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APPROXIMATION OF THE INVARIANT MEASURE WITH AN EULER
SCHEME FOR STOCHASTIC PDE’S DRIVEN BY SPACE-TIME WHITE
NOISE

CHARLES-EDOUARD BREHIER

ABSTRACT. In this article, we consider a stochastic PDE of parabolic type, driven by a space-time
white-noise, and its numerical discretization in time with a semi-implicit Euler scheme. When the
nonlinearity is assumed to be bounded, then a dissipativity assumption is satisfied, which ensures
that the SDPE admits a unique invariant probability measure, which is ergodic and strongly mixing
- with exponential convergence to equilibrium. Considering test functions of class C?, bounded and
with bounded derivatives, we prove that we can approximate this invariant measure using the
numerical scheme, with order 1/2 with respect to the time step.

1. INTRODUCTION

In this paper, we are interested in the discretization in time of the following stochastic reaction-
diffusion equation

Oy(t,€) _ 0%y(t,€) Ow(t,§)

1 = t AN
for t > 0,¢ € (0,1), with the initial condition y(0,¢) = y(&), and homogeneous Dirichlet boundary
conditions y(t,0) = y(¢,1) = 0. The stochastic perturbation % is a space-time white noise: the

rigorous interpretation of (1) is given by an abstract evolution equation (2) - in the sense of [3] - in
the Hilbert space H = L?(0,1), driven by a Wiener cylindrical process - see Section 2.3.

The numerical approximation of stochastic equations has been extensively studied during the last
thirty years. First we recall that one can look at strong approximation results - when the trajectories
of the continuous and the discrete-time processes are compared - or at weak approximation results
- when the laws at a fixed time are compared. The simplest method in the case of SDEs is the
Euler-Maruyama scheme; it is built as a straightforward extension of the well-known explicit Euler
method for ODEs, which is of order 1: if we consider in R? a SDE with regular coefficients

dXt = f(Xt)dt + O'(Xt)dBt, XQ =x,
its numerical approximation is defined for a given step-size At by
X() =,
Xny1 = Xn + [(Xn)Al + 0(X3)(Bt,, 1, — Bt,)-
Due to the regularity properties of the Brownian Motion, this scheme is in general only of order
1/2 in the strong sense - i.e. for nAt < T we have E| X, n; — X,|> < C(T)At - while it is of order
1 in the weak sense - i.e. for test functions ¢ of class C3, with bounded derivatives, we have a
bound [E¢(X,a:) — E@(X,,)| < C(T, ¢)At. The idea for proving that weak order is 1 and not 1/2

is to consider the Kolmogorov equation associated with the process X;, which is satified by the
function (t,x) — E¢(X (t,x)) - see [26], [28]. The books [14] and [22] - see also [21] - contain various
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numerical schemes - like the well-known Milstein scheme, some implicit schemes, and methods based
on stochastic Taylor expansions - with their order of convergence in both strong and weak senses.

Numerical methods for SPDEs like (1) need discretization both in time and in space. For example,
time discretization leads to explicit or implicit methods, while discretization in space can be done
with finite difference or finite element methods. Basically, the result for space-time white noise
driven equations is convergence with strong order 1/2 in space and only 1/4 in time - under some
Courant-Friedrichs-Lewy conditions when necessary: see [5], [10], [11], [12], [13], [29].

If we look at the abstract formulation of (1) in the Hilbert space H, results have also been proved
for the time discretization using semi-implicit Euler schemes: the strong order of convergence is
1/4 - see [24] - while the weak order of convergence is 1/2 - see [6]. Moreover in [8], the authors
have studied weak convergence in the case of linear equations when using a finite element method
in space. We follow here the framework of [6]: we consider the stochastic evolution equation in H
and we use a time discretization with a semi-implicit Euler scheme, with no discretization in space.

In this work, we are interested in the behaviour of the weak convergence estimates when the final
time 7' goes to infinity: can we replace constants C(7,¢) by a constant C(¢) independent from
T?7 Passing to the limit, we thus ask the more general following question: can we use a numerical
scheme to approximate the invariant probability measure of the continuous time process - which is
assumed to be unique, ergodic and with exponential convergence to equilibrium? The SDE case has
been studied with various methods: in [27], the weak error analysis is made by showing that the
time derivatives of the solution of the Kolmogorov equation are exponentially decreasing in time;
in [17], some general conditions are given for the ergodicity of the numerical scheme, thanks to the
theory of geometric ergodicity of Markov Chains. In [19], the approximation result is shown thanks
to the use of a Poisson equation.

In the case of SPDESs, general ergodicity results have only been obtained recently - see Section
4.3 - and the problem of approximation of invariant measures by numerical schemes has not been
studied yet.

We prove the following result:

Theorem 1.1. For any 0 < k < 1/2, 79 > 0 and for any Cf function ¢, there exists a constant
C > 0 such that for anym > 2, y€ H and 0 <7 < 79

[E[$(Y (m7,y))] = E[¢(Yn(7,9))]] < C(L+ [y*)(((m — 1)r) 71/ 4 1)7!/27n,

The continuous process Y is defined by Equation (2) below, and the numerical approximation
(Y. (7,y)) with time step 7 and initial condition y is defined by (8).

We notice that the right-hand side of the previous estimate contains a singularity when m = 1,
which is due to a lack of regularity of the infinite-dimensional processes - details are given in Sub-
Section 6.1 below. However, if we look at the error at a fixed time T' = mr, if 7 is small enough
we just need to change the constant C' = C(T'); moreover since we are interested in the behaviour
when m goes to infinity, this term plays no role.

With the assumptions precised below, we show in Section 4.3 that the SPDE admits a unique
invariant probability measure iz, which is ergodic and strongly mixing, with exponential convergence
to equilibrium; nevertheless we can in general only show the existence, not the uniqueness, of
invariant measures for the numerical approximation, and we can prove the following result:

Corollary 1.2. For any 0 < k < 1/2, 79 > 0 and for any Cg function ¢, there exists constants
¢ >0, C >0 such that for any 0 < 7 < 19, any initial condition y € H and any m > 1

1
ml/2—k

¢ (Yn(r,9))] /H odn) < O(1+ yf*)( 2R 4 O 4 [g2)een
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Moreover, if u™ is an ergodic invariant probability measure of the numerical scheme (Y, (T,.))men,

we have
[ o~ [ odnl < ori2rs
H H

all the ergodic invariant measures of the numerical approxzimation are then close to the unique
tnvariant probability measure of the continuous process.

Up to our knowledge, this is the first result of this kind for SPDEs.

The key point, like in [27], for obtaining bounds independent from the time 7" = mr, is to prove
that derivatives of the solution u of the underlying Kolomogorov equation - mentioned above -
decrease exponentially in time: this is done in Section 5.2, using a coupling method.

Moreover, an essential tool in [6] is the use of Malliavin calculus and of an integration by parts
formula in order to transform a stochastic integral - which is not regular enough in space in the
infinite dimensional setting - into an expression which can be controlled; in Lemma 4.5, we see that
the involved Malliavin derivatives may increase exponentially fast with respect to time. The solution
is to separate the lack of regularity problem and this badly controlled growth with a decomposition
of the interval into two parts: in the first one we need the integration by parts formula, and we can
control the Malliavin derivatives, while in the other one we can directly give an appropriate bound.
We also provide an improvement with respect to [6]: we can consider a more general nonlinear
coefficient G - like a Nemytskii operator, see Example 2.7.

We also notice that some more general equations, with additive noise which is white in time but
colored in space, can be studied with our method, with suitable assumptions on the coefficients.
For a very smooth noise, the numerical analysis on finite time is easier to treat, but then ergodic
properties and long-time behaviour require different techniques; this will be treated elsewhere.

The case of some equations with multiplicative noise which satisfy the Strong Feller Property is
also covered by our technique of proof, but with some additional difficulties - see for instance the
restrictive condition on the diffusion coefficient in [6]. Since all the necessary ideas are contained
here and in [6], we only focus on the additive noise case.

The paper is organized as follows: in Section 2, we precise the assumptions made on the coefficients
of the equations, and we define the numerical method in Section 3. In Section 4, we give some
bounds on the solutions of the continuous and discrete equations, and we study their asymptotic
behaviour: existence of invariant measures, and uniqueness for the continuous equation, following
from Proposition 4.7. In Section 5, we explain the proof of Theorem 1.1, and we give a proof of
Corollary 1.2; more precisely, in Section 5.2 we prove the exponential decreasing in time of the
derivatives of the function u. Eventually Section 6 contains the proofs of the remaining estimates

2. NOTATIONS AND ASSUMPTIONS

Let H be a separable Hilbert space, with norm denoted by |.|i or simply |.|. We consider
equations of the form

) dY (t,y) = (BY (t,y) + G(Y (t,y)))dt + dW (t)

In the next paragraphs, we explain the assumptions on the linear operator B and on the nonlinear
coefficient GG; we also recall how the cylindrical Wiener process W is defined, and how we can
construct solutions of this equation.

2.1. Test functions. To quantify the weak approximation, we use test functions ¢ in the space
CZ(H,R) of functions from H to R that are twice continuously differentiable, bounded, with first
and second order bounded derivatives.
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Remark 2.1. In the sequel, we often identify the first derivative Dé(z) € 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
formulas:

< D¢(z),h >= D¢(z).h for every h € H
< D?¢(x).h, k >= D*¢(z).(h, k) for every h,k € H.

In the sequel, we use the following notations:
[@]|oc = sup |®(z)|u
reH
[[ly = sup [D®(z)|x
zeH

@2 = sup |D*®(x)|(s)-
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 (fr)ken, and a non-decreasing sequence of real positive numbers (ug)kren
such that:

Bfir = —pgfr for all k € N.
(2) The sequence (py) goes to 400 and

+00 1
Y S <tooea>1/2
k=0 Mk

The smallest eigenvalue of —B is then py.

Example 2.3. The equation (1) enters in this framework: we can choose B = %, with the domain
H?%(0,1) N H}(0,1) € L*(0,1) - corresponding to homogeneous Dirichlet boundary conditions. In
this case for any k € N pg, = 2(k +1)%, and fi.(€) = v2sin((k + 1)7€) - see [2].

For a N € {1,2,...}, we denote by Hy the subspace of H spanned by fo,..., fnv_1, and by Py
the orthogonal projection of H onto H .

The domain D(B) of B is equal to D(B) = {y = 372 yefr € H, > 020 (1) lyk]® < +oo}. We
can more generally define fractional powers of —B, for b € [0, 1]:

[oe)
(—=B)’y=>_ myefs € H,
k=0

with the domains

00 +o00
D(-B)" = {y =Y wfe € Ho lyl =D () lel” < +oo} :
k=0

k=0
When b € [0,1], we can also define the spaces D(—B)~" and operators (—B)~°, with norm
denoted by |.|_p; when y = S/ y,fr € H, we have (—B) by = Z::ap;bykfk and |y2, =

w0 (e) " .
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The semi-group (e'?);>0 can be defined by the Hille-Yosida Theorem - see [2]. We use the
following spectral formula: if y = Z:ﬁg Yifr € H, then for any t > 0
+oo
2y = 3 iy g
k=0
For any t > 0, e!? is a continuous linear operator in H, with operator norm e #°¢, The semi-group
(e'B) is used to define the solution Z(t) = e!®z 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. Basically we
need the following properties, which are easily proved using the above spectral properties.

= BZ(t) with Z(0) = 2.

Proposition 2.4. Under Assumption 2.2, for any o € [0, 1], there exists Cy > 0 such that we have:
(1) for anyt >0 andy € H,

o M0
’etBy‘USCOt e QOt’y‘H-
(2) forany0<s<tandye€ H,

(t—s)”

_ ko
|etBy _ 6sBy|H < C, - e 2 8|y|H

(3) forany 0 < s <t andy € D(—A)?,
[Py — e Pylir < Colt = 5)7e %yl
2.2.2. The nonlinear operator. The nonlinear operator G is assumed to satisfy some general assump-

tions. In Example 2.7, we give the two main kind of operators that can be used in our framework.

Assumptions 2.5. The function G : H — H is assumed to be bounded and Lipschitz continuous.
We denote by Lg the Lipschitz constant of G

We also define for each N > 1 a function Gy : Hy — Hpy, with Gy(y) = PyG(y) for any
y € Hy. We assume that each Gy is twice differentiable, and that we have the following bounds on
the derivatives, uniformly with respect to N :

o There exists a constant Cy such that for any N > 1, y€ Hy and h € Hy
|DGN(y)-hlg < Cilh|m.

e There exists n € [0,1) and a constant Cy such that for any N > 1, y € Hy and any
h,k € Hy we have

(=B)"D*G N (y).(h, k)| < Colhlulk|n-
o Moreover, there exists a constant Cs such that for any N > 1,y € Hy and any h,k € Hy
ID*G N (y)-(h, k)| < Cs|h|(—py k| a-
Since G is bounded, the following property is easily satisfied:
Proposition 2.6 (Dissipativity). There exist ¢ > 0 and C' > 0 such that for any y € D(B)
(3) < By+G(y),y >< —cly|” + C.

We remark that we have uniform control with respect to the dimension N of the bounds on Gy
and on its derivatives, and that (3) is also satisfied for Gy, with constants ¢ and C' independent
from N.
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Example 2.7. We give some fundamental examples of nonlinearities for which the previous as-
sumptions are satisfied:

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

e The function G 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 G(y) is defined for every y € H = L*(0,1)

by
G(y)(&) = 9(&,y(6)).

In general, such functions are not Fréchet differentiable, but only Gdteauz differentiable, with
the following expressions:

[DG(y).h](€) = g—g@,ywa

2 329
[D°G(y).(h, k)](&) = a—yQ(S,y(s))h(f)k(fS)-

If h and k are only L? functions, D*G(y).(h, k) may only be L'; however if h or k is L™,
it is L?. The conditions in Assumption 2.5 are then satisfied as soon as there exists n < 1
such that D(—B)" is continuously embedded into L>°(0,1) - it is the case for B given in
Ezxample 2.3, 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 |.|. For more details, see [3].

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

e a complete orthonormal system of H, denoted by (g;)ics, 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
() W) =3 G

iel

When I 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 (g;,) = (v/2sin(km.))g>1 - see Example
2.3.

A fundamental remark is that the series in (4) does not converge in H; but if a linear operator
U : H — K is Hilbert-Schmidt, then W (¢) converges in L?(§2, H) for any ¢ > 0.

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

+o0
1%, ) = D ¥ (i) < +00,
k=0
where the definition is independent of the choice of the orthonormal basis (qi) of H. The space of
Hilbert-Schmidt operators from H to K is denoted La(H, K); endowed with the norm |.|z,q k) it

is an Hilbert space.
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The stochastic integral fo (s)dW (s) is defined in K for predictible processes ¥ with values in
Lo(H, K) such that fo |W(s) ’LQ(H K)@s < 400 a.s; moreover when ¥ € L3(Q x [0,t]; Lo(H, K)), the
following two properties hold:

E[/ s)AW (s)|% = E / |W(s) ’L (m,k)@s (1t6 isometry),

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

A generalization of It6 formula also holds - see [3].
For instance, if v =), - vrqr € H, we can define

< W(t),v >:/ <, dW Zﬁk Vks
0

keN
we then have the following space-time white noise property
E<W(t),v ><W(s),va >=tAs <wv,vg >.

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

(5) Wh(t) = / t =B aw (s).

0
It is called a stochastic convolution, and it is the unique mild solution of

dZ(t) = BZ(t)dt + dW (t) with Z(0) = 0.

Under the second condition of Assumption 2.2, there exists 6 > 0 such that for any ¢ > 0 we
have fg S%\eSB | Lo(m) @8 < +00; it can then be proved that W B has continuous trajectories - via the

factorization method see [3] - and that for any 1 < p < 400
(6) Eiglo) WE#)P, < +o0.

We can now define solutions to Equation (2), thanks to the assumptions made on the coefficients:
the following result is classical - see [3]:

Proposition 2.8. For every T > 0, y € H, the equation (2) admits a unique mild solution Y €
L(9,C([0,T], H)):

¢ ¢
(7) Y (t) = e'By +/ e =IBG(Y (5))ds +/ et=IBaw (s).
0 0
3. DEFINITION OF THE NUMERICAL SCHEME
We now define the numerical approximation of Y: denoting by 7 the time step, we have
Yir1(1,y) = Yi(7,y) + 7BY1 (1, y) + 7G(Ya(T,y)) + VTXk 11
Yo(7,9) =,

where xii1 = J=(W((k +1)7) = W (k7).
To simplify the equations, we omit the dependence of Y3 on the time-step 7 and on the initial
condition y.
7



This expression does not make sense in H. Defining R, = (I — 7B)™!, this last equation can be
replaced by

(8) Yit1 = R Y, + TR, G(Yy) + VTR Xkt 1,

which is valid, since R, is a Hilbert-Schmidt operator on H.

Remark 3.1. Later, we often use the following expression for Yj:

k—1 k—1
(9) Vi =Riy+7 Z RET'G(Y) + \/7_'2 R s
1=0 =0

The following expression is also useful:

k—1 th
(10) VTY R = / REL gy (s),
1=0 0

S

where ls = | 2| - with the notation |.| for the integer part.
We need the following technical estimate:

Lemma 3.2. For any 0 <k <1 andj>1,
1 1
G (L por)™

((=B)' "Rl ey < ¢

Proof For any z € H,

+oo

) _ 1
B\ R RI 4|2 :E: 20-w)__ 2
‘( ) TZ’H p 2 (1 +,U'i7-)2j ’ZZ’
1 +oo’ 2,209 y01-1) 1 1
G 2 e
+ . _
- 1 Sy WiJT 2(1=x) 1 P
= (jr)20-m) Zi:o L+ pigr (1 + por)2%
1 1
< dzlh

(§7)20=5) (1 + por)2r
4. PRELIMINARY RESULTS

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.

We fix the time step 7, as well as m € N; we then introduce the notation T'= m7. We also define
tr = k7. k > 0 is a parameter, which is be supposed to be small enough. We also control 7: for
some 19 > 0, 7 < 7.

4.1. Galerkin approximation. The first step of the proof is to consider finite dimensional approx-
imations of the H-valued processes (Y (t));er+ and (Yi)ren: if we fix N > 1, we define (YN ()),cp+

and (Yk(N)) ken by the equations
dYWM () = BYM™ @)dt + Gn (Y (#))dt + dw ™) (¢)

and
YN =v 4 By ™) 4 7 (v ™) + VT Py,
8



with the initial conditions Y;(:Aé) = Yéivo) = Pny.

The projection Py and the nonlinear coefficient G have been defined above. wW) = PyW
is a N-dimensional Wiener process on the subspace Hpy. We remark that the above equations are
well-defined on Hy - which is a stable subspace of B.

The important and not difficult to prove result is the following: for any fixed t € R™ and k € N,
when N — 400 we have

EY() - Y™ (@) -0 and E|Y; - Y, V2 0.

We need test functions @ adapted to the finite-dimensional approximation: for any N > 1, by
restriction we define ®(y) = ®(y) for any y € Hy; we obtain the following decomposition

ED(Y (m7)) — E®(Y,) = E®(Y (mr)) — E&(Y ™ (7))
+Ed N (YN (mr)) — ED (Y, V)
+ED(V,\V) — E®(Yr);

the first and the third terms converge to 0 when N — +oco. In the sequel, we prove an estimate of
the second term, which is uniform with respect to dimension N; letting N — +oo then yields an
estimate on the left hand side.

Hence we work with the finite dimensional approximation, but we omit the parameter N. The
constants appearing below are independent of N.

In Section 4.2, we prove some estimates on Y'(t) and Y;,, and in Section 4.3 we focus on the
asymptotic behaviour of the processes.

4.2. Some useful estimates. Bounds on moments of Y; and Y3 can be proved, uniformly with
respect to time.

Lemma 4.1. For any p > 1, there exists a constant Cp, > 0 such that for every t >0 andy € H
E[Y (t,y)P < Cp(1 + |y[").
Proof If we define Z(t) = Y (t) — W5B(t), we have Z(0) = Y(0) = y, and

PO~z + oy,
and by Proposition 2.6
2
YIZOE < By + oy ). 2 >
=< BZ(t)+G(4(1)), 2(t) > + < G(Y (1)) = G(2(1)), 2(t) >

< —dZ)]P + C + [Gllool Z(1)]
< |zt +

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

1Z(t)] < C(1+ y]).
Thanks to (6), the conclusion easily follows. O

Lemma 4.2. For any p > 1, 19 > 0, there exists a constant C' > 0 such that for every 0 < 7 < 719,
keNandye H

ElYilP < C(1+yl?).
9



Proof As in the proof of Lemma 4.1 above, we introduce Z,, = Y;,, — wy,, where the process (wy,)
is the numerical approximation of W2 with the numerical scheme (8) - with G = 0; it is defined by

Wm+1 = Rrwm + \/FRTXm—I—l-

Using Theorem 3.2 of [24], 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

(11) E|wy, — WB(mr) 2 < o7/277)p,
Thanks to (6) and (11), we get that for any 79 > 0, there exists C' > 0 such that for 0 < 7 < 7y and
m >0
(12) E|wn,|* < C.
Now Z,, defined above satisfies Zy = Yy = y and
Zm1 = R Z + TR-G(Yn);

since |Rr|z(m) we obtain the almost sure estimates

1
<
Znet] < ———— | Zo] + C
m+1| > 1+MOT m T

and
[ Zm| < C(1+[yl).
Thanks to (12), we therefore obtain the result. O
We now introduce the following process: for 0 < k <m — 1 and t; <t < tx11

(13) Y(t) = Vi + / (BoY 4 ReG(Yi)lds + / "R (s),

tk tg
where B; = BR,. The process Y is a natural interpolation of the numerical solution (Y3) defined
by (8) Y(tk) = Yk
Thanks to Lemma 4.2, we get

Lemma 4.3. For any p > 1, 19 > 0, there exists C > 0 such that for any 0 < 7 < 19, t > 0 and
ye H 3
E[Y (t)[P < C(1+ [y[).

In the next Lemma, we give a control on Malliavin derivatives of Y, used in the proof. For an
introduction to Malliavin calculus, see [23|, [25]. The notations here are the same as in [6], where
the following useful integration by parts formula is given - see Lemma 2.1 therein:

Lemma 4.4. For any F € DY2(H), u € Cg(H) and ¥ € L*(Q x [0,T], L2(H)) an adapted process,
T T
(14) E[Du(F). / U(s)dW (s)] = E] / Tr(¥(s)* D*u(F) Dy F)ds],
0 0

where DyF - h € H — DM'F € H stands for the Malliavin derivative of F, and DY2(H) is the set of
H-valued random variables F' = 3,  F; fi, with F; € D2 the domain of the Malliavin derivative

for R-valued random variables for any i, and Y,y fOTIE|DSFZ-|2d5 < +00.

Without any further dissipativity assumption, we are not able to give a uniform control with
respect to time of the Malliavin derivative of Y. In the proof below, we take care of this problem
by using this derivatives only at times ¢; = k7 and s such that ¢;_;, < 1.

10



Lemma 4.5. For any 0 < 8 < 1 and 19 > 0, there exists a constant C > 0 such that for every
heH, k>1,0<7 <7 and s € [0, t;]

1
(1 -+ MOT)(lfﬁ)(k*lS)tgil

ID!Ylp < C(1+ Ler)F (1 + )|h].

E]

Proof For any £ > 1, h € H and s € |0,tx], using the chain rule for Malliavin calculus and
expressions (9) and (10), we have

k—1
DMy =REUh+ 7 Y REIDG(Y).DIY.
I=ls+1
Indeed, recall that /s denotes the integer part of 2, so that when I <[ we have DQYZ = 0.
As a consequence, for k > [; +1

|DMY| < (1+ Lar)* = |h).

Now using Lemma 3.2, we have

1

T por I

(1 + LgT)lflS
+ LaTt Z A D) /P ’h‘
(1 + ,LL()T) tk—l

(=B)’DY;| <

1]

To conclude, we see that
k—1

1 +o0 1
T <C / t=F dt
z=z§1 (1+ MOT)(l‘B)(’“‘l)tf_l 0 (1 + por)1-A)%

< C < o0,

when 0 < 7 < 79. O

4.3. Asymptotic behaviour of the processes. The results of this section are obtained for the
initial H-valued processes, and for their finite dimensional approximations.

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 [4]. Tightness comes from two facts:
D(—B)" is compactly embedded in H when 7 > 0, and when < 1/4 we can control moments:

Lemma 4.6. For any 0 <~y < 1/4, 7> 0 and any y € H, there exists C(v,1,y),C(v,y) > 0 such
that for any m > 1 andt > 1

Uniqueness of the invariant probability measure for the continuous time process (Y ());cr+ can be
deduced from the well-known Doob Theorem - see [4]. Indeed, since in equation (2) noise is additive
and non-degenerate, the Strong Feller property - see also Lemma 5.4 below - and irreducibility can
be easily proved. In the proof of the main Theorem 1.1, we also need speed of convergence, and
thanks to a coupling argument we get the following exponential convergence result - for a proof see
Section 6.1 in [7]:

Proposition 4.7. There exist ¢ > 0, C > 0 such that for any bounded test function ¢, any t > 0
and any y1,y2 € H

(15) [EG(Y (t,y1)) — Eo(Y (t,2))] < Cllglloc (1 + lyal” + [y2|*)e ™.
11



The idea of coupling relies on the following formula: if 11 and vy are two probability measures
on a state space S, their total variation distance satisfies

dTV(Vla I/2) = inf {P(Xl 75 X2)} s
which is an infimum over random variables (X7, X5) defined on a same probability space, and such
that X1 ~ 11 and Xg ~ vs.

Roughly speaking, the principle is to define a coupling (Z1 (¢, y1,y2), Z2(t, y1,¥2))i>0 for the pro-
cesses (Y'(t,y1)e>0 and Y ((¢,y2))s>0 such that the coupling time 7 of Z; and Z5 - 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 behaviour of Markov chains - see
[1], [9], [16], |20] - and was later adapted for SDEs and more recently for SPDEs - see for instance
[15], [18].

In fact, uniqueness of an invariant probability measure i is an easy consequence of this Proposi-
tion, and moreover we get for any y € H and any ¢t > 0

(16) E(Y (t,3)) — /H pdfi| < Cllélloo(1 + [yl2)e

In general, we do not know whether uniqueness also holds for the numerical approximation
(Yi(7, ) ken-

Remark 4.8. A sufficient condition for the uniqueness of the invariant probability measure of the
discrete time process (Yi)ren is the strict dissipativity assumption

Lg < po,

where we recall that Lo denotes the Lipschitz constant of G.

Then tragectories of the processes (Y);er+ and (Yi)ren issued from different initial conditions y;
and yo and driven by the same noise process are exponentially close when time increases: for any
70 > 0, there exists ¢ > 0 such that for any 0 < 7 <19, k > 0 and t > 0 we have almost surely

Y (t,51) = Y (t,y2)] < e” W0 EN g — gy
Vi (T, 91) = Yi(7, 1) < e |ys — .

Proof of uniqueness is then straightforward - and we do not need Proposition 4.7 above.

5. PRESENTATION OF THE PROOF OF THE WEAK APPROXIMATION RESULT

The proof of Theorem 1.1 is very technical, so for pedagogy we first introduce the decomposition
of the error, and identify the term which we control later in Section 6. Some crucial estimates on
the derivatives of the semi-group with respect to the initial conditions - regularization, long-time
behaviour - are proved below in Sub-Section 5.2.

5.1. Strategy. We define

(17) u(t,y) = E[p(Y (¢,))],
which is solution of a finite dimensional Kolmogorov equation associated with the finite dimensional
approximation of (2):
du
dt
As explained in the introduction, this is one of the essential tools in the proof of the weak approxi-
mation result.

(t,y) = Lu(t,y) = %Tr (Dzu(t,y)) + < By + G(y), Du(t,y) > .

12



The weak error at time T' = m7 can be decomposed with a telescoping sum - where to simplify
the dependence of the numerical approximation in 7 and y is not written:

Elp(Y(T,y)] = Elp(Yin (7, 9)] = u(T,y) — E[u(0, Yin (7, 9))]

m—1
= > (BT — ty, Yi)] = E[u(T = t11, Yir1))
(18) k=0
m—1
=u(T,y) — E[uw(T — 7, Y1(7,y))] + Z (ag + bk + ck),
k=1

where for 1 <k <m -1

tht+1 B -
ap = E/ < BY(t) — BTYk,Du(T — t,Y(t)) > dt,

(19) by — E / MG ) - ReGOR). Du(T — 6.5 (1)) > dt,
= %E /ttk+1 Tr((I — R, R:)D*u(T — t,Y (t)))dt.

This follows from the use of the Kolmogorov equation and of the It6 formula.

5.2. Bounds on the derivatives of the transition semi-group. By (17), u(t,y) = E[p(Y (¢, ))];
since ¢ is of class C2, bounded and with bounded derivatives, we are able to prove that with respect
to y the function w is twice differentiable, and that the derivatives can be calculated in the following
way:

e For any h € H, we have

(20) Du(t,y).h = E[DG(Y (t,y))n"" (t)),
where 1Y is the solution of
dn™Y(t
W) By a(t) + DOV (1.0) (1),
0"¥(0) = h.
e For any h,k € H, we have
(21) D*u(t,y).(h, k) = E[D*$(Y (t,9)).(n"¥ (1), 1" (£)) + Do(Y (£, 9))-¢"*¥ (1)),
where ¢"*¥ is the solution of
dch b t)

= BCMEY(E) + DG(Y (1)) (1) + D*G(Y (t,y). (0" (1), 0¥ (1)),
¢hRY(0) = 0.
In [6], the key point for obtaining the weak order 1/2 is to control the derivatives |Du(t,y)|s and
\(—B)ﬁDQu(t,y)(—B)'Y\E(H), with 8 < 1/2 and v < 1/2 - with the identification of Remark 2.1.
Moreover, to obtain a long-time weak estimate we need to prove some exponential decreasing of

such quantities when time ¢ goes to infinity. The two Propositions below are the essential results
we thus need.

dt

Proposition 5.1. There exists a constant fi > 0 such that for any 0 < < 1/2, for any t > 0 and
yeH

e ).

(22) [Du(t,y)ls < Cs(1 + -5

13



Proposition 5.2. There exists a constant ji > 0 such that for any 0 < 8,y < 1/2, for anyt > 0
andy € H

(23) |(=B) Du(t, y)(~B)"|c() < Cp, (1 + i tﬁﬂ) e ML+ [yf?).

The singularity ¢~ in (23) is a consequence of the regularity properties satisfied by G. Since in
general during the proof of Theorem 1.1, we need 8+~ to be close to 1, and therefore greater than
n, only the second singularity t=#~7 plays a role.

The proofs require several steps. First in Lemma 5.3 below we prove estimates for a finite horizon
and general 0 < 3,y < 1/2; then in Lemma 5.4 we study the long-time behaviour in the particular
case B = v = 0; we finally conclude with the proofs of Propositions 5.1 and 5.2.

First, we prove estimates of these quantities for 0 < ¢ < 1 - see Lemmas 4.4 and 4.5 in [6], with
a difference coming from the assumptions made on the nonlinear coefficient G:

Lemma 5.3. For any 0 < § < 1/2, 0 <y < 1/2, there exist constants Cg and Cg, such that for
anyy € H and any 0 <t <1

Cs
|Du(t,y)ls < <5
11
2
(= B)’D?u(t, y)(—=B)" |z () < Cp(g + 1557

If we take another time interval |0, T}y,q,] instead of 10, 1], the constants Cg and Cp  are a priori
exponentially increasing in T4z

Proof Owing to (20) and (21), we only need to prove the following almost sure estimates, for
some constants C'g and Cg 4 - which may vary from line to line below: for any 0 <t <1

o o) < 2 inls
C
[CMRU(E)] < =22 ] K|,

where the parameter 7 is defined in Assumption 2.5.
We use mild formulations, and the regularization properties of the semi-group given in Proposition
2.4:

t
O] =[P+ [P DOLY (s.g))(5)ds
0

C t
< s+ [ s
0

and by the Gronwall Lemma we get the result.
For the second-order derivative, we moreover use the properties of G in Assumption 2.5 to get

R = | [P DY () s
+/ eI D2G(Y (5,1)).(n"¥ (s), 1" (s))ds]
0

tC
<o [t + [ Gl vis)as

s)n
hok 1—n—8 ! 1
SRY —N—0—
< C/O (ChE(s)|ds + Ciy|h|_slk|_st | a=s
To conclude, it remains to use the Gronwall Lemma. ]

14



Thanks to the dissipativity property expressed in Proposition 2.6, we can prove the result in the
case B = v = 0. We notice that the proof would be straightforward under a strict dissipativity
assumption - since then 1™¥(t) and ¢"*¥(t) would decrease exponentially in ¢; in the general case
n"¥(t) and ¢MFY(t) are exponentially increasing in time so that we can not work directly. Here the
result comes from the estimate (15) of Proposition 4.7.

Lemma 5.4. There exist constants C' and ¢ > 0 such that for any t > 0 and any y € H
1
(25) |Du(t,y)| < Ce™ (1 +[y|*)  and  |[D*ult,y)|c) < Ce (1 + ) (Lt ly[*)-

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 + |y|?) - then we can calculate the first and the second order
derivatives of (¢,y) — v(t,y) := E®(Y (t,y)) with respect to y. First, we have for any y € H and
heH

Duft.g)h = B[ < 0().dW(s) > B(Y (t,9))
0

(26) 9 t/2
- Zg| / < n(s),dW (s) > v(t/2,Y (£/2,9)));
0

the second equality is a consequence of the identity v(t,y) = Ev(t/2,Y (¢/2,y)), thanks to the
Markov property. Using the second formula of (26), we obtain a formula for the second order
derivative: for any y € H and h,k € H,

t/2

D20t 9). (k) = SEL [ < R0, () > v(t/2.Y (7/2,9)
(27) 0

9 t/2
+ ZE| /O < "Y(s),dW(s) > Du(t/2,Y (t/2))." (£/2)].

We then see, using Lemmas 4.1 and 5.3 - with 8§ = v = 0 - that there exists C' > 0 such that for
any 0<t<1l,ye H, hke H
C
[Do(t,y)-hl < 7M@)+ [y)Al
(29) L
(D%0(t.0).(h.K)| < S 2(@)(1 + o)kl

Now when ¢ > 1 the Markov property implies that u(¢,y) = Eu(t — 1,Y (1,y)), and by (16) we have
u(t = 1)~ [ oaul < Ce V(14 )
H
If we choose ®¢(y) = u(t — 1,y) — [ ¢du, we have u(t,y) = E®¢(Y (1,y)) + [ ¢du, with M (D) <
Ce~¢t=1D_ With (28) at time 1, we obtain for t > 1
| Du(t,y).h| < Ce™ "D (1 + [y[*)|n]
|D?u(t, y).(h, k)| < Ce™ D (1 + [y) || |K|.

Moreover by Lemma 5.3 we have a control when 0 < ¢ < 1, so that with a change of constants we
get the result. O

We can finally prove the Propositions 5.1 and 5.2. The key tool is the Markov property of the
process Y which yields the following formula: for any ¢t > 1

(29) u(t,y) = Elu(t — 1,Y1(y))].
15



To get the exponential decreasing, we use Lemma 5.4 at time ¢ — 1 when ¢ > 1, while |h|_g
appears from 7, (1), and with estimates coming from Lemma 5.3.

Proof of Propositions 5.1 and 5.2 Using equation (29) and Lemma 5.4, for any ¢ > 1 we have
|Du(t,y).h| < Ce ™ VE[(1+ Y (1, Y))n"*(1)]] < Ce= V(1 + |yl*)|A] -,

where the last estimate comes from Lemmas 4.1 and 5.3. Combining this estimate with the result
of Lemma 5.3, which gives an estimate for ¢ < 1, we obtain (22). For the second order derivatives,
Lemma 5.3 gives an estimate for ¢ < 1, and for ¢ > 1 we use (29) to see that

D2u(t,y).(h, k) = E[D?[u(t — 1,Y (1,y))].(h, k)]
— ED%u(t — 1Y (1,y)).(0"¥(1),n*¥(1)) + EDu(t — 1, Y (L,9)).C"*¥(1).

Using Lemma 5.4, we get an exponential decreasing; thanks to Lemma 4.1 and to the estimates in
the proof of Lemma 5.3 at time 1, we obtain

|ID?u(t,y).(h, k)| < CeU=D(L+ Jyl*)|h]_plk| .
Then (23) easily follows. 0

5.3. Proof of Corollary 1.2. The first estimate is a simple consequence of the Theorem, and of
the exponential convergence to equilibrium of the continuous-time process - see (16). We then get

1
ml/2—k

‘E[(b(ym(ﬂy))] - /I;(ﬁdﬁ‘ < C(l + \y]?’)( + 7—1/2*"@) + C(l + ’y‘Q)efcmT.

If 47 is an ergodic invariant probability measure of (Y,(7,.))m, then since ¢ is bounded for
uT-almost any y € H we have by the ergodic Theorem the following convergence when M — +oo:

1 M
7 22 B = [ o)

To conclude, it remains to choose a initial condition y in this non-empty set, and to use Cesaro
Lemma on the right-hand side of the estimate.

We notice that if ©” is an invariant probability measure, not necessarily ergodic, having a finite
moment of order 3, then it is enough to integrate the inequality above with respect to u7.

6. PROOF OF THE ESTIMATES

We need to control the terms given in (19), according to the decomposition (18). We recall that
constants C' must be independent from the dimension N and the final time T = mr.

6.1. Estimate of u(T,z) — E[u(T — 7,Y1)]. The Markov property gives
u(T7 y) = E[¢(Y(T7 y))] = E[U(T -7 Y(T7 y))]
If 0 < k < 1/2, using Lemma 4.2 and Proposition 5.1 we get
(T, y) = E[u(T - 7, Y1)]| < C(L+ (T — )72 ) FEDE[Y (1,y) = Vi o0 ,) V2 (1 + [y)).
We can write

Y(r,y) - Y= (P — Ry + /0 eTIBG(Y (s,y))ds — TR G(y)

+ / eTIBAW (s) — /TR-x1.
0
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We use the following properties to estimate the first line in this equality:
[(=B)Y* (™ — Ry < et/
sB
H) > = Y
’6 ‘E()<1f01‘8>0
|Rr|oomy <1,
(=B)"* | < cl;

therefore the first line in the last expression is almost surely bounded by C(71/27% + 7)(1 + |y|).
For the second line, we have

BI(=B) 2 [ () < B [ (BB

< T|(_B)71/2+R|%2(H)

< cT;
the last term is controlled in the same way: E|(—B)~Y2T%\/TR.x1|? < cr. Therefore we have
(30) (T, 2) = E[w(T = 7,Y1)]| < C(L+ [yl?) (1 + (T —7)7V/2Fm)e HT=Dgl/2mr,

We thus understand that to obtain weak order 1/2 requires to be careful in the estimate. Here
we used Lemma 4.2 instead of Lemma 5.4; otherwise looking at E|Y (7,y) — Y1|?> would have not
been sufficient. The control of the other terms must be done in the same spirit.

6.2. Estimate of a;. We have

Tet1 - -
ay = E/ < BY(t) — B;Yy, Du(T —t,Y (t)) > dt

173

Tet1 -
= E/ < (B = B;)Y, Du(T —t,Y(t)) > dt

tr
th+1 _ _
+ E/ < B(Y(t) = Yy), Du(T — t,Y(t)) > dt
tr
= a,lC + az.

6.2.1. Estimate of a,lﬁ. We use the equality B —B = 7R, B%. We also decompose a,l§ using expression

(9):

1,1 b1 2 pk 5
ol = _TE/t < R, B?Rky, Du(T — 1,V (1)) > dt
k
tet1 k—1 ~
a? = _TE/ < R:B’r > RFIG(Y), Du(T —t,Y(t)) > dt
tk 1=0

13 tet1 k-1 -

ar® = _TE/ < R,B>J7Y RF'xi, Du(T — Y (1)) > dt;
tk 1=0

then al,lC = a,lﬁ’l + a,1€’2 + a,lc’?’.

(1) Estimate of a,lﬁ’l
The idea is to “share” B? between different factors - thanks to regularization properties of

the semi-group (R¥)ien and to Lemma 4.2 - in order to increase the order of convergence.
17



tr41 ~
oyt < TE/t |R-(—=B)"**2%| o) | (=B) " RE| (o lyl | (= B)* " Du(T — £, Y (t)) | dt
k

tei1 _ -
§(HMTf4ﬂ_%Qf+“/‘ (14 (T — 1)~ 1/2+%)~BT=DR(1 + |V (1)2)d,

ty
thanks to Lemma 3.2 and Proposition 5.1.
By taking expectation, thanks to Lemma 4.3 we have

tk+1 1 -
1,1 1/2—2k —(T—t) 2
Z k'] < Clulr Z =0 G T bl
1
CK 1 3\, 1/2— 2/{/ dt
(1 +[y[*)r o 1R(T —{)i/2=
1 1
< p—(1/2-2k) 3\, 1/2—2k
=~ T CI’»(]‘ + |y| )T 51 R(l _ 5)1/2711(15,
and we obtain
m—1
(31) | 1_|_|y| )T (1/2—2k) 1/2 2K
k=1
(2) Estimate of a,lﬁ’2
First we write
1,2 bt 1/242 - k—1 1/2 5
|ay, !SCTE/t |R(—=B)' 22| o | (=B)' "> REIG(Y)|[(—B) V2T Du(T — 1, Y (t)) dt.
k =0

Using Lemma 3.2, we can prove the following useful inequality: for 7 < 19 and any k£ > 1

(32) T Z 1

(1 + por)™

k t
1 1 Eo1 1
< dt
TZH I (T4 por )= C/o - ;

(1 4 por)e

o1 .
< / = e tHlog(l+poT) gt
— tl—/@

0

<1 T ®
S A S (e e
0o S klog(1l + pot)

< Cl.

Since G is supposed to be bounded, the estimate (32) yields
k—1 1
-B RE'G(V)| < C|G < Cy.
m(=B)'~ ; ()| <0 HOOT; =TT o) = O
With Lemma 4.3 and Proposition 5.2, we can now write
tet1 1 _
) < C Py [ e ar

tr (T - t) 1/2711
18




and we get

m—1

jay*| < C(L+ [y,
k=1

Estimate of a1 3

The analysis of this term is more complicated. We recall that since noise is white in space,
for any t > 0, E|(—B)YW(t)|? < 400 if and only if v < 1/4; as a consequence, the strategy
used above to control a,lc’l can not be used directly - otherwise we could only obtain order
1/4.

In [6], an integration by parts formula is used to deal with the lack of regularity of the
stochastic integral appearing in the definition of ai’g. An additionnal difficulty arises in
our situation because the estimate given in Lemma 4.5 is not uniform with respect to time.
Instead, we remark that the two problems - lack of regularity and bad time dependence - do
not occur at the same time; therefore a decomposition of the interval [0, ;] into [0, ¢, — 1]
and [t — 1,tx] - for k large enough - can help to treat the problems separately.

Let us explain more concretely the situation at the continuous time level: we have to treat -
at the finite dimensional approximation level, but with a bound independent from dimension
- an expression involving B? fot elt=s)B dW (s). The idea to get rid of this expression is to
use an integration by parts formula on the whole interval. We can also see that we can do
this integration by parts only on a subinterval of size independent from ¢: indeed if ¢ > 1

t t—1 t
/ eIBaw (s) = / eE=IBaw (s) —i—/ et =IBaw (s).
0 0 t—1

The first term is equal to e? fg_l e(t_l_S)BdW(s), so that thanks to regularization properties
of the semi-group (e*?) - see Proposition 2.4 - multiplication by B? is possible - in other
words we do not require an integration by parts to get a bound independent from the
dimension; to treat the second term, the lack of regularity remains but can still be treated
by the integration by parts, with the advantage of involving a smaller interval, where at the
discrete time level below we can use a uniform control of all quantities, thanks to Lemma
4.5. Then the same idea of “sharing” B? can be used again to get order 1/2.

Let us now explain develop this program for the discrete time situation: by using (10),
we make the decomposition

tr41 k—1 -
al? = 7K / < RBWES Ry, Du(T — 1, ¥ (1) > dt
bk 1=0

tet1 tk -
=—7E / < / R.B*REbdW (s), Du(T —t,Y (t)) > dt

tei1 (tk—1)V
:—TE/ / RBR’“ Law (s), Du(T —t,Y (t)) > dt

tpa1 ~
—7E / / R, B REldW (s), Du(T —t,Y (t)) > dt.
(t,—1)VO0
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For the first term - which is equal to 0 when t;, < 1 - we use the Cauchy-Schwarz inequality
and we directly get

(tx—1)VO -
IE < / R.B*REbdW (s), Du(T — t,Y (t)) > |
0

te—1)VO -
<@ [ BB R W () EDuT 1T ()

< O+ lyl)e™Y,

thanks to Lemmas 5.4 and 4.3, and to the following inequality - we remark that in the
integral below ¢;_;, > 1:

(te—1)VO N ) (te—1)VO o kel
1[«:|/O R.B?REbsaw (s)| :/0 |Ry B R, (m)ds
(tr—1)VO
- / Tr(R2B*R2F1))ds
0

(t,—1)VO0
< [ BB R T (- B) )
0

tr—1 1
< C/ ds
0 (1+ uoT)k—lstiflls/H“

tr—1 1
<C ——ds
- /0 (1 + por)k=ts

+o0 1
<o s
0 (1+ ,LL()T)S/T
<C,

when 7 < 79. Then

tht1 (tr—1)VO i et
’TE/ < / RTBQRf*lde(s), Du(T —t,Y(t)) > dt| < C eﬂl(T—zt)dt(1 +lyP)r
t 0

173

For the second term, we use the integration by parts formula of Lemma 4.4 to get

tei1 ~
E / / R.B RFlqW (s), Du(T —t,Y (t)) > dt
(tk—1)VO0

trpa1 ~ ~
= —7E / / Tr R’“ LB2R,D*u(T Y(t))DSY(t)) dsdt.
Ifhe H, (ty —1) V0 <s <t <t<tpyr, with (13) we see that

t
DEV(0) = DIYi+ [ (B.DEYi+ R, G(Y) DY)

g
+ R DY (W () — W (ty))
= D"V, + (t — t)(B, DY}, + R,.G(Y;,) DYy,).
Therefore, since |7B; |z < C

DY ()| < c| DY,
20



and taking supremum over h with |h| <1 we get
(34) [(=B)’DyY (t)| ¢y < c|(—=B)’ DYl oy
The last quantity is estimated thanks to Lemma 4.5:

1
(1 + por)A-Ak=l)e) |

|DMYy|s < C(1+ Lar)F (1 4

)IA-
When 7 < 79 and (tp — 1) V0 < s <t <t < tpy1, we see that (1+ Lg7)* ! is bounded by

a constant.
We can then control the second term of ak 3 with

tht1 ) K
TE/ / (=B)Y 2 ) | (= B) S Ry T (- B) 71P7R)
(tx—1) \/0

x |(=B)Y* “/2172 (T—t,f/(t))(—B)l/Q*“/?Ic(mI(—B)“Ds?(t)lz:(mdsdt

— f@ 1 1
t (te—1) vo (1 4 por)BE)35 ( Rl (1 4 por)(k *ls)(lfn))

Je PO (L + [y ?)at

X(1+(T—t) +(T—t)H~

using Proposition 5.2 and Lemmas 4.5 and 3.2.
On the one hand, we have

b —1438 1 o1 1
/ RREAE GEds < / T g7 08 < C < +oo,
te—1vo 0 (L4 poT) T 0 3% (14 por)*2%/7

for 7 < 719, thanks to (32).
On the other hand,

el tk+1 1 1 +00 1
ﬂ(Tt)dt</ 14 —
z/ + ot e <[ urzea

=1

1 N
— e Ptdt < +oo.

Therefore

m—1

(35) jay’| < C(L+ [y*)rH/22r,
k=1

6.2.2. Estimate of a?. We decompose a? using the definition of ¥ - see (13):

tet1 B
Q21 = E/ (t — 1) < BB, Yy, Du(T — t, V(1)) > dt

i

thr1 B
ay’ = E/ (t —t) < BR.G(Yy), Du(T —t,Y (t)) > dt

173
23 tett ! >
a,” = E/ < / BR;dW (s), Du(T —t,Y (t)) > dt;
t t

2,3
thenak—ak —i—ak —|—ak.

(1) Estimate of ak
21



Since BB, = R, B?, ai’l is bounded by the same expression as ai: by (31), (33), (35) we
have

m—1

(36) @2 < O+ ) (1 + T2 200)71/22%,
k=1

(2) Estimate of ai’z
We have

22| o Kas 1/2+4k 1/2—k 7 (O d
a7 < 7E [(=B) """ Re| () |GYR)|(=B) /""" Du(T — ¢, Y (t))|dt

123
L 1 AT
< 1Glloor/? ”/t (1+ m)e ME=Dt,
k
We then have
m—1
37 a2 < orl/2n,
k
k=1

(3) Estimate of ai’3
We again use the integration by parts formula to rewrite ai’gz

2,3 Bt ! >
ay” = E/ < [ BR:dW(s),Du(T —t,Y(t)) > dt
tr tr
tht1 [t - -
=E / / Tr(R,BD*u(T —t,Y (t))D,Y (t))dsdt.

From (13), for t < s <t < t;41 we have DY (t) = R.h; as a consequence, we do not need
. . 1,3
to use the same trick as in the control of a,”.

Then we have

tet+1 Y
a7 <E / (t = to) Tr(Re BD*u(T — t,Y (t)) Ry )dt

23
tet+1
<er [ IR B ey T B) A B) el
12

|(=B)' 22 D*u(T — £, Y (1)) (= B)?> 7|y dt

<c(1+4 |?/|2)7'1/2_3H/2 /tk+l(1 + 1 + 1 )e—ﬂ(T—t)dt.
- tk (T =t (T —t)=

Therefore

-1
(38) g’ < C(1+ [y?)rt/23n 02,
1

3

B
Il

With the previous estimates on a! and a?, we get

m—1
(39) lag] < C(1+4 ‘y’ )1+ T—(1/2—2n))7_1/2—2,.;.
k=1
22



6.3. Estimate of b;. We have
tht1 - -
by = E/ < GV (1)) — RyG(Y), Du(T — £,V () > dt
173

- E/tk“ < (I = R)G(YV), Du(T —t,¥(£)) > dt

173

tet1 5 _
+E/ < GV (1)) - G(V), Du(T — ,V (1)) > dt
173
= bi + bi.
6.3.1. Estimate of b,lﬁ. This term is easy to treat: we have

1 ks 1/2 1/2 \
x| < E/ (=B) Y21 = Ry) | o) |G| (=B) >~ " Du(T — t, Y (t))|dt

g
lht1 1 _
<C 1/“/ 1+ ———— e TN,
= t 1+ (T—t)l/z_ﬁ)e
where we have used Proposition 5.1, and the following inequality for 0 < g < 1:
(40) |(=B)(I = Ro)leq) < Cor.
Then we see that
m—1
(41) > bl < crtFn,
k=1

6.3.2. Estimate of bz, To estimate |bz|, we write the scalar product in coordinates with respect to
the orthonormal basis (f;), and then we expand the terms thanks to the Itd formula.
If we note G; =< G, f; > and 0; =< D., f; >, we have

< G(Y (1) = G(Yx), Du(T = t,Y (£)) >= > (Gi(Y (1)) — Gi(Y3))0i( T — 1, Y (1)).
The above sum is finite, because we work with finite dimensional approximations.
It6 formula gives for ¢, <t < tr41

GV (1)~ Gi(¥i) = / T (R, R DG (V(s)))ds

ty

t ~
+/ < B;Yy, DG;(Y(s)) > ds

tg

+ /t < R.G(Y), DGi(Y (s)) > ds

123

t

+/ < DG;(Y(s)), RrdW(s) > .
123

We naturally define bi’j , for j € {1,2,3,4}, and we now control each term.

(1) Estimate of bz’l
By definition, we have

tk: 1 t - ~
p21 = / ’ E% / Y Tr(R, RED?Gy(Y (s)))dsdyu(T — t, Y ())dt.
ty L

23



Using the orthonormal basis (fx)r given by assumption 2.2, and recalling that the sums are
finite, we can calculate:

ZTr (R-R:D*Gi(Y (5))0su(T — t,Y (¢ ZTr (D2G(Y ()R RX)Osu(T — t,Y (1))
m fis i > 0mu(T — t,Y (t))

1 . )
=22 (1_|_72D2Gi(y(5))-(fj, 0T —,Y (1)),
Using the Cauchy-Schwarz inequality (where j is fixed), we get

IZDQ )-(f5, ) 0u(T —£,Y (1))

1/2
<Z|D2 (fg,fa)|> (Zufﬂaiu(T—t,?(t))IQ) :

The second factor of this expression is |(—B)"Du(T — t,Y (t))|x; we control it thanks to
Proposition 5.1. The first factor is controlled thanks to Assumption 2.5:

<Z |D2G(Y

/‘z

1/2
(f]af])’ ) = |(-B)~ D2 ( (s)-(f5, fi)l

< Clfilulfila £C,

/‘z

since (f;); is an orthonormal system.
Therefore

ZTr (R, R:D2G;(Y (s))9;u(T — t,Y (1))

0+ + ) 0 Y (e
C(1+ [y 1+ T i #yn Je M Z::o %TZ:Z M;/lm
Cl+ )1+ 7 i 7f)n)eﬂl(Tﬂe)T—l/H_
Then
< ey [ e
and -
(42) bt < C+ [y 2,
k=1

. 2,2
(2) Estimate of b,
24



Thanks to (9) and (10), we have

122 /tHl/ > < B-Rky+ B, TZRk 'G(Y1), DGi(Y (5)) > Oru(T = 1, Y (¢))dsd

—|—E/tk / Z < BT/O RFUdW (r), DGi(Y (s)) > Qyu(T —t,Y (t))dsdt

— bi’z’l n b2’2’2
(i) For the first term, recalling that B; = BR, and that G is bounded, we have
tha1 k—1 ~
b ]E/ / < DG(Y (s)).(B-R*y + B, TZRk 'G(VY)), Du(T — t,Y (t)) > dsdt|
et )i Rk Jir gkt
<k [ [ 1B (-8R yer R [GO))
k k

x |Du(T -,V (t))|dsdt

tet1 1
<C 1“/ 1 A=) gy (4~ 14w P —
= T tk ( + ’y‘ )e ( ‘y’ + TZ (1 _|_ MOT)(]{:_Z)K)

t
11 / =0 gy
t,;“ th

< TR+ [yP)

if 7 <7 - see (32).

Therefore
sy 2,2,1 - bt 1) g
S22 < o (ly| + 1) Ztm/ "
k=1 k=1 "k Uk

1
SCTl_H(1+‘y’3)/O tl——me a(T— t)dt

= R e (T — {)1/2—~
—n —(jo-amy [T 1 C
< Ol E(L + |yPyr (/22 )/0 ST (1 g)L/2—* dt

< C’Tlili(l + |y|3)T7(1/272/€)‘

(ii) For the second term, we again use an integration by parts, after a decomposition of
the time interval - as in the estimates for ak First,

2 22 _ /tk+1 / Z < BT/ Rl aW (1), DGi(Y (s)) > Oyu(T —t,Y (t))dsdt
i 0
. tht1 B (tr—1)Vv0 "y DaT . -
— /tk /t Z,: < T/o R W(r), (Y (s)) > (T —t,Y (t))dsdt
thy1 [t th ) )
+ E/tk / Z < BT/( “vo Rﬁilrfmafj > dﬂm(?)asz(Y(s))alu(T — t7Y(t))det

2,2,2,1 2,2,2,2
::bkvvv +bv?7
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For bi’2’2’1, we can work directly and see that

9.9.9.1 tea1 t (tk—1)VvO0 ~ _
o35t < |IE/ / d < BT/ Rl dW (1), DGi(Y (s)) > Ou(T — t,Y (t))dsdt|
tE [ 0

tpa1 t N (t,—1)VvO0 N

< / / E| < DG(Y (s)).B, / RFlraw (r), Du(T — ,Y (t)) > |dsdt
2% 173 0
tht1 ft (tx—1)vO0 -

g/ /(EIBT/ REZaw (r)?) (B Du(T — £, Y (1)) > [*)"/*dsdt

0

tet1 -
<or [0 ),

g
thanks to Lemmas 4.3, 5.4 and to the following estimate for 7 < 7

(tr,—1)VvO0 (tk—1)VvO0
IE|BT/ RFlraw (r)2 < IE|B2RT/ RFtraw (r)? < C,
0 0

thanks to the estimate proved to control ai 3,

For b2’2’2’2, we can write thanks to a Malliavin integration by parts and with the chain

rule

pR222 /tk“/ Z <B. / RE £ £ > dBn(1)0;G(Y (8))0yu(T — t,Y (t))dsdt

kl]m tkl VO

tht+1 . ) ]
= E/ / /(tk o Z < B, Rk l*fm,fj > 82 Gi(Y(s)) < DTY(s),fn > Ou(T —t,Y (t))drdsdt

i,J,m,n

tpa1 - ~ ~
+E / / / > < BREVfo, fi > 0,Gi(Y(5))0,u(T — £, Y (t)) < DY (t), fn > drdsdt
tr (t—1)VO .

i,5,m,n

:E/tHl/ /k ZD2 V(BRI £, DY (8))0;u(T — t,Y (t))drdsdt

th+1
i / / / Z < By(s,6) By REV f, DIV (1) > drdsdt
(tk 1)V0
tht+1 ) )
_E / / / ZTr (DT ()" D*Gu(F () B, BE1) 0u(T — 1, ¥ (0)drdsds
tr (t,—1)VO0

tet1
+E / / / (D Y (t)* B-(s,t)BTR’j_l*) drdsdt,
tr (tr.— 1)V0

where we define a linear operator on H by
< Bi(s,t)h,k > =< DG;(Y h>z (T —t,Y (1)) <k, fn>
=< DGi(Y (s)),h >< D2u( —t,Y(t).fi, k> .
We have 3, < Bi(s,t)h,k >= D>u(T —t,Y (t)).(DG(Y (s)).h, k), and

IZBz(S,t)IL(m < [DG(Y (8))| () |D*u(T = £, Y (8)) | £a1);
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so we can write, for (¢ — 1) V0 <7r <t

[>T (DY (8 Bis, ) B, RE™) |

S |DT?(7§)|E(H)| Z Bi(s’ t)|E(H) |(_B)173H/2R7]?71T |£(H) |RT(—B)1/2+2R|£(H)TI‘((—B)71/27H/2)

—1/2—2x —1+3f@/2 L —i(T—t)
<Cr by, (1 + o7tz ¢ ’

using Proposition 5.2, Lemma 4.5 - since (14 Lg7)*~i" < C - Lemma 3.2 and estimate (34).
The other term is a little more complicated, because we are not able to control D2G(Y (s))
in H. We proceed as in the estimate of 62’1, and we directly calculate the trace.

DT (DY ()" D°GalY (5) B RE™ ) diu(T — 1, Y (1)

<1D,Y ()leen| Y T (DGl (5))BrRE™) diu(T — 1, Y (1)

: DEGA(V($)).(f,0 - :
» i

< |DrY ()| gy | (= B)"Du(T — ¢, Y (t \HZ! ) "DPG(Y (s)). (fwfj)\(lJrH]f)HM’

thanks to the Cauchy-Schwarz inequality.
By using the same analysis as in the estimation of bi’l, we see that the above expression
is bounded by

~ ~ M
CID-Y ()] eun|(=B)"Du(T =¥ Ol 3 i 5w
; J
J

but the last sum is equal to Tr(B,RF~!r), so that we see that indeed the two expressions in
bi’m are bounded by the same expression.

Therefore

2,2,2,2
10,7

tht1 efﬁ'(Tft) 1
<E O~ 1/2-2my - 143R/2 1 1+ |y[>)drdsdt
> / / \/(tk 1)\/0 T k—1, (1 4 MoT)(k,lT)3H/2( + (T — t)”)( + ‘y’ ) ras

k1 1 - b _ 1
c(1 1/2-2% / 1+ —— e ATDgy / ¢ L8/ d
( + ’y‘ ) " ( + (T — t)n)e 0 k—1 (1 i MoT)(k—lr)f%m/Z r

<o oy 1/2-2k [TFF 1 1 ~i(T1) g
(L+[y[)r (1+ (T—t)n)e t,

ty

as already proved - see (32).

Now gathering estimates for b2 221 and 62’2’2 2 , we obtain
m—1
(43) 22 < C(1+ [y /272,
k=1
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(3) Estimate of bz’?’ We have

9.3 tk:+1 t - ~
p28 = E/ / S < R,G(Y), DGi(V(s)) > 0T — t, ¥ (t))dsdt
tr t i

tpa1 t _ _
_ E/ / < Du(T — £, Y (1)), DG(Y (5)).(R.G(Yy)) > dsdt.
tr tr
Using that G and DG are bounded, we easily see that

623 < C(1+ |y e —MT-t)q
k — y| )T € t,

173
and that

m—1

(44) <O+ lyP)r
k:l

(4) Estimate of bi’A‘
We use the integration by parts formula of Proposition 4.4 to get

bt — /tkﬂ/ > < DGi(Y(s)), RedW (s) > du(T — t,Y (t))dt
— E/t:kﬂ /tk Tr <(Dsl7(t))*p2u(T — t,ff(t))DG(f/(s))RT) dsdt

_E /t :k“ /t : T (R-Du(T —1,¥ (1)) DG(V (5)) R ) ddt,

using the identity DY (t) = R.h when tj, < s <t < t;41, as in the estimate of ai’3.
Now
2.4 bert ft 1/245 Y
b, <E t t |(R-(—B) |y | DG(Y ()| 2y | B 2
k k
< |D*u(T — t,Y (£))| ) Tr((—B) 72 7")dsdt
trt+1 1 ~
<ca+ Py [T )eH TN,
tr (T - t)n
and
m—1
(45) B < O+ [y,
k=1

6.3.3. Estimate of by: conclusion. With (41), (42), (43), (44) and (45), we get

m—1
(46) by < /272,
k=1

6.4. Estimate of ¢;. We have, using the symmetry of R,

1 1 1
51— SRRy = R (I =Ry + (I = R)(I - R,)",
28



and

1 tkt1 .
o= 4E / Te((I — Ry RY)D?u(T — 1,V (£)))dt
173
1 tht1 N
- 51@/ Tr((I — R,)(I — R,)*D*u(T —t,Y (t)))dt
173
trt1 B
+ E/ Tr(R,(I — R,)*D*u(T —t,Y (t)))dt
ty
= c,1g + ci.

6.4.1. Estimate of c,lﬁ. We have, using inequality (40)

1o Lo [ p\=1/24K(T _ p \2(_ p\—1/24k
ekl < SE Tr((—B) (I = R;)*(—B) )

2%
% ’(_B)I/anDQU(T _ u}}(t))(_B)l/an‘E(H)dt
tet+1
< C(+1yP) / |(=B) 235 = Re)| gy |1 = Rel o Te((=B)71/27)

1
ELTAN S

<o oy 1/2-3x [ 1 1 1 —(T—1) g

e~ H(T=1) gt

Then
(47) ekl < C(1+ [y|?)rt/273,

6.4.2. Estimate of c2. We have, using inequality (40)

2 tett _ m\—1/24k - _ p\—1/24k
‘Ck’SE TI‘(( B) RT(I RT)( B) )

g

X [(=B)* D> (T — 1Y (£)) (= B)'* 7" oy dt

<C(+yP) / U (-B) V(I - R)(—BY| gy Te(—B) V2R

ty
1 1 .
—i(T'-1)
R T G e a
trt1 1 1 -
< 1 2 1/2—3,‘6/ 1 _M(T_t)dt.
<CO+ WP |0 s+ e
Then
m—1
(48) ol <+ [y)rt
k=1

6.4.3. Estimate of c: conclusion. With (47) and (48), we get
m—1
(49) D lewl < CA+ JyP)rt27on,
k=1
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6.5.

Conclusion. We put together estimates (39), (46), (49) and (30); then passing to the limit

with respect to dimension, we get the result.
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