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APPROXIMATION OF THE INVARIANT LAW OF SPDEs: ERROR ANALYSIS
USING A POISSON EQUATION FOR A FULL-DISCRETIZATION SCHEME

CHARLES-EDOUARD BREHIER AND MARIE KOPEC

ABSTRACT. We study the long-time behavior of fully discretized semilinear SPDEs with additive
space-time white noise, which admit a unique invariant probability measure u. We show that the
average of regular enough test functions with respect to the (possibly non unique) invariant laws of
the approximations are close to the corresponding quantity for .

More precisely, we analyze the rate of the convergence with respect to the different discretization
parameters. Here we focus on the discretization in time thanks to a scheme of Euler type, and on
a Finite Element discretization in space.

The results rely on the use of a Poisson equation, generalizing the approach of [2I]; we obtain
that the rates of convergence for the invariant laws are given by the weak order of the discretization
on finite time intervals: order 1/2 with respect to the time-step and order 1 with respect to the
mesh-size.

1. INTRODUCTION

In this article, we want to analyze in a quantitative way the effect of time and space discretization
schemes on the knowledge of the unique invariant law of a semi-linear Stochastic PDE of parabolic
type, written in the abstract form of [§]

. dX(t,z) = (AX(t,z) + F(X(t,x)))dt + dW(t), 0<t<T,
1) X(0,z) = x.

This process takes value in an infinite-dimensional Hilbert space H - typically H = L?(0,1); A is
a negative, self-adjoint, unbounded linear operator on H, with a compact inverse - for instance,
A= 8‘9—;, given on the domain H?(0,1)N Hg(0,1) when homogeneous Dirichlet boundary conditions
are applied. The coefficient F' is an operator on H, on which regularity conditions are assumed and
given below.

Finally, (W(t)) te[0.7] is a cylindrical Wiener process on H, so that we have a space-time white
noise in .

More precise assumptions are given below. In a more general setting, one could for instance
intend to remove boundedness of F', or include spatially correlated noise processes. However, we
already consider the main technical and conceptual difficulties in this paper.

In our setting, it is known that the SPDE admits a unique invariant probability measure pu,
and that convergence is exponentially fast. This result comes from the spatial non-degeneracy of
the noise and from a dissipation relation satisfied by the drift part. Nevertheless, in general, no
expression of u is available for practical use; moreover, the support of this measure is an infinite-
dimensional space.

The approximation of quantities like [ g @dp for bounded test functions ¢ is therefore compli-
cated. The exponential convergence ensures that E¢(X (t)) tends to [,; ¢du when ¢ tends to infinity,
exponentially fast. However, using a Monte-Carlo method to compute E¢(X (t)) would require the
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ability to simulate the H-valued random variable X (¢), for a large value of ¢. Since it is not possible
to have an exact simulation, we introduce two approximations:

e a discretization in time, in order to get an approximation of the law of the random variables
X (t) for different, fixed values of ¢, using a finite number of calculations; it done here with
a semi-implicit Euler scheme;

e a discretization in space, in order to replace the H-valued random variables with finite-
dimensional ones. Here, it is performed with a finite element method.

The second approximation is specific to the case of SPDEs, while the first one has already been
studied a lot in the case of SDEs.

Different techniques to control the error are available in the litterature. A first one is found in
[27], where an estimate of the weak error introduced by the numerical scheme is proved, holding for
any value of the finite time T'. The idea there is to expand the error thanks to the solution of the
Kolmogorov equation associated with the diffusion, and to prove bounds on the spatial derivatives
of this solution, with an exponential decrease with respect to the time variable.

This strategy has been generalized to SPDEs like in [3], when a semi-implicit Euler scheme
is used. The main additional difficulty, when compared with the SDE case, is the need for tools
introduced in [I1], for the estimate of the weak error at a fixed time 7.

Using theses tools aims at proving that on a finite time interval the weak order of convergence
is twice the strong one: in other words, laws at fixed times are approximated more accurately than
the trajectories. These tools have also been used in [2§] to treat the time-discretization in a slightly
more-general setting, and in [I] where discretization in space with a finite element method is studied.
Basically, the two ingredients are the following:

e improved estimates on the derivatives of the solution of the Kolmogorov equations, with
spatial regularization;

e an integration by parts formula issued from Malliavin calculus, in order to transform some
stochastic expressions with insufficient spatial regularity into more suitable ones.

These tools are fundamental to treat equations with nonlinear terms; they are used again in the
present work. Notice that for linear equations a specific idea simplifies the proof - so that the second
tool is not used - but can not be adapted for nonlinear parabolic equations like ([1)): see [13], and
[10] where a stochastic Schrodinger equation is discretized.

Here, we are interested in another method for the approximation of the invariant measure: we
want to follow the approach of [2I]. There, the authors study the distance between time-averages
along the realization of the numerical scheme of a test function ¢, ant its expected value with respect
to the invariant law p. They introduce the solution ¥ of the Poisson equation L¥ = ¢ — [ ¢dp,
where £ is the infinitesimal generator of the SDE - the solvability of this elliptic or hypoelliptic PDE
is ensured by ergodic properties. Then they show how to expand the error for various numerical
methods, in a stochastic Taylor expansions fashion.

The use of a Poisson equation to prove convergence results of Law of Large Numbers type is
classical, as explained in [21]. In the context of SPDEs, it has been used in [2] and [6] for the study
of the averaging principle for systems evolving with two separate time-scales.

Such a technique gives an approximation result for i, even if the numerical method is not ergodic,
having possibly several invariant laws. In the SDE case, the study of ergodicity for time-discretizated
processes has been the subject of [16]; there the author use general results on Markov chains, like
the Harris Theorem. Up to our knowledge, no such study has been completed for SPDEs so far.

Our main result is the adaptation of the approach of [2I] for SPDEs, with time and space
approximation procedures: we essentially obtain the following result - a more precise statement is
Theorem There exists a constant C' > 0 such that for any Cg (H) function ¢, any parameters
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7€ (0,1) and h € (0,1), any time N > 1 and any initial condition x € H

| V-1
‘N Z <E¢(Xf}1) — /H (ﬁ(z)u(dz))) < 0(71/2 +h+ ]\%_)
m=0

The error is divided into three parts: the first (resp. the second) is due to the time (resp. space)
discretization, while the last one goes to 0 when time increases.

For the proof of this result, we need to study the Poisson equation associated with the SPDE
. More precisely, we work with Galerkin approximations, and show bounds that are independent
of dimension. Moreover, the strategy described above for the study of weak approximation for
infinite dimensional processes require some additional regularization properties for the solution of
the Kolmogorov equation. Here, we need similar properties for the solutions of Poisson equations.
When compared with [I, [3] or [II], many error terms look the same: the method with Poisson
equation does not really simplifies the proof, it just moves some technical problems to other places
along the proof.The main reason for studying only the additive noise case is the following. As soon
as the equation is discretized either in time - [I] - or in space - [I] - the possible diffusion coefficients
must satisfy very strict conditions: they should be decomposed as the sum of a continuous affine
function, and another function such that the second order derivative is controlled with respect to
a very weak norm - namely, the norm associated with a negative power of the linear operator.
Moreover, the treatment of such noise requires lengthier computations. We could do so here by
adding our argument with the ones in [I] and [1I] but this would result only in hiding the main
ideas of our work.

The paper is organized as follows: in Section 2] we precise the assumptions made on the coefficients
of the equation, and we define the discretization method in Section [3] In Section [ we study the
asymptotic behavior of the solutions of the continuous and discrete time processes. In Section [p] we
give the convergence results that we obtained. In Section [6] we show how the error is decomposed,
and we present two essential tools: the Poisson equation, and an integration by parts from Malliavin
calculus. Finally detailed proofs of the estimates are developed in Section

2. NOTATIONS AND ASSUMPTIONS

Let D C R be a bounded, open interval; without restriction in the sequel we assume D = (0, 1).
Let H = L?(D), with norm and inner product denoted by |.|z and (.,.)y or simply |.| and (.,.).
We consider equations in the abstract form
dX(t,x) = (AX(t,z) + F(X(t,x)))dt + dW (t)

@) X(0,z) = .

In the next paragraphs, we state the assumptions made on the coefficients A and F' in . We
also recall basic facts on the cylindrical Wiener process W, and on the mild solution of the SPDE.

2.1. Test functions. To quantify the weak approximation, we use test functions - called admissible
- ¢ in the space Cg(H ,R) of functions from H to R that are twice continuously differentiable,
bounded, with first and second order bounded derivatives.

Remark 2.1. In the sequel, we often identify the first derivative Dp(x) € L(H,R) with the gradient
in the Hilbert space H, and the second derivative D*¢(x) with a linear operator on H, wvia the
formulae:

(D¢(x),h) = Do(x).h for every h € H
(D?¢(z).h, k) = D?¢(x).(h, k) for every h,k € H.
3



We then use the following notations, for an admissible test function ¢:

[6]loc = sup [¢(z)|a

zeH
16ll1 = sup [D¢(z)|m,
zeH
¢l = sup |D*¢ ()| £y
zeH

2.2. Assumptions on the coefficients.

2.2.1. The linear operator. We denote by N = {0,1,2,...} the set of nonnegative integers.
We suppose that the following properties are satisfied:

Assumptions 2.2. (1) We assume that there exists a complete orthonormal system of elements
of H denoted by (ex)ken, and a non-decreasing sequence of real positive numbers (Ag)ren
such that:

Aep = —Aeg for all k € N.
(2) The sequence (A\g)ren goes to +0o and

+o0 1
Zﬁ < 4oosa>1/2
k=0 "k

The smallest eigenvalue of —A is then Ag.

Example 2.3. We can choose A = j%, with the domain H*(0,1) N H}(0,1) € L*(0,1) - corre-
sponding to homogeneous Dirichlet boundary conditions. In this case for any k € N A\ = 72(k+1)2,
and e (€) = v/2sin((k + 1)7€) - see [7].

In the following Definition, we introduce finite dimensional subspaces of H and associated or-
thogonal projections; both are based on the spectral decomposition of A.

Definition 2.4. For any M € N, we define Hy; the subspace of H generated by e, ..., e,
Hyr = Span{er;0 <k < M}
and Py € L(H) the orthogonal projection onto Hyy: for any x = Y 320 wrex € H,

M
PMQJ: E TEEL.
k=0

The domain D(A) of A is equal to D(A) = {z = 372 zper, € H, 3520 (Ae)?|2k|? < +00}. More
generally, fractional powers of —A, are defined for « € [0, 1]:

(o @)
(—A)% = Z Apxer € H,
k=0
with the domains

+o0 +oo
D(~A)* = {a: =N wper € H, o2 =Y () * el < +oo} -

k=0 k=0
Example 2.5. In the case when A is the Laplace operator with homogeneous Dirichlet boundary
conditions on H = L*(D),
D((—A)'/?) = Hy(D) D(A) = Hy(D) N H*(D).
4



When «a € [0, 1], it is also possible to define spaces D(—A)~ and operators (—A)~%, with norm
denoted by |.|_o; in particular when z = >0 zrer € H, we have (—A) ™%z = 320 A\ “zy. fr and
a2 = 25 ) 22 .

The semi-group (e/4)s>o can be defined by the Hille-Yosida Theorem - see [5]. We use the
following spectral formula: if = Zzﬁg xrer € H, then for any ¢t > 0

+o0
ety = E e_)‘k’txkek.
k=0

For any ¢t > 0, e'4 is a continuous linear operator in H, with operator norm e 20t The semi-group
(e!1) is used to define the solution Z(t) = ez of the linear Cauchy problem

dZ(t)
dt
To define solutions of more general PDEs of parabolic type, we use mild formulation, and Duhamel
principle.
This semi-group enjoys some smoothing properties that we often use in this work. Here we recall
a few important ones, which are easily obtained from the spectral formula given above:

=AZ(t) with Z(0) = =z.

Proposition 2.6. Under Assumptz’on for any o € [0, 1], there exists C, > 0 such that we have:
(1) for anyt >0 and x € H,

A
e 2|, < Cot 7 22| 4.

(2) forany0<s<tandx € H,

(t—s)°

A
etz — e Ax|y < Oy 6_705]:1:|H.

(3) for any0 < s <t and x € D(—A)?,
A
etz — 42|y < Cu(t — 5)7¢ 2%,

2.2.2. The nonlinear operator. The nonlinear operator F' is assumed to satisfy some general as-
sumptions, like in [3]. In Example we give the two main kind of operators that can be used in
our framework.

Assumptions 2.7. The function F' : H — H is assumed to be bounded and Lipschitz continuous.
We denote by L the Lipschitz constant of F'

We also define for each M > 0 a function Fy : Hyr — Hyg, with Fp(x) = Py F(x) for any
x € Hyr. We assume that each Fyp is twice differentiable, and that we have the following bounds on
the derivatives, uniformly with respect to M :

e There exists a constant Cy such that for any M >0, x € Hyy and h € Hyy
|DFy(x).h|lg < Ch|h|g.

o There exists n € [0,1] and a constant Cy such that for any M > 0, x € Hy; and any
h,k € Hyr we have

(= A)""D*Fy(2).(h, k)| < Col|ulkla-
e Moreover, there exists a constant Cg such that for any M > 0, x € Hy; and any h,k € Hyy
(D2 Fag (2)-(h k)| < Colhl ol ]
Remark 2.8. Multiplicative noise with appropriate assumptions like in [I] can be considered; how-

ever proofs of the required estimates become much more technical.
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Since F' is bounded, the following property is easily satisfied:
Proposition 2.9 (Dissipativity). There exist ¢ > 0 and C > 0 such that for any x € D(A)
(3) (Az + F(z),2) < —clz|* + C.

We remark that we have uniform control with respect to the dimension M of the bounds on
Fyr := Pyy o F and on its derivatives, and that is also satisfied for F;, with constants ¢ and C
independent from M.

Example 2.10. We give some fundamental examples of nonlinearities for which the previous as-
sumptions are satisfied:

o A function F : H — H of class C?, bounded and with bounded derivatives, fits in the
framework, with the choice n = 0.

e The function F can be a Nemytskii operator: let g : (0,1) x R — R be a measurable,
bounded, function such that for almost every £ € (0,1) g(&,.) is twice continuously differen-
tiable, with uniformly bounded derivatives. Then F(y) is defined for everyy € H = L*(0,1)
by

F(z)(§) = g(&,x(8))-
In general, such functions are not Fréchet differentiable, but only Géateauz differentiable, with
the following expressions:

(DF(2).h](€) = 22

29 (6, 2(€)(E)
2 &g
[DF(x).(h, k)](€) = 75 (&2(€))A(E)k(E).

If h and k are only L? functions, D*F(z).(h, k) may only be L'; however if h or k is L™,
it is L?. The conditions in Assumption are then satisfied as soon as there exists n < 1
such that D(—A)" is continuously embedded into L>(0,1) - it is the case for A given in
Ezxample with n > 1/4. Then the finite dimensional spaces Hy are subspaces of L,
and differentiability can be shown.

2.3. The cylindrical Wiener process and stochastic integration in H. In this section, we
recall the definition of the cylindrical Wiener process and of stochastic integral on a separable
Hilbert space H with norm |.|g. For more details, see [§].

We first fix a filtered probability space (2, F, (Ft)i>0,P). A cylindrical Wiener process on H is
defined with two elements:

e a complete orthonormal system of H, denoted by (g;);er, where I is a subset of N;
e a family (5;)ier of independent real Wiener processes with respect to the filtration ((F%)¢>0);

then W is defined by
(4) W(t)=>_ Bi(t)q.

el
When 1 is a finite set, we recover the usual definition of Wiener processes in the finite dimensional
space R, However the subject here is the study of some Stochastic Partial Differential Equations,
so that in the sequel the underlying Hilbert space H is infinite dimensional; for instance when
H = L?(0,1), an example of complete orthonormal system is (gr) = (v/2sin(k.))r>1 - see Example
2.9
A fundamental remark is that the series in does not converge in H; but if a linear operator
VU : H — K is Hilbert-Schmidt, then WW (t) converges in L?(Q2, H) for any ¢t > 0.
Moreover, the resulting process does not depend on the choice of the complete orthonormal system
(@i)ier-
6



We recall that a bounded linear operator ¥ : H — K is said to be Hilbert-Schmidt when

+oo

|\I/’LQ H.K) ZM’ )5 < +o0,
k=0

where the definition is independent of the choice of the orthonormal basis (gi) of H. The space of
Hilbert-Schmidt operators from H to K is denoted L2(H, K); endowed with the norm ||z, k) it
is an Hilbert space.

The stochastic integral fo (s)dW (s) is defined in K for predictible processes ¥ with values in

L2(H, K) such that fo |W(s) |£2(H’K)ds < +00 a.s; moreover when W € L%(Q x [0,t]; L2(H, K)), the

following two properties hold:

E[/ $)AW (s)|% = / |W(s |£ (1K) s (Ito isometry),

E /0 U (s)dW (s) =

A generalization of Itd formula also holds - see [§].
For instance, if v = ), -y vkqr € H, we can define

t
W0 = [ .aw(s) = 3 aoos

keN
we then have the following space-time white noise property
E(W (t),v1)(W(s),v2) =t A s(v1,v2).

Therefore to be able to integrate a process with respect to W requires some strong properties
on the integrand; in our SPDE setting, the Hilbert-Schmidt properties follow from the assumptions
made on the linear coefficients of the equations.

Thanks to Assumption it is easy to show that the following stochastic integral is well-defined
in H, for any t > 0:

t
(5) WA() = / =AY (s).
0
It is called a stochastic convolution, and it is the unique mild solution of
dZ(t) = AZ(t)dt + dW(t) with Z(0)=0.

Under the second condition of Assumption there exists § > 0 such that for any t > 0 we
have fg s%]eSA\%z ( H)ds < +00; it can then be proved that W4 has continuous trajectories - via the
factorization method, see [8] - and that for any 1 < p < +o0

(6) E sup |WA ()%, < 4oc.
t>0

We can now define solutions to equation , thanks to the assumptions made on the coefficients:
the following result is classical - see [§]:

Proposition 2.11. For every T > 0, x € H, the equation admits a unique mild solution
X € L2(Q,C(0,T], H)):

(7) X(t) = ez + /O te(t_S)AF(X(s))ds—l— /0 t =AW (s).

7



3. DEFINITION OF THE DISCRETIZATION SCHEMES

We will consider approximations in time and in space of the process X. In this Section, we
introduce the corresponding schemes: a finite element approximation for discretization in space,
and a semi-implicit Euler scheme for discretization in time. We also discuss the discretization in
space using the spectral decomposition of the operator A.

3.1. Discretization in space : finite element approximation. We use the same framework as
in [I] and [I3]. For precise general references on Finite Element Methods, see for instance [7] and
[15].

Let (Vi)he(o,1) be a family of spaces of continuous piecewise linear functions corresponding to
a finite set of nodes (possibly not uniformly distributed) in D = (0,1) such that V}, C H}(D) =
D((—A)'/?) - in other words, 0 and 1 should be included as nodes in the partition of [0,1]. The
parameter h denotes the mesh size, which is the length of the largest subinterval in the partition.

Let P, : H — Vj denote the orthogonal projection onto the finite dimensional space Py. Accord-
ing to the context, we also consider P, as a linear operator in L(H), since V}, € H.

We finally define the approximation of the operator A: it is a linear operator Ay € L(V},).

Definition 3.1. The linear operator Ay : Vi, — Vi, is defined such that the following variational
equality holds: for any xp € Vi, and yp € Vy

(Anzn, yn) = (Azn, yn)
We recall a few important properties of the operator Vj:

Proposition 3.2. For any h € (0,1), Ay is symmetric, such that —Ay, is positive definite.
If N}, is the dimension of V3, we denote by (e} )Nh lc Vi, an orthonormal eigenbasis correspond-
ing to — Ay, with eigenvalues 0 < )\h < )\h <...< )\hh_l.

Then for any h € (0,1), we have A} > Xo.
Indeed, we have

Ao = inf (—Au,v) < inf (—Au,v) = inf (—Apu,v) = 2.

v,u€H u,vEV), u,veV),

For any h € (0,1), A, generates a semi-group on Vj,, which is denoted (e!4"),cp+. Tt is also not

difficult to define fractional powers (—Ay,)* of — Ay, for any a € [~1,1]: for any 2" = vaho Lahel €

V1, we have

Np—1 Np—1
h
etAngh — E e Altxzhef, Ah)al‘h: g ()\f)o‘a:?e?.
i=0

The regularization estimates of Proposition are then easily generalized to these semi-groups;
moreover bounds are uniform with respect to the mesh size h € (0,1).

We focus now on the approximations of PDEs - seen as equations in the Hilbert space H - with
equations in finite dimensional spaces V}.

We consider the spatially semi discrete approximation of (I): (Xp(t));er+, is a process taking
values in V},, such that

(8) dX"(t) = Ay X" (t)dt + FM(X"(t))dt + P,dW (t), X"(0) = P,z = P, X,

where the non-linear coefficient F” : Vj, — Vj, satisfies F"*(x) = P,(F(z)) for any z € V},.
We remark that the regularity properties of Assumption and the dissipativity inequality
are satisfied if we replace A (resp. F) with Ay, (resp. F").
8



This equation admits a unique mild solution, such that for any 0 <¢ < T

t ¢
(9) X"(t) = et Py + / =) An ph( XM (s))ds + / =) An Py dW (s).
0 0

Notice that the stochastic integral is always well-defined, since for any h € (0,1) the linear
operator Pj, has finite rank; on V}, the noise process P,W is a standard INj-dimensional Wiener
process - as is easily seen by expanding W in a complete orthonormal system (g;);en with ¢; = e?
for 0 <i< N, —1.

To be able to state a convergence result of X" to X, and to give an order of convergence, we now
express some important results - see [I] for more details:

Proposition 3.3. (i) We have an equivalence of norms: there exist two constants ¢,C € (0, +00),
such that for any h € (0,1), any o € [—1/2,1/2] and any 2" € V3,

(10) c(—=Ap)*a"| < [(-A)*2"| < O|(=Ap)*"].
Moreover, we have for any h € (0,1), a € [-1/2,1/2], and x € H,
(11) [(=Ap)* Prz| < C|(=A)%x].

(ii) Let us denote by Ry, the so-called Ritz projector, defined as the orthogonal projection onto Vj,
in D((—A)'/?). We have the identity R, = (—Ap) "' Py(—=A) on D(A), and

(12) [(—A)2(L = Ry) (= A) 72| ) S Crsh™ VO<s<1<7r <2

(iii) For Py, we have the following error estimate:

(13) (= A)/*(1 - Ph)(—A)_’"/2\L(H) <Crh™™ Y0<s<1land0<s<r<2.

As a consequence, we get the following important result:

Proposition 3.4. For any k > 0, the linear operator on H Ph(—Ah)_l/Q_“Ph is continuous, self-
adjoint and semi-definite positive. Moreover,

sup Tr(Ph(—Ah)*l/%“Ph) < 400.

0<h<1

The symmetry and the positivity are very important properties for our purpose: indeed, they
allow to use inequalities like

[Te(MN)| < [M|zyTr(N),
for M, N € L(H) such that L is symmetric and semi-definite positive.

Proof The operator is well-defined on H, and self-adjointness is clear, since (—Ay)~"/27% € L(V},)
is symmetric.

Now from point (i) of Proposition the following linear operators are defined and continuous on
H: (—A)*(—Ap)"Py, and (—A)l/QPh(—Ah)*l/QPh; their norm is uniformly bounded with respect
to h.

By duality, the operator Py, (—Ayp) /2P, (—A)Y? is well-defined on H - by unique continuous ex-
tension from the dense subspace D((—A)'/2) - and it has the same norm as (—A)Y2P,(—Ap,) /2 P,.

Finally, we write that for any 0 < h < 1

Tr(Pu(—Ap) 270 Py) = Te((Pa(—Ap) "2 Pu(—A)2) (= A) 725 ((—A)F (= Ap) " Py)
< ‘Ph(_ ) 1/2Ph 1/2| ((_A)fl/an)‘(_A)n(_Ah HPh
< CTe((—A)~Y2).

‘L(H)

O
We now recall a few convergence results, valid on time-intervals of finite length [0, 77:
9



e in the deterministic case, the order of convergence is 2;
e in the stochastic case, the strong order of convergence is 1/2 - see for instance [18], [29]:
Y0 < r < 1/2, 3Cr, € (0,400), Vh € (0,1), we have E|X"(T) — X(T)| < Or,h'/?7";
e in the stochastic case, the weak order of convergence is 1 - see [1]: for any admissible test
function ¢,
V0 < r < 1, 3C7, € (0,+00), Vh € (0,1), we have [E¢(X"(T)) — E¢(X (T))| < O, ht=".
To conclude this part, we introduce a notation which is useful to give some of the results in a
compact way.

Definition 3.5. For h =0, we set X = X, as well as Vo = H, Ag = A, Py = Idy.

3.2. Another discretization in space: spectral Galerkin projection. A tool in our proof
will be an additional finite dimensional projection onto the subspaces Hj;. This approximation
allows to justify rigorously the required computations; even if the process X" takes values in a finite
dimensional subspace of H, it is easier to prove some estimates with a process taking values in finite
dimensional subspaces which are left invariant by the action of A and of the noise. We define here
the corresponding approximating processes, and give a few important convergence properties.

Let M € N. According to Definition we can consider an approximate equation in the finite-
dimensional subspace Hy:

(14) dXM (1) = AXM ()t 4+ Fpp (XM (@)dt + PydW (1), XM(0) = Py,

where Fy; = Py o F' - see also Assumption The process WM) .= Py, W takes values in Hyy,
it is a standard Wiener process.

For any final time T € (0, 4+00), it admits a unique mild solution, taking values in Hy; C H - we
recall that Hjs is stable by A:

t t
XM (¢) = e Pyra + / eU=DAR (XM (5))ds + / eU=DAPy AW (s).
0 0
To study the convergence of X(M) to X, the following inequality is useful:
(15) (I = Pu)A™ " ey S Crdyfp, 05 r <L
We then have the following convergence results, for any 7' € (0, 4+00), in the stochastic case:

e the strong order of convergence is 1/4:
Y0 < 7 < 1/2, 3C7, € (0,+0c), VM € N, we have E[XM)(T) — X(T)| < A?/%

M+1
e the weak order of convergence is 1/2: for any admissible test function ¢,
CT,T‘

Y0 < r < 1, 307, € (0,+00), YM € N, we have |E¢(XM)(T)) — Ea(X(T))| < N

M+1
Those estimates can be proved with direct computations and the appropriate techniques from [I]
and [IT]. Another possibility is to check that the projectors Py satisfy the estimates of Proposition

with h = )\]_\,i_/f , see Example 3.4 in [I8]. Once again, we define a value for M = co:
Definition 3.6. For M = oo, we set X (o) = X, as well as Hyo = H and Py = Idp.

3.3. Discretization in time. For each fixed mesh size h € (0, 1), and for h = 0, we now define a
time approximation of the process Xj,: denoting by 7 > 0 a time step, we use a semi-implicit Euler
scheme to define, for k € N,

X (r2) = X (1 2) + TARXE (7, 2) + TP F (X7, %)) + VT PiXkt1
X(})l(ﬂ x) =,

where ki1 = %(W((k + 1)7) — W(kT)).
10



To simplify the equations, most of the time we omit the dependence of X ,ff on the time-step 7
and on the initial condition x.
The previous equation can be replaced by

(16) Xty = SenXp + 7Sen PuF(X]) + VT Srn PaXets
where S ), is defined by
(17) Sen=(1T—71Ap)™"

When h = 0, the process is well-defined in H, since it is easily checked that S; g is a Hilbert-Schmidt
operator on H. When h > 0, it is well-defined in the finite-dimensional space V},.

For the analysis of the convergence of the scheme, we need the following technical estimates on
the discrete-time semi-group (Sih)jeN for 7> 0 and h > 0:

Lemma 3.7. For any0 <k <1, he€[0,1) and j > 1
1 1

T R < —.
|( h) Sﬂh h|£(H) — (jT)l_H (1+)\07)jﬁ

Moreover, for any B> 1 and j > f3
B

; IS
—A Bqi P, <
[(=AR)7S; y Pl < P

and for any 0 < 5 <1
[(=AR) P (Srp — I)Phl oy < 27°.

Proof Using the notations of Proposition we have, for any z € H,

Np,
1-k QJ 2 h2(1—k 1
B 1 all h Q(Ah)Q(l—n) . \2(1—k) 1 1
R0 Z<z’ URAS G T A (1 4 Ay

(j7)2(1=r) Z (1 + )\th> (1 + Npr)2is (= )

1 1
GV (T N
< |z} — ! L —.
(]7-)2(175) (1 4 )\SLT)Z]H
Above we have used the notation Ny = +00. To conclude, we use that for any h € [0,1), Ag < A}
The proofs of the two other inequalities are similar - see [3] for the second one. 0

S C|thﬁ_]

Remark 3.8. Later, we often use the following expression for X,?:

k—1 k—1
(18) Xp =Sk Par 47y SEIPLF(X]) + /7Y S5 Paxiga
=0

The following expression is also useful:
k—1 "

(19) VT SE P = / Sl PudW (s),
1=0 0

where ls = | 2| - with the notation |.| for the integer part.
11



For h € (0,1), we finally introduce the following processes: for 0 <k <m — 1 and tx <t <ty
t t
(20) XMt) = X + / [ApSe 1 X[+ SenPuF(X[)])ds + / Sy 1w PrdW (s).
t Ly

The process (X"(t));cg+ is a natural interpolation in time of the numerical solution (X}')ren

defined by (16): X (ty) = X}

3.4. A priori bounds on moments. We give a few results on the processes (X (t))¢>0, (X"(t))scr+
and (X]?)kEN
All the appearing constants are uniform with respect to h € (0, 1).

Lemma 3.9. For any p > 1, there exists a constant C, > 0 such that for every h € (0,1), t > 0
and x € H

E|X"(t,2)|P < Cp(1 + |z|P).

Lemma 3.10. For any p > 1, 19 > 0, there exists a constant C' > 0 such that for every h € (0,1),
O<7<m,keN,t>0andx e H

E|X!P < C(1 +|zP) and for h € (0,1) we have E|X"()|P < C(1 + |z/|P).

Proof of Lemmas 3.9/ and [3.10] The case h = 0 is treated in [3]. We thus only treat the case
h € (0,1), with similar methods.
Using the mild formulation, in the continuous-time situation we need to control three terms:

|etAn Py x| < e*)‘gt|Phx\ < e Motz
since )\3 > Ao thanks to Proposition

c_c
FE

>

t t
| / =4 py F(X(s))ds| < C / e M=) g5 <
0 0

thanks to the boundedness of F’;

t t
B[ [ 9P (s)P] < G B[ [t ppaw(s) P2
0 0
t
N
t
<Gy [ TP TR I )
0

t 1 _\h(p— 2
<l [ oy M < 6
where we have reduced the estimate to the case p = 2 since the stochastic integral is a Gaussian
random variable, and then we have used Itd’s isometry formula, Proposition 2.6] and Proposition
with any & > 0.
The proof of the first estimate of Lemma [3.10] goes along the same way, using the discrete-time
mild formulation , with also three quantities to control:

1
Sk Pra| < ———
’ T,h h.’L" = (1+)\0T)k|x’7
12



thanks to the first estimate of Lemma [3.7 and the boundedness of F
k—1 k—1

DI A GRSl

1=0 =0

1
(1 + )\oT)kfl
T
C < C,
— (/1 4+ X7)) =1 —
finally as before we only need to study the case p = 2, and we use to get

k—1 k—1
EVT Y S5 Poal? =Y TTi(SE, PuSE)
=0 =0

< Te(PuA, P P S 1820 AP
!

N
—_

Il
o

log(1 4 Ao7)
T

((k —1)r)i/2+x exp (— (1/2 - k) (k—1)7)

on

+oo
S C/O m eXp(—Ct)dt,

for some ¢ > 0.
The proof of the second estimate of Lemma using is then straightforward. 0

4. ASYMPTOTIC BEHAVIOR OF THE PROCESSES AND INVARIANT LAWS

First, we focus on the existence of invariant measures for the continuous and discrete time pro-
cesses. We use the well-known Krylov-Bogoliubov criterion - see [9]. Tightness comes from two facts:
D(—A)" is compactly embedded in H when « > 0, and when v < 1/4 we can control moments with
the same techniques as for proving the Lemmas [3.9] and [3.10}

Lemma 4.1. For any 0 <~y < 1/4, 7 >0 and any x € H, there exists C(,7,z),C(y,x) > 0 such
that for every h € (0,1), m>1 andt >1

E|Xp(r,2)}3 < C(v,m2)  and  EIX"(t,2)5 < C(y,2).

5 5

For h € [0,1), uniqueness of the invariant probability measure for the continuous time process
(X"(t))er+ can be deduced from the well-known Doob Theorem - see [9]. Indeed, since in equation
noise is additive and non-degenerate, the Strong Feller property and irreducibility can be easily
proved. In the proof of the main Theorem we also need speed of convergence, and thanks to a

coupling argument we get the following exponential convergence result :

Proposition 4.2. There exist ¢ > 0, C > 0 such that for any bounded test function ¢ : H — R,
any t >0, any h € [0,1) and any x1,x2 € V}

(21) [EG(X"(t,21)) = ES(X"(t,22))| < Cll§lloo(1+ a1 |* + |2a*)e ™

Remark 4.3. A proof of this result can be found in Section 6.1 in [12]. In this proof it is obvious
that ¢ and C' are independent of h.

The idea of coupling relies on the following formula: if 14 and vy are two probability measures
on a state space S, their total variation distance satisfies

drv (v1,ve) = inf {P(Xy # X2)},

which is an infimum over random variables (X1, X3) defined on a same probability space, and such
that X1 ~ 171 and Xo ~ vs.
13



Roughly speaking, the principle is to define a coupling (Z1(t,z1,22), Z2(t, x1,x2))t>0 for the
processes (X (t,x1))t>0 and X ((¢, z2))¢>0 such that the coupling time 7 of Z; and Zs - i.e. the first
time the processes are equal - has an exponentially decreasing tail.

This technique was first used in the study of the asymptotic behavior of Markov chains - see [4],
[14], [19], [22] - and was later adapted for SDEs and more recently for SPDEs - see for instance [17],
[20], [23].

Corollary 4.4. For any h € [0,1), the process X" admits a unique invariant probability measure
u, such that for any bounded test function ¢ : H =R, t > 0 and x € V}, we have

(22) [E¢(X"(t,z)) — /V ¢dp"| < Cldlloo(1 + J2[*)e".

We use the notation p = p°, when h = 0: it is the invariant law of the non-discretized process, for
which we show an approrimation result.

However, the situation is more complex for the discrete time approximations: given a time-step
7 > 0, we do not know whether uniqueness also holds for the numerical approximation (X ,’;)keN.
In the following Remark below, we describe a strict dissipativity assumption on the non-linear
coefficient which ensures ergodicity by a straightforward argument. Without this assumption, it is
not clear whether ergodicity holds for small time-steps 0 < 7 < Tergo, Where Terg, can be chosen
indepently of h € [0, 1); the answer to this question will be the subject of future works.

Remark 4.5. Let h € [0,1) be fizred. A sufficient condition for the uniqueness of the invariant
probability measure of the discrete time process (X g)keN 1s the strict dissipativity assumption

Lp < )\0,

where we recall that Ly denotes the Lipschitz constant of F.

Then trajectories of the processes (X[')er+ and (XJ)ken issued from different initial conditions
x1 and xo and driven by the same noise process are exponentially close when time increases: for
any 19 > 0, there exists ¢ > 0 such that for any 0 < 7 < 19, h € [0,1), k > 0 and t > 0 we have
almost surely

|XP (8, @1) — X (t, m9)| < e Vo= Lrlt gy — gy
\X,?(T,xl) — X,?(T, x9)| < eiCkT\fL’l — 9.

The proof of the uniqueness of the invariant law is now easy, and in particular we do not use
Proposition 4.3

Results are the same when we consider the spectral Galerkin discretization:

Proposition 4.6. There exist ¢ > 0, C > 0 such that for any bounded test function ¢ : H — R,
any t >0, any M € NU{oo} and any x1,x9 € Hpp

(23) [E¢(X M (t,21)) = EG(X Mt 2))| < Clllloo(1 + [1]* + |22 e

Moreover, for any M € NU {oo}, the process XM gdmits a unique invariant probability measure
pM) - such that for any bounded test function ¢ : H — R, t > 0 and x € Hyr we have

(24) EQ(X M (1) = | ¢du™| < Cllglloo(1+ [2]*)e™".
Hy
With the notations of Definitions and we have ;(®) =y = 0.

As consequence of Proposition [4.6] we obtain the following Lemma:
14



Lemma 4.7. For any bounded test function ¢ € C(H), we have

fui= [ @A) | odu=3
Proof of Lemma [Tt For any ¢ > 0 and any fixed initial condition € H, we have
o) — [ o)n) = [ 9 ) - Bo(X D (e)
Hyp Hyr
+E¢(X <M>< 1) ~ E¢(X (1))
+ES(X (D)~ [ o()aut:

We thus get that for any t > 0

lim sup | ¢MWWW%Ay@W@KCMMﬂ%

M —~+oc0 Hyy

and it remains to take t — 4+00. Notice that the constant ¢ does not depend on dimension M. [
The speed of convergence in Lemma [4.7] will be given below in Remark [5.3]

5. THE CONVERGENCE RESULTS

We now state our main result, as well as a few important consequences.
For an admissible test function ¢ we define || ¢ ||2,00= supo<;j<a(ll D’ ¢ [|0)-

Theorem 5.1. For any 0 < k < 1/2, 19, there exists a constant C > 0 such that for any CZ(H)
function ¢, h € (0,1), N>1,z € H and 0 <7 < 79

Nt

’N Yy O(Eé(Xh) ¢)’ <O ¢ 200 (1+2]%) (1 + (N7)~H 4 (Nr)*l) (H/Z*“ o i)

where ¢ = [ ¢(2)pu(dz).

This result can be interpreted with a statistical point of view: + Z%;(l] E¢(X!) is an estimator
of the average ¢ = | 1 9(2)u(dz) of the admissible test function ¢ with respect to the invariant law
w of the SPDE. The Theorem gives an error bound on its bias.

Of the two factors in parenthesis in the Theorem, only the second one is important - the presence
of the first one is for technical estimates which degenerate at time 0 whereas we are interested at
the asymptotic behavior of the quantity. The main observation is that the orders of convergence
with respect to 7 and h are given by the corresponding weak orders 1/2 and 1 in the approximation
of X(T') for a fixed value of the final time T' < +o0 - given in [I1] and [I]. The aim of this paper
is to show how the corresponding error bounds are preserved asymptotically - under appropriate
conditions.

An interesting supplementary result would concern the study of the statistical error. In [21], two
more error bounds are proved: first in the mean-square sense, and then in an almost sure statement
- thanks to an argument of Borel-Cantelli type. We have not been able to treat our problem in
a similar way. We claim that it is for the following reason. The right order of convergence with
respect to 7 in Theorem is obtained thanks to an appropriate integration by parts formula - as
explained in the Introduction; the study of the mean-square error - now in a stronger sense - implies
that the use of such a technique seems impossible. To generalize the results of [2I] in the infinite
dimensional setting, new arguments should be found.

The additional term ﬁ corresponds to the bias introduced between the average in time and its
limit when time increases.

15



From Theorem[5.1] it is easy to obtain approximation results when only one type of discretization
is applied.

Results on distance between invariant laws of the various processes can now be given. As explained
in Section [ without the time-discretization ergodicity holds for the spatially discretized, time-
continuous process X" for any h € (0,1), while as soon as discretization in time is applied it is not
clear whether it holds for small enough time-steps, uniformly with respect to h.

However, as a consequence of Theorem we obtain error bounds controlling the distance be-
tween the average of admissible test functions with respect to the possibly non unique ergodic
invariant laws of the discretized process and the invariant law of the SPDE.

Proposition 5.2. For any 0 < k < 1/2, 79 > 0, there exists a constant C > 0 such that the
following holds:

for any 0 < 7 < 79 and h € (0,1), assume that u™" is an ergodic invariant law of (Y;")ren; then
for any admissible test function ¢, we have

[ 9t [ 6T < C 6 e (727 01,

The proof of this result is easy - we let go N to oo in the estimate of Theorem [5.1] and the
convergence of the time-average for u™" a.e. initial condition, see also [3].
The above result also holds for invariant laws having a finite third order moment.

Remark 5.3. It is also possible to derive the error estimates as in Theorem and Proposition

[5-3 when discretization in space is done with the spectral approximation in dimension M instead of
using a finite element method with mesh-size h. For instance, we precise the speed of convergence
n: for any 0 < k < 1/2 and ¢ € CZ(H), there exists a constant Cy, such that

I/ pdp — / $ardpt™)| < CmAl/2 —.
M+1
The strategy - developed in Section [ - remains the same, where we use an auziliary dimension
variable, say L, going to oo for the ambient space where the Poisson equation is used, while M is
fized.

6. DESCRIPTION OF THE PROOF

We fix the time step 7, as well as N € N; we then introduce the notation T' = N7. We also
define, for k € N, t;, = k7. £ > 0 is a parameter, which is be supposed to be small enough. We also
control 7: for some 79 > 0, 7 < 7.

6.1. Strategy. The three key ingredients to prove Theorem are the use of an additional finite
dimensional projection onto the subspaces Hjs, the use of the solution of the Poisson equation as
in [2I] (see Sub-section and an integration by parts formula issued from Malliavin calculus as
in [3, 1] (see Sub-Section [6.3).

We will use the Poisson equation in finite dimension, then we will use the following decomposition:

N-1
v O EG(XE) 5= z (PrXL) ~ oy
m=0

N—-1
+ -9+ JleZZO (Bo(X%) ~ Eo(PuXE)),

where we recall that Py is the orthogonal projection of H into Hy; and ¢,; is define at the end of
Section @l
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It is obvious the the last term converge to 0 when M — +00. The convergence to 0 of the second
term is not difficult, it has been proved in Section [} The proof of the estimate of the first term is
very technical, so for pedagogy, in Sub-Section [6.4] we introduce the decomposition of the error and
identify the three terms which we control later in Sub-Section [7.I] Sub-Section [7.2]and Sub-Section
(.5l

6.2. Some results on the Poisson equation in finite dimension. Let M € {1,2,...}. Let
¢ € C2(H). We define M) . Hyr — R by the unique solution of the Poisson equation

(25) LMGM) = Py — 6,y and / G g, (M) = g,
Hyy

where £(M) is the infinitesimal generator of the SPDE defined for functions of class C? 1 :
H — R and for any x € H by

LD (2) = (APyiz + PaF(x), Dib(x)) + %Tr(PMDQw(x)).

In the following, we will need to control the first and the second derivatives of ¥. The Proposition
below is the essential result that we need. It is the same kind of estimation used in [3] 1] to obtain
weak order of convergence 1/2.

Proposition 6.1. Let M € {1,2,...}. Let ¢ € C}(H). The function M) defined for any x € Hyy
b
) o -
V(@) = [ B (60X, 0)) - Gy )
0

is of class C* and the unique solution of , Moreover, we have the estimates below: for 0 <
B,y <1/2 and x € Hyy

(WD (@) < O+ [2) || ¢ oo,

(26) DU (2)[5 < Co(1+ [2%) || 6 11,00
and
(27) (= A)PD*TM) (2) (= A) | £i,) < Coy(L+ 121%) | ¢ (2,00,

where || ¢ |i. 0= supg<;<;(| D’ ¢ [loo)-

Remark 6.2. In fact, the result on DV is also true for 3 < 1 and the result on D*V is also true for
B<1,v<1andB+~ <1. Moreover, all the constants are uniform with respect to M € {1,2,...}.

A proof of this result can be found in the Appendix.

6.3. A Malliavin integration by parts formula. Let h € (0,1) be fixed - the case h = 0 is not
required in the calculations.

As explained in the Introduction, one of the key tools to obtain the right weak order is a trans-
formation of some spatially irregular terms involving the stochastic integral with respect to the
cylindrical Wiener process, into more suitable, deterministic ones, thanks to an integration by parts
formula, issued from Malliavin calculus - see [24], [26].

The notations here are the same as in [11], where the following useful integration by parts formula
is given - see Lemma 2.1 therein:

Lemma 6.3. For any F € D'2(V},), u € C}(V3,) and ¥ € L*(Q2 x [0,T), L2(V3)) an adapted process,

T T
(28) E[Du(F). /0 U(s)dW ™ (s)] = E] /0 Tr(U(s)* D*u(F)DsF)ds],
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where DyF : ¢ € H — DLF € Vj, stands for the Malliavin derivative of F, and DY2(V},) is the
set of H-valued random variables F = ZieN’KM F;fi, with F; € DY2 the domain of the Malliavin
derivative for R-valued random variables for any i.

Remark 6.4. This Lemma remains valid if u is not assumed to be bounded but only u € C*(V3)
provided the expectations and the integral above are well defined. This is easily seen by approximation
of u by bounded functions.

Some care must be taken when controlling the Malliavin derivative of X”: in general it is not
possible to obtain uniform estimates with respect to time - unless for instance a strict dissipativity
condition is satisfied, as in Remark

In the proof of technical estimates below, we circumvent this problem by using these derivatives
only at times ¢t = k7 and s such that ¢;_;, < 1. The Lemma gives though the most general
estimate.

Lemma 6.5. For any 0 < 8 < 1 and 19 > 0, there exists a constant C > 0 such that for every
he(0,1), k>1,0<7 <79 and s € [0, t;]
1

—ANPD. X <C(+ Lpr) b1+
(= AR)" D Xi | (v < C(L+ LpT)™( (1 + Agr) =Bkl

Moreover, if tp, <t < tgy1, we have

[(—AR)PDEX" (1) vy < Cl(—AR)PDEX 2o

We want to emphasize that the constant in Lemma is uniform with respect to h € (0,1).

Proof According to the definition of D, F as a linear operator in Vj,, we need to control |(— Ay, )?DEX" ()]
and |(—Ap)?DEX ], uniformly with respect to € Vj, with [¢] < 1.

The second inequality is a consequence of the following equality for s <t <t < tgy1, thanks to

20):

DX (t) = DEX] + (t — t0n) (TARS 1 DEX] + R, P, F(X!)DEX]),
and the conclusion follows since

sup |TARS:klov,) < +oo.
he(0,1)

Now we prove the first estimate, and we fix h € (0,1). For any k > 1, £ € V}, and s € [0, ],

using the chain rule for Malliavin calculus and expressions and , we have
k—1
DIXp = SE e+ 1 Y SEID(P,F)(X]).DEX).
i=ls+1

We recall that Is; denotes the integer part of 2, so that when i <[5 we have DﬁXih =0.

As a consequence, the discrete Gronwall Lemma ensures that for k >[5 + 1

IDIXE| < (1+ Lpr)* =t e].

Now using Lemma, we have

1 1+ LFT)Z ls
(= AR) DX} < |0 + LT ]
(1+ Aor)(A-A)k=la)g) - ;1 1+ /\or B k=il
To conclude, we see that when 0 < 7 < 7
k-1 1 +00 1
- : < C/ t=h dt < C < +o0.
Z:%;rl (14 Xo7) =5 —z)tg_i 0 (1+ )\07.)(1 Bt
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6.4. Strategy for the estimate of limy/_,o 3 ZTNn;(l) Ep(Py X)) — ¢y Let M € {1,2,...}, we
define the function ¥) for 2 € H by

M () = M) (Pya),

where WM) is the solution of the Poisson equation (25). Using the identifications introduced in
Remark 2.1] we have for any z € H

DUYM) () = Py DM (Py ),
DM (1) = Py DU M) (Pyra) Py,
then it is easy to show that §M) and @) verify the same estimates (see Proposition .

The main idea is to give an expansion of E¥(M) (X,ZH)—E@(M) (X!) tosum it form = 1,..., N—1
and divide by N7. The function U is defined for € H by

M) () = M) (Pya),

where (M) ig the solution of the Poisson equation . It is easy to show that ¥(M) and wM)
verify the same estimates (see Proposition .

We need the continuous time interpolation of the numerical process X" defined by . For all
m € N, we can associate to X on [t;,, tm11] the generator L7 defined for 2 € Vj, and ¢ € L(H)
by

1 *
(29) LT G(x) = (S, p AR X" + S, 5 PLF (X)), Do(x) > +5Tr(sﬁhsﬂhphm¢(x)).
Thanks to the It6 formula and Proposition [6.1] we have for any integer m

- - tm+1 - -
EOM (X ) —EOM) (X)) = / ELT™ MM (X (5))ds.
tm

We also need the markov generator £" of the finite element solution X" to decompose this term.
The generator £" is given for x € Vj, by

£19(w) = (Az + PaF(2), Dad(2)) + 5 Tr(PuD3,6(z).

We have the following decomposition:

- ~ tm41
EGOD(xP )~ EFOD(X]) = /

tm

E(/f’m’h — £h>‘il(M) (X"(s))ds
tm+1 - -
+ / ]E(ﬁh - E(M)>\P(M)(Xh(s))ds
tm
tm+l - -
+ / ELMGM)(Xh(s))ds.
tm

Using the following equality for x € H

LONGM) () = LODGM) (Pyra) + (PyF(x) — PorF(Pyg), DUV (Pyz))
19



and the definition of W) we get

tm+1

EGOD (X, ) — EGM) (xh) :/ IE(U’m’h - Eh)\ff(M) (X"(s))ds

n /tm“ E(£" — £00) B0 (X" (s))ds
n /t "GPy X(s)) — Bag)ds
- /ttmﬂ E(Py (F(X"(s) = F(Py X"(s)) ), D¥OD (Py X(5))) ds

tm+1 - -
- / IE(U”””L - [,h)\ll(M) (X" (s))ds
tm

tmt1
E(£h — LDV (X (s))d
+ [ )#D (X (5))ds
+7(EQ(Pr X)) — )

v "B (o(Pu ) — E(o(PuXE) ) ds
- B (P (PR s) — F(PuEA(5))), DY (Py X (5))) s

Then if we sum for m =1,..., N — 1 and divide by N7, we obtain

(BT (P Xh) — BOD (P X 1))

+ - (8(Py) ~ By)
1

tm+1
Nt (M) _ i) GO (h
+ Tm:l/tm E(»C L )‘Il (X"(s))ds
1 N-1 .. . ek 50300,
Jr7—m:1/tm E(L —£ >\II (X"(s))ds
1 Nt )
N7 Ep(PyX"(5) — Eo(PyXy,) )d
Tmzl/tm ( o(PrX"(s)) — E¢(Pum m)) 5
1 NZL ptmia ] ~
N~ )3 / E(Pyy (F(Xh(s)) - F(PMXh(S))>’D‘I’(M)(PMX"(S))MS
m=1"7tm

=L+ 1o+ I3+ 14+ Is + Is.

The two first terms and the last term are easy to control. Indeed, using Proposition [6.I]and Lemma
[3:10] we get for 0 < 7 < 79,

1
I+ B| < OO+ o),
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where 7( is any fixed positive real number. Using the fact that F' is lipschitz, Proposition [6.1] and
Lemma [3:10] we get
lim Ig — 0.
M—o0

The control of of the three other terms will be the subject of three following Subsections. First,
in Subsection the following estimate of I3 is shown:

Lemma 6.6 (Space-discretization error). For any 0 < k < 1/2 and 79, there exists a constant
C > 0 such that for any ¢ € C2(H), x € H and 0 < 7 < 19

timsup Z / TUR(LM - Y ED () ds < O+ 1) | 6 a0 B (L (NT) ),

M—o00
In Subsection [7.3] we will show the following estimate of Iy:

Lemma 6.7 (Time-discretization error). For any 0 < k < 1/2 and 19, there exists a constant C > 0
such that for any ¢ € C2(H), M € {1,2,...}, y€ H and 0 <7 < 79

Z / B (L L GO O)dH] < C | e (1) (L (V) I (V) ),

Finally, the proof of the following estimate of I5 is detailed in Subsection [7.2}

Lemma 6.8 (Additional time-discretization error). For any 0 < k < 1/4 and 19, there exists a
constant C' > 0 such that for any ¢ € CZ(H), M € {1,2,...}, y € H and 0 < 7 < 79

tm+1
Z / (BaPu X0 ~ Bo(Pa X )at] < € 6 e 721+ ),

The order of the respective proofs may not seem natural. We have made the choice to put the
proof of the Lemma [6.7] on the time-discretization error at the end since it essentially uses the
same arguments as in [3], while the others require new estimates, appearing for the first time in
this context of approximations of invariant laws. We thus begin with the proof of Lemma on
the space discretization error, and go on with the proof of Lemma concerning the additional
time-discretization error induced by the use of the Poisson equation - instead of the the generators,
we have the process alone.

7. DETAILED PROOF OF THE ESTIMATES

We warn the reader that constants may vary from line to line during the proofs, and that in order
to use lighter notations we usually forget to mention dependence on the parameters. We use the
generic notation C' for such constants. All constants will depend on a parameter £ > 0, which can
be chosen as small as necessary.

To simplify the expressions, we have not mentioned the dependence of the error with respect to
the test function ¢. However, thanks to Proposition it is straightforward to give this precision.

7.1. Control of the space dicretization error N zm 1 ttm“ E(ﬁ(M) — £h)\il(M)(X'h(t))dt.

In this Subsection, we prove the estimate of the Lemma
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7.1.1. Strategy. To control this term, we will mix ideas describes in [I] and in [3]. In [I], to prove
weak convergence, the authors use estimation on u the solution of the Kolmogorov equation associ-
ated to the SPDE. We can use the same ideas because, for each M € {1,2,...}, M) the solution
of the Poisson equation, and its derivatives verify the same kind of estimations than wu.

Let M € {1,2,...} be fixed. First, we will decompose L£M) — £hin three terms. We have for
any r € H

(L‘,(M) - ch) TOD (2) =((Aps — Ap)z, DI (2))

+ ((Par — Py) F(z), DF) (2))
and we obtain
IS N-1
1 tm+1 ~ ) 1
Nt m:l/tm E(ﬁ L )\I/ (X()dt = m:l(a LB o),

where for 1 <m <N —1

" =T / " (Aa — AT (), DEOD(RE(1)) e

v =k [ (P~ PRCRN0), DR (R 1)

m_ 1 fmt1 _ 25,(M)( h
" = oF Tr( (P — Bp) D2ED (X7(1)) ) dt.
tm

7.1.2. Estimate of a™. The Ritz projection Rj can be expressed in the form Ry = A,:lPhA. Using
this we can write

((Anr — Ap)XM(1), DD (XM(1))) = (A Py — ApPy) X" (), DI (X7 (1))
=(X"t), (PyAp — ApPy) DM (X)) = (XP(t), Ay Py (R Py — I)DIM) (X7 (1))
=(X"(t), ApPr(Rp, — I)Par DD (XM(1))) + (X" (t), Ap Po(Par — T) DB (X7(1))).

The idea of this decomposition is to apply the error estimates and for Ry and Py respec-
tively. We now use formula on X"(t). We then need to estimate the following five terms.

tm+1 - -
a™ =E / (X! ApPy(Ry, — I) Py DI (XM (1))Vdt
tm
tm41 - ~
+E / (t — tm)(ApS; n X1 ApPL(Ry, — I) Py DI (XP(1)))dt
tm
tm+1 5 B
+ E/ (t = tm)(SraPuF (X)), ApPy(Ry, — I) Py DU (X (2)))dt
tm
tm+1 t ~ ~
+E / ( / Sy 1 PudW (s), ApPy(Ry, — I) Py DI (Xh(1)))at
tm tm

tm+1 - -
+E / (Ap XD (Pyy — DDIM) (X (1)))dt
tm

::agn’h + agn’h + agn’h + aT’h + g™ M
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(1) Estimate of aT’h: We use expressions of X" and to decompose aT’h

tm41 - ~
h_R / (S™ Py, Ay Po(Ry, — I\ Py DY) (XN (1)) dt
t"rl/

tm41 k—1 ~ ~
+E / 7Y (ST Py F(X]), ApPa(Ry, — 1) Py DY (X7 (1)))dt
tm =0

tm+1 tm - ~
+E / ( / St PLdW (s), Ap Pu(Ry, — I) Py DY M) (XM(1)))dt
tm, 0 ’
= al 1 + a]. 2 + a]. 3 .

o FEstimate of aqf?ih: The ideas are to "share" (—Aj) between different factors and to
use regularization properties of the semi-group (Sf_C n)ken. Thanks to Proposition

Proposition for = %, Lemma and Lemma we get, for any small enough
parameter 0 < k < 1/2,

\afihlzﬁ/t%(( Ap)' ST P, (= An)“Pu(Ry — 1)(=A) 72 Par(—A)2DUOD (XM (1)) )t

tm+1
<E / (= ARS8 Pl 2] (— A B (B — T)(—A) 2|y
tm

| Pt |2 (=A)2 DU (X (1)) |dt

1 1 b1 -

< —A)(Rp, — I)(—A)~1/? / E(1 4 | X"(#)[>)dt

<O [ gy A B = D) ey [ B O+ XM 0P)
1 1

< 1 3 hl_ZH.

ST ) T grye 1T

We will now use the following useful inequality: for 7 < 79 and any N > 1

1

31 < Ck.
( ) T Z 1 + )\07’) B
Indeed,
N t
1 N1 1
TZ < C/ — —dt
= (L4 2m)" = 7 o 177 (14 Agr)*
< /OO 1 e—tf log(1+Ao7) dt
— 0 tl—n
< 1 T "
< ~sqge— T
- /0 sl </<;10g(1 + )\07')>
< Cg.
Then, using , we get
1 V=
1-2k
(32) ]\TZ \<C R (1 [2]).
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e FEstimate of al’ 2 : Using the same ideas than to estimate a; lh, we have

(33)
[ ]
CLT:,)h =K

/. IZ\ ) S B O A0 PR~ (- A) e
x |(=A)Y2DEM (X" (1))|dt.

Since I is supposed to be bounded, the estimate yields

m—1
1
)y st (X |<0||F\|OOTZ AR T gy < O
=0 =1

With Lemma Lemma and Proposition E for 8= % we can now write
|a | < C(1+ |z)ht =21

and we get

1 N—

N+
m=0

H

[ C(1 + |z|*)nt 2.

Estimate of a!" 3 : The analysis of this term is more complicated. We refer the reader
to [3] for a discussion on the problem, and for detailed explications on the strategy of
the proof - following the original idea of [11].

We recall that the problem lies in the regularity in space of the process, due to whiteness
in space of the driving noise. The strategy used to control afih and a;ﬁh above would
only give an order of convergence 1/4, while we expect 1/2 - our constants need to be
uniform with respect to the mesh size h!

We decompose aféh into two parts, corresponding to different intervals for the stochastic
integration. On one of these parts, we can work directly. On the other, a Malliavin
integration by parts is performed: it allows to use appropriate regularization properties,
and to obtain the correct order of convergence 1/2. We emphasize on the length of the
interval where this integration by parts is applied: its maximal size is independent of 7
and h, so that the possible exponential divergence when time increases of the Malliavin
derivatives implies no trouble.

By using , we make the decomposition

/ tm+1< / " STl PydW (s), (= Ap) Pa(R — I) Py DI (X1 (1)) dt

tm+1 [ (tm—370)VO - -
/ / (—Ap)'~ S L PLdW (), (—AR)* Py(Ry, — 1) Py DYM) (X (1)) dt

m—+1 ~ ~
+E / ( / Pyr(Ry, — I)Py(—Ap) St PudW (s), DEM) (X (t)))dt.
tom, (tm—370)VO ’
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For the first term - which is equal to 0 when t,, < 37y - we use the Cauchy-Schwarz
inequality and we directly get

(tm—370)VO ~ ~
|IE( /0 (—Ap)' 7SIl PadW (s), (—Ap)*Pr(Ry, — I) Py DI M (XM(1)))|
< (E|(=An)" Pu(Ry — I)(—A) /2 Py (= A) 2 DB (X7 (1)) )2
y (E‘ / tm—370 VO(_Ah)l_HS:?h_ZSPde@)‘2)1/2-
0

We have the following inequality - we remark that in the integral below ¢,,_;, > 1:

(tm—?ﬂ'o) 0 1 } 9 (tm—37'0) 0 - . 9
E| /0 (= Ap) =r ST P (5)] = /0 (—(AR)L ST P2, ds

(tm—ST()) 0
_ / Tr((—Ap)2 255201 Py )ds
0

(tm—370)VO _
< /0 S Pyl oy | (— AR>S0 Py gy dis
X Te(Py(—Ap) /> " Py)

(tm—370)VO 1
< d
_C’/ (1+ Agr)m— lst2+1/2 -as

(tm—370)VO 1
< —d
_C/o (T 2o

—+00 1
<C S
= /0 1+ ror)s/m

<C,

when 7 < 79 and thanks to Proposition [3.4] and Lemma . Then, thanks to Propo-
sition Proposition for g = % and Lemma we get

tim+1 (tm—370)VO ~ ~
i / ( / (—Ap) ST PLdW (s), (— Ap) Pu(Ry, — I) Py DO (X7(1)))dt|
tm 0 ’

< C(1 4+ |z[®)Tht =2,

For the second term, we use the Malliavin integration by parts formula (Lemma [6.3)
to get

m—+1 tm ~ ~
e[ Par(Ri — I Pa(— Ay) S By W (5), DO (X (1))t
m—370)V0 ’

tm+1 5
=E / / s;nh s (—Ap) Pu(Rp, — I) Py DU M) (X3 ))DsXh(t)) dsdt.
tm (tm—310)VO
Thanks to both estimates of Lemma we have for (£, —370)V0 < s <t <t < tpmyi1

! )
(1 + Agr)(T—a)m—Tojga

m—ls

(A DX" ()] < C(L+ Lpr)" (1 +

and we see that (1 4+ Lz7)™~% is bounded by a constant.
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We can then control the second term of agfih with

tm+1 tm " r
/ / —-— (= AR 228 2 | (= AR)®2 Pu(Ri = D)(=A) " 2o
m TO V

x |(=A)2DPED (XM (1) (—A) 2

tm

_ 1435
<c 1435

(H)Tr((—A)fl/Qfﬁ/Q)’(—A)”szh(t)\c(zf)dé‘dt

1

m—I,
(tm—370)VO i

using Proposition [6.1] Lemmas [6.5] and [3.7]
We have

x Thl_?’”(l +a]?),

tm QK tm
/ ¢ L ds < / L !
(tm—370)VO Ml (1 A7) M35 T T g 135

for 7 < 19, thanks to .
Therefore

L om0

N-1
(34) Z ]a13]<C (14 [)n! 2",
—1

m_
Using , and (| ., we have
(35) = Z o'

)h1 (1 ).

(2) Estimate of a;”’h: Since (t — tm)|(=An)SrnleE)y < C, agn’h

. h
expression as a]"": by @, we have

(36) NTZ\ M < O+ R faf?).

(3) Estimate of a3"": We have

’ m,h
as

tm41
/ (t — tm)|(—AR) " Sen Pal ooy | F (X))
tm

ds < C < +o0,

is bounded by the same

|(=A4n)"Pu(Ry = 1)(=A)"2Par(=A) DT (X (1)) | dt

Since F and (t—tp,)|(—An)' " SrnPalg(
m,h
ajj , we get

N—

(37) Z 3" < hl (1 + |al).

m:

(4) Estimate of a4

) are bounded, using the same idea than to estimate

: We again use the integration by parts formula to rewrite ay"” h,

af"t = -E / . / SenPrdW (s), (= Ap) Po(Ry = D) DWAD (XM (1)) dt

__E / " / Tr(S, 1 Pa(—Ap) Py (Rn — HFOD (X (1))D, X (1)) dsd.
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From , for t,, < s <t < tipy1 we have Dﬁf(h(t) = S;nPytl; as a consequence, the

situation is much simpler and we do not need to use the same trick as in the control of agnéh.

Then, as previously, we have
tm41
]aT’hl SE/ (t — tm)Tr((—Ah)lf’“‘ST’hPh(—Ah)“Ph(Rh — I)(—A)71/2PM
tm

x (= A)2DPWM (X (1)) (= A) R (— A) TR (- A) S ) dt
<el(=AR) T SenPal e Tr((=A) ™27 )| (=AR) Pu(Rp — 1) (= A) 2| 2y

tm+1 - -
<E [ ) 2DREOD (1) (- A) 2 gy (- A) S Pl
tm

<c(1+ |z} Tht=2~,

Therefore
N—

(38) Z <O+ |x?)ht 2,

m

(5) Estimate of a™: Using Proposition Lemma and estimate , we have

< [ B (A Palen K O(Par = (=) (A DFOD (R0 i

tmi1 N _
< Ci 1l lhoo A *" / E(IX" @10+ X" (1)) ) at

—1/2
<Cn |l ¢ N0 At (1 + |2)
Then, we get

lim —Z ]amM|:()

M—oo NT

With the previous estimates, we get

N-1
1
li - m < o 3 1 T—l h1—3/¢/‘
(39) lim sup Z|a | <O ¢ lheo T+ |2 (A+T7)

7.1.3. Estimate of b™. Writing Pyy — P, = (Pyy — I) + (I — Pp,), we get the natural decomposition
tm+1 _ B ~
b :IE/ ((Pyr — I)F(Py X"(t)), DO (X (1)))dt
tm
tm+1 - - -
8 [ = PPy X)), DB (X0
tm

=y M 4yl

Using the fact that F' is bounded, Proposition [6.1] and Lemma 3.9 we have

_IE / RPN (1), (P~ 1) (— A) V(AP DEOD (KR (1))

tm41 - ~
S/t I F floo [(Py = I)(=A) 255 gy B[ (= A) /27 DU D (X (1) )| dt

<OT(L+ [2)|(Pi = D(=A) 72 )
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Using and , we get
™" < Cr(1 + [af*)nt "
and
M| < Cr(1+ [a]?)Ay 2t
Finally, we have

N-1
1 _ —1/2+
N 2 DT OO Py )
m=1
and
| Nl
lim sup — o™ < C(1 + |z|?)ht 2.
M—+00 Nt mzzl
7.1.4. Estimate of ¢™. We use the same natural decomposition than for b™: ¢™ = ¢™h 4 M,

where for i € {h, M}
2lc¢™i| = ‘E/tmﬂ TT<(_A)25(B_I)(_A)—l/Q—i—n(_A)1/2—ED2\:D(M)(Xh(t»(_A)l/Q—n(_A)—l/Q—m>dt’
: < Tr((=A) 2 (= A (P = T)(=A) 4 ooy
x /mm E|(—A4)Y/2* D200 (X1 (1)) (—A) /2 dt.

Using Assumptions [2.2] Proposition [6.1} Lemma [B.9] commutativity of A and Pj; and estimates
and , we get
2lc™ | < CT(1 + |zP)Ay P
and
2™ M| < Cr(1 4 |z|?)h! 0%
Then, we have

N-1
1 _
= D || < O+ [2) (W0 4 x4
m=1
and
;N1
limsup — ™ < C(1 + |z})ht0",
bmsup 5 37 [¢7] < O+ faf)
7.1.5. Conclusion. With the above estimation, we get
T ) )
(40) limsup — > / ]E(E(M) - Lh)\p(M> (Xh(s))ds < C(1 + [z|*)hrF(1 + T71).
M—o0 Nt m—=1"tm

7.2. Control of the additional time-discretization error E¢(Py X (t)) —E¢(Py X)), if t, <
t <tm+1-

In this Subsection, we prove the estimate of Lemma [6.8]

This part of the error is due to the replacement of the continuous-time process X with the
discrete-time process from which it is built by interpolation.

If we compare with the other parts of the error, we observe that instead of ¥ the expression
involves the test function ¢. Since ¢ is only assumed to be of class C?, its derivatives do not
satisfy estimates with a regularization in space like for W. However, we are still able to distribute
appropriately the powers of the operator — Ay, thus obtaining the good rate of convergence.
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We define an auxiliary function ¢ps : H — R with ¢pr = ¢ o Pys. It is of class C? and using the
identifications introduced in Remark we have for any x € H

Doy () = PyyDp(Pyre),
D?¢r(x) = PayD?*¢(Pryx) Py
Thanks to the Itd’s formula, from we get for t,, <t < tmt1
E¢(Pa X" () — Eg(PaXL) = Edar (X(1)) — Edas (X (t))

_E /t (S An X" Dy (X7(s)))ds
+ E/tt (SynPhF (XD, Dorr(X"(s)))ds

t
+ E/t %Tr((ST,hPfJ(ST,hPh)*DQQBM(Xh(S))dS'

=: El(t) + Eg(t) + Eg(t).

The error is naturally divided into three terms. We first treat the easiest ones: Fy and Fs.
Using boundedness of the linear operator S; , of the nonlinear coefficient I, of the orthogonal
projectors Py and Pp, and of the first-order derivative of ¢, we easily obtain that for t,,, <t < tp11

B0l = E [ (S nPuF(XR), Dipas (XP(s)))ds| < Cr

We now control Fs3(t). Using the boundedness of the second-order derivative of &M, uniformly
with respect to M, we have

|E3(t)| < C(t - tm)Tl“((SﬂhPh)(ST,hPh)*)

< CrTe[((—Ap) /#7582, Py) Pu(—Ap) /275y

S CT|(—Ah)l/Q—HiS?_’hPh’L:(H)Tr(Ph(—Ah)_l/Q_HPh)

S 071/2—/4’
where k € (0,1/2) is a small parameter, thanks to the first inequality of Lemma and to Propo-
sition 3.4

The treatment of the F is the most complicated amongst the three terms, due to the presence

of the unbounded operator A;. We recall that X/ is controlled in the norm of (—Aj)?®, uniformly
in h, only for o < 1/4; to obtain the correct weak order of convergence 1/2 with respect to 7, we
need a careful control. One of the ingredients is the Malliavin integration by parts.

Thanks to and (19)), Ey is divided into three parts: E1(t) = E11(t) + E12(t) + E13(t), with
for ty <t < tmid

t ~ ~
E14(t) :E/ (ST Ap Py, Doar(X"(s)))ds
tm

t m—1 R _
Eya(t) =E / (rAnSen S SRR F(XN), Ddar(X4(s)))ds
tm k=0

t tm ~ ~
Ei3(t)=E / (AnSyn /0 STl PudW (r), Déar(X"(s)))ds.
tm

We have isolated the stochastic part in XT},Q; then only the treatment of Ej 3(t) is difficult.
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First, using Lemma [3.7] we have if m > 1
|ARST Pra| < |(=An) SenPhleem (= An) ™"ST Pal ey 2|1
< Cla|gr it .

As a consequence, for t, <t < ty,i1

1714
[E1a(t)] < Clal
th "
The treatment of E o is similar: we have when m > 1
m—1
[T ApSr Z ST P F(XE)| < CT|(—AR)*SrnPal ey Y (= AR ST  Pol ooy | F(XE) |
k=0 k=0
m—1
<O T Y (= AR TS Pal ooy
k=0

F being bounded. Now using Lemmaand inequality we obtain for m > 1 and ¢,,, <t < tp41
|E1o(t)] < CT75(t — t,) < OT 7.

It remains to control Ej 3(t), which contains the stochastic term, with low regularity properties.
We need to use a Malliavin integration by parts formula; however due to the weak dissipativity
condition the behavior of the Malliavin derivatives is bad with respect to time. The solution is to
split the stochastic integral factor into two parts: for any t,, < s <t < tp41

tm . (tm—370)VO o
E(A35,1 /0 ST AW (), D (X"(s))) = E(AnSp /0 ST PydW (), Déar (X7(5))
tm B B
+E(ApLS: / S;n}:lrpde(r), DgZ)M(Xh(s))}
(tm—310)VO

= E173,1(S, If) + E173,2(S, t).

For the first error term, we directly use the Cauchy-Schwarz inequality and we have (see term

ag'?éh of Sub-Section [7.1| for more details)
tm—370)V0 N B
|Braa(s,t)” < C(E|/ SraAnSTy " PadW (r)]?) (E|Dar (X" (5))*)
(tm 37’0
< C/ Te( Py AU U A By dr

(tm—37'0 _
<c / (P (= An) 2By (= A 2r g2y gy
0

For the second error term, using the Malliavin integration by parts formula, we get for any
tm <5 <t <1lmt1

tm B B
E(ApS: / STt PudW (1), Déar(X"(s)))
(tm—?)‘l'o)\/o
tm - - ~
_E / Te(S™ 4,5, Py D2 (X7 () D, X (5))dr.
(tm—370)VO ’
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We then write that

tm - - ~
IE / Tr (ST ApSyn Pa D Gpr (X" (5)))Dp X" (s)dr |
(tm—370)VO

tm ~ ~ ~
S/( ) 0Tr((—Ah)”Sf?{“Sh,TPh)E[I(—Ah)l_”Dth(S)IL(H)|D2¢M(Xh(5))|]d7“-
tm—3710)V

Since

Tr((—Ap)" ST SpePa) < Tr(Pr(—Ap) 2725 Py) S0 (= AR) Y20 S 2 Pr) ooy

we have (see term a’l’?éh of Sub-Section |7.1| for more details)

tm ~ ~ ~
E /( o TSR AnSr P X (5) D% (X (5))
tm—3710)VO0

b 1 1
<C 1/““/ (14 Lpr)" " (1 + dr.
- (tm—3mo)vo (14 )\07')"‘_“( r (14 Agr)nlm=trg % Jr

I,

Using that (1 + Lp7)™ i < C for the range of r used to compute the integral, we see that
|E139(s,1)] < Cr /272,

After integration with respect to s, we obtain

t
|Er3(t)] < / (11 3.1(s, )| + | E132(s,t)|)ds < O (1 + 71/272),
tm

and
11—k

E1(1)] < C(rY/27% 4 || =

1_
tl=r ")

Using the bounds on Ey and Es, we therefore obtain that when m > 1 and ¢,,, <t < {41

|z]

Gy

[E¢(Py X" (t)) — E¢(Py X)) < CrY/2725(1 +

As a consequence, we obtain
1 N-—1 tmt1 . .
= / (Eo(Pu £ (1) - E¢<PMXm>)dtr
Nt
< COrt/?- 25 ( 1+|3:| /

(41) < Ot/ 4 (NT)l ).

7.3. Control of the time-discretization error - Z%;% ti;”“ E(ﬁh - ETvmvh)\iJ(M) (X" (t))dt.

To control this term, we will use ideas described in [3, [11] and in Sub-Section We decompose
the error into five terms:

1 N1t ) ) N—
= / E(Lh - Uvmvh)\p(f‘@ (X" (s))ds = Z U+ D + G+ di + €),
m=1 tm m:
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where for 1 <m < N -1

tm+1 -
b =E (Ap(X"(t) — X)), DU (X(1)))dt,
tm
tm41 B B
(42) en =B [ (I = So ) PuF(XE), DYOD (1)) dt,
tm
tm 1
d =B [ (@) - F0), DI 1),
tm
1 tm+1
em = SE / Tr((PuPy — (SrnPn)(SrnPr)*) D2 M) (X0 (1)) dt.
tm
The estimates are:
Lemma 7.1.
N—

Z Jam| < C(L+ [2)(1+ (N7)~H)rt/2-2,

N—
1
o 2 lml <O+ )3) (1 + T~ 1)/,
m:l
1 N-1
= 2 lem| < O+ J2)rt/2r,
Nt =
1 N-1
NiT Z |dm| < 071/2—2/1(1 + |$|3)(1 +T_1+H),
m=1
1 N—
LS el £ €Lt a2
TNm

7.3.1. Estimate of a,,. We have the equality of linear operators in L(V4): (I —S;n)An = —TSTJLA%L.
Then, using , we decompose the error into three terms: a,, = a}, + a2, + a3, with

tm+1
a}n = —TE/ <ST hAhS hPh«T PhD\II(M)(Xh( ))>d
tm

m—1

tm41 - ~
a2 = _rE / (SenAZr 37 SRR (XD, P DD (R(1))) dt
tm —

m—1

tm1 ~ ~
ah = —7E / (SrnARVT D STy Prxier, Pu DU (XM (1)) dts
tm =0

The replacement of DWM) (X"(t)) € H with its orthogonal projection P, DU M) (X"(t)) is valid
since the other factor in the scalar product belongs to Vj,.
The main task is to control the operator A%L, using the benefits of the regularization properties of

the semi—group (Sf ) ken and of the derivatives of ¥(M) | The main difficulties appear in the control

of a,, where a Malliavin integration by parts is required in order to obtain the correct weak order
of convergence The control of the other terms a), and a2, is technical but much easier.
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(1) Estimate of a!,
We write, for any small enough parameter 0 < xk < 1/2,

tm41 ~ ~
|ay,| STE/t 1S (= AR) Y22 Py 2oy | (= AR) ST Pal ooy | Pat v, | (— An) Y25 B, DU D (X0 (1)) |y, dt

tm41 - -
< Cla|grr 224145 (1 4 rgr) ™" / E| (= A)Y2% DHOD (K5 (1)) it
tm

< C(1+ [P )yrr 2728 IR (14 Aor) ™™,
thanks to Lemma [3.7] Lemma [3.10] Proposition [3.3] and Proposition [6.1]
Thanks to estimate , we get
N-1
jag| < O(1+ Jz*)r!/2=25(Nr) !
=1

1
(43) N7 2

(2) Estimate of a2,
First we write

tmt1 m—1 ~ _
jaz,| < CTE/ S n (= AR) 272 gy [T (= AR5 D ST P (X])|[(— An) 2T P DB (XT(8)) v
tm 1=0
Since F' is supposed to be bounded by || F||co, the estimate yields

1 1
(1 + )\(]T)l“

(—Ap)t" Z ST P F (X < C||F||OOTZ

With Lemma [3.10] and Proposition [6.1] we easﬂy obtain
N-1

1/2— 2;-@
(44) NTZ’C‘ | <O+ |2f)r

(3) Estimate of a3,
This is where things become harder. The problem is the same than for estimate aféh in

Sub-Section As for aTéh, using (19)), we decompose a}, = ayt + agnlLZ, with

tm+1 tm—5’7'0)\/0 ~ ~
a3l = —7E / / Srn ARSIl PudW (s), P, DU M (X7 (1)) dt,
tm

tm41 tm - ~
32 = 1K / { / Sy n ARSI PrdW (s), P, DU (X7 (1)) dt.
tm (

tm—570)V0

We remark that a2 = 0 if ¢, < 579. Thanks to the Cauchy-Schwarz inequality, to
Proposition (for § =0) and Lemma we get

(tm—57'0)\/0 5 B
B / Sen ARSIl PudW (s), P, DU M (X (1))
0 b

tm75T0)V0 ~ -
< (& / S, AL PUdW () [2) 12 (B| B DD (X7 (1)) [3) /2
0

C(1+ [zf*);

indeed we have the following inequality for 0 < 7 < 79:

tm—570)VO0
E| /0 R A ST P dW ()] < C.
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The proof is easily adapted from the corresponding one in the estimate of a’féh in Sub-Section

71
Then

N—
LS @ <ot e
NT

m=0

>—‘

For ay,?, we use the integration by parts formula of Lemma to get

m+41 tm - -
a>? = —7E S, A28 s Py AW (s), P, DUM) (X (1)) dt
" s h
m— TO
tm+1 - - .
= —7E / / Tr sm ISAQSﬂhPhDQ\I/(M)(Xh(t))DSXh(t)) dsdt.
tm —57‘0

Thanks to both estimates of Lemma we have for (t,, —570) V0 < s <t <t < tymi1

1
(1 + Aor) (A=A m—l)¢”

m—ls

[(—Ap)PD XM ()| < C(1 + Lpr)™ (1 +

),

and we see that (1 + Lp7)™ ' is bounded by a constant.

Seen in L(H), we have A,:lm_ﬂph = AZI/ZP;Z(—A)1/2(—A)_l/z_“(—A)”(—Ah)_”Ph; then
we use the fact that Tr((—A)~'/2%) < 400, and the equivalence of norms of Proposition
so that supy.j,<1 Tr((—43) /27 P,) < +00; then

tm41 E m— _ _K
a3 < 7E / / Sl A (A TS g Tr((4) )
— 7’0 \/

X (= AR)2 R P DPE D (XM (1)) (= A) Y22 ) | (= A) DX (8) | st

m+1 tm _1i3m 1 1
<C 1/2—2“/ / A (1+¢" dsdt(1 2
=07 tw (tm—srov0 " (1+>\07)(m15)32( * m_l5(1+)\07)(mls)(1”)> sl + [2l")

< 0771/272“(1 + |z[?),

using estimate , Assumption Proposition Lemmas and

We obtain
N—
Z 1_'_‘1,‘ ) 1/2—2n.
m:
Therefore
N—1
4 <ci 1/2-2x
(45) NTmzlla ml 1+ |=*)7

1

With the previous estimates on a', a? and a3, we get

=

1

e O laml < O+ [af*) (1 +T71)r /272,

1

(46)

3
I
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7.3.2. Estimate of b,,. We decompose the corresponding term into three parts: by, = bl + b2, +b3,,
with

tm+1 - -
b =E / (t — b (AR (T — ) X1, P, DBOD (X (1)))dt
tm
tm+1 - -
B, =E / (t — ) (AR, nF(X1), P DEOD (X (1)) dt

tma1 t 5 _
= [ S eamdiv(s), BB (X 1))
tm tm

(1) Estimate of b},

bl is bounded by the same expression as a,,: by we have
N-1
D 1ol S COAU+[yP) (A + T 722,

m=1

1

(47) N

(2) Estimate of b2,
We have

tm41 ~ ~
|| < TE/ (= AR) 2S5 Pl o) | PRF (X)) || (= Ap) 27" P DO (XM (2)) | dt
tm

<N Flloor 2 (14 |2?).

We then have
N—-1

LS 2| < oA+ Jaf?).
=1

(48) N

(3) Estimate of b3,
We again use the integration by parts formula to rewrite b3 :

tm41 t N B
b =E / ( / ApSrp PhdW (s), P, DU (Xh(1)))at
tm tm

tm+1 t - - -
=K / / Tr(SynAp P, DX (X (1)) Dy X (1)) dsdt.
tm tm

From , for t,, < s <t < ty+1 we have Dgf(h(t) = S;nPnl; as a consequence, the
situation is much simpler and we do not need to use the same trick as in the control of a2,.
Then we have

tm+1 -~ -
3 | <E / (t — tm)Tr(Syp Ap Py D2U D (X (1)) S, 1, Py dt
tm

tm+l
< C’T/t S n (= AR) 2T Pyl oy Te (= A) ™27 2) | (=AY S Pal

(= Ap) 252 P DO (X (1)) (= A) V252 oyt
< C(1+ |z?)rt/2=8nl2r

Therefore

(49) LS| < O(1+ a2,



With the previous estimates, we get

N—-1
> lbml < CO+ [2?)(1 4+ T 71272,
=1

(50) =

7.3.3. Estimate of ¢p,. This term is easy to treat: we have
tm+1 ~ ~
|em| < E/t (= AR) TP = S ) e [P F(XI)I(=AR) 27 P DU M (XM (2)) | dt

< Cr'Prr(1 4 Ja)?),

where we have used Proposition Assumption and Lemma Then we see that

N-1

LS o] < CTVER( 4 Jaf?).
=1

(51) N

7.3.4. Estimate of d,. The term d,, contains the error between F"(X"(t)) and F"(X!); we recall
that F* = P, o F. We perform an expansion with respect to an orthonormal basis (e?)ieN of H,

such that (e?)fio_l is the orthonormal basis of V}, introduced in Proposition - the vectors el for
i > N, do not matter.
In this orthonormal system, the cylindrical Wiener process is expanded as

(52) W)= Blt)el,
1€EN

with a family (8%);en of independent standard one-dimensional Wiener processes.

Let F : H — R denote the function such that F/*(z) = (F"(x),el). We also denote, for any

i € N, by 0! the operator such that 02¢(z) = (D¢(x),el) € R, for any x € H, where ¢ : H — R is
of class C!. Then
Np—1
(FMXM(1) = FM(X3), DD (XM(0)) = Y (FHXM) = B (X))l B (X0(1)).
i=0
The It6 formula gives for ¢, <t <ty and 0 <i < Np — 1

FNEM () - Fl X = / TS, 82, P D (K (9))ds
+ /t t (AnS-p X, DF]{(X"(s)))ds
+ / (S, P (Xh), DFM (" () ds
tm

+ /: (DF(X"(s)), SrnPudW (s)).

Thanks to this, d%l for j € {1,2,3,4} are naturally defined, and we now control each term.

(1) Estimate of d,
By definition, we have

tma1 1 t Np—1 - ~ ~
dl, = / E / > Tr(Srn S5, PaD*FN (X" (5)))dso 0 M) (X (1)) dt.
tm tm =0
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Expanding the trace thanks to the complete orthonormal system (

e?)iGN:
Np—1 _ ~ _
> Te(PhS: PaD*F(X"(5))S7 0 Pr)0f M) (X(1))
=0
1N, - . )
Z Z (D*FMX"(s)) —————=€, Mot UMD (Xh(t))
h b
= = (L+Npr)2 “
Nj—1Np—1 1
= ——— 5 D*F(X"(s)). (e}, ) ol (X(1)).
=0 j=0 (1+>\;LT)2 ] ]

For any fixed 0 < j < Np, — 1, the Cauchy-Schwarz inequality yields
Nj,—1

| Y DXEN(X"(s)).(e], ot u D (XM (1))

=0

N | D2FR(K(s)) (el ety [t - 2
(3 ik N RICA LIS I
= (A) =
where 7 < 1/2 is defined in Assumption

The second factor is bounded from above by |(—Ap,)7P, DU M) (X" (1))| < C|(=A)"DIM) (X" (1)),
thanks to Proposition the right-hand side is then controlled thanks to Proposition

To control the first factor, thanks to Assumption 2.7 we get
L DR (R (9) (el )P ~
< 2 e ) = (=Ap)"PAD*F (X" (s))-(e5 )|
=0 )

777

< Cl(=A)T"D*F(X"(5)).(e}, e})| < Clefmle}|u < C,
since (e); is an orthonormal system, and using Proposition
Therefore we obtain

Nj,—1

| > Tr(SenS;p PaD*FN (X" ()0 DY D (X" (1))

Nj,—1

1
< C(1 4+ |z|? —_—
L+ [l ;0 (14 A7)
Np—1 ()\hT)l/QJrn 1
C(1+ |z?)r=1/2n g
; (1+ Nrr)2 (AF)1/24n
<O+ |2)r V2 T (P (- A

Then thanks to Proposition we have

h)—1/2—mPh)'

|dL | < C(1 + |z|?) 7> ",
and

N-1
(53) dL| < O+ |z]?)rt/2".

m=1
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(2) Estimate of d?,

Thanks to and , we have

tm41 - ~ ~
a2, = / / Z (ApSyn XM DFEP (X" (s)))ol UM (X (1)) dsdt
1 m—1 B B B
/ / Z (A S Py + 7S A SR (X[, DFI (XN (5)) 05D (1) dsdt
=0
tm+1 tm ~ ~ ~
e[ / > [ S P (), DEMCE )0 (2 1) s

o 21 2,2
= d%! 4 22,

(i) For the first term, since F' and DF are bounded on H and 7 < 7y, we have, using

@1,
tmi1 t _ m—1 -
21| = |E / (DF!(M(s)). (ApSI Py + Apr Z ST (X)), DUOD (XN (1)) dsdt]
tm tm

tm41 t

<E [ [ 1A Sl (A0S hPhxr+TZ| A ST P | PaP (X))
tm tm

x | DOM) (X (t))|dsdt

1
< O-1-F 2 1+x (1 k)
< O 7 (U o) (1l 4+ 7 Z i /\07)(’"1)“)

k 1
<Crt (1+ |x|3)7(t1—n ).

m

Therefore

N-1

R ol + )T S (e )

m=1 "™

N—-1
Zr

<0¢1—“(1+|m|3)(1/T ! ——dt +1)
— T 0 ti—k

1

1
<Crtr(1 4+ |m|3)(1 + T_H”/O 1—d8)

S*K/

(54) <O+ ) (L4 T,
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(ii) For the second term, we again use an integration by parts, after a decomposition of
the time interval - as in the estimates for a3,. First,

tm+1 t Nn—1 - - ~
>2=E / / > (An / ST PLdW (r), D (X"(s)))0p M) (X (1)) dsdt
tm tm =0
m+1 t Np—1 (tm—570)VO ~ ~ ~
/ / > (A / ST P dW (r), DE!N (X7 (5)))0f 0 M) (X7(t) ) dsdt
tm =0
tm+1 t Nh 1 B
w2 [N, / ST B (r) Ol F (7 ()90 § O (X (1)) dsd
tm tm i m=0 (tm—570)VO

o221, 5222
= @221 4 222,

Recall that (e; )0<1< N, —1 is the orthonormal basis of V}, introduced in Proposition See
also . For al2 21 , we can work directly as for the similar part in a, and we see that

¢ Np—1

tm41 tm—STQ)VO - ~ ~
[ X SRV (1), DE! (XM ()00 (X (1)) dsdlt
tm t

m =0

|dy”
m—+1 (tm 57—0) 0 ~ ~
/ / E[(DF"MX"(s)).ApSyn / STt PudW (r), DU (XM (1)) | dsdt
0

tm+1 (tm—57'0) VO - -
< / / (E|Ap Sy / STl PudW (r)[2) V2B DT M (X7(8)) %) * dsdt

< O+ |z)),

thanks to Lemmas Proposition and to the estimate proved in the control of a3,:

(tm—570)VO (tm—570)VO
E| Sy / S™=le By dW (r) | < EJA2S,p / STl By dW (r)? < C.
0 ’ 0 ’
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For d?,;m, we can write thanks to the Malliavin integration by parts and with the

chain rule
tmt1 pt Nh 1 tm ~
BTN [T el s o) ENT ()l 8O (R0 st
tm tm i m=0 (tm—510)V0
trs A@ 1 . ~ _
—= | / / (A STl Leh gl gl FI (X (s))(DEh K (s), el oM HOD (7(8)drdsdt
tm tm TIL_5TO)\/O 3 ] m,n=0
tm1 tm Nh 1 ~ ~ h =~
+E / / / (ARST el eMor Pl (X (s))0hop &M (X7 (1)) (Dgm X(t), elt)drdsdt
tm tm / (tm—=570)V zjmn 0
tm Np—1 ) . . )
/ / / DzFih(Xh(s))(AhST{lT“efn,Dmeh(s))afl\I/(M)(Xh(t))drdsdt
tm tm, m—57'0)\/0 '
o A@ 1 .
+E / / / S (Bils, 1) An ST ek DR KR (1)) drdsd
tm tm J (tm—510)V0 ;= 0 ’

tm+1 tm Nh 1 - - - -
/ / / d T (Ph(DTXh(s))*DQF;L(Xh(s))AhST;lr“Ph) AP (Xh(t))drdsdt
m—5‘l‘0)\/0 = 0 ’

bt Np—1 .
+E / / / > T (Ph(DTXh(t)*Bi(s, t)AhS’T“h_l*“Ph) drdsdt,
tm tm m_57'0 '

where we define, for each 0 <i < Nj —1, a linear operator on Vj, by
Np—1
(Bu(s D on) = (DFL(XM(s)).n) Y 0ol (K7 (6)) (g, el
n=0
— (DEP(X"(5)), oa) (DPHOD (K1) b, ).
We have, for any zp, y, € Vi, ZZ 2y 1<Bl-(s,t)xh,yh> = D2y(M) (Xh(t)).(DFh(f(h(s)).xh,yh)
and, using Proposition [6.1] and Assumption [2.7]
Nyp—1
1> Bi(s, )l < IDF(X™(8))] 20y D*T M (X)) | )
i=0
so we can write, for (¢, —579) V0 < r <t

Np—1

Y T (Ph(DTXh(t)*Bi(s,t)AhSZ‘,:l"“Ph) |
1=0
Ny —1
<D X W) 2] Y Bils, )l i (= An) 2SI Pl 211 | Srn (— An) 425 Py oy Tr(Pu (= Ap) =272 By
=0

_ 1
< 1/2—2k,—143K/2
cr- bt (1 + A7) m—tr)3w/2"

using Lemma - since (1 + Lp7)™ ! < C - and Lemma
For the other term, we have to deal with the poor regularity of F' at second order. We
and expand the trace with respect to the orthonormal basis

proceed as in the control of d},,

(6?%61\1 of H.
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Np—1
[ D7 T (Pu(D, X" () DEFI(X" () AnS o Py ) 010D (X1 (1))

i=0
NS D2EN (XM (s)) (el )] Ny
h % BN ah g, (M) [ 5h
<K ey Y g e RO 0)
i,j=0 i J
R B B Nh—l B )\h
<D X" ()| i) (= An)" PR DI (X ()| D [(—An) "D F*(X"(s)). (e}, €] i+ )\hT])Hm_lr»
J=0 J
thanks to the Cauchy-Schwarz inequality.
By using the same analysis as in the estimation of d}. , we see that the above expression
is bounded by
( Nh—l )\h
Sh Ry = (M) [ wh J .
C|Dr X" (8)| £ vy (= Ap)" P, DO (X () | 1 jgo (1 + Nig)oomeie
but the last sum is equal to Tr(P, A, S F1) 5o that we see that indeed the two expressions
in d%? are bounded by the same expression.
Therefore
22
tm+1 t tm 1/2 9 1+3I€/2 1 9
<E Cr=H"¢_ - 1+ |z|*)drdsdt
/tm /tm /(tm570)v0 mel (14 AOT)(mflT)‘s”/Q( [«I")
tm _ 1
< 2\, 1/2—2k 14+3k/2
<C+ |x|*)T 7'/0 b, (1_,’_)\07_)(m7lr)31£/2d’[“
< CU+ [ayr>2n,
as already proved - see (31)).
Now gathering estimates for d%>! and d%’LZ’Q, we obtain
1 Nl
_ 2,2 2\.1/2-2
(55) N D AR < O |af)rt/2
m=1
(3) Estimate of d>, We have
tmg1 gt Vo=l ~ ~ ~
d =B [ [ (O, DE (X (5)) 0 D (R (1)) s
tm tm i=0

= E/th /t (P DT (X0(1)), DFM (X" (5)).(Sy 0 F* (X1 )))dst.
tm

tm

We have assumed F' and DF to be bounded, so we easily get
|l < C(1 + [2[*)7?

and

(56) 1 doldd < C+ =)



(4) Estimate of d?,
Finally, thanks to the integration by parts formula of Proposition [6.3] we have

tm41 t Np—1 - ~ ~
i =F / / > (DEMX"(s)), SpPudW (5))0f &M (X7 (1)) dt
tm tm =0

:E/tm+1/ Tr (DSXh(t))*PhDQ‘i’(M)(f(h(t))DFh(f(h(s))ST,hPO dsdt

tm41 t N B N
=E / / Tr (ST,hPthtl/(M)(Xh(t))DFh(Xh(s))Sm) dsdt;

indeed, we have Dﬁ?(t) = Sy pl forall ¢ € Vi, when t,,, <s <t <tp,41 - see also the control
of b3,. Now,

tm41 t -
| <E / 105,402+ ey IDF (X6 e S

x [ D2UD (XP(4))] £y Te(Po(—Ap) ™25 Py )dsdt
<C(1+ ]x\z)Tl/z_“T,

and
(57) ~ Z (] < C(L+ [2*)7/27r.
(5) Estimate of d,,: conclusion With (53), (54), (55), (56) and (57)), we get
N—1
1 1/2—2k 3 —1+k
(58) NT;WM < Or'2( 4 [2P) (1 + T7H).

7.3.5. Estimate of ep,. Using the symmetry of the operators P, € L(H) and S;; € L(V4), the
commutativity of P, and S;j and the fact that P, is a projector, we have in L(H)

PyPy — (SenPr)(SenPr)* = 2PySrnPr(I — Sep)Pr 4 Po(I — Sep)Pr(I — Sep) Ph;
we then decompose e, into two parts: e,, = e’ + €2, with

tm+1 ~ ~
el = E/ Tr(PySrn Pu(I — Srp) P D*TM (XM (1)),
tm

2 _ 1

tm+1 - ~
e IE/ Tr(Py(I — Srp)Pu(I — Sy ) PuD*TM (X (1))).
tm

(1) Estimate of e},

tm+1
el | <E / | Te((—A) 27" (= A) 2 PyS, p Pu(I — Srp) PuD2 T (XP(1)) (— A)Y2) |ds
tm

tm+1
< E/t Tr((_A)_l/Q_H)‘(_A)QHPhSTJLPh(I o Sr,h)(_Ah)_1/2+ﬁ‘£(H)
X |( Ah)1/2 HP DQ\IJ( )(Xh(t))( A 1/2— n|£ ds
1+ ’x‘Q)T‘ Ah 2HST hPh(I Sr h)(_Ah) 1/245
)

( + |:E‘ 7_7_—257_1/2—/4 _ 07_1-1—1/2—3/-@.
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(2) Estimate of €2,

]efn|:\;E/thT(Ph(I S )Pl = S2) PLD2IOD (XN (1))

m

tm+1
< %E / | Te((—A) Y2 (= AP Pu(I = Srp) Pa(l = Sr)
tm

< Py Ay) M A YR DO (R 0)) ()2 s
<C(1+ |z rTe((— A)_l/g_”)}(—A)Q’“Ph(I — Srn)Pr(I — S’Tyh)Ph(—Ah)_l/QJ“”‘E(H)
< O(L+ [2P)r|(=An)* (I = Srp) Pa(l = Srn)(=An) /24 Ly,
< O + |@)?)rr2r7l/270 = Op1+1/273k,

(3) Estimate of e,,: conclusion
We thus have

(59) ;VNZ_: el < C(1+ |2]2)71/273%,
7.3.6. Conclusion. With the above estimations, we get
(60) |— Z /tm+1 Uvmvh)\iﬂM) (XP(@)dt| < C(1+ |af)r /2 r (L + 77 1),
7.4. Conclusion. With (| . and , we get
N Z (o(x ) < COUA PP R (14 T £ T (14 B,

where C' does not depend of T, h and M.
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APPENDIX A. STUDY OF THE (FINITE-DIMENSIONAL) POISSON EQUATION

This Section is devoted to the proof of Proposition [6.1]

Let ¢ € C,?. For lighter notation, we will assume in this appendix that ¢ = 0. We define the
function w for any ¢ > 0 and € H by

(61) u(t, x) = Elp(X (£, 2))],

which is solution of a finite dimensional Kolmogorov equation associated with the Galerkin finite
dimensional approximation of :

du
dt
Since ¢ is of class C2, bounded and with bounded derivatives, we are able to prove that with respect
to y the function v is twice differentiable. Then, using the It6 formula, we can show that W is

solution of .
To prove Proposition we only need to show that u € C? and that u and its two first derivates
have estimates which are integrable with respect to t. In fact, we will show the result below:

Proposition A.1. Let ¢ € Cg such that ¢ = 0 and u defined by . There exist constants C, ¢
and fi > 0 such that for any 0 < B,v < 1/2 there exist constants Cg and Cg, such that for any
t>0andy e H

(t,2) = Lu(t, z) = %Tr (D?u(t,x)) + {Ax + F(x), Du(t,)).

(62) ju(t, )] < C(1+12P) || 6 1
(63) IDult, )l < ColL+ 55)e (14 [2) | 6 10
and
1 N
64) 1A Dult,2) (A o < Coall+ 5+ ) P+ (o) [ 6 e,

where n < 1 is defined in the Assumption
Remark A.2. In fact the estimation , is true for 5 < 1.
The proof of this result is similar to the proof done in [3].

Remark A.3. Since ¢ is of class C?, bounded and with bounded derivatives, we are able to prove
that with respect to y the function u is twice differentiable, and that the derivatives can be calculated
in the following way:

e For any h € H, we have

(65) Du(t, z).h = E[DS(X (t, )" (1)),
where n* is the solution of
h,x
D) _ gt (a) + DE(X (1)) (1),

n(0) = h.
e For any h,k € H, we have

(66) D?u(t,x).(h,k) = E[D*¢(X (t,2)).("* (£), 0" (t)) + Do(X (t, x)).C""*(8)],
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where ¢"F7 s the solution of
h,k,x
L0 _ A1) + DE(X (1)) CPR(0) + D2F (X (1)) (0 (). 1),

¢"Fr(0) = 0.
Morover, we already have the equation (see )

We will now show the equations and . The singularity ¢=7 in is a consequence of
the regularity properties satisfied by F. The proofs require several steps. First in Lemma below
we prove estimates for a finite horizon and general 0 < 3, < 1/2; then in Lemma we study
the long-time behaviour in the particular case § = v = 0; we finally conclude with the proofs of
Proposition

First, we prove estimates of these quantities for 0 < ¢t < 1 - see Lemmas 4.4 and 4.5 in [I], with
a difference coming from the assumptions made on the nonlinear coefficient F':

Lemma A.4. For any 0 < 8 <1/2, 0 <y < 1/2, there exist constants Cg and Cg such that for
anyy € H and any 0 <t <1

C
[Du(t 2)|s < <5 | Do |l
1 1
|(—A)° D2u(t, 2)(—A)"| £ () < Coa(5 + 357 D@ lloo + | D%¢ ||o).
Remark A.5. If we take another time interval |0, Tp,qz] instead of )0, 1], the constants Cz and Cpg -
are a priori exponentially increasing in Tiay-

Proof Owing to and , we only need to prove the following almost sure estimates, for
some constants Cg and Cpg - which may vary from line to line below: for any 0 <t <1

C
h B
()] < 2 Jhlg
t
(67) 11
hk.x in(—
[CR2(0)] < Cpy min(55, 7577)
where the parameter 7 is defined in Assumption [2.7]
We use mild formulations, and the regularization properties of the semi-group given in Proposition
2.0l

‘h|—5|k|wv

t
()] = e+ /0 (IADF(X (s, y)) " (s)ds]

C/B ! h,x
< t7|h\—,8 +C [ |n"*(s)lds,
0

and by the Gronwall Lemma we get the result.
For the second-order derivative, we moreover use the properties of F' in Assumption to get

b)) = | /0 DADE(X (s, 2)).C"F2 (5)ds
4 / U=DAD2R(X (s, 2)). (" (s), 0% (s))ds|
0

t t
C
SC’/ ke (g ds+/ ﬂnh’y )| (s)|ds
e+ [ a6 )
1

t 1
h.k,x 1-n—B—v _
<0 [ olds + Calhl-plblt 5 [ s
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To conclude, it remains to use the Gronwall Lemma, since for any 0 < t < 1 we get t'=77F=7 < ¢,
thanks to the assumption 5+ v < 1. O

Thanks to the dissipativity property expressed in Proposition 2.9} we can prove the result in the
case § = v = 0. We notice that the proof would be straightforward under a strict dissipativity
assumption - since then 1 (t) and ¢"*7(t) would decrease exponentially in ¢; in the general case
n"®(t) and ¢"F*(t) are exponentially increasing in time so that we can not work directly. Here the
result comes from the estimate of Proposition

Lemma A.6. There exist constants C' and ¢ > 0 such that for any t > 0 and anyy € H
(68)

—c —c 1
[Du(t, )| < Ce™ (L +[2[) [ ¢ oo and  [D*u(t,2)lcury < Cem(1+ ) (L4 [21) | ¢ lloo -

Proof The Bismut-Elworthy-Li formula states that if ® : H — R is a function of class C? with
bounded derivatives and with at most quadratic growth - i.e. there exists M (®) > 0 such that for
any y € H we have |®(y)] < M(®)(1 + |x|?) - then we can calculate the first and the second order
derivatives of (t,z) — v(t,z) := E®(X (¢, z)) with respect to y. First, we have for any y € H and
heH

Do(t,x).h = 711[‘3[/0 (nh’x(s),dW(s))CI)(X(t,x))]

(69) )

t/2
= JEL[ ). W @)e/2 X (1/2.0)

the second equality is a consequence of the identity v(t,z) = Ev(t/2, X (t/2,y)) obtained with the
Markov property, and of the first equality applied with the function v(t/2,.).

Using the second formula of , we obtain a formula for the second order derivative: for any
y€ H and h, ke H,

9 t/2
D?u(t,x).(h, k) = tIE[/O (ChR2 (), dW (s))o(t/2, X (T/2,x))]
(70)
2

t/2
+ tE[/O (™" (s), dW (s)) Do(t/2, X (£/2)).0"* (t/2)].

We then see, using Lemmas and [A4] - with 8 = v = 0 - that there exists C' > 0 such that for
any 0(t <1,z € H, h,k e H

wwmmsz@aﬂwm,

o~

(71)

|D?u(t, z).(h, k)| <

S @)1+ fa) k]

Now when ¢ > 1 the Markov property implies that u(¢,z) = Eu(t — 1, X (1, x)), and by we have
u(t = 1,2) _/ ¢dp| < Ce= V(1 +12*) || ¢ Jloo -
H
If we choose ®;(x) = u(t — 1,2) — [,; ¢dfi, we have u(t,r) = E®;(X (1, 2)) + [, ¢df, with M (P,) <
Ce= =1 || ¢ ||oo. With at time 1, we obtain for ¢t > 1
|Du(t,2).h| < C || ¢ [loo eV (1 + |2 R|

D%u(t,z).(h, k)| < C || ¢ lloo eI (L + [f*) ] |K]-

Moreover by Lemma we have a control when 0 < ¢ < 1, so that with a change of constants we
get the result. O
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We can finally prove the Proposition [A71] The key tool is the Markov property of the process X
which yields the following formula: for any ¢ > 1

(72) u(t,z) = Elu(t — 1, X1 (2))].

To get the exponential decreasing, we use Lemma at time t — 1 when ¢ > 1, while |h|_g
appears from 7, (1), and with estimates coming from Lemma

Proof of Propositions [A 1]
Using equation and Lemma for any t > 1 we have
|Du(t,2).h| < C| ¢ lloo e ““VE[(1 + X (1,2) )" (D)) < C || ¢ [loo e (1 + [2]*)[h] 5,

where the last estimate comes from Lemmas and [A4]
Combining this estimate with the result of Lemma [A4] which gives an estimate for ¢ < 1, we

obtain )

For the second order derivatives, Lemma [A74] gives an estimate for ¢ < 1, and for ¢ > 1 we use

to see that
D?u(t,z).(h, k) = E[D*[u(t — 1, X (1, x))].(h, k)]
=ED?u(t — 1, X(1,2)).(n*(1), n**(1)) + EDu(t — 1, X (1, z)).¢"*=(1).

Using Lemma [A.6] we get an exponential decreasing; thanks to Lemma [3.9 and to the estimates in
the proof of Lemma [A4] at time 1, we obtain

|D?u(t,x).(h, k)| <[ ¢ lloo e (1 + |2]*)[1] _g]k| .
Then easily follows.

APPENDIX B. PROOF OF SOME ESTIMATES

We give the detailed proofs of some estimates on the processes (X"(t));ep+ and (X}")gen, given
in Section 3.4l

We omit the reference to the parameter of the spatial discretization h € (0,1), but it is clear from
the proofs that the constants are uniform with respect to h.

Proof of Lemma [3.9/If we define Z(t) = X (t) — WA4(t), we have Z(0) = X(0) = , and

dfzit) = AZ(t)+ F(X(t)),
and by Proposition [2.9]
Ld|Z(t)]?
5 g = (AZ() + F(X(1). Z(1)

= (AZ(t) + F(Z(1)), Z()) + (F(X (1)) = F(Z(t)), Z(t))
< —clZWP + O+ |Fll] 2(1)]
< =dZ@BP +

for some new constants ¢, C".
Then almost surely we have for any ¢t > 0

1Z(@)] < C(1+ [z]).

Thanks to @, the conclusion easily follows. ]
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Proof of Lemma As in the proof of Lemma [3.9 above, we introduce Z,, = X, — w,, where
the process (wy,) is the numerical approximation of WA with the numerical scheme - with
F = 0; it is defined by

Wm+1 = S‘r,hwm + \EST,th-‘,-l-
Using Theorem 3.2 of [25], giving the strong order 1/4 for the numerical scheme - when the initial
condition is 0, with no nonlinear coefficient, with a constant diffusion term and under the assump-
tions made here - we obtain the following estimate: for any p > 1, 79 > 0 and 0 < r < 1/2 there
exists C' > 0 such that for any 0 < 7 < 719 and m > 0

(73) E|wn, — WA(mr)[? < 7 (1/277P,

Thanks to @ and , we get that for any 7y > 0, there exists C' > 0 such that for 0 < 7 < 79 and
m >0

(74) E|w,,|* < C.
Now Z,, defined above satisfies Zyg = Xg = = and
Zm+1 = ST’th + TST,hF(Xm);

since, for h € (0,1), [Srnlem) < ﬁ, we obtain the almost sure estimates

1
| Zima1] < W’Zm’ +Cr

and
| Zm| < C(1+ |z|).
Thanks to , we therefore obtain the result. ]
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