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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 of KP
type (Kadomtsev-Petviashvili), set on large periodic domains. We assume that the non-
linearity is small and acting only on a bounded set of frequencies, 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 show that these systems possess natural invariant dis-
tributions corresponding to some Rayleigh-Jeans stationary solutions of the wave kinetic
equation appearing in wave turbulence theory. We consider random initial modes drawn
with probability laws that are perturbations of theses invariant distributions. In the sto-
chastic 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 converge 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 de-
terministic equation with the same random initial 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 the Kadomtsev—Petviashvili equation [16] with small non-linearity and exter-
nal forcing

(1.1) 0x(OU + 0y U + €U0, U) + 10y, U = g5(t, z, u)

where U(t, x,y) depends on the time and two-dimensional space variables (z,y), and where
the term gs(t, z, u) represents the action of forcing and dissipation and 7 is a fixed positive
number. Without the presence of these external forces, this equation is known to be integrable
and possesses many particular solutions (solitary waves, quasi-periodic solutions) that have
been widely studied in the literature from different point of view, see for instance [1], [2], [24],
127], [28], [33] and the references therein. It is also a universal model for two-dimensional real
nonlinear waves and can be derived as model equation for various physical phenomena such
as water waves [1], [31], [14], but also in nonlinear optics [29] or plasma physics [15]. From
the mathematical point of view, this equation has also received much interest, in particular
from the point of view of global existence and long time behavior of solutions, see for instance
[4], [36], [37], [12] and the references therein.

In the present paper, we consider the KP equation (1.1) in the framework of wave turbu-
lence theory, see [25], [26], [38], [39], [21], [20], [18], [17], [23], which means that we consider
random initial data, and are interested in the statistical description of the solution over
long times. The external forces consists in dissipation and forcing, where we model the
dissipation by a smooth cut-off in frequencies so that the dynamics can be reduced to a
bounded set of frequencies (we could also have considered discrete models coming from fi-
nite difference approximations as in [20]). Moreover, we model the classical Random Phase
Assumption invoked in wave turbulence theory by a stochastic forcing in the angles of the
Fourier coefficients of the solution U(t,z,y).

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

e The equation is set on a large torus T% = (R/(2rNZ))?, with N — oo.

e The nonlinearity is small, 7.e. ¢ — 0.

e The random phase forcing is driven by independent Brownian motions in the angles
of the Fourier coefficients with variance § — 0.

Wave turbulence theory predicts that in a some asymptotic regimes, if Ug(t) denote the
Fourier coefficients of the solution U(t, z,y), then the expectations E |Uy(¢)|?, k = (ks k,) €
72 /N? are well approximated in some time scale by r(t, k), k € R? the solution of a wave
kinetic equation of the form

(12) (e k) = [, by rlt. )t m) S m),
WE=w;j+Wwm

where Qp . are real coefficients. Here, wy = k2 + nk2k; ' are the frequencies of the linear

operator of the KP equation, and d¥(j,m) is 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 ac-
cording 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) = 2 of (1.2), for some o > 0,

which is well defined as the set of frequencies considered is here bounded.
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In our setting, for all given set of parameter (N, e, d), these particular solutions correspond
to Gaussian invariant measures associated with the L? norm of the equation. If U, = P, +iQx,
k € Z?/N? denote the complex Fourier coefficients of the solution U(z,y), a sampling of
these measures can be done by drawing all random variables P, and () according to the
same normal law N(0,0%/2) for some o > 0. For such an equirepartited initial data, the
law of the solution U(t,x,y) is stationary, and the momenta E |U(t)|> = o2 are constant.
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 z.

We consider random initial data with small perturbations of the variance o2 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 "—22 + g3 90(k) where go(k) are functions depending smoothly on k. We thus

have

go(k)
Ne '’

Under these assumptions, our main result can be stated as follows. We can identify the limit

of the renormalized fluctuations,

(1.3) E|U,(0)]* = o* +

a > 1.

. . a i 2 2\ _
(1.4) Vvt e [0,7], ‘ISE%NI%% N (E\Uk(52)| o ) = f(t.k) weakly,

and prove that f(t, k), k € R? satisfies the linearized kinetic equation on [0, 7]

(1.5) af(t, k) =0’ QO (f(t,m) + f(t, 5))dE(j, m),

k=j+m
Wr=wj+wm
with f(0,m) = go(m), coming from the linearization of (1.2) around the stationary solution
r(t,k) = 0% Weak convergence here means that we have to consider local averages in k
to obtain strong convergence of coarse-grained quantities at a larger scale that the fine grid
scale 1/N. A precise statement, expressed in Hamiltonian variables, is given in Theorem 1
and Corollary 1. The proof gives results in intermediate regimes; when ¢ > 0 is fixed, a limit
when (N, ) — (00, 0) is identified as a linearized kinetic wave equation with quasi-resonances
at scale d, see Eqn. (4.5) below.

As a complementary result, we show that the role of the noise is crucial to obtain the
kinetic equation with the same random initial data. In generic situations, i.e. for almost all
n > 0, we have for fixed t € [0, T,

(1.6) JimTim Jim N° (E |U,€(é)|2 - 02> — go(k) strongly,
contradicting (1.4) in this specific asymptotic regime.

These results are very general in the sense that they can be extended to various classes
of systems such as the nonlinear Schrodinger equation and other type of Rayleigh-Jeans
spectra coming from invariants of the original systems. Note however that (1.6) depends on
the intersection of the resonant manifold with the discrete frequency grid (see for instance
9],[35] for the case of the Schrodinger equation) and is a weak version of Birkhoff normal

form result (see for instance [3]), here in a random initial data setting.
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Our choice to work with the KP equation originates from the fact that the resonant
manifold is simple to analyse and does not contain any singular points (unlike the four-
waves case, see for instance [11]). Moreover, the KP equation is integrable making the
emergence of a kinetic equation without external forcing very unlikely, as shown by (1.6)
and the scattering results in [12].

It is not the first occurence of a linearized kinetic equation in the mathematical literature
on wave turbulence. In [20] 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 case where
N — oo first and then ¢ — 0 and uses the dispersion effects of the linear operator.

Here we consider random initial data drawn with perturbations of the invariant measure
at a scale O(1/N?®) generating a non trivial dynamics of the actions E |U(¢)|? and the
hierarchy of moments. As mentioned above, the noise is crucial in the emergence of the
kinetic equation. Since the random phase forcing is acting only on the phase of the Fourier
coefficients, the system has a degenerate noise, and can be considered as a Langevin system
with small noise in large dimension. We can interpret the kinetic equation as an effect of
the hypoellipticity of the system which is due to the presence of the nonlinearity as in [13].

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. THE MODEL

The equation we consider is the stochastic KP equation
(2.1) AU = =00 U — 10510, U dt + €0, F(U) dt + V26 0,U ® dW (t)

where U(t, z,y) is random real process depending on (x,y) € T3, where T3, = (R/(2rNZ))?
is a large torus (N € N, N >> 1) and with zero average in the direction x, 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.
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 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 0 << 1.

In the absence of noise, and without the regularization of the nonlinearity, this equation
is the classical Kadomtsev—Petviashvili equation [16] which is known to be integrable. In

n the sense of KAM theory, i.e. to generically avoid resonances, see for instance [3], [8] for applications
to PDEs.
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the book of Nazarenko [23] another system, the Petviashvili model introduced in [30], 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.
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 T% is denoted by Z3, := {(a, o) /N | (o, o) € Z?}. With a function
U(x,y), we associate the following normalized Fourier coefficients

1

U =5 [ " VUG y)dedy, 0= (nsn,) € 2

where n - (z,y) = nyx +nyy. With this normalization, we have for smooth enough functions

n€Z2

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

/|U |dx—ﬁ Z/ e F=0-@IE U, U, dx
T

koeez3, ” TNOB

= Vol(B) ——— = N Z or = O(Vol(B)),

uniformly in N is oy, is sufficiently decaying and smooth (typically we will consider o, as the
trace on the grid Z3% of a smooth function with compact support in R?). We now define the
following bounded set of frequencies. Let

Dt C {(ks, 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, Di =D NZ3.

corresponding to the discrete set of frequencies. Note that Card Dy = O(N?). Let us fix
YT : R? — R, a smooth non-negative function with support in DT (a regularized indicator
function of D) and let ¢ = ¢ + ¢~ where ¢~ (ks, k) = Y1 (—ks, ky). The projector P is
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
Dn.
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2.2. Random phase stochastic forcing. The stochastic term represents a forcing in the
angles of Fourier variables. The process W (t, z,y) is an O(N?) dimensional Brownian motion
defined by

W(t,z,y) = CEaE > —Wa(t)e ()
neD N x

where W, (t), n € Dy, is a sequence of independent real Wiener process on a filtered prob-
ability space (2, 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 (¢, z,y) converges essentially to a white
noise when N — oo, see for instance [5].

The symbol ® means the combination of the convolution in (x,y) and the Stratonovich
product:

(U & dW () (z,y) = / Ult,z — 2’y —y') o dW(t,2',y)da’'dy’.
TS

With these notations, the equation in terms of the Fourier coefficients is written

(22)  VneDy, AU, = iw U, dt + V25 Uy o AW, (t) + z%n 3 vV dt,

n=k-+/¢

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

VtER, Vk EZ?\; U_k(t) :Uk(t),

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 e, (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).

Note that for A € R, the scalar equation dU,, = i\U,, o dWix(t) is equivalent to the It
equation dU, = i\U,,dW — iA?U,dt, and is explicitly solved. We have U, (t) = eMWn(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 [21], [23]).

By Ito 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) = > |U,J*

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.
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2.3. Hamiltonian formulation. Following [23], 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 [22]. 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

V, = Un .
VIl
The equation becomes, for n € Dy,
(2.4) AV, = iw, Vi, dt + V28 V, 0 AW, (1) + z%sign(nz) 3 UuViVidt.
i

where U,.p = \/|1z||kz| [z |t0(n) (k) (). Note that this term is symmetric in (n, k, ¢) and
invariant by change of sign of n, k,{. Note moreover that W, is the trace on the grid Z3
of a smooth function defined on R?. 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 € Dj; the sum

Z VoreViVe = Z Wkt Vi Ve + 2 Z WodV i Vi
n=k+/¢ n=k+4 n=—k-+~¢
ka,bx>0 Kz ,lz>0

= Z \Il:;kévkvg +2 Z \I’:;kavg,
n=k-+¢ n=—k-+4¢

where U1, = \/|ng| k||l (n)YT (k)T (£), and the equation can thus be written, for
n € DY,

(2.5) AV, = iw,V, dt + V25 V, o dW,,(t) + z% 3w ViVidt + 2% S uh V.
n=k+¢ n=—k+{
We can write this equation under the Hamiltonian form

HS
VneDf,  dV, = Qing (V,V)dt +ivV20 V,, o AW, (1),

n

where V = (Vn)nepx, and where Hy = Qy + Ky with

(2.6)
1 1 L
(V. V) =5 > wilVi? and Ky(V,V) = I > U (ViViVi + ViV V).
keD k+l—m=0
k.6, meDF;

Introducing the real processes (P, Q) such that

Vk:Pk+iQk, /{?E'D?\},
7



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

dPn - _WnQndt - \/%Qn o de aag]v (P Q)
(2.7)
dQ, = w,P,dt++/26P, odW, + a%[;N (P,Q)dt

Note that this system falls into the framework of stochastic systems preserving the Hamil-
tonian structure introduced in [22]. As the L? norm of the original system is invariant, we
can check that the quantities

2.8) MVPQ = Y (B4 Q) = X ik i >0

+ + kw
keDY keDy

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+ ZQk \ 2Ak6i®k, ke 'D]J'\_,

Then we can write the previous system under the form

OK y
A, = — A,
d “ e (4 ©)dt

de, = w,dt+v20dW,, +e—=

(2.9) o
gA. (A, 0)(P,Q)dt

where Kn(A,0) = Kn(P,Q) for (A,0) = (Ay, @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)), kept drawn
with respect to a probability density function py(0, p,q) with

(P, @) = (Pr, @) pepy, € (R X R)P~ = RY.

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

P((Pk(0,w), Qr(0,w))pepy € OF) = /oN pn (0, p, q)dpdg.
8



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

Opn = O0Lnpn —{Hy,pn}
(3'1) =9 Z (qkapk _pkan)2pN + Z wk(Qkapk _pkan)pN - 5{KN>pN}a

keD}, keD},
with the Poisson bracket
{H.G} =" 0,,H, G — 9, HO,,G.

keD},

The operator Ly =) kD (@10, —PrO,, )* can be easily interpreted in action angle variables:
settting py, + iqr = 2axe™* for (a,0;) € Ry x T, k € D, we have Ly = ZkeD; d5.
corresponding to a diffusion in the angle variables in the system (2.9). The linear operator
in (3.1) can thus be written Zkeva(_wka@k + 60;.) and we thus see that the noise acts
as a regularization of the transport operator — ZkeDK, wi0p, which is degenerate along the
resonant manifolds.

For a given observable G : RY — C, if (P(t),Q(t)) = (Pi(t,w), Qk(t,w))kepﬁ denotes the
solution of (2.7), we will write

(3.2) (G(t) =EG(P(t),Q(t) = G(p,q)pn(t, p,q)dpdg.

RN
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 = (Uk)ke’Dj(, € CPx

satisfying vy = py + iqx. Typically, we will consider the evolution of momenta of the form
EVi(t)V,(t)V(t) for k, ¢, m € DY, and the relation Vi (t) = Py(t) + iQ(¢) will always hold
implicitly.

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

keD keD;

We can write ux(p,q) = (Zy) texp(—Mny(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
density functions proportional to exp(—SMpy(p, q)) for some 5 > 0, but we fix in the remain-
der of the paper § = 1 for simplicity (or equivalently with the formalism of the introduction,
o =11n (1.3)). In the sequel we will use the notation

ie—%(ﬁﬂﬂ)

(3.3) pn(p.q) = [ ¢(veprax) where o(v,2,y) == pom

keDY;
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(=Mn(p,q))} = 0.

so that uy is a stationary solution of the Fokker-Planck equation (3.1).
9



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, My (p, q)} = 0,
and as (qx0p, — PrOy, ) 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) = pn(p, q) is simply taking

(3.4) P(0,w) ~ N (0, %), Qu(0,w) ~ N (0, %), k€ D,
as independent random variables with centered Gaussian law of variance v;/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)) =

Joon G(p, Q) pn(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 £ = (§)pepy and ¢ = (Ci)yepy be elements of NP~ We define |€)> = D rent €kl

o(§) = E:kepﬁ|§kh
vt = H v,i’“, and T° = H @,E’“,
keD}, keD},
and similar convention for the random variable V¢ and V<. For a given n € DT, we also set
(3.5) ln = (@?)keD;\r,a
where 0} is the standard Kronecker symbol.

Lemma 1. With the previous notations, we have for & and ¢ in NDKQ
(3.6) E,, V'V = /U%CMN =0 if £#C
Proof. We have

_ 1 . ) 12,2
/ ey = - 11 / (o +igi) (e — igi) e ) iy gy
R

keDY;

N Rt xT

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

For random variables satisfying (3.4), we have using the previous result for £ = 1; and
¢ =1, B
E,. ViVe=0, k# ¢,
10



and for all k € Dy

(37)  Eu Vil = Eu (1B + Qi) = /N(pi + @) pn(p, q)dp dg
R
1 9 9y —L
= — -+ e Tk
v Jao (pk + ai)
Note that if an initial value (P,(0), Qx(0)) of the system (2.7) is drawn with respect to the
density probability function iy, then the previous expectations remain constant in time. As
we will see,

2, .2
(Pk+Qk)dpkqu = Y.

1
k.|’

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 [23].

(3.8) = k= (koky) €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 gy : DT — R
such that for all N > Ny,

I
(3.9) VkeDl  E,yo(Pi+Q) =7+ %-
and
1pn(0,p,q) — pn(p, q)| 0
3.10 / dpdg < .
(3.10) RN pun (P, q) PR N

We will construct in Section 5 probability density functions satisfying this hypothesis
for a given function g, 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.

Proposition 2. Assume that py(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

(3.11) Vi>0 /IpN(t,p,q)—uzv(p,q)
0wy v (P, q)

? Co
dpdg < N2a—2

Proof. We have that

s [ [ e =

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

2 (¢
E/ Mdpdq:2/ PN &, pndp dq
dt Jry pun(p,q) RN UN

(3.13) - —2/ p—N{HzEv,pN}dpdq+26/ PN I npxdpdg.
RN HN RN HN
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Using integration by parts, the first term is equal to
1 1 0
—/ —{Hy, px}dpdg = / pxiHy, —}dpdg = / X {HY, My }dpdg =0,
RN HN RN HUN RN 20\

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

0 Z / (@0, — POy )*prdpdg = =6 Z / |(@k0p,, — POy ) pi]*dp dg < 0,
keDf;
as we have
1 1

(@k0p, — PrOy,)— = —(qrOp, — POy, ) Mn = 0.
UN BN
This shows that (3.11) is decreasing with respect to time, and hence the result. O

4. LINEARIZED WAVE KINETIC EQUATION AND MAIN RESULTS

The wave kinetic equation associated with the system (2.4) is (see [23])

1 sign(myj. sign(mgpy

(4.1) Oyr(m) =2 _— W2 r(m )T(p)r(j)<r(m) _ sig T((p)] ) _sig T((j)p ))dzu p)

Wim=w;j+wp
where the integral over the resonant manifold is taken with respect to the microcanonical
measure induced by the Euclidean metric, see for instance [19]. Here r(¢, m) withr : 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) = v, = Im% (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,|Vin|? 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) = Pr(0,w) 4+ iQx(0,w) drawn with respect to the invariant measure py (see
(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 ~,, is

O f(m) =—=2f(m) / eiry Vongp(Sig0(m ), + sign(map.)7,)d% (), p)
Wm =Ww;+wp
4.2 so W, s 1) F PG )
wWm=wj+wp
cr [ = sentmad ) ).
wWm=wj+wp
and we write it
(4.3) 3tf(m)=/m:j+p (L(m, j,p)f(m) + S(m, j,p)f(p) + S(m,p, ) f(7))dE(j, p)

Wm=w;+wp

12



with

L(m7j7p> = _Q\IIEnjp(Sign(mxjm>7j + Sign(mxpmyh)) and
(4.4)

S(m, j,p) = 2W2 . (v; — sign(mape) Ym)-
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
(45) 8tf>\(m):%/(w o W )2+)\2L(m7m_p7p)f)\(m)dp
A
* % / (W — Wim—p — wp)? + A2 (S(m,m —p,p)fa(p) + S(m,p,m — p) fa(m — p))dp.

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

(4.6) Oyr(m) = 2 (Tip)* (r()r(p) = r(m)r(j) — r(m)r(p))dS(5, p)

m=j+p
Wm =w;+wp

ca [ PO )+ ) — ) (). p),

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°}.

Note that when h = 1/N, we have G, = Dy. For a given K € G, we introduce the cell
(4.8) Cit={meDy|K,<m, <K,+h, K, <m, <K,+h},

so that

CardCy" = B2 N2,
Our main result is the following:

Theorem 1. Letn > 0, a with 1 < a < 2 be given, T > 0 be a fized constant and fo € C1(D)
be a given function. Let f(t,m) € CY(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, 00, No, and C' such that if

§<by, €<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)| < CV0.

t€[0,T] meD

Moreover, assume that (P(0,w), Q(0,w)) = (P(0,w), Qk(O,w))kGDK] is a random variable of

density pn (0, p,q) satisfying Hypothesis 1 with the function gy and perturbation scale 1/N?,
13



and let Vi(t,w) be the solution of the system (2.4) with initial data Vi(0,w) = Px(0,w) +
iQr(0,w), k € DY and Vi(0,w) = V_,(0,w) for k € Dy. Let us define the renormalized
fluctuation observables and their averages at the scale h:

(4.10) vk € Dy, F,jV(t):Na(E\vk(t)|2—%),
and the coarse-grained quantities
(4.11)
Nhgpy L N Nh(__2 _ 1 2
VK E€G, Fg'(t) =15 Z;Fk (1), and 5" (7 K) = ooy z;hf35(7ra t,k)
kec: kec:

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

T N,h Ny __2 € 1 0
412 P< = FNRy = R a2y )] < <— — )
(4.12) Vi< — ;lelgh\K() 5 (1’ K)| < O35 + 7o + 7w

This theorem shows that when 6 > 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 € 1
< NI — K <ol— + — .
s sup [Fie (1) = f(me't, )‘_C<h52+héN+\/5)

Essentially, these results show that for ¢ € [0, 7], in a weak sense,

. : fo! t o'
(4.13) lim lim (NE V(=) = V) = f(t,),
N—oo

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
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 < 6% (in
fact h < C6? 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 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).
14



Theorem 2. Let T' > 0, a > 1 be fized constants and fo € C*(D) be a given function.
Assume that 6 = 0 so that (2.4) is deterministic. For almost all parameters n > 0, there
exist § > 0 and constants 9, Ny and C' such that if ¢ < g and N > Ny, under the same
hypothesis as in the previous Theorem, we have the estimate

T

(4.14) Vi< = sup |FY(t) — go(k)| < CeN”,
€7 keDf

where go s the initial condition of Hypothesis 1.

Note that this theorem can be 1"ef01"1rmlated2 as

(4.15) lim lim lim (NO‘IE |V( )|2 No‘vk) = go(k),

N—ooe—0 6—0

for all k € Dy and t € [0, 7], which shows that (4.13) does not hold in this case. This result
can be interpreted as a two-steps Birkhoff normal form result (see for instance [3]) showing
preservation of the actions over long times, for some random initial data.

Note moreover the convergence in (4.14) is stronger than in (4.12) and implies the con-
vergence of the coarse-grained quantities Fi"(¢) of the previous corollary towards go(K).

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(()?p? Q) = H SO(’WC + gO(k)N_aapka qk)>
keD},

where o(v,x,y) is the Gaussian function (3.3), satisfies Hypothesis 1 for the function gq.

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

RN

:uN(pv keDt ’Ykapka%)

keD}f;

2

~(ang )@ H?) dZEd L _
BNk/R? 5Nk - H ﬁNk(2”Yk_ﬁNk)

keDY; BN,k “/k keDF;

2

Vi . Vi
-1l (% + go(B)N=2) (3 — go(k)N=) I i — go(k)2N =2

keDY keDY

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

’Yl% 1 )
Vi = go(k)> N2 Nz

=1+ CN,k with CNk = O(

2strict1y 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.
15



We deduce that
(5.1)

log/ Md dg = Z log(1 + cnp) =: Ry < C(CardD)N~2 < ON*2,
RN

(P, q) vent

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

lpn(p. q)? R 1
PN DT dpdg=efi =14+ 0
/RN pn (P, q) E (N2“ 7)

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 € Dy, we just
draw the numbers Py (0,w) and Qx(0,w) with respect to independent normal laws N (0, Sy )
with BN,]C =Y+ g(](]f)N_a.

Remark 1. The condition o > 1 ensures in the proof that Ry is bounded in Eqn. (5.1).
2 —Z . . . . .
If a < 1, we get that [ Z—Z = O(eN"™) 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 gy : DT — R be a given function. There exists Ny and ro such that for
N > Ny and ||go||,.. < ro, the following holds: Let |Dy;| = N? be the cardinal of the set Dy,

Lo =
then the densities
(5.2) pn(0,p,q) |D+| > oBvipear) T eOvepe o).

keDf; (eDy;

£k
where
D+

(5.3) Bng =Tk + |N];[| o(k),

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

Proof. Let k € Df;. We first notice that as |DF;| ~ N2, the numbers By are positive for g
small enough. We calculate that

E,vo) (P + Q) = /N(piJrqlf)pN(O,p, q)dpdq
R

1
= 5
_ L 9o(k)




so that (3.9) holds with o = 2. Moreover, we can write

(BN k> PR G
|k ot %,plm%)
and hence
2
lpn (0, p, q)|? 1 O(BN ks D> Qi)
P2 dpdg = — | uy(p,q)dpdq
/RN 1v(p, q) D2 Z (v, Prs ar) w(p.9)

5]\/5,])&%) (5N,kapk7Qk) (
RN @7571%(15 @(kak,%)

|D+|2 Z /RN

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

equal to
1 1 2
(1_ + ) 2 Z 2 Zk 4Dt 2
DN/ IDNI2 ==, 7i — 90(k)*N Dy

keDY,

p,q)dp dq

k;ﬁf
0Bk D> @) |
%J% Qk)

pn (p, ¢)dp dg.

But uniformly in k, we have for N large enough that if [[go|| .. < 79 small enough,
T
T — 9o(k)>’ N4 Dy [?
for some uniform constant C'. This shows that
2
‘ lpw | _ 1' < c
N DY

and hence the result, from (3.12). O

<C

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

1
D}
with 1; = ((%),CGD?V € {0,1}P~ where &) denotes the Kronecker symbol (see (3.5)). For
Jj €Dy, let (X7,Y7) = (X],Y)) kep} € RY be random variables of probability density

VjeDf, Ple=1;)=

keDY;
ki
where Sy = 7k + O(go(k)) is given by (5.3). Then the random variable
(5.5) (P(0,w),Q(0,w)) = Y (X7, Y7) e RN
jeDy;

has the probability density py(p,q) given by (5.2).
17



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

It means that once 7 is chosen:

e The modes (P;(0,w),Q;(0,w)) are drawn with respect to independent normal laws
N(0, Bn,;/2) where By ; = v; + O(g0(j)) is given by (5.3).

e For all the other modes k # j, (Pr(0,w), Qx(0,w)) are drawn with respect to inde-
pendent normal laws N (0, 7;/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 [10, 7, 34]. 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 — Wim—p — Wp
and for z € R, m, # 0, let
(6.1) [(z,m) = {p € R? | 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
pEL{m:{peRz, |pe| > B and  |my, — pg| > 5}

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

(—z0, 20), the set
L(z,m)NUL =TF(z,m)UT, (z,m)
1s the disjoint union of curves that can be parametrized as follows: Let

L = (—o00, — YU (&

5 mm—g)u(mijg,oo)

2’ 2 2
18



and for all o € I,,, define the application x*(-,z,m) : I,, = T'=(z,m) by

kE(o,z,m) =0, and H;t(O', zZ,m) = a% ++/3n~Y(m, — O’)U\/l — ﬁz.

Then we have
+

xT

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

peTE(z,m) <= p=rI(0,2,m), o€,

/{?2
W = k’i + nk—i.

After a scaling k, — k,/,/7, we see that we can reduce the analysis to the case 7 = 1.
Let us first note that for a given m, the condition p € U}, is equivalent to p, € I,,. For
such a p,, p = (py, py) is in I'(z,m) if and only if
m2 m., — 2 p2
L R P L S Rk 1) R Y

My (mx - p:c) Pz

which is equivalent to
m? m. —p )2 p2
(6.3) My pe 3t 4+ TP Py

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

m2 . 2 2
—2 = —352p§+33p?;+w+&+z
Py (s=Dps  po
(my —py)* | 1,
= 3s(s—1)pd+ —L—+ L 2
R P TR
and the equation is thus equivalent to
3s°(s —1)%py = —(s—L)ml +s(my —py)* + s(s — 1)p + s(s — 1)z

= (my —spy)* +5(s — 1)z
which implies that
(6.4) (my — sp,)* = 3s*(s — 1)°p) — s(s — 1)z.

Hence we have

1 1
Py = —my &+ —+/352(s — 1)2pi — s(s — 1)z
s s

which yields

m T Mg — Pz )My
py = Pt p—\/3(mx — Pa)?mi — #Z
My My o=

z

mg — px)mxp?c

my
Pa V3(m p)p\/ 3
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which is well defined for z € (2, 29) given in the statement of the Lemma. Note that the
resonant manifold is parametrized by

m
Py = pxm—y =+ \/g(mx - px)px
which are branches of parabola. O

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),

(6.5) / e Om G p)AS(p) =
Wm=wj+wp+2

do

|00/€:|:(0.’ Z>m)|
dlm,m — k*(o,z,m), (0, z,m Y
2.}, (2 m)s 02 M) G im0, 2 )]

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 W (U) is
the space of functions in L (U) with gradient in L>(U) ).

Lemma 3. If ¢ € C1(D3) with support included in D3, then the application

(Z>m) = (I)(Z>m) = gb(m,j,p)dZ(j,p)

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

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

(6.6) 18027 1 oy em) < ClOl 1o -

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) € W1>(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 < Xy, the equation (4.5) with initial data f\(0,m) = g(m) admits solutions
in L>(D) in [0,T] that are uniformly bounded with respect to A € [0, \o]. Moreover, there
exists C' such that for all A < \g, we have

(67) sup |fs(tm) = f(t ), ) < CVA
te[0,7

Proof. We can write the equations (4.2) and (4.5) as

(68) 8tf = ﬁf, and 8tf)\ = E)\f)\.

Note that if [| - [| . denotes the operator norm induced by L>(D), we have

£l < sup [ ()] + [S(mas ) + [S(mp. ).
m wWm=wj+wp
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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
(6.6), we see that this solution is in W1*(D) for all times.

Now, we calculate that

(6.9) lILxll o <

1 A
Zlé% ™ / (Wi = Win—p — wp)? + A2
To estimate this integral, we decompose the domain D between the set Uy = {p € D| |w,, —
Win—p—w,| < A4} and its complementary D\Uy. For A small enough, then the sets {p, | w,, —
Win—p—w, = 2} = ['(z,m) are smooth submanifolds foliating U for z € (=A%, A\Y/4). On the
complementary set, the integral is simply bounded by C'v/A for some constant C' depending
only on D. Hence, using the co-area formula, we obtain that

(|L(m, m—p, p)|+|S(m, m—p,p)|+|S(m, p, m—p)|)dp.

+)\1/4 )\
L5l < sup —/ — = _R(z,m)dz + CV\.

meD T A1/4 2’2 + )\2

where

Rzm)= [ (IL(m,j;p)| +[S(m, j.p)| +[S(m, p, j)[)dE(), p)
Wm=wj+wp+z

is a smooth function with compact support in D by the previous Lemma. Hence we get
1 +)\73/4 )\
I£All o < sUD _/ ﬁR()\z,m)dz +CVA<C( sup |R(z,m)| + V).
meD T J_y-3/4 27+ 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 = fr) = Lalf — 1) + (L= L)) ],

and the previous estimates combined with the Gronwall Lemma ensure that

(6.10) sup [[f(£) = fa(B)l] Lo < € sup [[(£ = L3) (D) -
t€[0,7)] t€[0,T]

Now to estimate the last term, we use the same estimate as before: Using the fact that f is
bounded, we obtain

1
—/)\1/4 mh(t, z,m)dz — h(t,O,m)

™

1€ = L) @)l . < CVAH sup

meD

where
h(t,z,m) = (L(m, j,p)f(t,m) + S(m,j,p)f(t,p) + S(m,p, j) f(t,5))dE(, p).

21
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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

TR AR 1A
— —h(t = — —h(t, A d
7r/_,\1/4 22 + 22 (t,2,m) 7r/_,\3/4 2241 (£, Az, m)dz

1
= h(t,O,m) %/_)\3/4 Z2+1dz +O()\)

which shows that
(6.11) (£ = L) @)l . < CVA
for A < Ao small enough which shows the result, from (6.10). O

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

Alz] 1
B ol B
(22 A2)2 ~ )22

and the fact that || fA[| .. is uniformly bounded with respect to A we easily obtain that

C

6.13 sup |[fa(t L <=,
(6.13) S, IA® 10 < 3

(6.12) VzeR,

for some constant C' and A small enough.

7. ITERATED DUHAMEL FORMULA

We now look at the evolution of the momenta (VEV)(t) 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’q’f)ke’Dj(, or equivalently of the
variables (v, Ek)kepﬁ after the identification vy = pj, +igx. The evolution of (G(V (), V (t)))

is given by the Kolmogorov equation (which is the adjoint of (3.1))
d, .- ] _ _
7 GV V(@) = {HE, GHV, V) (1) + 0((LaG)(V, V) (1),

with Hg = Qn + Ky (see (2.6)). Let us take G(v,v) = v*0¢. We calculate that (p.0,, —
QkO0p, ) Uk = ip, — @ = 10y, and (pr0y, — @0y, )0k = —ipr — @& = —iUy. Note in particular that
we have (px0,, — qx0,, )(|vr]?) = 0. Hence, we see that

{QN> Uﬁ@(} = Z wk(pkaqk - qkapk)véﬁg =W - (5 - C)Uﬁ@ca
keD},

where w = (wk)kepx and w- & = ZkeD; &rwy. Similarly,

L(v£5%) = —J¢ = (P05,
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Note that | —(|? = ZkeDK, &, — Ci]? is essentially a measure of the number of angles in the
monomial v¢9¢. Hence, we can write the equations on the momenta as
OVEV) = (i€ = Q) - w = 3€ = CPUVEVE) +e D Y (VIV7)
oK

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

In the following, we set

<V5V<)*(t) - e—i(£—<)~w+t6\£—C|2(VEVC>(t)‘
These momenta satisfy a hierarchy of equations of the form

(7.1) (VEVS), = ¢ Z e—i(E—C—Wm)~w+t5(\£—4|2—\u—ﬁ\z)ylm<V/q7n>*.
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Note that when & = ¢, that is when VEVS = |[V¢]2) we have (|V¢|?), = (|[V¢]?).
We consider now the evolution of the fluctuations (see (4.10))

(7.2) Vm e DY, FN(t) = N*(|V,|*) — Ny,
and the coarse-grained averages (see (4.8) and (4.11))
1
VK el FR'(t)= TINZ > BN,

mECIJ\(r’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 FN(t) = 0 for m ¢ Dy so that the average Fp"(t)
is defined without ambiguity. Moreover, as f; is smooth, we have that

VK €G, FR™0)= 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 T).

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))

8t<|vm|2>* :Rei% Z \Il:;kéeti(_wm+wk+wl)_rmuét<‘7kaVg>*
m=k+/{

(73) —G—RGQ’L'% Z eti(_wm_wk—l—wl)_rmkl&t\Il;;kg(‘_/mvk‘/é)*~
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 |y — x|> = 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 x = 1,,,.
We thus have y — x = 1 + 1, — 1,,,, under the condition m = k + £. So we have |y — k|*> = 3
except if m =k orm = { or k = ¢ = m/2. But the first relations imply that k or ¢ = 0,

and thus ‘II:,CM = 0 by definition of D;(,. In the case k = ¢, we have r,,;; = 5. Note also that
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Tmke = Tmep- The analysis for the second term is similar. By definition of FY, see (7.2), we
have 9,(|Vn|?)s = 520, £ (t), and this relation implies that for K € G,

b jeN® . _
F[]{V7h(t) = FI]{VJL(O) _I_ /(; Re W Z \I]:;Lkzels(wk—i_we_wm)_TMkZ(SS <Vkaw>*(S)dS
m=k-+¢
mecg’h

b 2ieN” - — =
(7.4) +/ Re 225 3 Z Wl et esteeom)rnds (17, V)) (s) ds.
0 h*N m=—k-+/
mECﬁ’h

Note that the right-hand side of this equation is of order O(7) using (3.11). Indeed, we have
for all s,

eis s twe—tom)=rmis (7 ViV (5) = <‘7kaVg>(s):/z‘;mvkva(s)

_ /@mvkw(m\/(s) — [N),

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

eN® — eN? ~
(7.5) h2ZN3 Z ULV ViVe) (s)| = h2N3 / Z U Omvive | (pn(s) — o)
m=k+£ m=k—+t
meCp" meCp "
2 1/2
ENa 5) — 2 1/2
< LING </ [P (s) = vl ) / Z \If:;kﬂmvkw N
KN m=k-+4
mECIJg’h
But using (3.11), this term is bounded by
1/2

CeN© ( Cy )1/2
X X

}: T+ + = =
h2N3 N2a—2 Voo Yok / Um Uy U/ Ug Ve Ve N

m=k+/{
m =K'+’
m,m’ ECIA(Z’h

But the terms [ 0,0, O 0x0pveiy = 0 unless the triplet (m/, k,¢) is equal to (m, k', ().
But we cannot have m = k otherwise £ = 0 and the corresponding term ¥, 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
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in any case that m = m’. Hence the previous term is bounded by

1/2

(7.6)

Ce
/|Um| [or*loel*un | < (CLh*N")Y2 <

Cye
h2N?2 h

h2N 2
m=k+/
mGCN h

for some constant C; and C5. Note that to obtain this estimate, we have used the fact that
S v 2|k ?|ve/* iy are quantities uniformly bounded in m, k and ¢, and that

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

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

Proposition 5. Under the hypothesis (1), there ezists constants C, Ny, hy and 0y such that
for all N > Ny, h < hg, 6 < g and for allt >0 and allKEQ;[,

(7.7)
b g2 e 36(F )2
FN,ht_FNh 2/5 mgp ViRIVLI2Y —2( |V 12V |2 d
k() = F0)+ ﬁ?ﬁznpﬁm(wm__wj_u%)4_952«\y|\p\> (Val21V31) (5)dls
mECN'h

t€2Na 35(\II+ )
4 mjp V_2V2 Vm2V2_ Vm2V'2 d
+—Agmaéiww+%_%>%%xqﬂum+q||A>q V%) (s)ds

mECI]\(T’h

+ R(€7K? N? h76?t)
with the estimate

g2 et te?0
) K,N,h,d)| < —
(7.8) 1 |R(e, KN, ) <O(5+m+m+t7os):

N=>No

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
(79) / D L R U A RO L
m=k+~¢
meCp "

t eN@ eis(wk—i-wg—wm)—rmusé d
yt Vi ds
/ Re h2N3 m:zk-i-é mkt ((A)k + Wy — wm) -+ Z’f’mkg(s dt <V kw> ( )

mECIJg’h

eis(wk Fwi—wm ) —TmkeS6

eN“ —

+ R‘e h2N3 Z \II;:,IM( <vakw>*(s)
m=k+~¢

mECIJ\(r’h

Wk + We — W) + i mped
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Let us look at the boundary term. By estimating like in (7.5)-(7.6) and using

1 2 1 C
( ) (wk + wp — wm) + 7ot (wk + wp — wm)2 -+ T%@ké(p = 52’
we easily obtain that
eN® (Vo ViVo)(s) Ce
7.11 —_ + < —
( ) h2N3 mgkj—i—é mkt (wk + wp — wm) + 1red | — RO
mECﬁ’h

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(wk'i‘wé_wm)_rmkéas d —
— Re —— Ut —(V,,Vi «(s)d
/0 EINE m:ZkM R (g A W — Win ) F e dt< kVi)e(s)ds
mECIJ\(r’h

is(wpFwp—wj—wp)—rso

t - 2 AT s (
e N e o
= | Redans LAY (7, V,ViVi)u(s)ds
/0 h2 N4 m:Zk—M mkl m]p(wk‘i‘wf_wm)—'—l’f’mk55< iV pVk Z) ( )
m=j+p
mecﬁ'”
|1j4+1p—1k—1,|2=r

eis(wp—l—wj Fwp—wm)—Tsd

t 2 N T
1e* N _
—2 | Regayt LAY 78 Vo ViV Vi)u(s)d
/0 SN m;rz e kjp(wk+wé—wm)+i7“mké5< VaVir(s)ds
k=j+p
mGC;}]’h
‘1m_1j_1p—12|2:7‘

eis(wk Fwptwj—wp)—Tsd

t - 2 N
1e*N _
+2 | Regont LAV ViV, ViVi)(s)d
A RENE mzzk—l—f e m]p(wk+w€_wm> +irmk£5< 7R Z> (S) s
m=—j+p
mecg’h
[1p—1,—1p—1|%=r

t ,L’62Noz eis(wp—wj—i-wg—wm)—rs6 o
—4/ Re ——— S VAR (Vo VV,Vi)s(5)ds
mkl * k : mV jVpVe)« :
o RN e P (W + we — wWin) + iTked
k=—j+p
mecg,h
|1m+1;—1p—1,|%=r

Let us isolate the terms for which r» = 0, which means the terms which depends only on the
|Vi|?. 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
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index is 0 and is symmetric with respect to mkf, these terms are equal to

2N 1
/Re hZN4 Z (Wrke)? . (Vil?|Ve|?) (s)ds

(W + wp — Win) + 1T mked

m=k-+~
meclj\(”h
e?N® 1
/ CI2NT mzk:—i—z( mike) (Wk+wé—wm)+7’mkgi5<‘ 1*[Ve|*) (s)ds
meCN}L

These terms can be written
ie? N Trked (W) ) 211/ 12
7.13 R m V.12V, d
(7.13) / “ 2Nt zk:e (W + we — wiy)? +rﬁmé§2<| kIVel) (s)ds
mGCN h

ie2N*® Teed (Vo) 211/ |2
R Y s Vo PV 6) s

W + wp — w
e Wi+ we— win)? +
meCp "

To obtain (7.7), we just need to see that we can replace the 7,1, to 3 when they are equal

to 5, that is in the situation where k = ¢ = m/2. The corresponding terms for the first sum
n (7.13) is

3 T2 N 5(\Ij+mm)2
e N It m
Re —— 22 Vim 1 ds.
/0 2N Z;M @y o) 502 311 (8)ds
meCy’
For such terms, we have for m, > 0,
m2 2 m2 3

(7.14) Wi — 2wm =m + —~ ——m — —~ = -m,; >a

m, 8 ¥ m, 4

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

59
<
(Wi — 2wm )2 + 5252 = ',

(7.15)

provided that 6 < dy is small enough. Moreover, we can bound the terms

st ([2) (f) <0

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

g2 N© Coe® N« )
A —_— 2 m 4 < — 1 < .
(7.16) h2N4 Z (W — 2(,0%)2 + 5252<|V2 1M < h2 N4 Z - CN2‘°‘

mECNh N,h

meCy

Hence, up to a term which is less than the the last contribution in (7.8), we see that we can
set Tmre to 3 everywhere in (7.13) which yields the first contribution in Equation (7.7).
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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¢0¢)(t) = e/€=Qw=1016=C1* (1,E5¢) (),
the new time integrals obtained are of the following types (up to complex conjugate):

t 3N

(117) [ X W@ VRv) (s
0 (9, kL, q)EAR"

or
b 3N —

(718) =D S O AR AAICES

. N,h
(p7.77k7£7q)€'4}{

where AN" are sets of multindex of cardinal O(h2N®) (typically for the first term, sets of
multi-indices with constraints of the form p = j + k 4+ ¢ + ¢ with p € Cﬁ’h) , and where

C
(7.19) sup |Wpgjke(0)] < 52
Pkt
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

g3N* B
/ B2 N> Z Wgike(0)0pv05000 (P (8) — i)

(p7j7k7£7q)€~'4'{>€

And we can bound it in modulus by
1/2
SN ([ lpn(s) = il 2
h2N? (/ [N ) / Z ijkém(s’ 5)@ijvkwvm 120\
(p.dok L) EAR"

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

1/2

Ce? )
1252 N4 Z |UpV UKV U | i

(9, kL, q)EAR"
(P 3" K g Y EAR"
Lo+t L+ 1y =1 +1;+1,+1¢
In this sum, the integral with respect to uy 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 N) number of choice for (p/, 5/, k', ¢, m’) fulfilling the orthogonality condition

—1y + 1y 4+ 1y +1p = =1, + 1; + 1 + 1,. Hence the term in the sum is bounded by a
universal constant times the cardinal of AY" which is of order O(h2N?®). Hence we have
te?
2 7.1 718)| < C—
(7.20) (TN +](T18)] < Oy

contributing to the last term in (7.8).
28



Now companion to the integral terms (7.17) and (7.18), the integration by parts yields
boundary terms of the form
(7.21)
E2No¢ o 52N0l —
Y WV ad S Y W)V ),

(P OEBR" (g kOB

where |[W,;0(8)] < €672, and where By" are sets of multindices of cardinal |[BN"| =
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
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

1/2
) (CH2NS)? < 0=

ho?’

C€2Na C()
h2N452 N2a—2

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

¢ zeNa
/ ENE Y Unpet e e (V). (s)ds
m——k-l—é
mECK

eN® i8(—wg+ws—wm ) —Tmke SO d
_ /Re S our, Vo ViVi)a(s)ds

h*N*  —~ (g, + Wy — Wiy ) + 1T ked di
mecg’h
t
eN© 6is(—wk+wl—wm)—rmk535 o
2 |R /8 Vi ViVi) s
* Ch2Ns h2N3 m;ﬂ mRE (g + W — W) + irmkch( EVia(s)
mECﬁ’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
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being estimated by integration by part as previously), and we obtain

t is(— —Wm)—
ENa 628( Wi +wp Wm) kal‘96 d .
/0 ENE mgw " e T — o) i dp Y BVl ()ds
mECﬁ’h

eis(—wk Fwetwj—wp)—rsh

t 2N o
=4 Rei LA V,V,ViVe).(s)d
/0 el N Z mke m]p(—wkﬂsz—wm)—l—z'rmkg(S( VoViVe)«(s)ds

m=—k+/{
m=—j+p
mECIJg’h

[1p—1;+1,—12=r

eis(wj —WpFwp—wm ) —180

L g2Ne _
+4 / Rei > Ut owh (Vo ViV, Vi) (s)ds
0

k;j ~
h?N* et P (—wp + wp — Win) + 1Tmked
k=—j+
mECJN’]ZD
K

|=lm+1;—1p+1e?=r

ez’s(—w;c +wj4wp—wm)—rsd

t €2No¢ [
—2 / Rei—— > ot W (Vi ViViVe)u(s)ds
0

2 N4 Lip (_ _ ;
h?N ey (—wk + We — Wiy) + 1Tked
l=j+p
mECI]\(T’h
|—1m+1+1p—1k|%=r
2 3
€ te
+ O(—h62 + —h62)'

The terms for which » = 0 are equal to

t 2 N« 1
4 Rei—— \I/+. 2 \VAVA 2 d
/0 N m;ﬂ( mip) (—wj+wp—wm)+irmjp5<| TVol?) (s)ds
mecg’h
t 2 N« 1
+4 [ Re: Ut )2 : V. Vo2 (s)ds
R e S e e LA LRI
meC}I\{f,h
t 2N« 1
—4 Rei \I/+- 2 va 2 ds.
/0 Swyen m;ﬂ( mip) (—wj+wp—wm)+rmjpi5<| 7% (s)ds
mecg’h

These terms give the second contribution in (7.7) up to estimate of the form (7.16). The
other term for which r > 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 DJ;. Recall that V; can be extended for j € D by the relation V;(t) = V_;(t).
The fluctuation terms F2(t) defined by (7.2) in Dy satisfy FY (t) = FY(t), and a similar
relation holds for the coarse-grained fluctuations F"(t) = F™;"(t). The previous result can

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

(7.22) FYMt) = FEM0) + 2 N
. K - K 0 h2N4

30 (W) 2 (V3P 1V52) = sign(mao){[Via 21V ) = sign(mape) (Vi PV512) ) (5)
Z (Wi, — wj — wp)? + 3262 ds

m=j+p
mECI]\(T’h

+ R(e, K, N, h, 8, 1)
with R(e, K, N, h,0,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,
h§h0 and5§50,

Fg’h(t) :FK

36 R
h2N4/ Z o g L P ()

m=j +p
mEC

30
72 N4 Z 3 2S(m7j?p)FpN(S)
(8.1) h N / m= ]+P wp)? + 3%

mEC

30 N
h2N4/ Z —w,)? +33525(m’p7J)Fj (s)

m= ]""p
mGCN h

+ Ry(e, K, N, h, 8, t)
with L and S defined in (4.4), and

( N g? +t53+ te? N ts26>
héo = hé? ~ hé?  ShN N2«
Proof. In Equation (7.22), all the terms are quadratic in |V;|2. We can write all of them as

(ViPIVAP) = e + (Vi) = 73) + 5 Vi) =) + (VP =) (VA = )
As v, 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;|*) —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
(|V&|?> = 7). Three terms of similar form are to be estimated. The first one is

e?N® 36(W,n )
&) h2N* 2 (Wi — wj — j)? T 3252 (V3PP =) (VR =)
m=j+k m

mecg’h

(8.2) sup |Ry(e, K, N, h,6,t)| < C

Kegy,
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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 = 7. 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

ot (] 2) (first o) <0

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

‘/ 77L

E2Na Z (\Pmm%)2
h2N* (Wm — 2w

mECN h

Coe* N~ 29
2 2 2
)2 + 3252<(‘V%| —7z))| < h2N4 Z 1

SE

mECIJg’h

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

(V3 = ) (Val* =) = /(|vj\2 — %) ([vel* = 1) (o (1) — o)

and by estimating the sum as before, we obtain that it is bounded by

* (Nt = C
) x (CHEN)2 = 5%

€2Na C()
Oh2 N4 X <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'/(we?) with the notations of the Theorem, we have using (8.2) that

1 5
KN ot <o(-S + -1
sup - |Re(e ) C(w TN T N2—a>’

t<T/(me?)

provided that ¢ and ¢ are small enough.

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

Let fy(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) < C uniformly in A, we have only ||fA||W1’OO(D) < CX72 (see (6.13)).

We define fi(t,m) = fr(7e2t, m) and for m € Dy and K € Gy,

PN = F(s) ~ Fa(som) and rit(s) = 37 wiN(s).

N,h
meCy

Note that we have 3" (0) = 0. By definition, Ft,m) = fi(we2t, m) satisfies

A(t.m) = go(m) + 722 / (Ca]) (s, m)ds,

32



for t < T/(mwe?), where L, is the operator defining the quasi-resonant equation (4.5). Now,
using the estimates (6.12) and (6.13), we have that

T(Lrf2)(s,m) m;p TRER >\2L(m,j,p)ﬁ(sjm)
_mz SET R <Q<m,j,p>£<s,p> +QUm,p, ) Fal5,3)) + Olrsg)

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/)22

Hence, we obtain in view of (8.1)

) =) + / > - Sl i)

m= ]""p
mGC

— Z ~Q(m. j,p)rl (s)
(8.4) hN / i wp)? + A

mECN h

h2N4/ Z . ) +)\2Q(m,p,j)7“§\[(8)

m= J+p
mGC

+ Rs(e, K, N, h,6,t)

with for ¢ < T/(7we?) and & and &y small enough,

11 5
. < .
(8.5) S [R(e KN 0, ) C(W ot NH)
<T/(re?)

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

= A Y
N 2 <N2 Z - )2 +A2L(mv%m—9)> " (5)

— Wy
mECIJg’h JGDN —J

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

AT2 Z A L(mvjam_j)

2 2
m— Wi — Whn—j)% + A
EDN J m))

1 A
— h2 I S
Z hZ N2 Z (O — w0y — o)+ A2 (m,j,m —7)

Jegh jeC]]Vh
=n* ) A L(K,J, K — J)+O(h)
= (Wi —wy —wg_g)%+ N2 A2’
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where the last term comes from the estimate (6.12) of the derivative of the summand. Hence
we obtain

Y o Lim, j.p)r ()

m—wj—wp)2+>\2

m=j+p
mECI]\(T’h
A h
= 12 Z o — )~ TN L(K,J K — J)r%h(s) + O(ﬁ sg{p |r%h(s)|)

Jegy,

The second and third terms in Equation (8.4) can be written equivalently

1 1 A
2 N .
h Z h2 N2 Z T (S> h2N2 Z (wm — Wj — wj)2 a2 Q(mum - .]7.])

JEGn jecm mech"

and as before, we have for j € Cf,v’h,

1 A .
mecp T Wmei T
A h

(LUK —WK—J — (A)J)2 -+ )\2

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

t
A
N,h N,h 2 2 N,h
r’t:r’0+6/h g L(K, J,P)ry"(s)ds
K () K () 0 K:J+P(WK_WJ_WP)2+)\2 ( )K ()

t
A
2 h2 K P N,h d
+¢€ A K:ZLH-P (wK—WJ_wP)2—|—)\2Q( 7J7 )TP (8) S

t
A
2 [ p? K, P, J)r"(s)d
+€ /0 K;_P (WK_WJ_WP)2+)\2Q( ) ) )TJ (S) S
+ R3(e, K,N,h,d,t) + Ry(e, K, N, h,0,t,7k)

with Rj satisfying (8.5), and

(8.6)

h t
sup |Ru(e, KN tr)| < Ce® [ sup i (s) s

Kegy,

Let us set Hvah(s)Heoo '= SUPkcg, |r"(s)|. From the previous equation, we obtain that

t
h
I @) o < ¥ (0)] oo + 00 + 062/0 (IR + ﬁ)HT’N’h(S)llzm ds
where 0g = SUP ¢ ;<7/(re2) | R3(, K, N, h, 6, )| and
1£% = sup |A? Z A (L(K,J,P) +Q(K,J,P)+ Q(K,P,J))
K (wK o wJ _ wP)2 —l— )\2 ) ) ) ) ) )

K=J+P
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Now we see that the right-hand side of this equation is a discretisation of the upper bound of
L]l o with mesh A. 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 = 30)
h
23l < 1+ %),
We deduce by using the Gronwall lemma that for all ¢ < T'/(7e?), when h < §?, we have

1 o
Nk < Nk <o 4 =
[P (0. < Cloo + [PV (O) ) < O 755 + 757 + 755 )

as
1 1

S
02N — héN
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, andt < T,

1 1

e L B8 | S0 = s 3 (60~ k)
keCp ™ kecp"
o 30 (1K)~ £, K))

keCp"

since CardCy'" = h2N?. In the right-hand side of this equation, the first term is bounded by
CVX with X = 356 by using (6.7), 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 (6.13), we easily obtain the
estimate

o 2 Bt E) = (1K) +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 6 > 0, and that in fact for 6 = 0, (3.11) is an equality. Moreover, shall take h = 1/N,
which means that the grids G, and Dy coincide, and that with the previous notations,
FYM(t) = F,(t). Hence all the bounds in the proof for the stochastic case will be valid with
h = 1/N, up to estimates on the small denominators. These diophantine controls are given
by the following estimates:

Lemma 4. Recall that for k = (ky, k,) € 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
(91) V(]{?,j, 6) S D]—i\} ‘Wk+j — Wi — wj| > W and |wk+j+g — Wi — Wj — wg| > W
Proof. Let € > 0. From a version of Khinchin’s Theorem (see for instance [32]), we know
that for almost all n > 0, there exists ¢ such that

1
(9.2) V(p.q) €Z x Z* ‘——Z—" >

noq
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For k = (ky, k,) and j = (4, j,) in D, we calculate that

. ‘ ky+3,)° kg
Whyj — Wk — Wi = 3kyfo(ky + Jo) + n(M -2 j—y)

1 S
— n3r =+ =
nr<n+3r2)’

where 7 = kyjo (ke + o) and s = (ky + jy)*jeke — (ke + Jz) (K2 je + j7 k). By definition of DT,
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~ for some integers S and R # 0 with |S| < CN* and
|R| < C'N? for some constant C' depending on D. Hence we have

SN?
3R?

C1 > Co
- |R|4+25 — N12+6¢

|wrj — wr — wj| > na

1
—
U

after using (9.2), and for some constants ¢; and ¢, depending on 7 and D. This proves the
first part of the statement?.
Similarly, we can write

S
wk+j+é—wk—wj—we=7’+77¥

with r = (ky+J,+0,)3 —k3— 52— k3, t = (ky+j.+2)juls 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
|Whje — Wi — Wy — we| > ﬁa<5 + 5)

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+SN2
n TR

Co
= N12+6¢

|Whje — Wi — Wy — wi| > €

by using (9.2), and for some constants ¢; and ¢y depending on 1 and D. This concludes the
proof of the Lemma. O

To prove Theorem 2, we follow the lines of the proof of Theorem 1 with § = 0 and h = 1/N
(and hence with the previous notations, K = m). We start from (see (7.4))

eN¢

FN(@t) = Fg(0)+/tRei

S et (VL V). (s)ds

m=k+~¢

t Ne . L
+ / Re2TN i YD W e (T, TV () d,
0

m=—k+/{

3This 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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Using (9.1) we see that we can perform the integration by part for all the terms in the
right-hand side. We thus obtain

NO!
(9.3) / Reng Z o MezS(wk-i-we wm) (VViVa)o(s)ds
0

m=k+~

t eN© 6is(wk +fwp—wm) d _
- | R v — (Vi ViV (s)d
J R S PTLEAAGROL

m=k-+~£
(i +0p —m) '
eN® ets(wrptwe—wm o
+ |Re v Vi ViVe)«(s
m:ZkM ké(wk+wz_wm)< 1Ve)«(s) 0
now we can use the bound (see (9.1))
1
(9.4) —— | < CN7,
Wk + Wwp — W,
so that the first boundary term can be estimated by
Ne Vo ViVe
(9.5) S WonViVo)(s) | e pyon,
m=k+{ (wk +we— wm>

which is essentially the same as (7.11) with A = 1/N and § = 1/N".
Now we calculate the contribution of the second term in (9.3). We find

eis(wk +fwp—wm) d

t ENa
. — Ut
(9 6) /0 Re N m;_é mkt (wk + wp — wm) dt <V ka> ( )d

t 2 N els(wrtwe—wj—wp)
R vr W ViV, ViV d
-/ D I N e e LA CL
m=j+p
t ,82Na N N es(wp+w]+wz wm)
- 2/0 Ret N2 Zk:—i_é \Ilmkﬁlllkjp wk +wp — )(va}v;?‘/Z)*(S)dS
k=j+p

t 2 Ne is(wptwetwj—wp)
2 | Re: vt ViV, ViV)«(s)d
/0 e N2 Z mké m]p wk+Wg wm)< 7V pVk 5) (8) S

m=k+{
m=—j+p

A tR ,82Na \II \Ij ezs(wp—wj—l—wg wWm) V V v d
- /0 Nz mZk:M mRETRIP (wy + wy —wm)< wViVoVi)s(s)ds
k=—j+p
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The first term in the right hand side can be written

2o gislontar—w =) __

Rei— D \Ifmkzxymjp(w Ty VAV ViVa)(s)ds
m= ki—f
m=j-p

2N (V,V ViV (s)
=R E A e J_P d
el N2 e, mkl m]p(wk“‘wé—wm) S,
m=j+p

and we easily see that this term vanishes by symmetries as (V,;V,ViV,) = (V;V,ViV,) so
that the global sum is real. The same holds true for the fourth term in the right-hand side
of (9.6). Note that these terms where precisely the one responsible for the occurence of the
kinetic equation when 6 > 0.

We now observe that the other terms involve interaction between modes in D}, such that
m = j + k + ¢ and oscillatory integrals of the form e®*@n—«i—«x=w) We can then integrate
them again by using (9.1). We obtain terms of the form (7.17)-(7.18) but with an estimate
(7.19) that degenerates to an estimate by CN* instead of 62 when § — 0. The boundary
terms are treated in a similar ways as in a similar way, and finally, we see that all the terms
in (9.6) can be bounded by

C <62N2u+a—1 4 t€3N2V+a_1> 7

and we easily obtain the result from this bound with § = 2v 4+ o — 1. The other terms are
treated similarly.
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