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FINITE-VOLUME APPROXIMATION OF THE INVARIANT MEASURE
OF A VISCOUS STOCHASTIC SCALAR CONSERVATION LAW

SEBASTIEN BOYAVAL, SOFIANE MARTEL, AND JULIEN REYGNER

ABsTrACT. We study the numerical approximation of the invariant measure of a viscous scalar conservation law, one-
dimensional and periodic in the space variable, and stochastically forced with a white-in-time but spatially correlated noise.
The flux function is assumed to be locally Lipschitz continuous and to have at most polynomial growth. The numerical
scheme we employ discretises the SPDE according to a finite-volume method in space, and a split-step backward Euler
method in time. As a first result, we prove the well-posedness as well as the existence and uniqueness of an invariant
measure for both the semi-discrete and the split-step scheme. Our main result is then the convergence of the invariant
measures of the discrete approximations, as the space and time steps go to zero, towards the invariant measure of the SPDE,
with respect to the second-order Wasserstein distance. We investigate rates of convergence theoretically, in the case where
the flux function is globally Lipschitz continuous with a small Lipschitz constant, and numerically for the Burgers equation.

1. INTRODUCTION

1.1. Viscous scalar conservation law with random forcing. We consider the following viscous scalar conservation
law with stochastic forcing on the one-dimensional torus T = R/Z:

du = —0, A(u)dt + vy udt + ngde(t), xeT, ¢>0, (1)
E>1
where (W*);>1 is a family of independent real Brownian motions and (g*);>1 is a family of smooth functions on T.
The viscosity coefficient v is assumed to be positive. Under regularity and polynomial growth assumptions on the flux
function A, Equation (1) is well-posed in a strong sense, and there exists a unique invariant measure for its solution, see
Proposition 1.2 below, which is proved in the companion paper [28].
In this work, we construct a numerical scheme, based on the finite-volume method, that allows to approximate this
invariant measure. We place ourselves in the setting of [28] and first recall our main notations, assumptions and results.

1.1.1. Notations. For any p € [1,+o0], we denote by L{(T) the set of functions v € LP(T) such that

/Tv(m)da: =0,

and we write [|v|zz(r) for the LP norm induced on Lg(T). For any integer m > 0, we denote by Hg*(T) the intersection
of L3(T) with the Sobolev space H™(T). Combining the Jensen inequality

Vi<p<g<doo,  |vllgy < llvllzgm: (2)

with the gradient estimate
vllzge(my < N0xvllLarys (3)
we observe that [|v[| gy (1) := |03 v[|L2(r) defines a norm on Hy"(T), which is associated with the scalar product (v, w) gy (1)

and makes H{"(T) a separable Hilbert space.
We denote by N the set of non-negative integers, and by N* the set of positive integers.

1.1.2. Assumptions on the flux and the noise. We shall assume that the flux function A and the family of functions (gk)kzl
satisfy the following condition.

Assumption 1.1 (On A and (¢*)>1). The function A : R — R is of class C?, its first derivative has at most polynomial
growth:

EICA > 0, HPA € N*v Vo € Ra |Al(v)| < CA (1 + |v‘pA)7 (4)
and its second derivative A” is locally Lipschitz continuous on R. Furthermore, for all k > 1, g* € HZ(T) and
2
D:= Z HngHg(T) < +00. (5)
E>1
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The assumptions (4) and (5) will be needed in the arguments contained in this paper while the local Lipschitz continuity
of A” is only necessary for Proposition 1.2, which is proved in [25].

The family of Brownian motions (W*);>1 is defined on a probability space (2, F,P) equipped with a normal filtration
(Ft)t>0 in the sense of [13, Section 3.3]. Under Assumption 1.1, the series Y, g*W* has to be understood as an HZ(T)-
valued Wiener process W with trace class covariance operator Q : H3(T) — HZ(T) given by Qv =3, ¢" (v, gk>Hg(T),
see [28] for details. In the sequel, we shall call W? a Q- Wiener process.

1.1.3. Main results from [28]. Given a normed vector space E, B(E) denotes the Borel o-field on E, P(E) denotes the set
of probability measures over (E,B(E)), and for p € [1,+00), Pp(E) denotes the subset of P(E) of probability measures
with finite p-th order moment. The well-posedness of (1), as well as the existence and uniqueness of an invariant measure
for its solution, is proved in [28, Theorem 1, Theorem 2].

Proposition 1.2 (Well-posedness and invariant measure for (1)). Let ug € H3(T). Under Assumption 1.1, there exists a
unique strong solution (u(t))i>0 to Equation (1) with initial condition ug. That is, an (Fi)i>0-adapted process (u(t))i>o
with values in H3(T) such that, almost surely:

(1) the mapping t — u(t) is continuous from [0,+o00) to HZ(T);
(2) for allt >0, the following equality holds:

u(t) =uo + /0 (=0z A (u(s)) + vOyzu(s)) ds + WQ(t). (6)

Furthermore, the process (u(t));>0 admits a unique invariant measure pu € P(HZ(T)), and if v is a random variable with
distribution p, then E[||v||§12(m] < +0oo and for all p € [1,+00), E[||v||’£p(T)] < +o0.
0 0

Let us precise that for any ¢ > 0, the notation u(t) shall always refer to an element of the space H3(T). The scalar
values taken by this function are denoted by u(t, x), for x € T.

1.2. Space discretisation. To discretise (1) with respect to the space variable, we first fix N > 1, denote by Ty = Z/NZ
the discrete torus, and define the regular mesh 7y on T by

Tv == A{(zi—1,2:],1 € TN}, Ti =
where we identify T with (0,1] and Ty with {1,..., N}. Next, we introduce the finite dimensional space
RY == {v=(v1,...,on) €ERY 10y +--- + vy = 0},

on which we define, for any p € [1, +00c], the normalised ¢Z norm

1/p

1 .

vllez(ry) = (N gr: |U¢p> if p < +o0, [Vllege(rn) = {2%§|vi|~
i€Tn

The projection operator Il : LE(T) — R is defined by
Vi e Ty, (IIyv); = N/ v(z)dz.
Ti—1

Notice that by Jensen’s inequality, it satisfies the inequality

Mol ry) < lvllzg e, (7)
for any p € [1, +o0].
Applying this operator to both sides of (1), we get, for any i € Ty,
d (Myu(t), = =N (A (u(t,z;)) — Au(t,zi-1))) dt + N (Opu (t,2;) — Opu (¢, 2;-1)) dt + Ty WL(L));.

Let us denote by UV (¢t) = (U} (t))iety a vector whose purpose is to approximate the vector IIyu(t). The basic idea of

finite-volume schemes consists in approximating the flux function A(u(t,z;)) at the interface between two adjacent cells
by a numerical fluz A(UN (t), U}, (t)), where the function A : R? — R satisfies certain properties which are stated in

Assumption 1.3 below. Given such a function, for any v € R} we denote by A" (v) the vector with coordinates A(v;, viy1),
i€ Ty
We then introduce the first-order forward and backward discrete derivative operators D5\1,7+) and D§\1,7_), defined by
Vi € Ty, (DS\:}’—HV)i = N(vir1 — v;), (Dg\}’_)v)i = N(v; —vi—1),
and the second-order centered discrete derivative operator DS?,) , defined by

DYv =D 'D{ v =D "D v.
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In the sequel, we shall sometimes call the quantities ||D(1’+)VH@3(T) and HD(z)VHZg(T) the h{(Ty) and h3(Tx) norms of v.
For all k > 1, we finally define the vector g¥ := IIyg* € R) and denote by W@ the process IIyW% = >k ghwk.
This is a Wiener process in R} with covariance

E[W2NOWEN @] =3 gkl 8)
k>1
which is easily seen to be finite under Assumption 1.1 (see (24) below).
These notations allow us to write a semi-discrete finite-volume approximation of (1) as the stochastic differential
equation (SDE)
dUN () = —DEIAY(UN 1))dt + vDPUN (1)dt + AWV (1), 9)
We shall sometimes use the notation
b(v) := —Dg\l,’_)XN(v) + VDE?,)V
for the drift of this SDE. Since both this vector field and the noise W@V take their values in R, we deduce that (9) is

conservative in the sense that if UV (0) € RY, then for all ¢t > 0, UV (¢) € RY'.
We may now state our assumptions on the numerical flux.

Assumption 1.3 (On A). The function A belongs to C'(R? R), its first derivatives d; A and 0, A are locally Lipschitz
continuous on R?, and it satisfies the following properties.

(i) Consistency:

Vv € R, A(v,v) = A(v). (10)
(ii) Monotonicity:
Yo, w € R, A, w) >0, 0A(v,w) <0. (11)
(iii) Polynomial growth:
3C5 >0, FpzeN, Yo,weR, [0hA(v,w)] <Ci(l+ofP1), [d2A(v,w)| < Cx(1+ |w[Pr). (12)

Note in particular that the numerical flux function, and therefore the drift of the SDE (9), is not globally Lipschitz
continuous. Nevertheless, we prove in Proposition 2.4 that (9) is well-posed under Assumption 1.3.

Remark 1.4 (Engquist-Osher numerical flux). A notable class of numerical fluxes satisfying the monotonicity and
polynomial growth conditions (under Assumption 1.1) are the flux-splitting schemes [21, Example 5.2], among which a
commonly employed example is the Engquist-Osher fluz [20] defined (for A(0) = 0) by

Vo, w € R, Ao (v,w) := /OU[A/(U/)]+d”L)/ — /Ow[A/(w')]_dw/.

1.3. Space and time discretisation. The second stage in constructing a numerical scheme for (1) is the time discreti-
sation of the SDE (9). Considering a time step At > 0 and a positive integer n, we introduce the notation

AWEY .= WON (nAL) — WON ((n — 1)AL). (13)

As already noticed in [29], explicit numerical schemes for SDEs with non-globally Lipschitz continuous coefficients do
not preserve in general the long time stability, whereas implicit schemes are more robust. Therefore, since our main focus
in this paper is to approximate invariant measures, we follow [29] and propose the following split-step stochastic backward
Euler method

UuNAt _ At + Atb (UN,Alt) ’
n n+s3

n+3

N,At _ v1N,At Q,N
U =005 AW

(14)

The well-posedness of the scheme, i.e. the existence and uniqueness of the value Uf:g’ﬁt in the first line of (14), is
2

ensured by Proposition 2.13.

1.4. Main results. Our first focus is on the long time behaviour of the processes (UM (t));>¢ and (UYA%),cn. In this
perspective, we state our first result.

Theorem 1.5 (Existence and uniqueness of invariant measures for both schemes). Under Assumptions 1.1 and 1.5, the
following two statements hold:

(i) for any N > 1, the process (UN(t))i>0 solution of the SDE (9) admits a unique invariant measure vy € P(RY);
(ii) for any N > 1 and At > 0, the sequence (UN-A), oy defined by (14) admits a unique invariant measure vy s €
P(Ry).
Moreover, for any N > 1 and At > 0, the measures vy and vy a¢ belong to Pg(RéV).
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The proofs for these two statements are given separately in Section 2. The structure of the proof is the same as for [28,
Theorem 2| where we derived the existence and uniqueness of an invariant measure for the solution of (1) from two
important properties: respectively the dissipativity of the L3(T) norm of the solution, and an L{(T) contraction property.
In Lemma 2.1 below, we show that both of these properties are preserved at the discrete level. Therefore, we then prove
the existence of an invariant measure with a tightness argument (uniform energy estimates and the Krylov—Bogoliubov
theorem) and the uniqueness with a coupling argument. While the proof of existence is rather standard, our analysis of
uniqueness depends on arguments which are more specific to the processes (UN(t));>0 and (UYA?),,cy. We insist on the
fact that both proofs of existence and uniqueness crucially rely on the positivity of the viscosity coefficient v.

We now address the At — 0 limit of v a¢ and the N — +oo limit of v,y. Since most of our results follow from 3(Ty)
or L3(T) estimates, it is natural in our setting to work with the following distance on P2 (¢3(Ty)) or Po(L3(T)).

Definition 1.6 (Wasserstein distance). Let (E, || - ||g) be a normed vector space and let «, 8 € Pa(E). The quadratic
Wasserstein distance between « and [ is defined by

1/2
Walar8) = in (/E E|uv||zdw<u,v>> ,

mell(a,B)
where II(«, 3) is the set of probability measures on E x E with marginals o and f:
(e, B) :={m e Py (EXE):VYBeB(E),n(BxE)=a«a(B) and n(E x B) = 8(B)}.

The reader is referred to [31, Chapter 6] for further details on the Wasserstein distance, and in particular for the proof
that it actually defines a distance on Py(E). From now on, the spaces Po(f3(Tx)) and Po(L3(T)) are systematically
endowed with the topology induced by the corresponding distance Ws.

As a first step to approximate numerically the measure p, we embed the measures vy and vy a¢ into P(LE(T)). Let
us denote by Wy : RY — L5°(T) the piecewise constant reconstruction operator defined by, for all v € Ry,

Vi€ Ty, Vzée (x—1,z, Uyv(x) :=v;.
Notice that for any p € [1, +o0],

IUnvlizery = vIemy (15)
so that Theorem 1.5 implies that the pushforward measures

UN = VN © (\IIN)ila UN,At *= VN,At © (‘I’N)fl, (16)
belong to P2 (L3(T)). Sections 3 and 4 are devoted to the proof of our main result.

Theorem 1.7 (Convergence of the invariant measures). Under Assumptions 1.1 and 1.3, we have
lim puy=p  in Po(L3(T)), (17)
N—o0

and moreover, for any N > 1,
lim vy At =vN n PQ(R(])V). (18)
At—0

In short, we have the following approximation result:

. . _ . 2
W Al ar =i Pallo(T).

Remark 1.8. In Theorem 1.7, p is seen as a probability measure of P(L2(T)) giving full weight to H3(T), as opposed

to Proposition 1.2 where 1 was seen as a probability measure of P(HZ(T)). The fact that both objects coincide follows

from [28, Lemma 6.

Let us briefly sketch the lines of our proof of (17). First, the positivity of the viscosity coefficient » makes (1) parabolic,
so that energy estimates in LZ(T) and HE(T) are a natural tool to study this equation. In this perspective, we derive
uniform (in N) discrete £5(Ty ), h(Tx) and h3(Ty) bounds on vy. They imply that the sequence (ux)n>1 is relatively
compact in Pa(L3(T)). Using the finite-time convergence of the finite-volume scheme WU (¢) to the solution u(t) of
the SPDE (1), we then show that any limit p* of a weakly converging subsequence of (un)n>1 is invariant for (1), which
allows to identify all these limits and leads to (17). This finite-time convergence result, which is an important step in our
argument, is stated in Proposition 3.4. It relies in particular on HZ(T) estimates on u, so that the framework of strong
solutions for (1) is well-suited to our approach.

The proof of (18) follows the same approach, and the main finite-time convergence result is stated in Proposition 4.3.

Remark 1.9 (Ergodicity). As the invariant measure g of the process (u(t));>o is unique from Proposition 1.2, it is
ergodic. In particular, a consequence of Birkhofl’s ergodic theorem (see for instance [13, Theorem 1.2.3]) is that for any
¢ € L'(u) and for pu-almost every initial condition uy € HZ(T), almost surely,
1 t
lim = [ p(u(s))ds = E[p(v)], where v ~ p1.

t—oo t 0
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By virtue of Theorem 1.5, this property also holds at the discrete level: the sequence (UY:At), cy satisfies for any
¢ € L'(vy at) and for vy ar-almost every initial condition Uév’m € RY, almost surely,

—1
15 N,At N.A
lim — U,V %) =E [p(VAt here VIV-4% ~ .
Jim ; p(U) =E [p(VV21], where 2N
Thanks to this property, it is possible to approximate numerically expectations of functionals under the invariant measure
by averaging in time the simulated process. We used this method to perform the numerical experiments presented in
Section 5.

Complementing the convergence results of Theorem 1.7 with a quantitative rate in NV and At is a natural question.
As far as the convergence of uy to y when N — 400 is concerned, we sketch in Subsection 3.4 how our arguments may
be adapted to yield a strong LZ(T) error estimate of order 1/N between u”(t) and wu(t), valid in the long time limit,
in the case where the flux function A is globally Lipschitz continuous with a small Lipschitz norm. This implies that
Wo(pun, 1) < C/N. We show in Section 5 that this result is sharp in the case where A = 0. In this section, we also study
numerically the rate of convergence of vy A to vy and observe a weak error of order At, even when the flux function is
not small and not Lipschitz continuous, which is consistent with theoretical results by Kopec on a related class of split-step
schemes [25].

1.5. Review of literature. Many results are found concerning the numerical approximation in finite time of stochastic
conservation laws. A particular case of interest is the stochastic Burgers equation which corresponds to the case of the

flux function A(v) = v?/2. Finite difference schemes are presented in |1, 24| to approximate its solution. When the
viscosity coeflicient is equal to zero, the SPDE falls into a different framework. Convergence of finite-volume schemes in
this hyperbolic case have been established both under the kinetic [17, 18, 16] and the entropic formulations [2, 3].

As regards the numerical approximation of the invariant measure of an SPDE, we may start by mentioning [10]
concerning the damped stochastic non-linear Schrédinger equation, where a spectral Galerkin method is used for the
space discretisation and a modified implicit Euler scheme for the temporal discretisation. Several works by Bréhier and
coauthors are devoted to the numerical approximation of the invariant measures of semi-linear SPDEs in Hilbert spaces
perturbed with white noise [5, 6, 7], where spectral Galerkin and semi-implicit Euler methods are used. Those results hold
under a global Lipschitz assumption on the nonlinearity. In the more recent works [11, 12, 8], non-Lipschitz nonlinearities
are considered, but they still need to satisfy a one-sided Lipschitz condition.

In the present work, our assumptions on the flux function do not imply that the non-linear term is globally Lipschitz
continuous in LZ(T) nor even one-sided Lipschitz continuous. In particular, the case of the Burgers equation is covered.
However, Equation (1) satisfies an L}(T) contraction property |23, Proposition 5| which may be viewed as a one-sided
Lipschitz condition in the Banach space L}(T).

1.6. Outline of the paper and comments on the presentation. Throughout the article, we always work under
Assumptions 1.1 and 1.3. We will not repeat these assumptions in the statements of our results.

Section 2 is dedicated to the proof of the well-posedness and of the existence and uniqueness of an invariant measure
for the semi-discrete scheme (9) and the split-step scheme (14). The proof of Theorem 1.7 is then detailed in two separate
sections. The convergence in space (17) is proved in Section 3 and then, in Section 4, we prove the convergence with
respect to the time step, i.e. Equation (18). Numerical experiments investigating the rates of convergence in Theorem 1.7
are presented in Section 5. The proofs of certain results which are not essential to the exposition of our arguments are
gathered in Appendix.

In order to emphasise our original contributions, throughout the paper some arguments which are standard to either
stochastic calculus or numerical analysis are omitted or merely sketched. A preliminary version of this work, with all
proofs detailed, is available as Chapter 3 of [27], and references to this document are given whenever necessary (see also
the first arXiv version of this paper). More numerical experiments, in particular regarding the turbulent behaviour of the
process in its stationary regime, are also reported in Chapter 4 of [27].

2. SEMI-DISCRETE AND SPLIT-STEP SCHEMES: WELL-POSEDNESS AND INVARIANT MEASURE

Preliminary results are given in Subsection 2.1. In Subsection 2.2, we prove the well-posedness of the semi-discrete
scheme (UV (t))i>0, and after establishing some properties of this process, we prove the existence and uniqueness of
an invariant measure vy as well as the fact that necessarily, vxy € Po(RY). Similar results for the split-step scheme
(UN-At) |y are obtained in Subsection 2.3, which completes the proof of Theorem 1.5.

2.1. Preliminary results. In this subsection, we state a few preliminary results which will be used throughout the paper.
5



2.1.1. Algebraic identities. We define the normalised scalar product on RY by
(V,W)e2(Ty) = Z VW
’LGTN
When both v and w belong to RY, we shall rather denote (v, W) (1)

(1,+

The discrete derivative operators Dy ) and D L) satisfy the summation by parts identity

<D§\}’+)V7 W)EQ(TN) = —<V7 Ds\}’i)Wﬂz(TN).

We shall also use the variant

<D(1 +)V DE& +)W>Z ( N) = <D(17 )V DEV W>ZZ(TN) = <DS\2I)V3W>Z2(TN)'

2.1.2. Discrete inequalities. The discrete Jensen inequality writes
V1 <p<q<+oo, [VIlerrny < IVIleacra)s
and we shall use the following version of the discrete Poincaré inequality:

1,+ 1,—
DY Ve = IDY VI,

[VIlezcry) < |
which follows from (21) and
1,
IVlleze ) < DSVl ),

which is the discrete version of the gradient estimate (3).

(19)

(20)

(21)

(22)

(23)

2.1.3. Properties of b. For any z € R, we write sign(z) := 1,>0} — 1{.<0}. By extension, for v € RY, sign(v) denotes
the vector of {—1,+1}¥ defined by (sign(v)); = sign(v;). The discretised drift b preserves two important features of

Equation (1) that we will use repeatedly throughout this paper:

Lemma 2.1 (Discrete contraction and dissipativity). For all v,w € RY, the function b satisfies
(i) (sign(v —w),b(v) —b(W))e2(ry) <0 (¢§(Tn) contraction);
(i) (v, b)) € —VIDK VIR g, ) (B(Tw) dissipativity).
The proof of Lemma 2.1 relies on the following result, the proof of which is postponed to Appendix A.
Lemma 2.2 (Stability). For any v € RY and any q € 2N*, we have
(vi i, D(l’f)KN(V»P(TN) >0,
where the notation v~ refers to the vector with coordinates (viﬁl, . ,v?{l),
We now detail the proof of Lemma 2.1.
Proof of Lemma 2.1. (i) Let v,w € R)’. From the definition of b and (19-20), we write
(sign(v —w),b(v) — b(W))e2(1y)
—(sign(v - w), DAY (v) = A" (W) izry) + pisign(v — w), DY (v — w))ezcry)
= (D sign(v —w), A" (v) — A" (W))ez(ry) — v(DY sign(v — w), DY (v — W)z,
Observe that since the function sign : R — R is non-decreasing,
(D§Vsign(v — w), DY (v = W)z r,) > 0.
As for the other term, it follows from the monotonicity property of A that for any i € Ty,
(sign(vit1 — wir1) — sign(v; — wy)) (A(vi, vig1) — A(wi, wisr)) < 0.

Indeed, let us address for instance the case where v; 11 > w;+1 and v; < w;. Then, on the one hand, we have sign(v; 1 —
w;11) — sign(v; — w;) = 2. On the other hand, we have

A(vi, vi41) — Alwi, wigr) = (A, vig1) — A(vi, wig1)) + (A(vs, wig1) — A(wi, wit1))
i+1 _ Wi _
= / 82A(vi,z)dz — alA(Z,’LUH_l)dZ S 0.

Wi41 V4
The case where v;+; < w;11 and v; > w; is treated symmetrically.
(ii) Let v € RY. We have

)—N
(v.b(V))ez(ry) = —<V»D%’ A (V))ez(ry) V<V7D§3)V>eg(m)~
6



Lemma 2.2 with ¢ = 2 shows that the first term of the above decomposition is non-positive, and applying (20) in the
second term yields the result. O

Remark 2.3. The /2(Ty) dissipativity property actually holds for the family of E-fluxes [20], a larger family than the
class of monotone numerical fluxes. The monotonicity assumption (11) seems however necessary as regards the £§(Ty)
contraction property.

2.1.4. Finiteness of the covariance of W@ . At several places we shall need the estimates
ky2 k|2 (1,4) Sk 2
fg%}’vi (97)” <D, Z [ Heg(m) <D, Z IDy g ||zg(TN) <D, (24)
k>1 E>1 E>1

which follow from (2), (3) and (5), and prove for instance the finiteness of the sum in the right-hand side of (8).

2.2. The semi-discrete scheme. In this subsection, we first show that the SDE (9) has a unique global solution
(UY(t))4>0. We then give uniform ¢5(Ty) estimates on this process, which will be used at several places in the sequel of
the paper. We finally prove the existence and the uniqueness of an invariant measure vy for (U (¢));>o0.

2.2.1. Well-posedness of (9). Since the function b is locally Lipschitz continuous, it is a standard result that there exists
a unique strong solution (UN (t))tefo,r+) to Equation (9) defined up to a random explosion time 7. That this solution is
actually global in time usually follows from a Lyapunov-type condition. In our context, the presence of a viscous term in

the SPDE (1) allows the use of energy methods based on the dissipation of the squared LZ(T) norm, see [25]. At the level
of the SDE (9), denoting by £y the associated infinitesimal generator, this fact is observed on the simple estimate
(1.4
‘CNHVH%(TN) = 2(v,b(v )>é2(1rN) + Z Ig" ||/2 (Ta) = 2V||D )VH[2(11‘N) +D< 21/HV||/2(TN +D, (25)
k>1

which follows from Lemma 2.1, (24) and (22). This shows that the squared ¢3(Ty) norm is a Lyapunov function for Ly,
and implies the following statement.

Proposition 2.4 (Well-posedness of (9)). Let UY be an RY -valued, Fo-measurable random variable. The stochastic
differential equation (9) admits a unique strong solution (U™ (t));>0 taking values in RY and with initial condition U} .

The proof of Proposition 2.4 is omitted, we refer to [27, Proposition 3.15] for details.

2.2.2. Moment estimates. In this paragraph, we prove the following uniform (in N) ¢5(Ty) estimates on the process UY.
For any v € R, we recall the notation v? = (v7,...,vk;) and take the convention that ||vH20(TN) =1.
0

Lemma 2.5 (Moment estimates on the semi-discrete scheme). Let p € 2N* and let U} be an Fy-measurable random
variable such that IE[||UN||Z,,(T ] < 400. The solution (UN(t))i>0 of (9) with initial condition U} satisfies the following
estimates.

(i) For allt >0,

t
E [||UN(t)||2’p(TNJ + vpE [/ <D(1 H) ((UN(s)P1), D +)UN(S)> 2 ds}
0 KQ(TN)
oo (26)
NP N
< B (103 ey + D22 [ [ U0l ey ]
ii) There exist six positive constants c(p), c(p), c(p), d(p), d® and d(p), depending only on D, v and p such that we
0 1 0 1 2
have \
N p (p) (P) N||P ()
vi>0, E [/O | (s>|;€g(mds] <)+ PE[JUY[fy] + P (27)
and
N P (P) (p) N||P (p)
V>0, s B (10Y )7y | < 9 +dPE [JUF [y | + 02 (28)

The proof of Lemma 2.5 relies on the following /5(T ) extension of the Poincaré inequality (22), the proof of which is
postponed to Appendix A.

Lemma 2.6 (¢5(Ty) Poincaré inequality). For any v € R} and p € 2N*, we have

<D5$’+) (v*1) ,D}}’*)v> ( 1)

i 2 .

We sketch the lines of the proof of Lemma 2.5 and refer to [27, Lemma 3.16] for details.
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Sketch of the proof of Lemma 2.5. Let us fix p € 2N* and apply the It6 formula to ||[UN (¢)||%,

HZS(TN)' We get

_ V=N
AU ()2, ., =2 (U¥ @7, (-DY A UV (1) +vDPUN (1)) dt + aW 2 (1) )

n p(p2— 1) <UN(t)p2, Z(gk)2> dt.
€2(Ty)

£2(Tn)

k>1
By Lemma 2.2,
UM, -Dy RN (U <0,
(UM, Dy RN O ), <0
by (20),
UN t p—1 D(Q)UN t — _ D(1’+) UN t p—1 D(1’+)UN t .
(U¥ormut ), = - (D (U er) DY IUN ),
and by (24),

<UN<t>“,Z<gk>2> <DIUN @2
£2(Tw)

k>1

Using a localisation argument to remove the stochastic integral when taking the expectation, we get (26). The esti-
mates (27) and (28) then follow from the application of Lemma 2.6, the elementary inequality

IOgII5,- < 1+ Uy

ep Z(T )y = ||eg(’[rN)7

and an inductive argument on the even values of p. |
2.2.3. Feller property and existence of an invariant measure. From the Lyapunov condition (25), we may also deduce the
existence of an invariant measure for (U (¢));>0, thanks to the Krylov—Bogoliubov tightness criterion |14, Corollary 3.1.2].

In order to apply the latter, it is necessary to check that (U™ (t));>¢ is a Feller process, which in our case is a consequence
of the following ¢}(Ty) contraction property.

Proposition 2.7 (¢4(Ty) contraction for UYN). Two solutions (UN(t))i>0 and (VN (t))i>0 of (9), driven by the same
Wiener process W N | with possibly different initial conditions, satisfy almost surely

vo<s<t, |[UN@®) -V <|[uM(s) -V

N(t)Hl})(TN) N(S)Hz}](m) :

Proof. Since (UM (t));>0 and (V™ (t));>0 are driven by the same Wiener process, then (U (t) — V™ (t));>¢ is an absolutely
continuous process, and

A(UN (1)~ VN (1) = (b(UN (1)) ~ (VY (1)) dt.

In particular, we can write for all ¢ > 0,

U0 VO 0y = (s (UY (1)~ VY 0) BUN (1) — BOVY(0)) ) 0.

where the inequality comes from Lemma 2.1.(i), and the result follows by integrating in time. O

Corollary 2.8 (Feller property for UN). The solution (U (t))i>0 of Equation (9) satisfies the Feller property, i.e. for
any continuous and bounded function ¢ : RY — R and any t > 0, the mapping

ug € RY — Ey, [p(UN ()] €R
is continuous and bounded, where the notation Ey, indicates that UN (0) = uy.
We may now state the existence result of an invariant measure.

Proposition 2.9 (Existence of an invariant measure for UY). The solution (UY(t));>0 of (9) admits an invariant
measure vy € Po(RY).

The proof is omitted because it is a standard consequence of (25), see [27, Section 3.2.2].
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2.2.4. Uniqueness of the invariant measure. The proof of uniqueness of the invariant measure vy relies on the intermediary
Lemmas 2.10 and 2.11 which are stated below. They follow from standard but a bit lengthy computation. For the sake
of legibility of the whole argument, we therefore postpone their proofs to Appendix B.

Lemma 2.10 (Hitting any neighbourhood of 0 with positive probability). Let (U (t));>0 and (VN (t))i>0 be two solutions
of (9) driven by the same Wiener process. Then, for all M > 0 and all € > 0, there exists t. pr > 0 such that

e,y = 0Py, v (’|UN(t57M)Hzg)(1rN) + HVN(tE:M)Heg(TN) < 5) >0,

where the notation Py, vy) indicates that UN(0) = ug and VYN (0) = vo and the infimum is taken over pairs of initial
conditions (ug, vo) such that |[uol[ez(ry) V [[Vollez(ry) < M.

In the setting of Lemma 2.10, we let, for any M > 0,

Ty i= Inf {t >0: HUN Vv ||VN(t)||€2 < M} . (29)

Ol er) () S

Lemma 2.11 (Almost sure entrance in some ball). There exists M > 0 such that for any deterministic initial conditions
ug, vo € RY, 7ar < 400 almost surely.

We now detail how Lemmas 2.10 and 2.11 allow to complete the proof of uniqueness of an invariant measure for UV,

Proof of the uniqueness of an invariant measure for UY. We start by fixing € > 0, to which we associate the quantities
te ar and pe s defined at Lemma 2.10, where M has been defined at Lemma 2.11. Let (UM (t));>0 and (VY (#))¢>0 start
respectively from arbitrary deterministic initial conditions uy and vg and be driven by the same Wiener process. We
define the increasing stopping time sequence

T =Ty

Toi=inf {t 2 T+ tenr + UV VIV Ol ey < M}

Ty i=inf {t > T+t + UV )iy VIV Ol yiryy < M}

By the strong Markov property and Lemma 2.11, each term of this sequence is finite almost surely. We introduce the
event

E; = {HUN(TJ» +ts,M)H£(1)(TN) + VN +t€,M)H%(TN) > g}
and claim that
V.J € N*, P(N/_1E;) < (1—penr)’.
Indeed, it is true for J = 1 thanks to the strong Markov property and Lemma 2.10:

P(E))=E [}P’ (||UN(TM o) g my VY Car + o) gy > s|]-'TMﬂ <1—penr,
and the general case follows by induction. Letting J — 400, we get
. J . J
P (ﬂ‘;‘;lEj) = J11—>H<;loP (ﬁjzlEj) < Jh_}n;o(l —pen)” =0,
and consequently, almost surely there exists some ¢ = T} + . ps such that
TY(&) = VIO ooy < MUY Ollesrny IV Olleary < e

Now recall that thanks to Proposition 2.7, [[UY (t) — VN (¢)| ¢1(Ty) 1S non-increasing in time almost surely. Since € has

been chosen arbitrarily, we deduce that [|[UN (t) — V¥ (¢)|| 03(Ty) converges almost surely to 0 as ¢ — +o0o0 when the initial
conditions are deterministic, and since this assertion is true for any pair of initial conditions, it also holds for random and
Fo-measurable initial conditions. Let ¢ : £3(Tx) — R be a Lipschitz continuous and bounded test function, with Lipschitz
constant Ly. We have in particular, almost surely,

. N N . N N
Jim [¢(UN (1)) — o(VY(1)] < L Jim [[UN(E) = VV(B)]| 1y ) =0 (30)
To conclude the proof, assume that there exist two invariant measures VJ(\}) and 1/1(3) for the solution of (9), and take

random initial conditions UY" and V¥ with distributions 1/](\}) and 1/1(\?) respectively. We have for all ¢ > 0,

E[¢(U5)] —E[6 (V)] =[E[¢(UY®H)] —E[¢ (VIM)]| <E[|¢ (U () -6 (VVO)]]-
Letting ¢ go to +00, by (30) and the dominated convergence theorem, we have
IE[6(U5)] —E[6 (Vo)]] < lim E[[¢ (U (1)) -6 (VV®)]] = 0.
As a consequence, UYY and V{¥ have the same distribution, meaning that u](\}) = VJ(\?). O
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Remark 2.12. This proof shows in addition that for any initial distribution, the law of U™ (¢) converges, when t — +o0,
to the invariant measure vy.

2.3. The split-step scheme. In this subsection, we first show that the implicit equation in (14) has a unique solution,
which ensures the well-posedness of the sequence (UN-A?), . We then prove the existence and the uniqueness of an
invariant measure vy ¢ for this Markov chain. The general organisation of the arguments is rather close to Subsection 2.2,
and we only emphasise which points have to be adapted.

2.3.1. Well-posedness. The following preliminary result ensures that the scheme (14) is well-posed.

Proposition 2.13 (Well-posedness of (14)). For any At > 0 and v € R, there exists a unique w € RY such that
w = v + Atb(w).

Proof. Uniqueness. It is a straightforward consequence of Lemma 2.1.(i): if wy and wo are two solutions, then
lwy — W2He(1](’]I‘N) = (sign(w; — wa), wy — W2>52(TN) = At(sign(w; — wa),b(w1) — b(wa))e2(ry) < 0.

Ezistence. The mapping Id — Atb : RYY — RY is continuous. Furthermore, by Lemmas 2.1.(ii) and (22), we have for
all w € RY

(17+) 2
((Id — Atb)(W), W) gz (1) (b(W), W) p2(1y) Dy WH@(T )
ot = [Wllez(ry) — At—— > [Wllez(ry) +VvAt—F——— =
[Wllez(Ty) [Wllez(ry)

> (1 +vA)[[wllery)-
IWllez(T) o(Tn)

Thus, as a consequence of [15, Theorem 3.3], Id — Atb is surjective in Rév and, for any v € Rév , there exists w € Rév such
that w = v + Atb(w). O

2.3.2. Existence of an invariant measure. We first prove an ¢}(Ty) contraction property in order to deduce the Feller
property for (UN-A%), cn.

Lemma 2.14 (¢}(Ty) contraction for UN:At). Let (UNAY), o and (VNAY),cn be two solutions of (14), constructed
with the same sequence of noise increments (AW N), cn-. Then, almost surely and for any n € N,

N,At N,At
HUn—i-l - Vn+1

s S TOE VI

Proof. From Equations (14) and Lemma 2.1.(ii), we write

Jorar v, ..,
N, At vV At
=l - Vil
= <sign (Ufﬁt - Vivf%t) Ugﬁt VrﬁA%t>z2(1rN)
= (sian (U1 - VI O VIS g, e ten (U - VYY) B (V) -2 (Vi) e,
< <sign (UnN_;_A; - VTJ:[_;_A;) ,UNA - ijy’At>€2(TN)
< HUg’At - V%AtHeé(ﬁrN) : -

Remark 2.15. The choice of the split-step backward Euler scheme is essential for the ¢}(Tx) contraction property to
hold. Indeed, consider for instance two sequences (UN-4), cyy and (VY-A%), cy built via an explicit Euler method, that is,

UNA" = O 4 Atb (T)41) + AW

and naturally, the same construction for VV.AL nen), then the expansion of the ¢} (Ty) distance gives
n 0

N,At v N, AL
HUnJrl Vn+1

. N,At N, At TN, At v N, At
) :51gn<<Un+1 -V, ) LU, = =V,
Z()(TN)

>£2 (Twn)
+ At (sign (T = VYA b (T) —b (Vrar))
£2(Tw)
Thus, we would need to control the second term of the right-hand side in the above equation, which is delicate given that
b is not globally Lipschitz.
As for the semi-discrete scheme, Lemma 2.14 induces the following property.

Corollary 2.16 (Feller property for UNAt). The solution (UYN-2%),cn of (14) has the Feller property.
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The existence of an invariant measure follows again from the application of the Krylov—Bogoliubov theorem to a
Lyapunov condition similar to (25).

Proposition 2.17 (Existence of an invariant measure for UN’At). For alln > 1, we have

D
fZ]E [HD “)U{YH“ ~ + AMD. (31)

2(Ty )} - 2nyAt u OHW(TN) o

As a consequence, the sequence (Uﬁhm)neN admits an invariant measure Vn A € PQ(R[JJV).

Proof. Starting from the first equation in (14), we have

o - ao (w22

= o],

£2(Tx) (Tn)?

by expanding the left-hand side, we derive the inequality

< UG ) + 2408 <b (Ujjf;) ,uNat

[, )
Z(Ty) +3 /a3(1n)

1
n+3

Using Lemma 2.1.(ii), we get

2 2
N,At N At (L, +)7N,AL
H nt3 lezry) ~ [ Hfz(T ) 2VAtHDN U”Jr% 2(Tn) (32)
Now, from the second equation in (14), we have
2
N,At UN-At N,At Q,N Q,N
_ a UVAL AW > HAW . 33
H "L lez(ry) H nt3 1le2(Ty) < nt3 "/ 2 (1) + 21y (33)
Injecting Inequality (32) into Equation (33), we get
2 2 2
N,At N,At (1,4)p 7N, At N,At Q,N Q,N
— g < —2WAL HD U P <U AW > HAW (34
H n+ g2 (ry) | HeZ(qu) v ntd lgmyy T2\ Tk ") ey "y (34
By definition of W@ and from (24), we have
[HAWnH . ] = Atz ||gk||?g(1rN) < DAt (35)
f(T) k>1

On the other hand, the variables UN Alt and AWQ’ 11 are independent, so that taking the expectation in (34) yields

2
N,At
. D’U”“ L%(TNJ <TN>]

which is valid for any n € N, so that we get a telescopic sum:

_E [HUQ”AtHZZ < —2vAtE U’D(l +)UN At

n+2

] + DA,
£3(TN)

n—1
NAt|2 -~ 2 _ N.At|? _ Nt
]E[HU” HZS(TN)} ”uOH%(T”)lZ_;(E [HUW eﬁ(m)] E{HUZ e%(m)D
n—1 (1) 9
A)pTN,AL
§—2yAtZ;E[HDN Uy zg(quJJrnAtD'
Hence,
2
L4) 71N, At 2
ZVAtlz;EMD S Zg(TNJ§||u0||eg(TN)+nAtD. (36)
Besides,
2
B HD(1,+)UN,At -E HD(l +)UNAt E HD(l +)AWQN : 37
[t W ol I 5 (37)
and by (24),

E [HD(1 +)AW?+{V

(1,4)
R RO o L

Injecting this bound into (37), and (37) into (36), we get (31).
Since ||D§\}’+) “llez(ry) defines a norm on RY and since from Corollary 2.16, the sequence (UN-A), - has the Feller

< AtD.
£3(Tw)

property, the existence of an invariant measure vy a; € P2(R{Y) now follows from the Krylov-Bogoliubov theorem. |
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2.3.3. Uniqueness of the invariant measure. Similarly to Subsection 2.2, we first state the intermediary Lemmas 2.18
and 2.19.

Lemma 2.18 (Hitting any neighbourhood of 0 with positive probability). Let (UY:At),cy and (VYA cn be two so-
lutions of (14) constructed with the same sequence of noise increments (AW N), cn-. For any e > 0 and any M > 0,
there exists ne pr € N such that

3 N,At N,At
Pe,nt = 10 Py v, (HU"&M 6(Ty) H e M |1 () = 6) >0,
where the notation Py, v,) indicates that Ué\f’At = ug and Vé\[’At = vo and the infimum is taken over pairs of initial
conditions (g, vo) such that [[uollez(ry) V [[Vollez(ry) < M.
In the setting of Lemma 2.18, we now define
= inf {n e N |[UNA v <M},
s { n+1 Z%(TN) n+1 ég(TN) >~

The following lemma is the time-discrete version of Lemma 2.11. The proof is omitted as it is very similar to its time-
continuous counterpart.

Lemma 2.19 (Almost sure entrance in some ball). There exists M > 0 such that for any initial conditions ug, vo € RY
for the sequences (UN-A), ey and (VYA en, nar < 400 almost surely.

The proof of Lemma 2.18 is quite different from the proof of Lemma 2.10, therefore it is detailed in Appendix B. On
the contrary, Lemma 2.19 essentially follows from the same arguments as Lemma 2.11 and therefore we omit its proof.
Finally, given Lemmas 2.14, 2.18 and 2.19, the proof of the uniqueness of the invariant measure vy a: of the split-step
scheme is an obvious adaptation of the proof for the semi-discrete scheme.

3. CONVERGENCE OF INVARIANT MEASURES: SEMI-DISCRETE SCHEME TOWARDS SPDE

This section is dedicated to the proof of the first statement in Theorem 1.7, namely the convergence of uy to p. The
general sketch of the proof is detailed in Subsection 3.1. Subsections 3.2 and 3.3 contain the proofs of the main arguments.
A discussion on the rate of convergence associated with Theorem 1.7 is then provided in Subsection 3.4.

3.1. General sketch of the proof. The first ingredient of the proof is the following series of uniform estimates on vy.

Proposition 3.1 (Uniform ¢5(Ty), h$(Ty) and h3(Ty) estimates on vy). Let VIV be a random variable in RY with
distribution vy . For all p € [1,+00), there exists a constant COP € [0, +00), which does not depend on N, such that

N 0,
E[IV™ ] < €

Besides, there exist constants C12,C%? € [0, +00), which do not depend on N, such that
1+ 2
E[IDEDVY Iy, | <2 E[IDPVY G, | < 22

Remark 3.2 (Notation for constants). Throughout this section and the next one, we use the superscript indices m, p in
the notation for constants in order to refer to bounds over Sobolev WP norms.

For all N > 1, we recall the definition (16) of the measure puy € P2(L3(T)). Proposition 3.1 implies the following result.

Corollary 3.3 (Relative compactness and Lf(T), H}(T) and HZ(T) estimates on pun). The sequence (un)n>1 1s relatively
compact in Po(LE(T)), and any subsequential limit u* has the property that if v* is a random variable in L3(T) with
distribution p*, then for all p € [1,+00),

E [ lollfy | < €0,

P
L (T)
and

E[lol3ym] <C2  E [l < 2

As a consequence of Corollary 3.3, in order to prove that juy converges in Po(L3(T)) to the unique invariant measure j
of (1), it suffices to show that any subsequential limit p* of this sequence coincides with p. To this aim, we let p* be such
a limit, and for convenience we still denote by (1n)n>1 the extracted subsequence which converges to p*. We then use
the Skorohod representation theorem to construct, on the same probability space, a sequence of Fy-measurable random
variables U} € RY and a random variable uf, € LZ(T) such that:

o forall N > 1, UY ~ vy,

o up ~

e the sequence Wy U converges almost surely to uf in L3(T).
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Notice that by Corollary 3.3, ug € Hg (T), almost surely, which thus allows to take this random variable as an initial
condition for (1). On this probability space, we therefore let (W®(t));>0 be a Q-Wiener process, (u*(t))¢>o be the solution
to (1) with initial condition uj and driven by (W?(¢));>0, and for all N > 1, we let (U (¢));>0 be the solution to (9) with
initial condition U} ~ vy and driven by the Wiener process WV = II NWQ We finally denote by u®¥(t) = U5 UN(t)
the piecewise constant reconstruction of UM (¢) on T.

Proposition 3.4 (Finite-time convergence of u™ (t)). In the setting introduced above, for allt >0,

Jim B[l ()~ (@)]3] =0

Proposition 3.4 implies in particular that the law of u™¥(¢) converges in P2(L3(T)) to the law of u*(¢). But since
ulN(t) = U UN(t), and the process (UN(t));>0 is stationary, its law does not depend on t. Therefore, the law of u*(t)
does not depend on ¢ either; in other words, p* is an invariant measure for (1). By the uniqueness result of Proposition 1.2,
we deduce that u* = p and the proof of (17) is completed.

Remark 3.5. This argument shows that any subsequential limit p* of (1) y>1 is an invariant measure for (1), therefore
it provides an alternative proof for the existence part in [28, Theorem 2|. The uniqueness part remains crucial to identify
all subsequential limits and obtain the convergence of the sequence ((n)n>1.

3.2. Proofs of Proposition 3.1 and Corollary 3.3. We first detail the proof of Proposition 3.1.

Proof of Proposition 3.1. The proof is divided in 4 steps. The ¢(Ty) estimate is derived in Step 1. An intermediary
result is stated in Step 2, and the h{(Ty) and h3(Ty) estimates are respectively derived in Steps 3 and 4.

Step 1: ¢5(Tx) estimate. The argument is inspired from [23, Proposition 4.24] and relies on the finite-time uniform
estimates from Lemma 2.5. For any M > 0, p € 2N* and t > 0, we first write

1 t
g/o /]Ré\f Eu, MUN(S)H?S(TN) /\M} dvy(ug)ds
1 t
- /Ré\] EA Euo |:||UN(S)||;;8(TN) /\M:| del/N(uo)
1 t
S /Ré\f (tA Euo |:”UN(S)H§S(TN)i| dS) /\MdVN(U.O)

Lo, ”“0”55(%) )
< -y +c A Mdvy (up),
R[I)\] t t

E IV ry A M)

where we have used (27) in Lemma 2.5 at the last line. Letting ¢ — 400, we get from the dominated convergence theorem,

) 1 ||UOH§P(T )
E{HVNH%(TN)AM} g/R lim (tcgpucgmwﬂgw A Mduy(ug) = P A M < P = O,

N t—o0 t
0

and the result for p € 2N* follows by letting M — 400 and using the monotone convergence theorem. This result extends
readily to the general case p € [1,400) by using the Jensen inequality.

Step 2: intermediary estimate. Let p € 2N*. Taking U} = V¥ in (26), and using the result of Step 1, we obtain by
stationarity

L) ((vNp-1) LD yN < pkr— [ N } < PP —1) ~op-2
vpE [<DN (VM1 , DV >e3<m} <D VY [ 20y | < DEE—C0772, (38)
with the convention that C%° = 1.
Step 3: hi(Ty) estimate. Take p =2 in (38) to get
L+)y N 2D 1,2
E DR VY, | < T = 2

Step 4: h3(Tx) estimate. Let (UM (t));>0 be the solution of (9) with initial distribution vy. By It&’s formula, for all
t>0,

t
DU = HD THyN +2/ DU UN(s), DU b(UN (s ds
| <>FM) ogwm (DU (), D UDMM) -
2 [ (DEHUN(s),d (DU WY Dy gt .
+ /0 < N (s), ( ) >ez(1rN) Z 22(Tx)
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The third term of the right-hand side is a martingale since

SR [/ < D HUN(s), D g >e2<m)ds} =t HD H)gk

k>1

2 [Jo v

] < tDCH? < 400,

£3(Tn) £3(Tw)

(40)
where we have used the stationarity of (U™ (¢));>0, Inequality (24), and the h}(Ty) estimate from Step 3. Thus, taking
the expectation in (39) and using the stationarity and Inequality (24) again, we get

—9F RDE&,’JF)VN,D%’Hb(VN >€2(T } ZHD”) k
N

<D.
2(Tx)

For any v € RY’, we have, by (20),

(DL v, DY b(v))

> 5(TN)

BTN ) ¢
ng’f)KN(v) + Z/Ds\?)v)>

<D(2) b(v
- _ <D§\2,)v, (_

:<D() D(l—)A (v )>

£3(TN)
_ (2) 112
20T v|Dy VHZ%(’JI‘N)»
so that

WE [||D VYL )} <2E RDE\Q,)VN,D%’)AN(VN)>€2(TNJ +D
0

2 LA N
52\/IE {IIDEV)VNIIEWNJ\/E{D(N ATV, |+,

thanks to the Cauchy—Schwarz inequality. We now write
1,—)xN
E[IDY RN (V) )]

=E (N Y (AN V) — AN V)
€T N
Vi{vkl ~ Vz‘N - 2
=E|N z / 32A(%N,z)dz+/ 01 A(z, VN)dz
1€Tn i i—1
v, _ v
<2E [N Z M-V / AN, 2)%dz| +2E |N Z(V;N—v;_vl)/ 01 A(z, VN)zdz]
1€Tn ‘/iN 1€T N V;IXl (41)
vy
SICGE(N TV VY [P
i€Tn Vilxl

ZVN VN 2

+E

VviN
N YWY -V / 'dD
VN

< 8C% <
i€T N €T N i—1

1 1 . 1,4)
—s¢% (E|[DEHvY E [{D{H) ((vV)patt) DUHVY
4 ( [ g T opa (D& ((veet) DY >63<M>

< 8C2* C1,2 7cﬂ,2p;‘
-4 ( + 2v ’

where we have used (11) at the third line, the Jensen inequality at the fourth line, (12) at the fifth line and Step 3 and
the intermediary estimate (38) with p = 2p; + 2 at the last line.

We therefore get
WE [||D VY2 )} \/IE [Hng

Applying Young’s inequality on the right-hand side, we get

2
}\/4C2 (14+CO2pa) 4+ D.
£3(Tw)

2vE {HD%)VNH%(TN)} <VE [HDg\?VN

14

}+4C > (1+C%%4) 4+ D,
£3(TN)



which rewrites

D D
< 4 277 1 072PA — = 2,2
mrNJ Ci s (14 CO%a) 4+ =

[

and yields the claimed estimate. (|

In order to prepare the proof of Corollary 3.3, we first introduce the interpolation operators \115\1,) :RY — H(T) and
\115\2,) : RYY — HZ(T) defined by the condition that for any v € RY, the function ¥Mv (resp. WPv) is linear (resp.
quadratic) on each cell of the mesh 7Ty, and takes the value v; at the interface x;. It follows from elementary computations
that, for any v € RY

1 1,+ 2 2
1OV = DS VL 190VI2am = DR VIZ @y, (42)
and
vy — v ‘ H 43
H v Ny L2(T) 3N2 2(Ty)’ (43)
2 3 2)
vy _ v ‘ < HD( H 44
H N v Ny L2(m) ~ 20N*4 v 2(Ty) 2N2 e?(nrN) (44)

see [27, Lemma 3.30] for details.

Proof of Corollary 3.3. For m = 1,2, we denote by y%") =vyo (\I/%n))’1 the pushforward measure of vy by the interpo-
lation operator ‘115\71). For all N > 1, we shall also denote by V¥ a random variable in R} with distribution vy.

Step 1: tightness on LE(T). By (42), the uniform h}(Ty) estimate of Proposition 3.1 rewrites under the form
1
E[Iw8 VY30 <
Since bounded sets of Hg(T) are compact in L3(T), this uniform moment estimate shows that the sequence (pg\})) N>1 18
tight on L2(T). Therefore, by the Prokhorov theorem |1, Theorem 5.1], it is relatively compact in P(LZ(T)).
It is then easy to deduce from (43) and (44), combined with the uniform h}(Ty) and h3(Ty) estimates from Propo-

sition 3.1, that for any increasing sequence of integers (N;);>1 and probability measure ©* on L3(T), the following three
statements are equivalent:

e i, converges weakly to u*;

° ﬂgv) converges weakly to u*;

° ﬂgv) converges weakly to u*;
so that all three sequences (un)n>1, (N%))NZI and (M%))Nzl are relatively compact on L3(T), with the same converging
subsequences.
Step 2: moment estimates. Let (Nj);>1 and pu* be such that uy, converges weakly to y*. For any p € [1,+00), the
function v — ||v||1£p(T) is lower semicontinuous on L3(T). As a consequence, by the Portmanteau theorem, if v is a random
0
variable in LZ(T) with distribution p*, then

E[[0lyr)] < liminfE [[ex Vs,

omr)] <

where we have used the isometry property (15) and the uniform ¢;(Ty) estimate from Proposition 3.1. By Step 1, the
sequences ,ug\}]) and “5\2’3 also converge weakly to u*, so that using the lower semicontinuity of the functions v — Hv||%(1 ™ and
0
v ||U||§{2(T) on LZ(T), the isometry property (42) and the uniform hj(Ty) and h3(Ty) estimates from Proposition 3.1,
0

we get
2 1,2 2 2,2
E[lolym] €% Elleldge) < €2

Step 3: relative compactness in Py(LE(T)). It remains to prove that the weak convergence of uy, to pu* can be
strengthened to the Wasserstein topology. To this aim it is sufficient to check that the sequence |[VY ||§2 (Tw) is uniformly
0
integrable |31, Definition 6.8.(iii)], which easily follows from the Jensen inequality (21) and the uniform ¢(Ty) estimate
from Proposition 3.1. |
15



3.3. Proof of Proposition 3.4. The first step in the proof of Proposition 3.4 is the decomposition of the error
¥ (0) (1) ey < 2 (1T (1) — " ()23, + 0 (6) — UnTLu ()3, ) (45)

On the one hand, for all £ > 0, an elementary computation yields the estimate

* * 1 *
T (1) = ()25 m) < g " (g oy
while on the other hand, by (15) we have
[u® () = NN (t)[72 () = N U™ () = OnTIvu* (8)[|72 ) = [[UN () = Dy (12 -
In order to estimate both terms, we rely on the following finite-time estimates on u*.

Lemma 3.6 (Finite-time L5(T), H}(T) and HZ(T) bounds on u*). Under the assumptions of Proposition 5.4, for all
t > 0 there exist constants C'%P CH12 %2 € [0, +00), such that

t
sup E |:||u*(3)||[£8(T):| < C:707p’ sup E [‘lu*(s)”?—]é('ﬂ‘)} < C?LZ’ F |:/ ||u*(3)||§,13(r]r)d8:| < C:’Q’Z.
s€[0,t] s€[0,¢] o
The proof of Lemma 3.6 is postponed to Appendix C. From the H& (T) bound, we already get the control

i . C*,1,2
E [y () = w ()30 | <~ (16)

on the expectation of the first term in the right-hand side of (45).
In order to estimate the second term, we use the fact that both functions A and A are locally Lipschitz continuous,
respectively on R and R?. In this purpose, we fix M > 0 and introduce the stopping time

Ty = {t > 0: [UN(8)]|eze () = M or [[u*(8)||pee ) > M}

We also denote by L(as) a Lipschitz constant of A on [~M, M] and of A on [-M, M])%. We now write

E [0V (1) = w0 e, | = E (10N () = T () 0,y L, 3] +E [0V ) = v Ol Ls o, | -
The terms of the right-hand side are respectively estimated in Lemmas 3.7 and 3.8.

Lemma 3.7 (Finite-time convergence in the Lipschitz case). Under the assumptions of Proposition 3.4, for allt > 0 and
61,09 > 0 such that

v+ 52L(M) <2y, (47)
there exists a constant €(t,L(ar),01,02) such that for any N > 1,

* * Q:(taLM 761a62)
E [[|[UY(t) — Hyu (t)||§g(TN)11{tST(IL)}] < QONE [||U3V - HNu0||§%(TNJ 4 0 (M), 71,72

N2 ’
with
3
Yoy = —2v+ o v+ (62 + 52> L(M).
Proof. For all t > 0, we define the vector e’ (t) € RY by eV (t) = UM (¢) — IIyu*(t). We have
d _
—e™(t) = D EV (1), (48)

dt
where, for all i € Ty,

I @) = = (AN (0, UN (1) = AW’ (t,2) +v (D UN @) = (8,31))

Using (19), we deduce that
d _
TN Ol =2 0. DY Y3y, = —2DN N ), £V (1) ry),

and now proceed to control the right-hand side of this identity. In this purpose we introduce the zeroth- and first-order
errors ™20 (¢) and r™V>()(t) defined by

e O@) =t (t2) — Myt ()i, () = 8w (t,25) — (DY Ty (8)).
On the one hand,
(DY UN @) - g (t25) = (D eV (1) =" (0),
16



on the other hand, for all ¢t < T(]X/I), we get
[AUY (1), U (1) = Au” (8, 22))| < [AUPN (8), Ui (¢ )) AUF @), U8 @) + [AUT (1) = A (t,20))]
< Lan ([U5 () = U O] + [UF (6) = u” (t,:)])
< Lon (UL = UF @] + X @)1 + [V w))
By the Young and Jensen inequalities, we thus deduce that, for any 1,02 > 0,
—2(D§ N (1), £V (1) ray < —2IIDY N (D)1 ) + 2u<DS&’*’eN<t>,va(1><t>>zz<TN>

2L
+ =23 Vel = e ) (JuXa@ = N )] + el )] + 1O )

1€Tn

(1 14
< (=2v+ 61w + G2l any) DG e )||33(TN) + E||I"N’(1)(t>||?2(m)

1,
IDY P UNO)I1Z

3L
+ 5 2 eV Oy + IO By |

0o

and if §; and d are small enough for the inequality (47) to hold, then the discrete Poincaré inequality (22) finally yields

d
Zlle" Ol < vanlle™ Ol my) + ¢ (@),

with
GLEN (4112
v 3Ly [ IPN U Ol
) = LI OOy + 5<2> vz OOy,

We deduce from Gronwall’s lemma that, for all ¢ < T(JX/I),

t
||e HKQ(TN) < e’Y(M)tHe (0 )||?3(TN) +/0 e'Y(M)(t—S)cN(S)dS7

and therefore, for all t > 0,

t
B [l Ol mn Loy ] < B [l¥ O] + [ e m [N 6] 0
For all s € [0, 1], the expectation of ¢/V(s) rewrites

1,+
3Ly (E[IDS YUY 2,

v
JE[CN(S)]:aﬁﬁ\rwxn(s)\@%m)]+ 5, P — +E[||PN,<0>(S)||§2(TN)]

On the one hand, the stationarity of UY and Proposition 3.1 yield
1,
E[IDY DU (), | < €12
On the other hand, it easily follows from the Taylor formula that

1 * 4 *
E e O @)y € 2B [l @Olym ] E[IEVO6)Ew,] < 37E [lv6)1m) -

so that we get

! C(t, Liagy, 01,0
/ e’ =9 [N (s)] ds < %212)
0 N
with t
o [4v . 3|_
€(t, Lary, 01, 62) ;:/O oV (=) (51 {IIu (s)\ligm} + T (c1 S ) [Hu (s )||§{5(T)D) ds,
which is finite by Lemma 3.6. .

Lemma 3.8 (Uniform control over T(]X[)). Under the assumptions of Proposition 3.4, for all t > 0 we have

N * 2 —
ylim tmsupE [[[UY () ~ v () Lo, ) | =0

The proof of Lemma 3.8 relies on the following result, the proof of which is postponed to Appendix C.
17



Lemma 3.9 (Finite-time uniform h}(Tx) bound on UY). Under the assumptions of Proposition 3./, for allt > 0 there
exists a constant Stl’2 € [0, +00), which does not depend on N, such that

E

1, )
sup, D% *’UN@)H?S(TN)] <s;.
s€|0,

Proof of Lemma 3.8. By the Cauchy—Schwarz, triangle and Jensen inequalities, we first write
N * 2
E (0% () = v () ) Liss oy,

< \/E [HUN(t) - HNU*(t)H?g(TN)} \/P (t > T(]X@)

< %@ (B [IUN O 0] +E [T e | ) [P (;“[}Pﬂ [UN @)l ovy 2 M ox sup, [ (3 2 M>.

On the one hand, we deduce from (21), (7), Proposition 3.1 and Lemma 3.6 that
* *,0,4
E[IUY 0] < E [IMvut ()| < G

On the other hand, we get from the union bound and the Markov inequality that

P(sup 1Y (e = M or sup. [l ()]l e 2M>
s€[0,t] s€[0,t]

<P ( sup [ UN ()] () > M) +P ( sup [|u*(s)]| Lo m) > M)
s€[0,t] s€[0,t]

1
< —FE | sup [[UN()|lpe (T
3B [ 2 10 @)

+P ( sup [[u(s)llLge () = M) .

it

Using (23), (21), the Jensen inequality, and Lemma 3.9, we get

s€0,t]

: [ Sl[lopt]|UN(s)”‘58°(TN)1 =q\" [ eb. ”D%THUN(S)”?S(TN)} Sves
s€|0,
while by (2) and (3),

P ( sup [|u”(s)||Lge(m) = M) <P < sup |[u* ()|l mz(r) = M) ,
s€(0,] s€0,t]

and since u* is a continuous HZ(T)-valued process, the right-hand side (which does not depend on V) converges to 0 when
M — +o00. This completes the proof. O

We are now ready to complete the proof of Proposition 3.4.

Proof of Proposition 3./. Combining (45) with (46) and the results of Lemmas 3.7 and 3.8, we see that in order to complete
the proof of Proposition 3.4, it only remains to check that

. N * (12
Jim B [0 — Tvugg ) | = 0-

Using the obvious identity v = IIy ¥ v and (7), we first write
10— T sy = I OO~ Ty < 198 UR = w523 -

By the construction of Uy and ufj, we know that [|¥xUY — ujl|3. () converges to 0 almost surely. It remains to check
0
that the expectation of this random variable also converges to 0, which easily follows from the moment estimates of
Proposition 3.1 and Corollary 3.3 by uniform integrability. O
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3.4. Discussion of the rate of convergence. The estimates (45) and (46), together with the result of Lemma 3.7,
display error terms of order 1/N? for the estimation of ||u® (t) —u*(¢) H%(T), but the localisation procedure by the stopping
0

time T(JX/I)7 which is used to handle the fact that A and A are not globally Lipschitz continuous, generally prevents this
computation from providing a global rate of convergence.
However, under the assumption that both A and A are globally L-Lipschitz continuous, for some L € [0, +00), a strong
error estimate can be derived. Indeed, in this case, let us define on a same probability space:
e (UY)n>1 a sequence of Fp-measurable random vectors such that U ~ vy;
e ug a Fp-measurable random variable in H3(T) with distribution y;
o W a Q-Wiener process;
and denote by (UN(t));>0 and (u(t));>o the respective solutions to (9) and (1), with respective initial conditions U}’
and wug, and respectively driven by W® and W .= [IyW®. Notice that, in contrast with the setting of the previous
subsections, the sequence ¥xUY is not assumed to converge almost surely to ug; on the other hand, we now know that
both processes (UN(¢));>0 and (u(t));>o are stationary.
As a consequence, (45), (46) and Corollary 3.3 already yield
1,2

* C *
B [Ila™(t) - w* (6)yr,) | <2 (N +E [|UY (1) - Ty <t>||§gm) :
One may then apply Lemma 3.7 with L(y;) = L to obtain
* * Q:(t7|—761a62)
E [0V () = v Oy Lizry, y| < B (108 vl o, | + =2
with v = —2v + §1v + (62 + %)L. Since the right-hand side does not depend on M, we may take the M — +oo limit first

and thus obtain
¢(t,L,01,0d2)

N2
Besides, by stationarity of (u(t));>0 and Corollary 3.3, the constant €(¢, L, d1,d2) from Lemma 3.7 is bounded from above

by
¢ 4 L 4 L ¢
¢/ (t,L,6,,0) = / eV(t=5) (”cl2 + 6c1*2> ds = <”c2’2 + 6c1’2) / e7ds.
0 01 P 01 0o 0

E[IUY (1) - e (03 r,) | < E [105 Mg s r, | +

We therefore deduce the finite-time estimate

1,2 /
Ch2 4+ /(¢ L,51,52)) , (49)

B 1)~ u OlFe,] <2 (8 108~ My ] + S50

with a squared error term of order 1/N?2. It is remarkable that this is the same order as for deterministic conservation laws
(see for instance [21, Theorem 17.1]), so that, in our setting, the noise is sufficiently smooth in space not to deteriorate
the strong error. This is in contrast with classical results for SPDEs with space-time white noise [22].

When the constant L is small enough, then it is possible to choose d; and d, which satisfy (47) and such that v < 0. In
this ‘perturbative’ case (which presents similar features to the one briefly discussed in the introduction of [9]), one may
take the ¢ — +o0 limit in (49) and obtain the long time estimate

o 1 4v 6L
li E | [|uN () — u* (1)]% } <=, =24 — ([ —CP4—Ch?) ).
1r_r)1ilop flu™ (t) — u*( )HZO(’H‘N) SN2 + — \ 6y + 02

Since for any t > 0, u™ () ~ uy and u(t) ~ u, we have

Walps ) < \[B [0 ()~ 0 Oy,

therefore the estimate above yields the quantitative bound

We shall check in Section 5 that the order 1/N for the Wasserstein distance is sharp in the case where A = 0.

4. CONVERGENCE OF INVARIANT MEASURES: SPLIT-STEP SCHEME TOWARDS SEMI-DISCRETE SCHEME

This section is dedicated to the proof of the second statement in Theorem 1.7, namely the convergence of vy A to vy
when At — 0. We follow the same outline as in Section 3, and we only emphasise the differences in the arguments. The
main results of tightness and finite-time convergence are stated in Subsection 4.1 and proved in Subsection 4.2 and 4.3,
respectively. Rates of convergence are then discussed in Subsection 4.4.

Throughout this section, we fix a maximal time step Atyax > 0 and we always take At € (0, Atpax]-
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4.1. Statement of the main arguments. The next two results play the respective roles of Proposition 3.1 and Corol-
lary 3.3.

Proposition 4.1 (Uniform ¢3(Tx) and h}(Tx) estimates on vx a¢). Let VAt be a random variable in RYY with distri-
bution vy a¢, and let Viv’m be defined by
2

VYA S VAL A (V)
1 = 1 .
3 3
There exist constants C204 CA1L2, C§’1’2 € [0, +00), which only depend on v, D and Atyax, such that
2

1,+ , 1, 1,4)x 7N, A A1,2
E[IV¥2 ) | €200 E[IDEOVIAR . T<cat2 B [IDEOVEAR . ] < et

(TN)} =

Corollary 4.2 (Relative compactness and ¢3(Tx) and h}(Ty) estimates on vy). The family of probability measures
{vn A, At € (0, Atmax]} is relatively compact in P2(RY), and any subsequential limit vy (when At — 0) has the property
that if VN* is a random variable in RY with distribution v, then

* 1, *
E[IVY*lfyry| < €404 E[IDG VIR, | < a2

The proof of Proposition 4.1 is detailed in Subsection 4.2. Corollary 4.2 is straightforward.

We now let (Atj)jzl C (0, Atmax) be a sequence of time steps decreasing to 0 and such that UN,At; converges to some
probability measure vy in P (RY"). We use the Skorohod representation theorem to construct, on the same probability
space, a sequence of Fy-measurable random vectors (Uév At )j>1 and a random vector U(I)V ™ such that:

e forall j >1, Uév’mj ~ UN,At

b U(]JV’* ~UN,

. Uév’mj converges almost surely to Uév L
On this probability space, we let W@ be a Wiener process with covariance given by (8), we define the sequence
(AWE@N), - by (13), and we denote by (U,Iy’Atj)neN and (UN*(t));>0 the respective solutions to (14) and (9) with
initial conditions UéV’AtJ and Uév * and noises (AW V), cy- and WY, We finally define the continuous-time piecewise
constant interpolation of the split-step scheme (ﬁN’ K (t))i>0 by
VneN, VienAt, (n+1DAt), T2V () = UNAl,
Notice that for any t > 0, ﬁN’Atj (t) ~ vn,At,-

The finite-time convergence statement reads as follows. It is proved in Subsection 4.3.

Proposition 4.3 (Finite-time convergence of T (). In the setting described above, for allt > 0,
—N,At, .
(T4 () = UN* (1), | = 0.

U
We deduce that the measure v} is invariant for the SDE (9), which by Theorem 1.5 completes the proof of (18) in
Theorem 1.7.

lim E

j—+oo

4.2. Proof of Proposition 4.1. We first prove the h}(Ty) estimates. Set ug = VV+4* in the proof of Proposition 2.17.
Since Theorem 1.5 asserts that vy a; € Pa(RY), one may take the expectation and the n — +oo limit in (36) to get

D
1,+)x7N,A . CAL2
E {HDS\I ) \ 1 t”?g(mz)] < 2w C% .

The same operations in (31) yield

1
E [HD537+>VN7N||§%(TN)] <D <2V + Atmax> = CAL2,

We now focus on the £3(T) estimate. Let (UNA), oy = (Uf?’;lm, e UJIVV’nAt)neN be a solution of (14) with a deterministic
initial condition ug. By convexity of the function v + v*, for any a, 8 € R, we have (a — 8)* > a* — 4a33. In particular,

for any 7 € Ty, taking o = U;iﬁi and 3 = Atbi(Ui\:’_A;), we have
n+3 2
4
N,Atv4 _ (77N,At (r7N,AL NAt A 7 rNAEN3 A (T1V,A
O = (U = A (UNAY) = NA) = 4wl am (U4,

Hence, expanding the function b and summing over i, we get

4
U2 2 U2

1
n+3

N,At \3 ~(1L,=)xN y1N,At N,At \3 ~(2)y7N,At
+4At<(Um+%) DAY U )>é2(TN)—4uAt<(Ui7n+%) ,DPU

(Tw nti nt+3 >‘€2(TN) ’

£5(Tw)
20



We know thanks to Lemma 2.2 that the second term of the right-hand side is non-negative. Using (20) in the third term,
we get

N,A¢[4 H Nat|* AvA <D(1 ) 77N, At pt) N,At>
HU'VI ||53(TN) - nt+3i eé(ﬂ'z\])_'— VA (U )""F VN Un+% Z%(TN).
From Lemma 2.6, we get
N,AL|4 H N.ad|* H N.At|?
19X Nogerny 2 [ O s, 320 [0y (50)

On the other hand, let us look at the second step of the scheme (14). By the construction of the split-step scheme,
the random variables U{V f nd AVVZ ‘i1 are independent. Since AVVan+1 ~ N(0, At Zk21(gf)2) and Zkzl(gf)2 <D
by (24), we write

\ ]
E HUN,At —E UN At L AW
{ " lea(ra) § AW (T
- . )
—E|||uMA ~E UNAD? (aw Y ) E||aw?
LI nts eg(nrN)} +N gr;( Z*”+2) int1) | T "+1 03(Ty)
[ 4
<E |[uMar + 6DALE HUNAt + 3D2A%2. (51)
LI g T 3(Tw)

Combining Inequalities (50) and (51), we get

n+1

4
B [0y, ) 2 2 U2

} — 6DAIE [HUN "y } — 3D?A¢® 4 3VAE [HUN At

n+2

Héé(ﬂrm 44(TN):|

£3(Tw)

from which we get the telescopic sum

3yAtZE [Huﬁ?t

n—1
| < ol ~ 2 [0, ] + 6020 8 [ U
=0

] + 3nD2A¢2.
C4(Tw) £2(Tx)

Thus,

1 N,At
EZE [HU1+2

=0

n—1
1 2D 2 D2At
<l N E HUNyAt .
o TN)] N 31/Atn||u0||£3(TN) + vn ; [ a2 iy " v

Recall that from (22) and Equation (36), we have
1 n—1 )
N,A¢ DyNAt
- < =
Z]E “’Ulﬂ‘ 2(Tw } n ;E {HD Uiy
Injecting (53) into (52), we get

1 n—1 4
N,At
n Z E [HUH;

1
<
1=0 éé(TN)] 3vAtn H 0”@4(']1*1\,) +

ol D

0 N)

e 5
eQ(TN)} —  2unAt + 2v (53)

lwollZryy D D2A¢t
< 2unAt +Z + v o

Using now the same arguments as for derivation of the ¢ (Ty) estimates in Proposition 3.1, we get

4 D2 D2A D2
il ) <50 222 ()
3 £4(Tw) v? v v \v

To conclude, we use Inequality (51) once again:

4
E {HVN’NH%(TN)

2

]SE’ NAt

] + 6DACE MVN At

] + 3D2A¢?
£5(Tw)

2
1% V 14
1 1
D2 ( + SAtmaX> ( + Atmax) = CA04,
14 12
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£3(Tw)

DAt + 3D2A¢?

| /\
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4.3. Proof of Proposition 4.3. Similarly to the semi-discrete scheme, we use a localisation argument in order to use
the local Lipschitz continuity of the function b. For any M > 0 and j > 1, we therefore introduce the stopping time
; , —N,At; N
Piny =inf {1202 [T )y > M or [UN ()]l ry 2 M}
and write, for all t > 0,

”UN At

N N,At; *
(0= UY Wl | =BT 0 - UV Ol e Lsy

7V, At N,x
+E[IT () = U Ol Ls iy, -

The terms in the right-hand side are respectively estimated in Lemmas 4.4 and 4.5, from which the conclusion of the
proof of Proposition 4.3 is straightforward.

In the next statement, we respectively denote by C(,s) and L(5sy a bound and a Lipschitz constant (with respect to the
¢3(Tx) norm) of b on the ball {|| - lez(ry < M}

Lemma 4.4 (Finite-time convergence in the Lipschitz case). Under the assumptions of Proposition 4.3, for allt > 0 and
§ € (0,1], there exists a constant €2 (t, Liarys Cary, 0, Atimax) such that for anyj >1,

[HUN At (1) — UN=*(t) 2 } < 92t ( MUN At; UN*

ez emn) e, 3

e ):| + At;i(S@A(L L(M),C(M),(S, Atmax)) .

Proof. Let t > 0 and j > 1. We introduce the notation n/ = | <t~ | and first use (14) to write

At
ny 1 nf‘_l
UN,Atj(t) :UNJ_,At NAf] " Z ( lz\JfrlAf B lNAtJ) _UNAf, + AL Z b( NAf ) _,_WQ’N(niAtj)v
ny =0
so that, by (9),
—=N,At; N N,At; N* ey VAt N N,A
T4 (1) - UM () = T -0+ Z/ b(U15") =B (UM(5)) ds - R0 (1),
2
RO = [ b (U (9) ds + W) - WOV (],
njAtJ
Since, by (32), we have HU ||£2 (Tn) < HU j||@g(TN), we deduce that if ¢ < pZM), then for any I < n] — 1 and

s € [IAt;, (1+ 1)AL],

N,Atj N,* N, At]' N, *
Hb (UH% ) —b (U™ (s) z?(nrN) Lo HUH'% ~ U () 2(Tn)
L HUN,At UN At HﬁN,At,- _yh
(M)( 141 ! ) + (s) (s) B
N,At;

< L (AtjC(M) + Hﬁ T (s) = UNH(s)

éamrN)) ’

RVt (1) — / » (b (UN*(s)) = b (UN’A” (s))) ds + (t — n;At;) b (Uiv];mj) +WN (1) - WO (n] At)

Likewise, rewriting

t

we get

t
HRN,At H@Q(TN) < L(M) /njAt/v HUN’At] (S) _ UN7*(8)

ds + At;Coary + HWQ’N(t) — WN (n] At))

(Tx) G(Ty)
We deduce that
t
—N,At; . N,At, N —N,At; . A
TV () — UM HU iy L /HU I(s) — UN*(s ds + A9 (1),
[o" 0 -vv ), < ey +ln | R ROl JI (t
with
¢ (t) = At;Coan (Lt + 1) + max ; sup HWQN(S) - WQ’N(lAtj)HP(TN) .
1=0,...,n] s€[lAt;,(I+1)At;) 0
Therefore, by Gronwall’s lemma,
Hﬁ““ (1) — UN*(1) < otant (HUN AL g + oA (t)) ,
(Tn) 2(Ty)
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and then by Jensen’s inequality,

e

) < 902Lant H N,At; N,
fé(wrm]l{tf”fw}} =% ( [ Yo~ o

} +E [cA’j(t)2]> |

L3(TN)

It remains to estimate

E[¢27(t)?] <2 <At§C%M) (Lant+1)*+E
1=0,...,n7 s€[lAt;,(I+1)At;)

o oW - weris o ] ).

By the Markov property and scaling invariance for the Wiener process W% the random variables

G, = sup ||WQ’N(5) — W@N(1AL)) 2

; >0
se[lat;,(I+1)At) Heg(qu)

7

are independent and identically distributed, with, for any p € [1, +00),
E[G]] = Atfgy,

for some constant g, which depends on p and the vectors g” but not on At;. As a consequence, we deduce from Jensen’s
inequality that

j 1/p
1/p ny
E| max G| <E| max G} <E ZGf’ = (n] + 1)1/”Atjgll,/p <(t+ Atmax)At;A/pg;/p,
1=0,...,nJ 1=0,. ,nt
which yields the claimed estimate by taking p = 1/4. O

Lemma 4.5 (Uniform control over p{M)). Under the assumptions of Proposition 4.3, for any t > 0,

N ,* 2 . _
i B 10500~ O Ol o] =

The proof of Lemma 4.5 follows the same outline as Lemma 3.8. The ¢3(Ty) bounds over (TR (t) and UN*(t)

respectively follow from Proposition 4.1 and (28), in which E[||U[" ||€4(T ] is bounded from above by C2:%4 thanks to

fN,Atj

Corollary 4.2. The uniform (in j) bound on E[sup,¢(o 4 U @l ZQ(TN)} is stated in the next lemma, the proof of which
’ 0

is postponed to Appendix C.

Lemma 4.6 (Finite-time uniform ¢3(Tx) bound on ﬁN’Atj). Under the assumptions of Proposition 4.3, for all t > 0

there exists a constant StA’O’Q, which does not depend on At;, such that
—N,At; 2
E | sup ||U & (1) < 502,
s€[0,t] £3(TN)

In order to complete the proof of Proposition 4.3, it only remains to check that

=0
ez(ﬂrm} ’

which follows from the ¢3(Ty) estimates from Proposition 3.1 and Corollary 4.2 by uniform integrability.

lim E {HUN Aty g

Jj—+oo

4.4. Discussion of the rate of convergence. Unlike Lemma 3.7, our proof of Lemma 4.4 is not designed to yield a
strong error estimate valid in the long time limit, because it does not directly exploit the decomposition of b into dissipative
and contractive parts. Let us however point out the fact that all constants involved in the uniform in At estimates in this
section also turn out to be uniform in NN, which is not crucial for our purpose since we establish results for a fixed value
of N, but might indicate that both limits At — 0 and N — 400, and associated rates of convergence, could be studied
simultaneously.

As far as weak error estimates are concerned, one might expect in the Lipschitz case a weak error of order At between
vn.ar and vy, as is the case for explicit Euler schemes [30]. For gradient SDEs with a non globally Lipschitz continuous
drift, the weak backward error analysis of split-step schemes also shows order At [25]. For the SDE (9), we also observe
order At on the numerical simulations of Section 5, even with a non small (with respect to ) and non Lipschitz continuous
flux function A.
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5. NUMERICAL EXPERIMENTS

5.1. Analytic case. In this subsection, we consider the case where the flux function A vanishes, so that (1) is the
stochastic heat equation

du(t) = vdzu(t)dt + > g"dW*(t), (54)
E>1
and the SDE (9) writes
dUN (1) = vDPUN ()dt + ) grdw*(1). (55)
k>1

5.1.1. Computation of p and vy. Since the drift of the SDE (55) is linear, the process (U (¢));>¢ is Gaussian, and its
stationary distribution vy is the centered Gaussian measure on RY with covariance matrix Ky solution to the Lyapunov
equation
2 2 T
VKyDY + (vKyDP)T + Qun =0, = gkgh .
k>1

The solution to this equation admits the explicit expression
+oo “+oo
Ky = / qu( )Q D )dt Z/ )Tdt
0 k>1

tvD

@ 4. . . .
where p% (t) = e N g” is the solution to the discrete heat equation

d 2 .
TPN(O =DPPN (0, pR(0) =g".
Using the duality relation
(0, Unw) 2(1y) = (HNv, W) 2Ty, ve L3(T), weRY,

we deduce that the pushforward measure py is the centered Gaussian measure on L3(T) with covariance operator Ky :
L3(T) — L3(T) defined by, for any v, w € L3(T),

—+oo
(v, KNw)pz() = Z/ (PR (1), TIN D) g2 (7 (O (1), TIvw) g2 ()
k>1

—+oo
= Z/ (Unpi (1) >L%(T)<\PNPIJ€V(t)vw>L§('J1‘)dt-
E>1

A similar computation at the infinite-dimensional level of (54) shows that p is the centered Gaussian measure on L3(T)
with covariance operator K : LZ(T) — LZ(T) defined by, for any v,w € L3(T),

+oo
(v, Kw)p2(ry = Z/ V) p2(m) (T (t)aw>Lg(1r)dt,
E>1
where 7%(t) is the solution to the heat equation
O (t,2) = vOaar™(t,2),  1(0,2) = g" ().

5.1.2. Computation of Wa(un,p). In order to compute explicitly Wa(un, it), we now assume that g8 = 0 for k > 2, and
take

gl (z) = g(z) := V2sin (2rmez)
for some my € N*. The main advantage of this choice lies in the spectral identities

ang = _)‘ga A= (27Tm0)27

and, with g = IIng,

2
DS\Q/)g_—/\N& Ay = 2N? (1—(308( 7;\7;1())).

These identities allow to compute the time integrals appearing in the operators K and Ky and yield, for any v,w € L3(T),

(v, Kw)y =

1
= ﬁ(g, V) r2(r) (9> W) L2 (1) (v, Kyw) N = (Ung,v) L2 (Y NG, W) L2 (T).-
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As a consequence, both operators K and Ky have rank 1, and it follows from standard results on finite-dimensional
Gaussian vectors [19] that the optimal coupling between p and uyn in Definition 1.6 is given by the law of the pair of
random variables (u,uV) defined by

Z N Z
—y, u"' =ey——=Ung, € ::sin( , U : ),
mg N\/m N8 N gn ( (g Ng>Lg(1r)

where Z is a standard, one-dimensional Gaussian variable. The Wasserstein distance Wa(un, i) then writes

enUng

_ 9
(“N’“)_H\/QVA NGNS

For N large enough, ey = 1 and Ay = A+ O(1/N?), so that

Wa

L

N 1
NWa(pun, i) ~ o) llg — ‘I’Ng||Lg(qr) - \/TTAHQHH(}(T)a

which confirms that the rate 1/N derived in Subsection 3.4 is sharp in this case.

5.1.3. Time discretisation. The split-step scheme associated with (55) rewrites

-1
UVA = (I - yAtD(N2>) UNAL L AWEY,

which shows that its invariant measure is the centered Gaussian measure on R} with covariance matrix Ky a; given by

Kyae = At:li: ((1 - uAth\?))_l>n Qy <(I - uAth\?))_1>n

With the one-dimensional noise introduced above, this expression reduces to

(14 vAtAN)? T
1+ vAthy)? — 158

Ky ar = At

It follows that

B 1 (14 vAtAn)?
WQ(VN,AtaVN) = |\/; \/At(l + VAt)\N>2 -1

which shows the order At for the Wasserstein distance between vy a; and vy, uniformly in N.

I/)\N
Igllez(ry) = At(1+ O(At)) T||g”é§(11‘N)a

5.2. Numerical experiments. In this subsection, we study numerically the weak error between vy a: and vy, as a
function of At. More precisely, we take as a test function

o(v) = exp (- Vi), vERY,

and estimate
erry(At) == [E[@(VVAH] —E[@(VV)]], VN ~uya, VN ~up.

Notice that, since @ is globally Lipschitz continuous, the quantity erry(At) is controlled by Wa(vn, at, vn) and is therefore
at most of order At in the case o = 0.

We work with the Burgers equation, for which A(v) = av?/2, with a strength parameter o > 0. We keep the one-
dimensional noise introduced in Subsection 5.1 and take the values mg = 1 in order to minimise spatial oscillations, and
v=0.1.

In the case a = 0, under the invariant measure pu, the functions 0,,u and ud,u have respective orders of magnitude
v~1/2 and v~ in the L2(T) norm. Therefore, we shall study:

the linear regime o = 0;

the viscous regime |aud,u| < |[v0;,ul, that is to say o < v

the equilibrated regime |qud,u| ~ |v0,,ul, that is to say a ~ v

the inviscid regime |qud,u| > [v0,,ul, that is to say a > v3/2.
25
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5.2.1. Analytic results for o = 0. In the Gaussian case o = 0, the expectations involved in the definition of err(At) are
analytic and write, with the notation of Subsection 5.1,

1 At(1+ vAtiy)?
E@(VNA] = | ————— = ;
[ ) 1+ 26Nt Al (1+vAtAN)2 -1 HgHeS(TN)’
1 Hg||§2(1‘ )
E@(VY)] =4/—— =
[ ( )] 1+ QKJN’ KN 2V/\N )
mTmo

with ||g|\22)(TN) = (sin(™2)/T2)? as soon as N > 2mg. We deduce from these expressions that erry(At) is of order At,

uniformly in N.

5.2.2. Ergodic approzimation of E[®(VN-A1)]. For N > 1 and At > 0, let us denote
VAL = E[Q(VNAY).

From Remark 1.9 and the Central Limit Theorem for Markov chains, we may expect that there exist $V:¢ such that for
T large enough, the random variable

n—1
~ 1
N, At N,At _
Iy = - IE_O <I>(Ul )7 T = nAt,

has the Gaussian distribution

fé}ﬂAt ~ N (IN,At’ (ZN%At)2> )

The evolution of the empirical average EN’At7 t € [0,T], along a single trajectory of the split-step scheme is plotted on
Figure 1 for the four regimes of o. The value of IVA* seems to be the same for all regimes o = 0, o < v*/? and a ~ v3/2,
and to be significantly larger for o > 1/3/2.

100
a=0 (theoretical)
a=0
o ™(3/2)
a=u"(3/2)
095 |- wsv™(3/2)
g _ U —
T
> 080 - —— —
o .
©
o
2=
£
o 085
080 |-
0 50 100 150 200 250

Time

FIGURE 1. Evolution of ./T;N’At for t € [0,T] and the four regimes of . In the case a = 0, the theoretical
value of IV+A? is superposed as a horizontal line. Here, N = 32, At = 2710 and T = 256.

In § 5.2.3, Monte Carlo confidence intervals for IV:2* are obtained by fixing a time horizon 7> 1 and estimating the

parameters IVt and £VA* from a sample of M >> 1 independent realisations fg’m’(l), ceey fIZY’At’(M).

5.2.3. Weak error between vy ar and vy . Let N = 32, Aty = 278 and Atmax = 27 1. Our purpose is to plot the evolution
of erry(At) for At € [Atwin, Atmax]. To this aim, we fix At = 2710 < At i, approximate

erry(At) ~ JN:At _ [NAE ,

and compute both terms in the right-hand side thanks to Monte Carlo simulations as is described in § 5.2.2.
The resulting error curves are plotted on Figure 2 for the four regimes of a. The weak error is observed to be of order
At, uniformly in a.
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10—1.5 L

err_N(At)

1070

a=0 (theoretical)
a=0

v ™(32)
a=v"(3/2)

v ”(3/2)

10*2.5 -

—2.0

10 1674 10710 10795

At

FIGURE 2. Evolution of erry(At) for At € [Atmin, Atmax] and the four regimes of «, with associated
confidence intervals. In the case a = 0, the theoretical value of erry(At) is superposed. Here, the final
time horizon is T' = 256 and the number of copies for the Monte Carlo estimation is M = 200.

Remark 5.1. The error curves of Figure 2 are plotted with the same final time horizon T', and the same number of Monte
Carlo realisations M, for all values of At. As it turns out that the asymptotic variance ©V:2? is approximately uniform
in N and At, this results in the estimator of err(At) having the same variance for all A¢. This is the reason why, in
log-log coordinates, confidence intervals appear to be larger for smaller values of At.

APPENDIX A. PROOFS OF AUXILIARY INEQUALITIES

Proof of Lemma 2.2. Let v € RY and q € 2N*. By (19) we have

_ <N 1 <N — 1\
<Vq laD(L )A (V)>l2(TN) = 7<D(1’+)vq 17A (v)>l2(TN) == Z (U;}-&-ll - ’U? I)A(Uiavi-i-l)'

i€TN
For any 7 € Ty, using (11) and (10), we get
—1
— 1 __

g—1 q
— Vit1 Vit
(vl = vl A, vin) = /H A(vy, viq1)dz < /qi1 A (21/(,;71)’21/((171)) dz =4, (”34:11) —Aq (”371) ,

where A, denotes a function defined on R such that A;(z) = A(zY(a=1) " Since the sum over i € Ty of all terms in the
right-hand side vanish, the proof is completed. O

Proof of Lemma 2.6. For v € RY and p € 2N*, we have by Jensen’s inequality

1, — 1,4+ - -
(DR D), =N S (i ot )
i€Tn

Vi+1
=N(p-1) Z (Vg1 — vz)/ |z[P~2dz
v

i€Tn ;
Vi+t1 9
=N(p—-1) Z (Vig1 — vl)/ (|Z|p/271) ds
1€TN v;
Vit1 2
>Np-1) Y (/ |z|p/2_1dz>
€T N Vi
4N -1 Vi+1 d 9
- % gr: </v dz (Sign(z)|z|p/2> dz)
teln
e =1 i . 2
- % Z (Slgn (vig1) [via [P/ — sign (v;) |v¢\p/2>
€Ty
4(p—1)
e
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where w is the vector with coordinates w; = sign (v;) |v;|” / ®.i € Ty. This vector does not necessarily belong to RY so

we cannot apply the Poincaré inequality (22) direclty. Let us however notice that since v € R, there exist two indices
i_,iy € Ty such that v;_ <0 < w;,, so that w;_ <0 < w;, . As a consequence,

2 1 2, 1 2
||W||z3(1rN) =N Z lwil” + N Z |w;]

w; >0 w; <0
1 1
SNZ|1U1_’(,UZ_|2+NZ|’LUZ—’IUZ+|2
1 1
SN Z N Z |wj+1—wj|2+ﬁ Z N Z lwjt1 — w;|*
w; >0 JETN w; <0 JETN
2
=N Y w1 —wyl
JETN
(1,4 ||
= HDN’ w .
£3(Tw)
Injecting this estimate in the identity above, we deduce that
(L) (p—1) Ty(LH) Ap—1), o _4Ap-1),
(DY DY) 2 S e = = My,
which completes the proof. O

APPENDIX B. PROOFS OF INTERMEDIARY RESULTS FOR THE UNIQUENESS OF INVARIANT MEASURES
B.1. The semi-discrete scheme.

Proof of Lemma 2.10. We recall that b : R} — R2 is locally Lipschitz continuous (for every norm over RY). Let M > 0
and £ > 0. Let us also fix the deterministic values ug, vo € R} satisfying [wollez(ryy V IVollez(ry) < M, along with the
following constants:

. L, e2
= ——log ——;
R R R T Ve
Laste := Lipschitz constant of b over the ball {H‘Hzé(ﬂ‘]\,) <M+ E} ;
€ _
55 = ie LM+€tE‘M.

Let (UN(%))i>0 and (VN (¢));>0 denote two solutions of (9) with the initial conditions uy and vo. We introduce the
stopping times

FUY = inf {t >0 [UN ()l ry) = M+ g}, VY= inf {t >0 VN (@)l ey = M+ 5}.

Furthermore, we denote by (u¥(t));>0 and (v¥());>0 the noiseless counterparts of (UY(¢));>0 and (VN (t));>0:

d N\ N d N N
au (t)—b(u (t)), EV (t)—b(v (t))7

with respective initial conditions ug and vg.
By Lemma 2.1.(ii) and (22), we have

d 2 2 2 2
a (H“N(t)Heg(TN) + ”VN(t)Heg(TN)) < - (HUN(t)Hzg(TN) + HVN(LL)Hzg(TN)) '
so that Gronwall’s lemma yields the upper bound
HUN(t)ng(TN) + HVN(t)ngmrN) < <||uo||?g(1rN) + HWJH?g(qu)) e,
meaning that for ¢ > ¢, pr, we have
2 2 g2
||uN(t)Hzg(TN) + HVN(t)Heg(TN) < ]
and consequently, by (21),
€
HuN(t)H%(TN) + HVN(t)Hzg(TN) < HuN(t)Heg(TN) + HVN(t)Hzg(TN) < 9

We now restrict ourselves to the event

{ sup HWQ’N(t)H%(TN) < 55}.

te[0,te, m]
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For any t <7Y" A7V A te.m, the four vectors UN (¢), VNV (t), u™(¢) and v (¢) stay in the ball {| - ey <M +e},
and thanks to the local Lipschitz continuity assumption on b we have

HUN(t) - uN(t)Heg)(TN) + ||VN(t) - VN(t)Heé(TN)

| e b e wery

X | B (V¥ ) b (V) ds + Wt
- /0 (Hb (U7 (a)) = b (" (2) Hfé(Tw) +[[b (V¥(9)) = b (v¥(s)) Heé(m)) ds +2 HWQ’N(t)He},(TN)

0

"

£5(TN) £5(TN)

t
< LM+€/0 (HUN(s) — uN(s)H%(TN) + HVN(s) — VN(S)HZ%(’HW)) ds + 20,
so by Gronwall’s lemma, we have

O (1) =™ @] oy + VYO = VYO 3y < 20c050558 < 20, ebrretent = = (56)

27

for every t € [07?UN AFVY A te.as]. But it appears that the case FUNAFVY < te,ar is impossible for small values of
e. Indeed, it would either imply ||(UN — uN)(?UN)H@é(TN) <e/2or (VN - VN)(T'VN)H%(TN) < /2 which is impossible
because we have on the one hand

o)

V)

>M+¢€ <or

z >M +E> ,
£5(Tw)

£5(Tw)

and on the other hand

)

Therefore, Inequality (56) holds for all ¢ € [0, ¢. as]. Thus,

<[ ()

< J[uollzry) < M (or HVN (;VN)

< ).
&(Tw) £(Tn)

22(Tw)

HUN(ta,M)H%(TN) + ||VN(ta,M)||g[1)(TN) < HUN(te,M) - uN(te,M)Hgé(rﬂ-N) + ||VN(ta,M) - VN(tE,M)HgCI)(TN)

0¥ Cean gy + IV Dl g,

<e

)

and we have just shown that

{ sup ] HWQ’NU)H%(M) < 55} c {HUN(te,M)Heg(TN) + HVN(t&M)Hzg)(TN) S 5}'

te[0,te, m

and therefore,

te[0,te ]

Plugvo) (HUN(tE,M)Hzg)(TN) + |’VN(t€7M)||e5(TN) < 5) Z P( sup HWQ’N(t)Heg(TN) < 55) :

Notice that the right-hand side does not depend on ug nor vo. Furthermore, it is positive since W is an RN -valued
Wiener process. Hence, taking the infimum over ug and vy on the left-hand side yields the wanted result. ]

Proof of Lemma 2.11. From Ito’s formula, we have for all ¢t > 0,

2 2
O (72 A,y + VY (72 A D)

(Tn)
5 5 TMm AL TM AL
= ”uO”zg('ﬂ'N) + HV(]||£3(11‘N) +/0 <b(UN(S))7UN(S)>gg(TN) ds +/O <b(VN(S))’VN(S)>g(2)(']I‘N) ds (57)
Tm AL N N QN TNt L 9
+/O (UN(s) + VN (s), AW (s)>€g(TN)+QZ/O &2 e, .

k>1
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The fifth term of the right-hand side is a martingale. Indeed, by the Cauchy—Schwarz inequality, Inequality (24), and the

bound (27), we have
Tm At N N 2
Z/ (UN(s) + VV(s),& ea(m‘ ds

k>1
2 ¢ 2
5 el ) B 100+ VO, )
t t
<o ([ >|UN<s>u§z<TN ] 4B [ [ IV¥ Ol 9]
<20 (2cf? +cf? (ol + Vol e,y ) +2¢57t)
< +o0.

Thus, taking the expectation in (57), applying Lemma 2.1.(ii), Inequality (24), (22) and (29), we get

E [[[0% (ar ADN gy + 1V 0rt A 0] = (Mol ny + Vol

:ma[/ow(<b(UN<s>>,UN<s>>eg(TN)+<b(VN<s>> V() 0 ))ds}m@ / Y 0o

k>1

TN\t 2 2
< _E HD(LHUN s + HD“’HVN s )ds} 49K 7y A1]D
[ (vl el frar A
<

—2VE [/OTM (HUN(S)”ZZ,(TN) + HVN(S)”Z%(TN)) ds] +2E [rar A ] D
§2(D—VM2)E[TM/\7§].

So if we choose M > /D/v, we get
||u0||§g(TN) + ”VO”?g(TN)
2(vM? -D) ’
and we deduce from the monotone convergence theorem that E[rps] = lim; o0 E[mar A t] < 400. O

E[TM/\t] <

B.2. The split-step scheme.

Proof of Lemma 2.18. First, let € > 0 and let us fix ug, vo € R} such that ||u0||[8(TN) < M and Hv0||¢g(TN) <M.
Let (u)"2?),cn and (vY+2?),cn denote the noiseless counterparts of the sequences (UNA%), oy and (VA1) oy, d.e.

WA = A A (uYRY). VA = A A (VIR (58)

with initial conditions ug and vo. Then (u2), oy and (vYA), cy are subject to non-perturbed ¢2(Ty) dissipativity,

and consequently the sum of their energies decreases to 0 over time. Indeed, we have

N,At||2 N,At)2 vt Nt |2 N.At a2
| ligceyy + llvm ||4§(TN)—’un+1 - Afb (“”“) zg(nrN)+’V"+1 A (V”H) 3(Tw)
2
N,At N,At 2 2 2
=[]y, # 9N, + A07 (I () gy + b (i) )
0

N,At N,At N,At N,At
— 2A¢ << u, i ,b( Uy >>€3(TN) + <Vn+1 7b< Vgl >>23(TN)>

therefore, using successively Lemma 2.1.(ii) and (22), we get

2 2 N,A N,A
‘u 2(Tx) ‘ éS(TN)_(Hu” tHW@TN)JFHV tHfz(Tw))

< 9AL < NAf7b( NAt)> < NAt’b< NAt)>
< ( Uiy u, i ZS(TN)+ Vint1 Vit ) )

N,At
n+1

N,At
n+1

2
O (LT W LR
£3(TN) £3(TN)
2
< —2Atv ’uN’At ‘VN’At >
- ( gy I ey
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so that

N,At|]?

atl|? 1 UNIIL:
i1 " gy =TT 280 (H“’]lv gz + v At”ﬂ(%))

"l ra)

—s—‘v

|

by induction, we get for all n € N,

2 1 "
HUN AtHﬁ(TN) + va]:]’AtHég(TN) = <1—|—2Atl/> (HuOH%(TN) + ”VOHES(TN)) '

It appears now that if we fix the value

n = -1 lo e
=M T og(1 1 2A8) 2 \16M2 ) |

we get for all n > n. r,

€
HuN At”el ) T HVN At”el(TN) > HuN At”@(TN) + HVN At“e?(ﬂrN 9
Now, we fix 0. := €/(4ne ) and we restrict ourselves to the event
Q,
{n_f""f%g,M AW NHZ(I)(TN) < 55} : (59)

Let (UNA), ey and (VA% ey be two solutions of (14) with the deterministic initial conditions uy and v respectively.
With similar arguments as for the proof of Proposition 2.7, we get from (14), (58) and Lemma 2.1.(ii), for all n € N,

n+1 Vn+1

N,At  N,At
HUnJrl - un+1

HVN At N,At

€(Tn) £(Tn)
UN At N,At H N,At _ _N,At 19 HAWQ,N
H "l nkz o T g "l cra
_ [ N,At _ N,AtL N,At _  N,At
= <s1gn (Un+% u, 15 ) , Uy, u, >€2(TN)
. N,At N,At N, At N,At
g (035 -2 0 (0350) - (3.,
. N,At _ N,At N,At _ _N,At
. N,At N,At N, AL N, AL
+ At <S‘gn (Vn+% ~ Vntl ) b (Vn+2 ) -b (V"+1 )>e 2y T2 HAW"+1 3(Tn)
NAt _ N.At N.At _ yN.At
<o} ligeray + IV e + 22w,
On the event (59), we have for all n =1,...,n. a,
N,At N,At N, At N,At NAE _N.At NAt_ N AL
”UnH “Upig (Tw) an+1 Va1 (Tw) =< HUn ||el(1rN) + HVn ||€1(’I[‘N) + 20..
In particular, by induction, we have
N,At _ _N,At N,At _ _N,At E
H Ne, M Ne, M A(Tw) H Ne, M Ne, M £5(T) < Qng M(S - 2°
Thus,
HUN,At H N,At HUN At _  N.At HVN,At _ UN,At ‘ N,At ) N, At
Ne, M %(TN) Ne, M El (Tn) ns,M 4(1)(71'1\7) Ne, M Zé(TN) Ne, M 4(1)(71'1\7) Ne, M Zé(TN)
€
< - —|— — =€.
2 2
We just have shown that
Q,N
H])('107\’0) (HU%MHZ}J(’JTN) + ans,M ||éé(’ﬂ‘N) < 6) = ( ,SuBLE o ||AWn Hé})(TN) < 55) > 0.
Since the event (59) does not depend on ug nor v, we get the result. O
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APPENDIX C. PROOFS OF FINITE-TIME BOUNDS FOR SECTIONS 3 AND 4

Proof of Lemma 3.6. The proof of these estimates is largely based on refinements of computations made in [28].
Proof of the LE(T) estimate. Let p € 2N* and let us repeat the proof of [28, Lemma 3] up to [28, Equation (23)]. When
the initial condition u§ is random and has distribution p*, this equation writes

AMEA&MWW$WWW%WM%
/OMTT A@mu*(s)2u*(s)p_2dxds /MT / dxds} ,

for all t > 0 and r > 0, where T, is a stopping time converging almost surely towards 4+oo as r — +oo (by [28,
Corollary 2]). Using [28, Equation (24)], the non-positivity of the third term of the right-hand side, and bounding the

g"’s by their supremum, we get the inequality
AT,
B[ Il s

B[l 0T n] £+ 20 Do (087 (1 i) + ).

E Il (¢ A TSpry| = E [0 2 r) | — PE

—vp(p—1E

ZE

k>1

\ " plp—1) k|2
E [HU (t /\TT)”ZZS(’H‘)] <E |:||UOH€§(’I[‘):| T Z g ||Lg°(’]l‘)
k>1

Using now Corollary 3.3, (3), (5), and [28, Equation (18)], we get

where the constants C’ép 2 and C’ép 72), defined in [28], depend only on v, p and D. Using once again Corollary 3.3 and
letting r — 400, we obtain

limsupE {Hu* (tATH|P ] < 0P 4 @D (Cép_Q) (1+ CO,pfz) + Cép—2)t> — O,

men Iz

Applying Fatou’s lemma on the left-hand side, we get
E w0l < €O,

from which we easily get the claimed inequality in the case p € 2N*. The general case p € [1,+00) then follows from the
Jensen inequality.

Proof of the HY(T) and HZ(T) estimates. We now start from [28, Lemma 4] which, when v is random, gives the
estimate

* 2
E [l (¢ ATy )] + vE

tAT,.
2 2
/ |W(mmmd%<E“WMﬁmyH%G+E[OH%L%J>+%t

and from which we deduce, by applying Fatou’s lemma on the left-hand side and Corollary 3.3 on the right-hand side:
B [l @lfyen) v | [ 0@l ds] < @7 0 (1 0wty 4 e = 0,
We conclude that
E [||u (t )||H1(T} < CY2 4 O (14 CO2Pat2) 4 Gyt = CP12,

and

t
1 .
E UO ||u*(s)||ilgm ds} <~ (CY2 4 O (14 COPat2) 4 Cgt) = )22 0

Proof of Lemma 5.9. Lemma 3.9 is a refinement of the uniform h3(Tx) estimate from Proposition 3.1. We start from (39)
and use the definition of b to write

2

— HD(L-HUN
23(Tw)

N 0

t
+ 2/ (DU (), DG (—D(l’_)XN(UN(S)) +vDPUN(s))) | ds
0

L3(TN) £(TN)

+2/0< (1+)UN()d( (1+)WQN) >€2(TN) ZHD(H) k

By (20) and Young’s inequality,
2 <D§\}’+)UN(3), D%’+)D(1’*)KN(UN(5))>

2(Tn)

=2(DPUY (), DR (UY(s)) )

) FUN(s) CAICI) I
2 1 N

< 2|DFUN )l x, + 5 IDCVAT(UN )y, -
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while

1, 1, 2 2
2 (DU (5), DY IDRUN(s)) , = 2D UN () By,
0

so that, using (24) in addition,

LA N (L) N (1, N 2

A Y LS W o r AT O AR

+2/ <D§\lf’+)UN(S),d<DS\}’+)WQ’N) (), +1D.
0 £(Tw)

We deduce that for any t > 0,
t
1,4+) 1N (1,4) i 1,9 xN 1N 2 N
s DGO < DG s [ R 0 o), s+ 20 410,

where M} is defined by

MY = sup / (DL U (), a (DEHIWEN) (1)

b)
sef0,4] Jo £3(TN)

and it remains to control the expectation of the right-hand side of the inequality (60).
First, by Proposition 3.1, we have

< C1,2

HD (1 +)U
£3(Tw)

Next, by stationarity of U and (41), we have

t o _ D .
[ [ 100K (U6l ] < B [IDOORY O, ] <155 (€17 Do),

Finally, we recall that by (40), the process (fg(DS\l,"HUN(s), d(Dg\l,’HWQ’N)(5))5(2](1“]))%0 is a martingale. Therefore, ap-
plying successively the Jensen and the Doob inequalities, the 1t6 isometry, the Cauchy—Schwarz inequality, Proposition 3.1

and (24), we get

s 97 1/2
E MN <K D(L—HUN d D(1’+)WQ’N
Y] <E | sup | (D0 .4 (o) )0
r t 2 1/2
< 9E DUHUN (), d (DU HWeN
<2 || [ (D40 .4 (D§ )0
1/2

2

=2E Z/ DL YUY (), DG gty ar

2
| k>1 fo(Tw)

12 1/2

< 2\[E |:HD v +)UO [2(11‘ ):l Z HD N +) ’
N

£3(TN)

tC1:2D

which completes the proof.

O

Proof of Lemma /4.6. Lemma 4.6 is a refinement of the proof of Proposition 2.17. We fix ¢ > 0, and for the sake of

simplicity we write At in place of At;. We also introduce the notation ny = | %]

We start from Equation (34). For all n =0,...,n;, we write
2
N,At _|ly7v,at UN-At _lyrvae
v ”["(TN) =Y ez(TN) (H ol (ra) HUl é%(m))
N.At]|? (1,49)¢N,At]|? = yNA QN
< |lu: — WAL HD’U’ P < AW > H
- 0 eQ(TN) v Zg N +1 EQ(T ) + lzg +1 +1 EQ(T ) + ZZ: l+1
< UN,At <UN At7 AW N> H '
< |Yo B0 Z 141 I+1 éQ(TN) + ZZ l+1 2(Ty)

=

£3(Tw)



Taking the supremum in time and the expectation, we get

n—1
o 100 <2 0o e[S o awy, e[S Jaws
:f?P’ U, He%TN) 3(Ty) + H:EEPJH ;;; I+1 141 (T + EE: 1 {2y
(61)
First, by (22) and Proposition 4.1, we have
[HUN At‘ } <E {HDO At ] < cAL2
02(Tn) 2(Tn) |
Noticing that the sequence ( ?__ (U ﬁ_lm AWl 21 Ny 2(Ty))n>1 I a martingale, we get by applying successively Jensen’s

and Doob’s inequalities to the second term of the right-hand side,

1/2
n—1 n—1 2 /

At A
E sup Z< 11 AWlJrl >zg(1rN) <E sup Z< 11 AWlJrl >zg(1rN)

n=0,...,n =0 n=0,...,n¢ =0

1/2
ng—1 2 /

< 9F ; (U awg] >Z3(TN)

From (14), we may observe that each increment AWE&V is independent from the family (UZ’M AW%N )m=0,....1- There-

1
+3

fore, defining VN-2* and Viv’At as in Proposition 4.1, we have
2

ny—1 1/2 nt ) ) 1/2
w (S |wrgawer) <o (Seffons, | [lawer], ]
; I+3 141 2(Tw) = e +3 2(Ty) I+1 2(Tw)

< 2VDA? (m@ [HVN At

< 2,/Dtcy?,
2

1/2
)

where we have used (35) at the second line and Proposition 4.1 together with (22) at the third line. Injecting this bound
into (61), and using (35) again, we finally get

N,At(|2 ALl A,1,2 . cA0,2
E| sw U] H%(M] < a2, [DICET 41D =i SP02, O

=0,...,
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