can write pux(p,q) = (Zy) ' exp(—Mn(p,q)), where My is the invariant function given

by (2.8). Note that we could also have considered the family of measures with probability
10



density functions proportional to exp(—SMy(p, q)) for some S > 0, but we fix in the remain-
der of the paper § = 1 for simplicity (or equivalently with the formalism of the introduction,

o =11in (1.4)). In the sequel we will use the notation
ig%(fﬂﬂf)

(33) MN(pv Q) = H Sp(fyk?pka qk) where 90(7? L, y) = T

keD};
is the standard Gaussian probability density on R? with variance 7.
Proposition 1. The density un(p,q) is invariant by the evolution of (2.7). We have
Lypny =0 and {Hy,exp(—My(p,q))} =0.
so that py is a stationary solution of the Fokker-Planck equation (3.1).

Proof. 1t is a direct consequence of the fact that My (p, q) is an invariant of the system. We
calculate that

{Hy, exp(=Mn(p,q))} = — exp(=Mn(p, ¢){ Hy, Mn(p, q)} = 0,
and as (qr0yp, — Pr0y, ) Mn(p, q) = 0, we have automatically Lypun = 0. O

Note that these densities are tensor products, and sampling according to the probability
density pn(0,p,q) = pun(p, q) is simply taking

(3.4) P0.w) ~ N(0.5),  Qu(0,w) ~N(0, ), keDf

as independent random variables with centered Gaussian law of variance 7;/2. As the
measure is invariant, any initial value starting with such condition will have the same dis-

tribution for all times. We will have in particular EG(P(t),Q(t)) = EG(P(0),Q(0)) =

Jan G(p, ) pin (t, p, q)dpdg for all times ¢ > 0.
As we will observe, this invariant measure is a random phase invariant measure. To detail
this fact, we introduce some notations that will be useful for later analysis.

Notation 1. We will write [ f for expressions of the form fRN f(p,q)dpdq. Moreover,
let & = (&n)rept, and ¢ = (Go)pepy be elements of NP~ . We define |€]? = ZkeD; &%,

o(6) = Trens Iél,
vt = H vi’“, and ¢ = H 17,?“,

keD}; keD
and similar convention for the random variable V¢ and VS. For a given n € D}, we also set
(3.5) Iy = (5Z)keD]+V7
where 6} is the standard Kronecker symbol.
Lemma 1. With the previous notations, we have for & and ¢ in ND;,

(3.6) E,, V'V = /U%CMN =0 if £#C
11



Proof. We have

1 | g
/vag,uN = 70 H /2(pk+ZQk:>£k(pk_ZQk)<k€ e P iy gy,
R

+
keD};

_ ZL H / (\/E)flﬁr(keiek(fk*Ck)e_Qiakdakdek,
N Rt xT

+
keDY,;

where have have performed the symplectic change of coordinates py, + iq, = v/2a,e’* with
(ax,0r) € RT x T. Now if £ # (, there exists k such that & # (, and the previous integral
is zero. 0

For random variables satisfying (3.4), we have using the previous result for £ = 1; and
C = 1(7
E,,ViVe=0, k+#2¢,

and for all k € DJ

3.7)  EuVil* =Euy (1P +Qk?) = /RN(p%qi)uN(p,q)dpdq

1 2 | 2\ —5(0p+a}
= _— + e 7k k k
o (pk + ai)
Note that if an initial value (Px(0), Qx(0)) of the system (2.7) is drawn with respect to the
density probability function uy, then the previous expectations remain constant in time. As

we will see,

)dpdek = k-

1
[l

is the Rayleigh-Jeans solution of the wave kinetic equation corresponding to the equirepar-
tition of energy according to the L? norm of the original system, see [30].

(3.8) = k= (ko ky) €D

3.2. Random initial data. We consider an initial probability density function py(0, p,q)
for given N large enough satisfying the following hypothesis.

Hypothesis 1. There exists constants o > 1, Cy and Ny and a smooth function go : D™ — R
such that for all N > Nj,

k
(39 VREDY  Bp(B+ @D =+ B
and
’pN(()?p) q) _,UN(p; Q)P C’0
3.10 / dpdg < ——.
(3.10) RN pn(p; ) Nza~2

We will construct in Section 5 probability density functions satisfying this hypothesis
for a given function gy, and discuss the construction of corresponding random variables
(Pr(0,w), Qr(0,w)). As py is an invariant measure, it is easy to see that the bound (3.10)

persists along the dynamics of the system.
12



Proposition 2. Assume that pn(0,p,q) satifies the bound (3.10). Then py(t,p,q) the solu-
tion of the Fokker-Planck equation (3.1) satisfies the bound

lpn(t,p,q) — pn(p, 9))? Co
3.11 V>0, / dpdg < — .
( ) RN pn(p,q) N2~z

Proof. We have that

as [ pn(t) =1 for all tlmes, which is clear from (3.1). We calculate that

d 2 (t
dt Jrv pun(p,q) RN N

(3.13) = —2/ {Hzav,PN}dde%- 25/ PN I npndpdg.
RN H RN KN
Using integration by parts, the first term is equal to
1 &€ € 1 p2 (>
—/ —{Hy, py}dpdq = / pxiHy, —}dpdg = / “E{Hy, My}dpdg =0,
Ry MN Rn UN Ry MN

as My is an invariant of the Hamiltonian part of the system. The second term in (3.13) is
given by

5y / PN (4, — Py 2pdpdg = —6 3 / (G10pe — PrOa, ) Pdpdg <0,
keDY, keDY,
as we have
(qkapk _pka%)'uiN = MLN(qkapk _pka%)MN =0.
This shows that (3.11) is decreasing with respect to time, and hence the result. U

4. LINEARIZED WAVE KINETIC EQUATION AND MAIN RESULTS

The wave kinetic equation associated with the system (2.4) is (see [30])

(4.1) Oyr(m) =2 / . w2 r(m )T(p)r(j)(r(iro B sigi(gfjx) s1gnfg)ggpx)> 450, p)

Wm=wj+wp
where the integral over the resonant manifold is taken with respect to the microcanonical
measure induced by the Euclidean metric, see for instance [25]. Here r(¢, m) with r : RxR?* —
R is defined over the whole space, and is expected to be an approximation of (|V,,(¢)[?).
Similarly to the process Vi(t), we verify that the right-hand side vanishes when m ¢ D.
Hence we can consider that the support of r is in D.

We can easily verify that r(t,m) = ~,, = |m ‘ (see (3.8)) is a stationary state of the kinetic
equation (4.1). In the following, we will often write -, instead (m) equivalently when
m € Dy takes values on a discrete grid, or m € D is a continuous variable. Note from (3.7)
that v, = E,,|Vi|? for all N and all m € D}, is the expectation of the amplitudes of the
modes when they are drawn with respect to the invariant measure py. Hence for an initial

data Vi(0,w) = P(0,w) + iQx(0,w) drawn with respect to the invariant measure uy (see
13



(3.4)) then (|V,,(t)]?) = Ym, m € Dy, is indeed the trace on the grid of a constant solution
of the kinetic equation (4.1).
The linearized wave kinetic equation around the stationary state 7, is

oo =—2ym) [

Wm=w;j+wp

W2 (sign(myjs); + sign(map.)7,)dS (3, p)

12 2 sen(mp) i) f(0)ASGp)
Wm=wj+wp
co W sl ) F()A20p)

wWm=w;+twp
and we write it

(4.3) Ocf(m) :/m=j+p

Wm=w;+wp

(L(m, j,p) f(m) + S(m, j,p) f(p) + S(m,p, j) f(7))dXE(5, p)

with
L(m, j,p) = =2V . (sign(maj. )7y, + sign(mgp,)y,) and
(4.4) . .

As before, f(t,m) can be considered as a function with support in D in the variable m.
In the next section, we will show that this equation is globally well posed for initial data
in C'(D) and moreover, that it is well approximated by the solution of the quasi-resonant
equation defined for A > 0 by

A
(4.5) Oifa(m) = %/ CERRR——— )\QL(m,m —p,p)fr(m)dp
1 [ o S m = pp) o) + S = p) (= 2)dp

Before stating our main results, let us mention that we can rewrite the kinetic equation
as an equation on DT only, by assuming r(m) = r(—m), and we find for m € D*,

(4.6) 9yr(m) = 2 (Vi) (r(7)r(p) = r(m)r(§) — r(m)r(p))dS(j, p)

" 4/ o (TG () + r(m)r(p) = r(m)r(7))d(, p),

Wm=—w;j+wp

corresponding to the formulation (2.5) (We can obviously do the same manipulation for the
linearized kinetic equation).

To state our main result, we need to introduce a small parameter h >> 1/N and the
coarse grid of mesh h

(4.7) Gn = {(hay, hay,) € D| (an, o) € Z°}.
For a given K € G, we introduce the cell
(4.8) CN" ={meDy|K, <my < Ky +h, K, <m, < K, + h},

14



so that
CardCy" = h2N2,
Our main result is the following:

Theorem 1. Letn > 0, a with 1 < a < 2 be given, T > 0 be a fized constant and gy € C'(D)
be a given function. Let f(t,m) € C*(D) be the solution of the linearized kinetic equation
(4.3) on the interval [0,T] with initial data f(0,m) = go(m), m € D. There exist constants
€0, 0o, No, and C such that if

§ <68, e€<ey, N>Ny, and h<§?

the following holds: First, if f35(t,m) denote the solution of the quasi-resonant equation (4.5)
with A = 30 and initial condition f35(0,m) = go(m), then we have

(4.9) sup sup |f(t,m) — fas(t,m)| < CV6.

t€[0,7) meD

Moreover, assume that (P(0,w), Q(0,w)) = (Px(0,w), Qk(O,w))keDX’ is a random variable of
density pn(0,p, q) satisfying Hypothesis 1 with the function gy and perturbation scale 1/N?,
and let Vi(t,w) be the solution of the system (2.4) with initial data Vi(0,w) = P(0,w) +
iQr(0,w), k € DY and Vi(0,w) = V_4(0,w) for k € Dy. Let us define the renormalized
ﬂuctuatzon observables and their averages at the scale h:

(4.10) VkeDy, FN()=Ne (E Vi()]? — %),

and the coarse-grained quantities

(4.11)

VK €Gy Fg'(t):= h2N2 Y RY), and fi" (et K) = h2N2 > fas(ne®t k)

keCR" keck"

where for k ¢ Dy we set F¥(t) = 0. Then we have the estimate

T 1 J
(4.12) Vit < — sggh |FNh ey, K)| < C(W I e I i a)

This theorem shows that when ¢ > 0 is fixed, the limit of the renormalized fluctuations
when (N, e) — (00,0) is given by the quasi-resonant kinetic equation (4.5) in a weak sense
(at least in the case a < 2).

By combining (4.9) and (4.12), and as f (¢, m) is smooth (see Theorem 3 below), we obtain
the following result:

Corollary 1. Under the hypothesis of the previous theorem, we have

T N.h 2
Vi< — Fo"(t) — t, K| <(C|l— +—
me?’ Elelgh‘ () — (et K)| < <h52+h5N+\/_)

Essentially, these results show that for ¢ € [O T], in a weak sense,

(4.13) fim limy (NE Vi) = N ) = (&, b),

where weak convergence has to be understood as strong convergence of local averages in

k over boxes of size h. So we have described the evolution of the fluctuations over long
15



times and identified the first correction term in the asymptotic expansion as the solution a
linearized wave kinetic equation. We see that in this result, § is the last parameter tending
to zero, and the two limits ¢ — 0 and N — oo commute. In the previous Theorem, the
role of the coarse-graining parameter h is crucial to obtain the linearization of the equation.
After taking the continuous limit N — oo first, h represents the size of the space averaging
window to obtain the convergence in (4.12), and is only subject to the restriction 2 < §2 (in
fact h < C§? for some constant C' is enough).

The proof of this result uses strongly the bound (3.11) which encodes some random phase
effects that are propagated for all times. These effects are well expressed after averaging in
space and are crucial for the linearization of the limit wave kinetic equation. The role of
the small stochastic forcing is more to break the Hamiltonian structure of the equation and
make the resonant kinetic equation appear as a weak effect of a hypoellipticity property of
the system.

The following result shows that in the absence of noise, the situation is completely different,
and there is no kinetic description to expect at least in the regime ¢ << % and under
some generic assumption on the coefficient 7 in (2.1) (or equivalently for a generic discrete

frequency grid).

Theorem 2. Let T > 0, a > 1 be fized constants and fo € C1(D) be a given function.
Assume that 6 = 0 so that (2.4) is deterministic. For almost all parameters n > 0, there
exist B > 0 and constants g, Nog and C' such that for h > 0, if ¢ < &g and N > Ny, under
the same hypothesis as in the previous Theorem, we have the estimate

T N.h €N’B 1
4.14 Vi< = FRM) = golK)] < €55+ 750 ).
where go 1s the initial condition of Hypothesis 1.

Note that this theorem can be reformulated?® as

t
(4.15) lim lim lim (NaE Vi) - Na%) = go(k),

N—ocoe—0 6—0

for all k € Dy and t € [0, 7], showing the absence of non trivial kinetic description in this
regime and a weak preservation of the actions in the perturbation theory terminology. This
result can be interpreted as a two-steps Birkhoff normal form result (see for instance [2])
showing preservation of the actions over long times, for some random initial data.

5. EXAMPLES OF INITIAL DISTRIBUTIONS

We now construct examples of density functions py satisfying Hypothesis 1. The simplest
way to proceed is to consider small local modifications of the variance.

Proposition 3. Let gy : DT — R be a given function and o > 1. There exists Ny such that
for N > Ny, the densities

pN(O7p7 q) = H (;0(’719 + gﬂ(k)N_avpk7 Qk)v
keDf;
where (v, x,y) is the Gaussian function (3.3), satisfies Hypothesis 1 for the function gq.

3strictly speaking, to obtain (4.15), we should keep track on the dependence in § — 0 in all the estimates.
It would only yield to more technical though straightforward estimates compared to assuming directly § = 0.
16



Proof. The relation (3.9) is obvious. Now with the notation Syx = Y% + go(k)N™¢ we
calculate that

/ ’pN( y D, 4 H / BNkapkaqk) dpk; qu
RN R2

MN(P> kept ©(Vks Prs Q1)
2
(m**)( 2+y2)d _ Vi
xdy
k1;[+ TB% i /R? kl;[+ 5Nk m — % kl_DL B k(27 — Byk)

2

_ Vi _ Vi
- Il emmv s — 1L =i

keDy, keD};

The last product is well defined for N large enough, moreover, we have

2
Tk : 1
=1 th = —).
vZ — go(k)2N 20 tong Wi CN .k O(N?a)
We deduce that
(5.1)
’PN(OJ% CI)‘2 -2 2-9
log/ ——————dpdq = g log(1 + cng) =: Ry < C(CardDy )N~ < CN*~%,
RN MN(I% Q) ( Nk) o ( N)

keDy;

for some constant C', and as CardDX, < C'N? for some constant C'. Hence we have that

lon (p: @) P R 1
————dpdg=e"™"=1+0
/RN (P, q) (NQ“ :)
as a > 1, which shows (3.10) from (3.12). O

To implement such initial condition, if V4(0,w) = P(0,w) +iQx(0,w) for k € D}, we just
draw the numbers Py (0,w) and Qx(0,w) with respect to independent normal laws N (0, Sy x)
with 5N,k =Y + g()(k‘)Nfa.

Remark 1. The condition o > 1 ensures in the proof that Ry is bounded in Eqn. (5.1).
If a <1, we get that [ % = O(eNQ_Qa) and this prevent the linearization of the equation
to occur in Section 8 (see estimate (7.16)). A priori, larger perturbations of the invariant

measure cannot be described by a linear equation and should rely on a truly nonlinear process.

Another way to construct an initial distribution satisfying Hypothesis 1 for o = 2 is done
as follows:

Proposition 4. Let go Dt — R be a given function. There exists No and rq such that for
N > Ny and ||go||, .. < ro, the following holds: Let |Dy;| ~ N? be the cardinal of the set DY,
then the densities

Lo —

(5.2) px(0,p,q) |D+’ > eBywpear) T eOvepe o),
keDy; €D},
ok
where
(5.3) By =Y+ |N2|9 (k),

17



satisfies Hypothesis 1 for the function gy and o = 2.

Proof. Let k € Dy,. We first notice that as |D};| = N?, the numbers By . are positive for rg
small enough. We calculate that

Epvo) (P + Q) = /N(pi+Q§)pN(0,p, q)dpdq
R

= |D1 "Yk(Z ) \D ‘5Nk:

£k
1 go(k)
7’“<1 D}, \) D% |5N’“ N2
so that (3.9) holds with o = 2. Moreover, we can write
pn(0,p,q) = > £ Uito Pro ) | (5, )
|D |k D+ (fykap/WQk)
and hence
2
v (0,p, q)? 1 / (B ks Prs )
oD U dpdg = —————1 un(p,q)dpdq
/RN pn (P, q) [DX 2 Z (s P ) w0

/31\/ 05 Do, qé) O(BN ks Dk» Gk
Z / )uN(p, q)dpdq
N ke RN (p e, Pes qf) SO(IYk)pk’a Qk)

> |1

keDy;

(B P i) |

pn (p, q)dp dg.
’Ykapk, Qk)

|D+|2

By doing calculations similar to the ones performed in the previous proposition, this term is
equal to

1 1 v
1— ) E k
( 2 Dy |2 p Y — go(k)2N—4|Dy[?
N

But uniformly in k, we have for N large enough that if ||go < ro small enough,

Ve
Vi — go(k)2N—4|D}|?
for some uniform constant C. This shows that
2
’ lon|* 1‘ < ¢

<C

KN DY |
and hence the result, from (3.12). O

Random variables corresponding to this initial probability density can be constructed as
follows: Let € = (¢;);cpt € {0, 1}P% be random variables such that
1

VjieDy, Ple=1,)= \D\

18



with 1, = (5i)kepﬁ € {0,1}P% where 67 denotes the Kronecker symbol (see (3.5)). For
j €D}, let (X7,Y7) = (X}, ij)keva € R™ be random variables of probability density

keDY
k]
where By = + O(go(k)) is given by (5.3). Then the random variable
(5.5) (P(0,w),Q0,w)) = Y (X7, Y7) e RN
j€DL

has the probability density py(p,q) given by (5.2).

The sampling of the initial distribution (P(0,w),Q(0,w)) can be done as follows: One
grid index j € D}, is chosen randomly and uniformly in Dy, and (P(0,w), Q1(0,w)) keD?,
are drawn with respect to the probability density function (5.4).

It means that once j is chosen:

e The modes (P;(0,w),Q;(0,w)) are drawn with respect to independent normal laws
N(0, By j/2) where By = v; + O(go(j)) is given by (5.3).

e For all the other modes k # j, (P(0,w), Qx(0,w)) are drawn with respect to inde-
pendent normal laws N (0, vx/2).

Note that this type initial condition is reminiscent of the strategy used to prove the
convergence of hard-sphere dynamics to the linear Boltzmann equation, where a distribution
of hard sphere is chosen randomly fixed, and the trajectory of one particle is analyzed in this
scatterers environment, see for instance [14, 10, 37]. Of course the situation is very different,
in particular because we look from the beginning at random initial data, and all the modes
are in interaction as soon as t > 0.

6. CONCENTRATION ON THE RESONANT MANIFOLD

In this section, we define the linearized wave kinetic equation (4.3) and prove the existence
of solutions. Morever, we prove that the solution of the regularized equation (4.5) converges
to the solution of (4.3) when A — 0. But before that, we need some results on quasi-resonant
manifolds. For m and p in R?, let

Q(m,p) = W — Win—p — Wy
and for z € R, m, # 0, let
(6.1) D(s,m) = {p € B | Q(m,p) = 2}

In order to define the resonant kinetic equation, we shall define the microcanonical measure
on I'(z,m). To this aim, let us first notice that the integrand functions in (4.5), see (4.4),
depend on the three variables m, m — p and p and vanish if one of them is not in D. Hence
it is enough to define the measure on I'(z,m) for m € D and p € D such that m —p € D.
Let a and b be given with 0 < a < b. By definition of D, we can find a and b such that
D C (a,b) x (—=b,b), and we thus see that it will be enough to define the measure on the set
of m such that a < |m,| < b, and for

a a
pelU’ ={pecR? |p,| > 3 and |my, — py| > 5}
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Note moreover that it is enough to obtain a parametrization of I'(m, z) for m, > a, as we
notice that

(6.2) pel(m,z) = —pel(—m,—2),
as can be easily seen from the relation w(—p) = —w(p).
Lemma 2. With the previous notations, let zy = %a‘*. Then for a < m, < b, and z €

(=20, 20), the set
C(z,m)NUL =TS (z,m)UT, (z,m)
18 the disjoint union of curves that can be parametrized as follows: Let

a a a a
Iy = (= ' T o o M — 5 x 5
(—o0 2)U(2m 2)U(m ~|—2c>o)
and for all o € I,,,, define the application k*(-,z,m) : I, — T'E(z,m) by
ki(o,z,m) =0, and H;/E(O', z,m) = a% + /3t (my — a)a\/l =30, —ZJ)mxo'

Then we have
peTE(z,m) <= p=ri(o,2,m), o€ l,.

Proof. Recall that for k = (k,, k,) with k, # 0, we have

k?2
Wy = k‘i + nk—z.

After a scaling k, — k,/./7, we see that we can reduce the analysis to the case n = 1.
Let us first note that for a given m, the condition p € U¢ is equivalent to p, € I,,. For
such a p,, p = (pz, py) is in I'(z,m) if and only if

m? N2 2
mi"‘_y:(mz—px)g-l-pi—i-—(my py) _{_&4_2«7
Ma (mw - pﬂf) Pz
which is equivalent to
m? )2 2
(6.3) — = —=3mip, + 3m.p; + Umty = po)” By

Let us set m, = sp,, with s # 0. we have m, — p, = (s — 1)p, with s — 1 # 0 as p, € I,,.
The previous relation yields

2 2
SPx ’ ‘ (3 - 1)px Pz
)2 p2
= —3s(s—1)p* + —(my ) + Py +z
(5 - 1)px Dz

and the equation is thus equivalent to
3s°(s — 1)’py = —(s—Dm 4 s(my —py)* + s(s — 1)p. + s(s — 1)p,2
= (my —sp,)° + s(s — 1)p.2
which implies that

(6.4) (my — sp,)* = 35*(s — 1)°p; — s(s — D)ps2.
20



Hence we have

Dy = ;my + - \/35 —1)2p2 — s(s — 1)py2

which yields

Py = Ptk p—x\/?)(mx — P2)*m — (M = pa)ims
Mo M D

my z
Pe b £ V3(me = pa)p \/ e

- pa:)msz

which is well defined for z € (—z0, 29) given in the statement of the Lemma. Note that the
resonant manifold is parametrized by

m
(6.5) by = pxm_y + \/§<mx — Px)Px
which are branches of parabola. 0

With this result in hand, we can define the microcanonical measure on the quasi-resonant
manifolds:

Definition 1. Let ¢(m,j,p) be a smooth function with support in D3. Then we set for
m € DT and z € (—2, 20),

m=j+p
Wm=wj+wp+z

66 [ ., omindSGp) =

|05t (0, 2,m)]

HVPQ<m7 ’%i<0—7 Z, m)) “

Z gb m,m — k= (0, 2z,m), k= (0, z,m)) do
and a symmetric formula for m € D~ using (6.2), where ||V ,2(m, q)| denote the Euclidean
norm of the gradient in p of the function Q(m,p) evaluated at the point q.

Using this explicit formula, we can easily see the following result (recall that W1 (lf) is
the space of functions in L™ (U) with gradient in L>(U) ).

Lemma 3. If ¢ € CY(D?) with support included in D3, then the application

(zm) = ®(z,m)i= [ o(m,jp)AZ(p)
Wm=wj+wp+z

is of class C' on (—29,20) X D, and we have

(6.7) 12 sy < Cl0l e -

We will now gives the following result showing the approximation of the linearized wave
kinetic equation by the almost-resonant equation:

Theorem 3. Let g(m) € Wh°(D) and T > 0 be given. Then there exists f(t,m) € W>°(D)
solution of (4.2) on [0,T] with f(0,m) = g(m). Moreover, there exists \g > 0 such that

for all 0 < X\ < Xg, the equation (4.5) with initial data fr(0,m) = g(m) admits solutions
21



in L>(D) in [0,T] that are uniformly bounded with respect to A € [0, \g]. Moreover, there
exists C' such that for all A < A\, we have

(6:5) sup [[fs(tm) = S )] ) < OV

te[0,T]
Proof. We can write the equations (4.2) and (4.5) as
(6.9) of =Lf, and 0O fy = Lyfr.
Note that if || - [| . denotes the operator norm induced by L**(D), we have

121, < sup [ (1G] + 1 0m )] + 10mp.5)) S
meD wTZn:_ugj—i—pwp
and using Lemma 3 and the fact that the functions |L(m, j,p)| and |S(m, j,p)| are smooth
with compact support in D?, we have that ||£]|, ., < +oo ensuring the global existence of
(4.2) in L*(D). Moreover, by taking the gradient of (4.3) with respect to m, and using
(6.7), we see that this solution is in W*(D) for all times.
Now, we calculate that

(6.10) [ILall o <

1 A
— L — S — S —p)|)dp.
sup [ (1L =, + S m =) 1. =) )

To estimate this integral, we decompose the domain D between the set Uy, = {p € D||w,, —
Wm—p—wp| < A4} and its complementary D\Uy. For A small enough, then the sets {p, | wy,—
Wm—p—wy = 2} = I'(z,m) are smooth submanifolds foliating Uy for z € (=4, A1/4). On the
complementary set, the integral is simply bounded by Cv/\ for some constant C' depending
only on D. Hence, using the co-area formula, we obtain that

+)\1/4 A
< sup — s d A
1Al o < Zﬁ%w/_w e Rz m)dz + VA

where
R(z,m) = ([L(m, 4, p)| + [S(m, j,p)| + [S(m, p, §)[)dE(j, p)

m=j+p
Wm=wj+wp+2

is a smooth function with compact support in D by the previous Lemma. Hence we get

1 +)\73/4 1

meD T A—3/4 22 +1 m,|z|<zo

This shows that the equations (4.5) are well posed on L*>°(D) with uniform bounds with
respect to A < )\g. Now we have

O(f =) =La(f =) +(L—=LN) S,

and the previous estimates combined with the Gronwall Lemma ensure that

(6.11) sup [ f(t) = fa(®)ll o < C sup (L= LA O, -
te[0,T) te[0,T]
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Now to estimate the last term, we use the same estimate as before: Using the fact that f is
bounded, we obtain

FAVE
™ / 7 etz m)dz — A, 0,m)

1L = L)) 0 < CVA+ sup

meD

where

h(t, z,m) = (L(m, 3, p) f(t,m) + S(m, 4, p) [ (t,p) + S(m, p, 7) [ (¢, 7))d%(5, ).

m=j+p
wm=wjtwp+z

Now as f(t,m) is uniformly bounded in W we see by using the previous Lemma that
h(t,z,m) is Lipschitz in (z,m). Hence we have

1 +>\1/4 )\ 1 )\—3/4 1
— —h(t = — —h(t, A d
7T/,\1/4 22 + A2 (t,2,m) 7T/,\3/422+1 (#, Az, m)d2

R |
= h(t,0,m) <; /—)\—3/4 o 1dz> +O(\)

which shows that
(6.12) I = LB . < CVA
for A < Ao small enough which shows the result, from (6.11). O

Remark 2. The convergence of fy towards f does not hold in W1, Indeed, the evolution
of the gradient of f is driven by terms of order O(A72) coming from the derivatives of the
singular term \/(z* + A\?). More precisely, using the estimate

Alz] 1
o
(22 + A2)2 = X2
and the fact that || fA[| .. is uniformly bounded with respect to A we easily obtain that

C
6.14 sup || fa(t - <=,
(6.14) S, IA® 1 = 13

(6.13) VzeR,

for some constant C' and \ small enough.

7. ITERATED DUHAMEL FORMULA

We now look at the evolution of the momenta (VEV) () for € and ¢ in NP~ (see Notation
1 and (3.2) for the definition of the averages).

Let G(p,q) = G(v,v) be a function of the variables (pk,qk)kepfV or equivalently of the
variables (ve, Uk)epy after the identification v, = px +ige. The evolution of (G(V/(t), V(1))
is given by the Kolmogorov equation (which is the adjoint of (3.1))

SLGV VN = (U, GHV. V) + S La GV, V(0)
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with Hg = Qn + eKy (see (2.6)). Let us take G(v,v) = v*0¢. We calculate that (p.0,, —
@Op,, ) Uk = 1pr, — qi, = vy and (pr0y, — @10y, )Uk = —ipPr — qr = —iU;. Note in particular that
we have (pp0,, — qx0p,)(|vr]?) = 0. Hence, we see that

{QN’Ugﬂc} = Z wk(pka% - Qkapk)vsl_}g =W - (f - C)U§@C7

keD};

where w = (wk)keD; and w - € = ZkeDjQ Erwy. Similarly,
Ly (0576) = —[¢ — C[oeiF.

Note that | —(]? = ZkeD]f, |&x — C|? is essentially a measure of the number of angles in the

monomial v¢9¢. Hence, we can write the equations on the momenta as
O(VEVE) = (i€ = Q) - w = 8l = CPYVEVE) e D Yue(VIV)
K

where the sum is taken over multiindices (u, ) of global length o ()40 (k) = o (&) +0(¢)+1,
and where Y, ., are coefficients depending on ¥, and N (the precise combinatoric will be
only needed for the first terms).

In the following, we set

(VEVE) (1) = e~ 16 Qwtdle=C (€770 ().
These momenta satisfy a hierarchy of equations of the form
(7.1) at<vi‘_/C>* — ¢ Z e—i(§—C—u+fe)'w+t6(|§—C|2_\u—n|2)Yun<Vu‘_/n>*_
oK

Note that when ¢ = ¢, that is when VEV¢ = |[V¢]2) we have (|V¢|?), = (|[V¢]?).

We consider now the evolution of the fluctuations (see (4.10))

(7.2) Vm € DY, FN(t) = N*(|V,[?) — N%yn,

m

and the coarse-grained averages (see (4.8) and (4.11))

1
VK EG, Fg'(h =15 D, Fa),
mGC}A{”h
where G, = G, N DT is the intersection of the coarse grid (4.7) of mesh h with the right
half-plane. Note that FN(0) = fo(m) for all m € Z3%, using Hypothesis 1, and hence as the
support of fo(m) is in D, we can define N (t) = 0 for m ¢ Dy so that the average Fp™(t)
is defined without ambiguity. Moreover, as f; is smooth, we have that

VK € Gy, FPM0) = fo(K)+ O(h),

where here and in the following, O(h) means here a term that is uniformly bounded by Ch

with a constant depending only on D and f; (and later the final time 7).
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We first write (7.1) for £ = ¢ = 1,, for a given m, that is § = 0 for k # m and &,, = 1,
and ¢ = &. In this case, V&V = |V,, |2, and we have (see (2.5))

<|V| Rel— Z \Ijnk’é ti(—wm Fwg+we)— 'r'mk£6t<v ka>
m=k+{
(73) + Re 22% Z eti(_wm_wk"rwe)—'rmkgcst\l;;‘;kg<‘7m‘—/kw>*‘
m=—k+{

The numbers 7, in the exponentials can only take values 3 and 5. Indeed, in the right-hand
side, we have only terms of the form V#V* with | — k|> = 3 or 5. For the first sum, we
have terms of the form V,,V;V; which can be written V*V* with u = 1, + 1, and & = 1,,.
We thus have y — x = 13 + 1, — 1,,,, under the condition m = k + £. So we have |y — k[* = 3
except if m = k or m = ¢ or k = ¢ = m/2. But the first relations imply that k or ¢ = 0,
and thus \I/;:M = 0 by definition of D]J\r,. In the case k = ¢, we have r,,;; = 5. Note also that
Tmke = Tmek- Lhe analysis for the second term is similar. By definition of Fn];[ , see (7.2), we
have 9,(|Vin|?)s = 720, (¢), and this relation implies that for K € G,

N“ _
FRMt) = FR™0)+ / Re S Y Ut el em) Trads (7 V) (s)ds

m= k—i—E
mGC

! 2ieN*® + 18(—wrtwe—wm)—Tmkeds /X7 T/
(7.4) Re N > Wie mkedS (V. Vi) (s) ds.
m=—k-+~¢
mECﬁ’h

Note that the right-hand side of this equation is of order O(%) using (3.11). Indeed, we have
for all s,

eiswrtw—wm)=rmies (VY (5) = (VuViVa)(s) :/UmUkWPN(S)
= /@mvkw(pN(S) — kN,

as U, Uy is of zero average with respect to uy (it contains three angles). Hence we have by
using Cauchy-Schwarz inequality

eN¢ — eN¢ B
(7.5) TING > AV aViVi)(s) :W/ > U kOmosve | (pn(s) = )

m=k+{ m=k+¢{
mecy" mecy"
2 1/2
| 2\
ION — UN \If+ _
= h2N3 mkeUmUkU2| UN
m=k+~
mecﬁ’h
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But using (3.11), this term is bounded by

1/2

CeN® ( C )1/2
X X

}: T+ + = o
h2N3 N2a—2 LRy / Umn U Uk UgVp Ve N

m=k+~
m!=k' 1/
m,m'EC%‘h

But the terms [ 0,0 O vx0pvey = 0 unless the triplet (m/,k,¢) is equal to (m, k', ().
But we cannot have m = k otherwise £ = 0 and the corresponding term W', cancels by
definition of D. For the same reason, we cannot have m = ¢, m' = k' or m’ = ¢'. Hence, to
obtain a non zero term, we must have k = k' and £ = ¢, or k = ¢’ and ¢ = k’ which implies
in any case that m = m’. Hence the previous term is bounded by

1/2
Ce 20 (21, |2 Ce 2 A74N1/2 Che
0 gz |2 T [ el | < gtenty < 5,
mecﬁ’h

for some constant C; and C5. Note that to obtain this estimate, we have used the fact that
[ [vm)? vk [*|ve|* iy are quantities uniformly bounded in m, k and ¢, and that

Card{ (m,k,0) e Df;|m=k+( and meCy"} < Cih*N*

for some constant . In the following, C' will denote a generic constant independent of NV,
0, €, t and h and are allowed to change along the estimates.

Proposition 5. Under the hypothesis (1), there ezists constants C, Ny, ho and & such that
for all N > Ny, h < hg, 0 < &g and for allt > 0 and allKeg,j,

(7.7)
t 2 o 3(5(‘If+- )2
F(t) = Fg™(0 2/—8 I VilPIVo ) =2(IVa PIVi ) ) (s)d
R0 = F0)+ Ommggﬂwf%_%yﬁﬁxuﬂuw (Vi PIV32) ) (5)dls
mEC[A{]’h
t€2Na 35(\D+ )2
+4 [ i Vil2IVol?) + (Vi P 1Val?) = (Vi ?1V51%) ) (s)d
LémN%Z%ﬂ%+%_%yﬁwxqﬂ|a>q BV = ([Val2IVi ) ) (5)dls
meCy
+ R(e, K, N, h, 6, )
with the estimate
e g2 ted te%s
7.8 R(e, K, N,h,0)| < O+ — + o+ ).
i Jup |Rie, K, Nk, 9)l < (5 + 55 * 1 + vee)
N>No
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Proof. Let us consider the first term in the right-hand side of (7.4). After integration by
parts, we can write it

t 1eN®
19) [ Refiim 30 e (7, . 5)ds

m=k+/

eis(wk'i'wﬁ_wm)_rmkﬁas d

NO(
R Ut Vi ViV ds
/ “ 2N Z R (g A W — Win ) A T e dt< ¥Va).(s)

m=k+~
mecﬁ’h

eN© eis(wk-i-wz—wm)—ka/les

Re —— Ut V. ViVo).
e h2N3 m;g MR (g A W — Win) + z’rmkg(5< ¥Vi)+(s)

N,h
meCy

0

Let us look at the boundary term. By estimating like in (7.5)-(7.6) and using

7.10 —| = <
( ) (Wi + We — Win) + Taketd (Wi + we — wi)? + T?nké(;Q B

1 2 1 c
5

we easily obtain that

eN© (Vo ViVe)(s) Ce

7.11 —_ + < —

( ) h2N3 m;ﬁ R (g A W — W)+ e | T~ RS
mecﬁ’h
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contributing to the first term in the estimate (7.8). Now we calculate the contribution to
the time integral term in the right-hand side of (7.9). We compute

(7.12)
t eN@ eis(warwgfwm)frmkgsé d —
— R a8 — (Vi ViV« (s)d
/o SN mgw " o o — o) F g g VRV (8)5
mGCﬁ’h

eis(wk—kwg—wj —wp)—T88

b ig’N© o
= [ Re—5or LUASWA V.V, ViV, (s)d
/0 e h2 N4 Z mkl mjp(wk+wg—wm)+ikag5< iV oV g) (S) S

[1i+1p—1p—1¢|?=r

) t R i€2Na S eis(wp—i-w]-—&-uw—wm)—rsé V " 1
. /O ) RENE m:ZkJrZ ek (wk + we — wm) + irmké(S( me €>*(S) s

k=j+p

‘1m_1j_1p—1£|2:7“

eis(wk Fwetwj—wp)—Tsd

b je?N® _
2| Regonm LA ViV, ViVi).(s)d
+ ; e h2 N4 m;’—é mké m]p(wk+wz_wm)+irmkg5< VoViVie)«(s)ds
m=—j+p
meC}J\(I,h

[1p—1;—1p—1¢>=r
t - 2 N\ is(wp—w;jtwg—wm )—Trsd
e N e p —Wj .
—4/ Re E \IJ;ZM\I/,;p(w o 5(VmVjV;JVg>*(s)ds.
0 m=k~+¢ k (4 m mkl
k=—j+p
mGCIA{”h
[Lm+1—1p—1,]2=r

Let us isolate the terms for which » = 0, which means the terms which depends only on the
|Vk|?. Note that such terms can only be present in the first and fourth terms in the right-
hand side of the previous equation. Owing to the fact that the term ¥, = 0 whenever one
index is 0 and is symmetric with respect to mkf, these terms are equal to

b g2 N« 1
/0 € TaNa m;rg( mit) (wk+we—wm)+irmk55<‘ 7| Vel?) (s)ds
mECﬁ’h
b g2 N« 1
—4 ) Regayr 2 (W)’ (VP [ViP) (s)ds.
/0 € 72Na m;rg( mht) (Wk+we—wm)+7“mkgz5<| 1*|Ve]?) (s)ds
mEC}j\(f’h

28



These terms can be written

' i82Na T kg5(\1’+ 2
7.13 2 Re ——— m mkl Vi l21V, |2 d
(719) /o " RNt m:Z (Wk+wz—wm)2+r?nk£52<’ ePIVel)(s)ds

t . 2Na \If+ 2
— [ Rl 3 e v PV o)
0

{
RNt L (wp + we — wm)? + 2,02
mEC[A{]’h
To obtain (7.7), we just need to see that we can replace the 7,5, to 3 when they are equal
to 5, that is in the situation where k = ¢ = m/2. The corresponding terms for the first sum

in (7.13) is

t ,l'E:QNOc 5(@7—;@@)2
Re ——— 2 2 Vi |*)(s)ds.
/ CTNT 2 e Vel
0 N,h 2
meCy’
For such terms, we have for m, > 0,
m2 2 m2 3
(7.14) wm—Qw%:mi+m—i—§mi—m—zzl—lmz>a

for some constant a, by definition of D*. Hence for these terms, we can use the bound
50

<

(W — 2wm )2 + 5202 —
2

(7.15) o,

provided that § < g is small enough. Moreover, we can bound the terms

s () ([ )

by using (3.11) with & > 1 and (3.12). We deduce that

Vi

2

2N : . Coe* N> £25
y Vm < — E 1 < .
h2 N4 jz: (Chn 2(,?)2 5252<| 2 |> - h2N4 —'(7fv2—a

mECﬁ’h

(7.16)

mECg’h

Hence, up to a term which is less than the the last contribution in (7.8), we see that we can
set Ty to 3 everywhere in (7.13) which yields the first contribution in Equation (7.7).

Going back to (7.12), we see that the other terms for which » > 1 can be integrated by
part again. After scaling back to the original moments (v¢5¢)(t) = e/€=Qw—131E=C1* (1,E5¢) (),
the new time integrals obtained are of the following types (up to complex conjugate):

t E:3]\[04 -

(117) v X W @110 (s
° (p.gika) AR

or
t €3No¢ .

(7.13) [ X W)WV e)as

. N,h
(p.g,kL,q) €A



where AX™ are sets of multindex of cardinal O(h?>N®) (typically for the first term, sets of
multi-indices with constraints of the form p =7+ k+ ¢+ ¢ with p € Cg’h) , and where

C
(719) sup |qujk€(5)| S ﬁ
pqjkl

Note that in this case, as we have always products of five V}, and V,, we cannot have a term
depending only on the |V;|?, and hence the terms are or zero average with respect to the
density py. Hence, the integrand term (7.17) for example is equal to

e3N“ B
/ h2 N5 Z qujkf@)“p”jvk”wq(ﬂl\f(3) — iN)

(ph]’k’g?q)e'A%

And we can bound it in modulus by
2 1/2
53]\]’01 s) — o\ 1/2 i
h2N5 (/ |pN( LN MN| ) / Z ijkém(5,5)?)p'l}jvkvgvm UN
(p7j7k7éyq)6./4%7h

and using (3.6), (7.19) and (3.11) this term will be smaller than

1/2

Ce? )
1252 N4 Z |Vp U Uk VUM |y
(p.dik.l,q) €A "
(p/,j/,k/,f/,q/)EA%’h
1P+1j’+1k’+1Z’:1p’+1j+1k+12

In this sum, the integral with respect to puy are uniformly bounded with respect to V.
Hence the size of this term is essentially the number of terms in the sum. To count this
number, we observe that once the multindex (p, j, k, £, m) is fixed, there is only a finite (and
independent of V) number of choice for (p', 5/, k', ¢, m') fulfilling the orthogonality condition
1y + 1y + 1y +1p = =1, +1; + 1} + 1,. Hence the term in the sum is bounded by a
universal constant times the cardinal of A%h which is of order O(h2N?®). Hence we have
(7.20) (7.17)] + |(7.18)] <ol

) . . <05
contributing to the last term in (7.8).

Now companion to the integral terms (7.17) and (7.18), the integration by parts yields

boundary terms of the form
(7.21)

62NO¢ _ EQNO‘ J—
AN > Wun(O)(V,ViViVi)(s) and N > W)V, VViVa) (s),

(p..h 0) B (pd:k ) EBR"
) N,h c1: . N,h
where |Wpe(8)] < C672, and where By are sets of multindices of cardinal |By

O(h?N°®). Moreover in the second term the sum is taken over indices such that 1, + 1, —

1; — 1, # 0 -the other having contributed to the “kinetic” part of (7.7)- so that there is no
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term depending only on the |V;|?, and hence the term is of zero average (which is obvious
for the first term). By using similar techniques as before, we can bound these terms by

2

C€2Na CO 1/2 276 1/2
h2 N4§2 (N2a—2) (Ch N ) < CW’

contributing to the second term in (7.8).
Now we repeat the procedure for the second term in the right-hand side of (7.4). We find

h2N3
m=—k+~
N,h
meCy

t eN@ eis(fwk+w57wm)frmkgsz§ d — _
=-2 Re —— Ut — (V. ViVe).(s)d
LA s 2 Vi o o o g a T eV(e)ds

Ne —
/ Re2 D et e T (V) (s)ds
0

m=—k+/{
mECIIg’h
t
eN@ eis(—wk+wg—wm)—rmkgs5 o
2 | R vt Vi VieVe)s
* “h2Ne m:ZkH R (g W — W) F z'rmkM( #Ve)e(s)
mECI]\(”h 0

The boundary term can be estimated as for Equation (7.9). For the integral term, we
calculate as in (7.12) and we isolate only the term symmetric in (V, V) (the other terms
being estimated by integration by part as previously), and we obtain

18(—wg+we—wm ) —Tmke SO

eN“ e d — —
R vt Vi ViV ds
/ “h2Ns mz_;M (g, Wp — W) T ked dt< eVeu(s)

mECﬁ’h

eis(fo.);c Fwetwj—wp)—TsA

t €2Na —
=4 Ut gt ; «(s)d
/ Rei—— Z mkl = mjp ( W+ Wy — Wm) + irmkg(s <V3 vak‘/é> (3) S

h2N*
m=—k+¢{
m==j+p
mECN h

|1p—1j+1k—1e|2=1”
i5(wj —wptwp—wm)—Ts0

t 2Na _ —
+4 / Rei 3 LA (VW ViV,Vi)u(s)ds

k

h2N* et P (—wg, + W — W) + i mked
k=—j+p
mECg’h

| =l +1;—1p+1,2=r
eis(—wk+wj+wp—wm)—r55

2No¢ P
/ Rei—— > LN [ : (Vi ViViV,).(s)ds

h2 N4 etV P (—wp + We — W) F Tl
t=j+p
mECN h
[—1m+1; +1p_1k|2:7'
2 3
€ te
TO0e T )
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The terms for which » = 0 are equal to

t 2N 1
¢ Reifays 3 (i) (Vi) (s)ds
0 h2N4 m:z;+j " (—W] + Wp — (JJm) + Zijp5 7P
mecj}”h
3 2 N 1
+4 [ Reitgs 3 (w0, ViV, ) (5)ds
0 h2 N4 m;ﬂ) ) (Zw; + Wy — W) + iTmgpd P
mecﬁ’h
t 2N« 1
/0 RN m:z_]:-ﬂ,( ) (—wj 4+ wp — wm) + rmjpi(5<| 517 (s)ds
mGCg’h

These terms give the second contribution in (7.7) up to estimate of the form (7.16). The
other term for which » > 1 can be integrated by part again and estimated as previously. [

We can write the previous result in the original formulation with frequencies in Dy and
not only in DF;. Recall that V; can be extended for j € D by the relation V;(t) = V_;(¢).
The fluctuation terms FY(¢) defined by (7.2) in Dy satisfy FY (t) = FY(t), and a similar

relation holds for the coarse-grained fluctuations F2”"(t) = F™;"(t). The previous result can
be written

Proposition 6. Under Hypothesis 1, there exist constants C, Ny, hg and oy such that for
all N > Ny, h < hg, 6§ < &g and for all t > 0 and all K € Gy,

g2 N«

t
N,h __ Nh
(7.22) Fp'(t) = Fy (0)+2/0 I

5 30(Wonsp)? ((V3I2IV[2) = sign(maja){([Vin P[V312) = sign(mapa) [V V5 2) ) 5)
e (Wi, — wj — wp)? + 3262

mECﬁ’h

X

ds

+ R(e,K,N,h,5,t)

with R(e, K, N, h,d,t) satisfying (7.8).

8. LINEARIZATION AND DISCRETE RESONANT CONCENTRATION
The next result shows the linearization of the previous equation:
Proposition 7. Under the previous hypothesis, we have for all N > Ny, t > 0, K € Gy,

hgho and(5§(50,
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30 .
BN -F 0+ s [ e L)

—J+p
mEC

30
2 \4 Z 3 QS(m,j,p)FéV(s)
(8.1) h N / m= J+p wp)? + 3%

mGCN h

30
h2N4/ Z wj_wp)2+33525(m7paj) i (S)

m= J+p
mEC

+ Ry(e, KK, N, h,6,1)
with L and S defined in (4.4), and

g2 ted el te?d
8.2 Ro(e, K, N, h, 6,1 <C< £ E )
(82) sup [Ra(e I=Clistme e P oy e
Proof. In Equation (7.22), all the terms are quadratic in |V;|>. We can write all of them as

(ViPIVRI) = v+ (V3P) = 9) + (Vi) = ) + (V3 = ) (IVal® = ).
As ~; is a stationnary state of the kinetic equation cancelling the integrand in the equation
(4.1), the contribution coming from the terms in 7;7; vanishes. The contribution of the
second type of terms of the form v, ({|V;|?) —;) gives the main terms in (8.1) after a rescaling
in N*. So we need to estimate the terms coming from the last contribution, quadratic in
(]Ve]* = 7%). Three terms of similar form are to be estimated. The first one is

g2 N« 36( W )?
(83) h2 N4 Z (w _w_Cj:>2+3252<<|‘/J’2_fYJ)(|Vk|2_fyk)>
m:j—&-l}cl m J
mGCg’

Note that in this sum, we cannot have j = —k which implies m = 0 and the corresponding
term is zero. When j = k, we have j = k = 3. But such terms are non resonant as shown
n (7.14) and we can use a bound of the form (7.15). As we have

(Ve — )] < (/ %) (/W _WMN)% <c

by using (3.11) with o > 1 and (3.12). We deduce that (compare (7.16))

52N0¢ 3(5(\I/mmm)2 9 5 0562]\[04 52(5
N 2 (wm—zw;)22+3252<(|v%| ) <o | 22 1] <05

mecy" cNon

and this term contributes to the last term in (8.2).
Hence in the sum (8.3), we can exclude the terms for which j = £k, and by orthogonality,
we can write

((IVil* = ) (IVal* = ) = /(Ivjl2 — ) (ol = ) (on (8) — puv)
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and by estimating the sum as before, we obtain that it is bounded by

o (crentyt = &
) < (CHNY)E = .

82Na CO
Sh2N+ <N2a*2

yielding the penultimate contribution in (8.2). The other terms are estimated similarly. [

End of the proof of Theorem 1.
Note that for ¢t < T'/(we?) with the notations of the Theorem, we have using (8.2) that

€ 1 1
Ry(e, K, N, h, 6.t <c(— — —)
sup | Rale I=Cos T onn T vea
t<T/(me?)

provided that £ and ¢ are small enough.

In the remainder of the proof, we set A = 30.

Let f\(t,m) € C*(D) be the solution of the linearized kinetic equation (4.3) on the interval
[0, 7] with initial data f\(0,m) = go(m), m € D. As noticed in Remark 2, if we have
Hf/\HLoo(D) < g’ uniformly in A, we have only ||f/\HW1,oo(p) < CX72 (see (6.14)).

We define fy(t,m) = fy(we*t,m) and for m € Dy and K € Gy,

N(oy _ N ra N, 1 N
ro(s) = F. (s) — fa(s,m) and TKh<S)_W Z T (S).

mECI]\(I’h

Note that we have r%’h(O) = 0. By definition, f,\(t, m) = fr(me?t, m) satisfies

At.m) = go(m) + 722 / (Ca]h) (s, m)ds,

for t < T/(me?), where L, is the operator defining the quasi-resonant equation (4.5). Now,
using the estimates (6.13) and (6.14), we have that

~ 1 A o
W(ﬁ)\f)\)(s,m) = mm;p (Wm —w; — Wp)Q + )\QL(mvjvp)f)\<Sam)
1 A ~ ~ 1
NV 2 oo QU p) + QUmep (s ) + Ol
m J p

m=j+p

where the last term comes from standard estimates between continuous and discrete integral
of mesh 1/N, owing to the fact that the integrand has a derivative uniformly bounded by
1/)2.
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Hence, we obtain in view of (8.1)

N,h - ' N
i (1) 7”K h2N4/ ;Lp — wp)2+)\2L(m,],p)'rm(5)
meC
A . N
h2N4 Z —w )2 + )\QQ(mvjap)Tp (S>
(84) m= ]—‘,—p p
meC
h2N4/ Z ) +>\2Q(m,p,j)TJN(s)
m= ]+P
meC

+ Rs(e, K, N, h,5,t)

with for ¢ < T'/(we?) and g¢ and §y small enough,

1 1 ) )

(8.5) sup | Rs(e, K, N, h,6,t)| < C<h52 T

Kegy
+<T)(me2)

Now the first term in the time integral of the right-hand side of (8.4) can be written

’ 1 A 0\
# Z <m Z (w . .>2+)\2L(mu7=m_3)> T (8)

— W; — Wm—
mEC%h J€DN

and we have by standard approximation on the subgrid G, that for all m € CX"

m 7.)2 L(majam_j)

1 A
— h2 I S
2Nt 2 (o —wp s e dm )

JeGy, jEC]JV’h
=0y A LK, J K — )+ 0(1,
jcg. (W —wy —wg—_y)?+ N2 A2

where the last term comes from the estimate (6.13) of the derivative of the summand. Hence
we obtain

1 A
- L . N
h?N*4 _Z (Wi — wj — wp)? + A2 (1. 3, )1 (5)
meliih
=n* ) A LK, J,K — J)r¥"(s) + o(ﬁsu Ir " (s)])
B (Wi —wy —wr—g)2+ X277 K 52 " '
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The second and third terms in Equation (8.4) can be written equivalently

1 1 A
2 N ..
h Z h2 N2 Z Tj (s) h2N2 Z (Wi — g — wj)g a2 Q(m,m — j, )

JeEGh jECII\(]’h mEC[I\(]’h

and as before, we have for j € cf,V”“”,

1 - A . .

PN Xc;vh (Wi = Win—j — w;)* + e @msm = j.j)
me K’

A

h
(LUK _ CUK,J _ (_UJ)2 + )\2 Q( ) J? J) + 0(52)

We therefore obtain a similar estimate as for the first term. Eventually, we have that

t
A

N,h N,h 2 2 Nh

r’t=r’0+€/h E L(K,J, P)r;>"(s)ds

K () K () 0 K:J+P<WK_WJ_WP)2+)\2 ( )K ()

t
2: A
2 h2 7 Py
+8/° K=J+P(“K—WJ—wp)2+>\2Q< S P)rp™(s)ds

(8.6)

t
A
2 [ p2 B
+€/0 K;P(wK—wJ—wP)Q_'_)\QQ( , I, )’/“J (S) s

4 Ry(e, I, N, h,8,t) + Ru(e, KK, N, h, 6, ¢, 1)
with Rj satisfying (8.5), and

h t
sup |Ry(e, K, N, h,d,t,rx)| < Cﬁgz/o 8111(p|r%’h(s)|ds.

Kegy,

Let us set [[r™V"(s)]],.. == supkeg, lr2"(s)|. From the previous equation, we obtain that

t h
[V O] e < NPYMO)] oo + 00+ C* [ (IL3 + )17V ()], s
0 )

where 09 = SUDj¢ ;<7 (re2) | R3(€, K, N, h, 6, )| and

|23 = sup |h* >

K=J+P

A
(WK—CUJ—WP)2+)\2

(L(K,J,P)+ Q(K, J,P)+ Q(K,P,J))

Now we see that the right-hand side of this equation is a discretisation of the upper bound of
1Ll 1 With mesh h. As this term is uniformly bounded when A — 0 and as the integrand
is smooth with derivative bounded by CA~2, we deduce that (with A\ = 34)

h
24 < C+ ).

We deduce by using the Gronwall lemma that for all ¢ < T'/(mwe?), when h < §2, we have

I

€ 1 o
[ < Cloo+ I (0)],) < € (5 + ).

70 T hon T N
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as
1 1

<
02N = hoN
under the assumption h < §2, and if § is small enough. We thus easily obtain the result.

Remark 3. The proof of Corollary 1 is obvious after noticing that for K € G, and t < T,

S IR ENCIEE = SNA RV
kee kee
1
+W Z (f(t,k‘)—f(t,K)),

keCcy™

since Card Cg’h = h2N?2. In the right-hand side of this equation, the first term is bounded by
CVX with A = 35 by using (6.8), and the second term is bounded by Ch < C6* by using the

reqularity of f(t,k) given by Theorem 3. Note also that using (6.14), we easily obtain the
estimate

S AR = A K) O,

keCp "

9. THE DETERMINISTIC EQUATION WITH RANDOM INITIAL CONDITIONS

We now give the proof of Theorem 2. Let us first remark that Proposition 2 is valid for
all § > 0, and that in fact for 6 = 0, (3.11) is an equality. Hence all the bounds in the
proof for the stochastic case will be valid, up to estimates on the small denominators. These
diophantine controls are given by the following estimates:

Lemma 4. Recall that for k = (kg, ky) € D, wy, = k3 +nk}k;*. There exists v > 0 such that
for almost all n > 0, there exists a constant ¢ such that we have for all N € N,

_ c c
(9.1) V(k,j,0) € DY lwitj — wi — wj| > e and  |Wetjte — W — w; — wy| > N

Moreover, defining for a given m € Dj; the resonant set
RY ={(j, k,0) € (DY)} |Im=k—j+{ and w, =w,—w;+w}

there exists a constant C' such that for all m almost all n

(9.2) Card RY < CN?
and
(9.3) V(ik O ERY, oty —wr —wi] > —.

Proof. Let € > 0. From a version of Khinchin’s Theorem (see for instance [36]), we know
that for almost all > 0, there exists ¢ such that

C
g2+

1
(9.4) VmQGZxZ*‘——ﬂZ

noq
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For k = (ks, k,) and j = (jz,j,) in D, we calculate that

. . ky+4,)°  ky dy
Whyj — Wk —wj = 3kafo(ky + Jo) + 77(M -4 — ‘7—y)

1 S
— p3r =+ 2=
nr(n+3r2)’

where r = ky (ke + jz) and s = (ky + Jy)2duke — (ks —i—jm)(kzjx +j§k$). By definition of D,
we have r > a for some constant a depending on D*. Moreover, by definition of the discrete
grid, we have s = SN~ and r = RN 3 for some integers S and R # 0 with |S| < CN* and
|R| < CN? for some constant C depending on D. Hence we have

SN?
3R?
after using (9.4), and for some constants ¢; and ¢, depending on 7 and D. This proves the

first part of the statement®.
Similarly, we can write

C1 Co

|Whty — wi = wi| = na = |R[2 = N 12+6¢

1
~+
U

s
t
with r = (ky+j,+0.)3 —k3— 32— k3, t = (ky+j.+/2)jsl- k. and s a homogeneous polynomial
of order 5 in (ky, ky, ju, jy, ¥z, £y). We have that r and s are positive and bounded from below
by some constant a. Hence, we have

1 S

Now arguing as before, by homogeneity of the polynomials we have s = SN, t = TN—*
and r = RN 3 with |S| < CN5, |T| < CN* and |R| < CN?3, and we finally obtain that

1 n SN?
n TR
by using (9.4), and for some constants ¢; and ¢y depending on 1 and D. This shows (9.1).

To proof of (9.3) is entirely similar, but we need to study the resonant modulus RY. Let
(m, j, k,0) € RY. We have

Whjre — Wg —Wj —We =7 +71)

| Wit jpe — W — wj —we| > 7

C2
= N12+6e

7 =
Wit jpe — Wi —wj —we| > 1

2 2 2 2
m 4
wm—i—wj—wk—wg:mi—l—jg—ki—ﬁi#—n(—y—l—?—y——y——y).

As we can assume that n ¢ Q, we must have

m3 + 73 —k3—0=0, and ﬁ—l—,———y——y:O.
Using the condition m,+j, = k,+£,, the first relation implies that m2j, +m,j2 = k20, +k, (>
and hence as my + j, > 0, myj, = kols, from which we deduce that m?2 + j2 — k2 — (2 =0
and finally, that m, = k, and j, = ¢, or m, = j, and m, = k,. Let us assume that we are
in the first situation. The second relation implies

]x(mi — k;) = mz(ﬁz — j;)

4This estimate is far from being optimal. We could derive much better estimates by using the exact
formulas for the resonant manifold in Lemma 2.
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Note that m, — k, = £, — j,. If this quantity vanishes, we are in the situation where m =k
and j = ¢ and we obtain indeed O(N?) possible terms for a given m. If m, — k, # 0, we
obtain

jx(my + ky) = mx(gy + jy)

and we can verify that the resonant terms are given by

and we see that there is only one degree of freedom (k,) in the y-variable and one in the
variable, which shows that the cardinal of the resonant modulus is of size O(N?). Note that
the exact resonant terms depend on arithmetic conditions on the indices to ensure that ¢,
and j, indeed belong to the lattice Dj;. 0

To prove Theorem 2, we follow the lines of the proof of Theorem 1 with 6 = 0 and
using the bounds of the previous Lemma instead of (7.10). Starting from (7.4) to estimate
FYM#) — FRPM(0) with 6 = 0, we can perform the same integration by part as in (7.9) by
using now the bound (see (9.1))

(9.5) < CN?,

Wi + wp — Wy,

so that the first boundary term can be estimated by

eN® (Vo ViVe)(s) CeNY
9.6 8 <
( ) h2N3 m;re mkl (Wk +wp — Wm) — h
mGC}A{r’h
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which is essentially the same as (7.11) with § = 1/N”. Now as in (7.12), we compute the
contribution of the time integral and find

t eN® eis(wk—&—wg wWm,) d _
07 — | Resnm D W T ViV (s)d
(9.7) /0 CT2N3 m:zme (o F G — o) dt< Vo)« (s)ds
mECII\(]’h

b je2N« is(@ptwe—wj—wp) _ _
= | Re—5—r AN Ve V,V,ViVi)u(s)ds
/O h2N4 mzkg_f mkl ~ mjp (wk +wy — Wm)< > ( )
m=j+p
mECN’h

zs(wp+wj Hwp—wm)

—2/ Re h2N4 Z \Ilmkﬁ k]p wk‘i‘(ﬂz—wm) <Vm‘/3‘/pw>*<5)d5

=k+£

J+P
CN h

t (wk+w@+“’] wp) -
+ 2/0 h2N4 Z \Pmké mjp wk +wp —w )<V}Vp‘/k‘/€>*(s>ds

m=k+~£
m=—j+p
mGCN’h

zs(wp witwp—wm)
_4/ h2N4 Z VeV —— (Vi V,iVioVi)e(s)ds.

m=k+{

k=—j+p
mEC%h

By using the previous lemma, we see that we can perform an integration by part in as in the
stochastic term, for all non resonant terms (the one cancelling the difference of frequencies
in the exponentials). By using (9.1) and (9.3), we see that we will obtain essentially the
same estimates as in the stochastic case, by replacing 6 by N~™”. It remains to study the
contribution of the resonant terms.

In view of (9.1), we observe that they are no resonant monomials in the the second and
third terms contributing to the previous equation.

For the first term, the term depending on the resonant monomials can be written

Rt Y, T

Cl———
h2N4 mjp w W — W
m=k+0 (wr + we m)
m=j+p
mECg’h
Wi twp=w;+wp

As (V;V, ViV = (V;V,V V), we can exchange the indices (4, p) and (k, £) and by using the
resonance relation, we can prove that the sum is real. Hence by symmetry the term in the
previous equation Vanishes.

Such a symmetry does not hold for the fourth term, which is written

ie2N@ VoV VLV (s)
Re ——— gt gt MmYivp ds.
e h2N4 m:zkﬂz mké kjp(wk+wg—wm) s
k=—j+p
mecﬁ*"
wP*o.}jﬁ*wawm:O
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but for this one, we can use (9.2). Two type of resonant terms are in this sum: first the ones
for which m = p and j = ¢ or m = ¢, j = p. These terms depend only on |V;,|*|V,|* and for
them the sum is real. Hence these term give no contribution. For the other type of terms,
the indices m, j, p and ¢ must be all different. By estimating as in (7.5), using the fact that
the number of resonant terms is bounded by O(N?) for a given m, we obtain that this term

is bounded by
QNa 1 1/2 2
Ce (h2N4)1/2 _ 0_6’
h2N* \ N2a—2 hN
and hence the contribution of these resonant terms is te?(hN)~'. We then obtain terms of
the form (7.17)-(7.18) that can be estimated as in (7.19) but with 6% replace by N~?. The

boundary terms are treated in a similar ways as in a similar way, and finally, we see that all
the terms in (9.7) can be bounded by

NV €2N2l/ t€3N2V t€2
FRMe) - Mo < o (° ).
The other terms are treated similarly, and this shows (4.14).
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