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STRONG AND WEAK ORDER IN AVERAGING FOR SPDES

CHARLES-EDOUARD BREHIER

ABsTRACT. We show an averaging result for a system of stochastic evolution equations of parabolic
type with slow and fast time scales. We derive explicit bounds for the approximation error with
respect to the small parameter defining the fast time scale. We prove that the slow component of
the solution of the system converges towards the solution of the averaged equation with an order
of convergence is 1/2 in a strong sense - approximation of trajectories - and 1 in a weak sense -
approximation of laws. These orders turn out to be the same as for the SDE case.

1. INTRODUCTION

In this paper, we consider a randomly-perturbed system of reaction-diffusion equations that can
be written

dz(t,§) _ 9Pac(t,§)
o o€
Ay (t,€) _ 19%y(t,§)

+ f(&2(t,), ¥ (£, 6)),

1 1 OJw(t
ot T e 852 + Eg(§7x€(t7§)7ye(t7§)) + %%7

for t > 0,6 € (0,1), with initial conditions z(0,&) = z(£) and y°(0,£) = y(&), and Dirichlet

boundary conditions z¢(t,0) = z(¢t,1) = 0,y°(¢,0) = y°(¢,1) = 0. The stochastic perturbation

% is a space-time white noise and € > 0 is a small parameter.

Such a system presents a specific structure: while the variations of the first component a prior:
depend on the slow time ¢, the second component evolves with respect to the fast time E These
two natural time scales are coupled through the nonlinear terms in the two equations.

In this setting, the main idea of the averaging principle, see for instance [13], is to study the
behaviour of the system when e tends to 0 by exhibiting a limit equation - the so-called averaged
equation - for the slow component x¢, and to prove the convergence of x¢ towards the solution of
this averaged equation. Here, we show two approximation results - see Theorems 1.1 and 1.2 - and
give explicit order of convergence with respect to e.

The averaged equation comes from the asymptotic behaviour of the fast equation. Heuristically,
when t > 0 and € — 0, the fast time f goes to +00, so that we expect the solution of the fast
equation to be quickly close to a stochastic equilibrium (and this is the case under the dissipativity
assumptions made in this paper), and that we can replace y(¢,€) in the slow equation with some
stationnary - in the stochastic sense - process, which leads to the definition of averaged coefficients
in the slow equation.

To give precise results, it is convenient to look at the equations in an abstract setting, where

system (1.1) can be rewritten

AXE(t) = (AXE(t) + F(X (), Y¥(t))) dt

(1.1)

(12) AY<(t) = % (BY(t) + G(X“(t), (1)) di + %dW(t),
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with initial conditions given by X¢(0) = x € H, Y°(0) = y € H, where H is the Hilbert space
L?(0,1), and W is a cylindrical Wiener process on H - see Section 2.1.2. In the case of system (1.1),
the definitions of A and B are given in Example 2.2, and the definitions of F' and G as Nemytskii
operators are given in the second part of Example 2.10. Nevertheless the abstract setting allows for
more general equations, and in the sequel we only work with system (1.2).

When € tends to 0, the slow component X€ is approximated by the process X, which follows the
deterministic evolution equation

(1.3) dX(t) = (AX(t) + F(X(t)))dt,

with the initial condition X (0) = z, where the nonlinear coefficient F is obtained via an averaging
procedure - explained in detail in Section 2.2.

In this article, we analyse the error between X¢(t) and X (t), with two different criterions. We
focus on the order of convergence, i.e. we bound the error by C'e®, where C'is a constant and A is the
order, which gives an idea of the speed of convergence of X¢(t) towards X (). As a result, we control
the error made when X¢(t) is approximated by X (). For instance, the order of convergence is crucial
for the analysis of numerical schemes used to approximate the slow component X€. In a forthcoming
work, we extend a numerical scheme for SDEs analysed in [10] for systems of SPDEs satisfying the
same structure assumptions as system (1.1). This scheme - called the Heterogeneous Multiscale
Method - is deeply based on the averaging principle: instead of computing X¢, we approximate X
- and we can control the error we make. Moreover, the nonlinear averaged coefficient F is never
explicitly calculated in the scheme, but only approximated by using numerical approximations of
the values of the fast component at large times. The theorems we prove here allow to analyse the
convergence of such a scheme with the same kind of criterions, and without knowing the order of
convergence in the averaging principle it would not be possible to control the error made in the
numerical approximation.

The two main theorems give bounds on the error between X¢ and X ; they need different dissipa-
tivity conditions (SD) and (WD) which determine how the fast equation converges to its equilibrium,
as explained below.

First, when Assumption 2.8 holds, the error can be estimated in a strong sense, where trajectories
of the processes are compared at a given time ¢:

Theorem 1.1 (Strong-order). Assume (SD). For any 0 <r <1/2, T >0, x € H, y € H, there
exists C' = C(T,r,x,y) > 0 - depending also on the constants of the problem - such that for any
e>0and0<t<T

(1.4) E|X(t) — X (t)| < Ce/?>.

The error can also be estimated in a weak sense, where we are interested in the distance between
the laws of the processes at a given time ¢; then only Assumption 2.9 is necessary, since we only
need consequences of dissipativity at the level of the transition semi-group, instead of trajectories:

Theorem 1.2 (Weak-order). Assume (WD). For any 0 <r <1, T >0,0<60<1, z€ D(—A)?,
y € H, ¢ € CE(H), there exists C > 0, depending on r, T, ¢, |z[(—ay0, |yl and the constants of the
problem, such that for any e >0 andt <T

(1.5) E[p(X(t))] — E[p(X(®))]] < Ce' ™

The domains D(—A)? are usually the classical Sobolev spaces H?? with respect to the eigenbasis
of A - see Definition 2.3. We remark that for the first theorem no regularity is needed for the initial
condition - i.e. we can take 6 = 0 - while we require # > 0 for the second one; this is explained
in the proof of Theorem 1.2. We need to take a small parameter » > 0, which can be as small as
possible, but different from 0. This is an effect of the infinite dimensional setting.
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As a consequence, we can say that the strong order in averaging is 1/2, while the weak order is
1. It is a general fact that the weak order is greater than the strong order (since test functions ¢
in the Theorem are Lipschitz continuous), but it is worth proving that there is a gap; this fact was
known for SDEs see ([13], [14]), but had not been proved yet for SPDEs.

The strong convergence Theorem 1.1 is proved when the fast equation satisfies a strict dissipa-
tivity assumption: for any x € H, the function G(z,.) is Lipschitz continuous, with constant L, -
independent of x - satisfying the following condition:

Lg<lu’7

where p is the smallest eigenvalue of the linear operator —B. Thanks to this assumption, we can
easily analyze the asymptotic behaviour of the fast equation with frozen slow component; we can
identify a unique invariant probability measure - depending on z - and show some exponential
convergence to equilibrium. More precisely, we control in a strong sense the difference between
two solutions of this fast equation starting from different initial conditions, and driven by the same
noise W: under the previous assumption, the ergodicity comes from properties of the deterministic
equation only.

The weak convergence Theorem 1.2 needs a weaker dissipativity assumption (2.9), which yields
the same ergodicity properties - unique invariant probability measure, exponential convergence to
equilibrium - but with different arguments: the asymptotic behaviour of the transition semi-group
can be analyzed, thanks to the non-degeneracy of the noise - leading to a Strong Feller Property.
A coupling method - adapted from the study of Markov processes, like in [15] or [18] - implies that
the laws - instead of trajectories - of the fast process issued from two different initial conditions are
exponentially closed. We refer to Section 2.2 for a precise result, and to [8] for a detailed proof. It
seems that for the first time an averaging result is obtained for SPDEs under a weak dissipativity
condition.

Notice that we have assumed that the slow equation has no white noise term dw(t); as a conse-
quence, the averaged equation is a deterministic parabolic partial differential equation. Considering
a more general situation with some additive noise terms in the slow equation, independent of the
noise in the fast equation, we could still prove in a similar way a strong order result, the only changes
being time regularity of solutions. We would obtain order 1/5, which can also be compared with
the order 1/3 obtained for SDEs. But if we introduce noise in the slow equation, the method we
used to prove the weak order theorem becomes more complicated, and we have not extended the
result to this situation so far.

In the case of stochastic differential equations, averaging results are already well-known - see for
instance [12], [13]. Convergence in law or in probability of X¢ to X in the space C([0,T], H) can
be shown by different techniques: by using a Hasminskii technique based on a subdivision of the
interval [0, 7] (see [10], [17]); a Poisson equation (see [20]); the method of perturbed test functions
and of a martingale problem approach (see [11]); or an asymptotic expansion of the solutions of
Kolmogorov equations (see [10], [14]).

As far as stochastic partial differential equations are concerned, in [5] both the Hasminskii tech-
nique and a martingale problem approach are used; in [6] a modified Poisson equation is the essential
tool. Then convergence in law or in probability of X¢ to X in the space C([0,T], H) (the space of
continuous functions from [0,7] to H) is proved; but order of convergence was never given.

Our proof of Theorem 1.1 relies on the Hasminskii technique already known for SDEs: we in-
troduce an auxiliary process for which the slow component of the fast variable is frozen on small
intervals of a subdivision. We use Holder regularity of order 1 — r in time of the slow component,
for which we do not need 6 > 0.

To prove Theorem 1.2, we adapt the method of finding an expansion with respect to e of the
solutions of the Kolmogorov equations related to our system. This seems to be the first time that
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such a method is used to prove an averaging result for SPDEs. New technical difficulties due to
infinite dimension arise: we use non bounded linear operators and non smooth nonlinear coefficients,
and the Kolmogorov equations are more difficult to use. For these reasons, we use a reduction to
finite dimension technique, keeping in mind that bounds must be independent of dimension, so that
precise estimates are needed for each term appearing in the expansion. We interpret the necessity
of 6§ > 0 with a singularity which needs to be integrable.

In Section 2, we set the notations and give some results on the fast equation, allowing to define
the averaged equation; we also precise the assumptions needed to prove the Theorems. Then in
Section 3, we prove the strong-order result. In Section 4, we give the details of the method for
proving the weak-order result. Finally in Section 5 and in the Appendix, we prove all the necessary
estimates.

2. PRELIMINARIES

2.1. Assumptions and notations.

2.1.1. Test functions. To study weak convergence, we use test functions ¢ in the space CE(H, R)
of functions from H to R that are twice continuously differentiable, with first and second order
bounded derivatives.

In the sequel, we often identify the first derivative D¢(z) € L(H,R) with the gradient in H, and
the second derivative D?¢(z) with a linear operator on H, via the formulas:

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

2.1.2. Stochastic integration in Hilbert spaces. In this section, we recall the definition of the cylin-
drical Wiener process and of stochastic integral on a separable Hilbert space H (its norm is denoted
by |.|m or just |.|). For more details, see [7].

We first fix a filtered probability space (Q, 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;)icr of independent real Wiener processes with respect to the filtration ((F¢)¢>0):

(2.1) W)= 8i(t)a.
el

When [ is a finite set, we recover the usual definition of Wiener processes in the finite dimensional
space RII. 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 (gx) = (sin(k.))g>1 - see Example 2.2.

A fundamental remark is that the series in (2.1) does not converge in H; but if a linear operator
VU : H — K is Hilbert-Schmidt, then WW (t) converges in L?(2, H) for any ¢t > 0.

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

+o0
U7 m.0) = 2 1) < 400,
k=0
where the definition is independent of the choice of the orthonormal basis (q;) of H. The space of
Hilbert-Schmidt operators from H to K is denoted L2(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 ¥ € L*(Q x [0,t]; Lo(H, K)), the
following two properties hold:

IE|/ s)dW (s)|% = E /|\I’ |L (1K) @5, (Ito isometry),

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

A generalization of It6 formula also holds - see [7].
For instance, if v =), - vrqr € H, we can define

t
<W(t),v>:/ < v, dW (s Zﬂk ks
0

keN
we then have the following space-time white noise property

E<W(t),v ><W(s),vg >=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.

2.1.3. Assumptions on the linear operators. We have to specify some properties of the linear oper-
ators A and B coming into the definition of system (1.2); we assume that the linear parts are of
parabolic type, with space variable £ € (0, 1).

We assume that A and B are unbounded linear operators, with domains D(A) and D(B), which
satisfy the following assumptions:

Assumptions 2.1. (1) We assume that (eg)ren and (fx)ren are orthonormal basis of H, and
(Mk)ken and (pug)ken are non-decreasing sequences of real positive numbers such that:
Aep = —Apeg for allk € N
Bfy = —pgfr for all k € N.
We use the notations A :== \g > 0 and p := po > 0 for the smallest eigenvalues of A and B.

(2) The sequences (Ar) and (ux) go to +00; moreover we have some control of the behaviour of

(1) given by:
—+00

1
Y — <+oosa>1/2
k=0 H'k
Example 2.2. A =B = d 4, with domain H?(0,1) N HL(0,1) € L?(0,1) - homogeneous Dirichlet
boundary conditions: in that case A\, = py, = 7°k?%, and ex(€) = fr(€) = V2sin(kn€) - see [2].

In the abstract setting, powers of —A and — B, with their domains can be easily defined:
Definition 2.3. For a,b € [0, 1], we define the operators (—A)® and (—B)® by

(—A)'z = Mayer € H,
k=0

o

(—=B)'y =Y ujynfr € H,
k=0
5



with domains

+oo +oo
D(=A)* = {SC = wper € Hilalf g0 =Y ()™ af* < +OO} ;

k=0 k=0

+o00 “+o0
D(-B)’ = {y = Zykfk € H, |y|%_B)b — Z(Mk)2b|yk|2 < +OO} ‘

k=0 k=0

The domains D(—A)® are related to Sobolev spaces H2%(0,1): therefore when z belongs to a
space D(—A)?, the exponent a represents some regularity of the function z.

The semi-groups (e1);>¢ and (¢'P);>o can be defined by the Hille-Yosida Theorem (see [2]). We
use the following spectral formulas: if z = /%0 zrer, € H and y = > /20 yxfx € H, then for any
t>0

—+00 —+00
ety = E e Mlrrer, and Py = E e ey fr.
k=0 k=0

For any t > 0, et and e'B are continuous linear operators in H, with respective operator norms
e~ and e 7. The semi-group (e'*) is used to define the solution Z(t) = e*4z of the linear Cauchy
problem

dz(t
% =AZ(t) with Z(0) = z.
To define solutions of more general PDEs of parabolic type, we use mild formulation, and Duhamel

principle.

These semi-groups enjoy 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. We write
them for A, but they also hold with B.

Proposition 2.4. Under Assumption 2.1, for any o € [0, 1], there exists Cy > 0 such that we have:
(1) for anyt>0 and x € H
]etAac](,A)a < Cgtfae*%t\x]H.
(2) for any0<s <t andx € H

(t—s)7

let e — esAz|y < C, e_%slm\H.

(3) for any 0 < s <t and x € D(—A)°
A
etz — e x|y < Oy(t — s)7e” 2% |z](_a)e-

Under the previous assumptions on the linear coefficients, it is easy to show that the following
stochastic integral is well-defined in H, for any t > 0:

B _ te(tfs)B s).
(2.2) Wh(#) /0 AW (s)

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 2.1, there exists 6 > 0 such that for any ¢ > 0 we
have fg S%\eSB ]%2 ( H)ds < +o00; it can then be proved that W has continuous trajectories - via the

factorization method, see [7] - and that for any 1 < p < +00 supyo E|[WE(t)[}, < +oc.
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2.1.4. Assumptions on the nonlinear coefficients. We now give the Assumptions on the nonlinear
coefficients F,G : H x H — H. First, we need some regularity properties:

Assumptions 2.5. We assume that there exists 0 < n < % and a constant C' such that the following
directional derivatives are well-defined and controlled:

o Foranyxz,y € H and h € H, |D,F(x,y).h| < C|h|g and |DyF(z,y).h| < C|h|g.

e Foranyx,y € H, h€ H, k € D(—A)", |D2, F(x,y).(h, k)| < C|h|u|kl(—ayn-
e Foranyx,y€ H, he H, ke D(—B)", |D3,F(z,y).(h,k)| < C|hlg|k| gy
e Foranyx,y€ H, he H, ke D(—=B)", |D2,F(x,y).(h, k)| < C|h|u|k| gy
e Foranyx,y € H, he D(=A)", k€ H, |D2,F(x,y).(h, k)| < C|h|_ay|kl|m.

We moreover assume that F' is bounded.

Remark 2.6. 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 assume that the fast equation is a gradient system: for any x the nonlinear coefficient G(z, .)
is the derivative of some potential U. We also assume regularity assumptions as for F.

Assumptions 2.7. The function G is defined through G(x,y) = V,U(x,y), for some potential
U:HxH—R. Moreover we assume that G is bounded, and that the reqularity assumptions given
in the Assumption 2.5 are also satisfied for G.

Finally, we need to assume some dissipativity of the fast equation. Assumption 2.8 is necessary
to prove Theorem 1.1, while Assumption 2.9 is weaker and is sufficient to prove Theorem 1.2.

Assumptions 2.8 (Strict dissipativity). Let L, denote the Lipschitz constant of G with respect to
its second variable; then

(SD) Ly < p,
where 1 1s defined in Assumption 2.1.

Assumptions 2.9 (Weak Dissipativity). There exist ¢ > 0 and C > 0 such that for any x € H
and y € D(B)

(WD) < By +G(z,y),y >< —cjy|* + C.

Indeed, according to Assumptions 2.1 and 2.7, the weak dissipativity Assumption 2.9 is always
satisfied, while strict dissipativity requires a condition on the Lipschitz constant of G.

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

o Functions F,G : H x H — H of class C?, bounded and with bounded derivatives, such that
G(x,y) = VyU(x,y) and satisfying (SD) fit in the framework, with the choice n = 0.

e Functions F and G can be Nemytskii operators: let f : (0,1) x R? — R be a measurable
function such that for almost every & € (0,1) f(&,.) is twice continuously differentiable,
bounded and with uniformly bounded derivatives. Then F' is defined for every x,y € H =

L%(0,1) by
For G, we assume that there exists a function g with the same properties as f above, such
that G(x,y)(§) = g(&, z(&),y(§)). The strict dissipativity Assumption SD is then satisfied
when 9
sup S, a,y)| < o
£€(a,b),zcRycR OY
7



The conditions in Assumption 2.5 are then satisfied for F and G as soon as there erists
n < 1/2 such that D(—A)" and D(—B)" are continuously embedded into L>°(0,1) - it is the
case for A and B given in Example 2.2, with n > 1/4.

We remark that under Assumption 2.7, if we define Up(z,y) = fol < G(z,sy),y > ds, we have
Uo(z,y) = U(zx,y) — U(z,0); therefore Uy is another potential for GG, and is the only one such that
for any = € H we have Up(z,0) = 0. In the sequel, it is therefore not restrictive to assume U = U.

Now we can define solutions of system (1.2); under Assumptions 2.1, 2.5, 2.7, we notice that the
nonlinearities F' and G are Lipschitz continuous, and the following Proposition is classical - see |7]:

Proposition 2.11. For every e > 0, T > 0, x € H, y € H, system (1.2) admits a unique mild
solution (X€,Y€) € (L*(Q,C([0,T], H)))?:

t
X(t) = et + / eU=DAR(X(s), Y (s))ds
(2.3) L gt ’
(t—s (t s
Ye(t):efo—l——/ e e)BG(Xe(s) ds+—/ By dW (s).
€Jo
In other words, system (1.2) is well-posed for any ¢ > 0, on any finite time interval [0, T].

Some properties - bounds on moments, space and time regularity, differentiability with respect
to the parameters - of X€ and Y€ are given in the Appendix.

2.2. Known results about the fast equation and the averaged equation. In this section,
we just recall without proof the main results on the fast equation with frozen slow component and
on the averaged equation, defined below. Proofs can be found in [6] for the strict dissipative case,
and the extension to the weakly dissipative situation relies on arguments explained below.

If z € H, we define an equation on the fast variable where the slow variable is fixed and equal to
T

dYz(t,y) = (BYz(t,y) + G(z, Ya(t,y)))dt + dW(t),

This equation admits a unique mild solution, defined on [0, +o0].

Since Y€ is involved at time t > 0, heuristically we need to analyse the properties of Y, (%, Y),
with € — 0, and by a change of time we need to understand the asymptotic behaviour of Y,(.,y)
when time goes to infinity.

Under the strict dissipativity Assumption 2.8, we obtain a contractivity of trajectories issued
from different initial conditions and driven by the same noise:

(2.4)

Proposition 2.12. With (SD), for any t > 0, x,y1,y2 € H we have

_(p=Lg)
|Y$(t’y1) - Ym(tay2)|H <e 2

Under the weak dissipativity Assumption 2.9, we obtain such an exponential convergence result
for the laws instead of trajectories. The proof of this result is not staightforward, and can be found
in [8].

Proposition 2.13. With (WD), there exist ¢ > 0, C' > 0 such that for any bounded test function
¢, any t >0 and any y1,y2 € H
(2.5) ES(Y (t,91)) — ES(Y (t,92))| < Clidlloo(L + [y1]* + |y2|*)e™

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

dry (v1,ve) = inf {P(X; # Xo)},
8
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which is an infimum over random variables (X7, X5) defined on a same probability space, and such
that X1 ~ 1 and Xo ~ vs.

The principle is to define a coupling (Z1(t,y1,y2), Z2(t,y1, y2))t>0 for the processes (Y (¢,y1)i>0
and Y ((t,y2))e>0 such that the coupling time 7 of Z; and Z - 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], [19] - and was later adapted for SDEs and more recently for SPDEs - see for instance
[15], [15].

As a consequence, we can show that there exists a unique invariant probability measure associated
with Y}, and that the convergence to equilibrium is exponentially fast.

First, let v = AN(0,(—B)7!/2) be the centered Gaussian probability measure on H with the
covariance operator (—B)~!/2 - which is positive and trace-class, thanks to Assumption 2.1.

Then p* defined by

1
(2.6) p" (dy) = mGQU(x’y)V(dy),
where Z(z) €]0, +o0[ is a normalization constant, is the unique probability invariant measure associ-
ated to Y,. This expression comes from the gradient structure of equation (2.4), given in Assumption
2.7.

Second, under both dissipativity assumptions, the convergence to equilibrium is exponential in
the following sense:

Proposition 2.14. If we assume (SD) or (WD), there exist constants C,c > 0 such that for any
bounded function ¢ : H =R or¢: H— H,t>0 and x,y € H we have

[EQ(Ya(t, y)) — /H¢(z)f(dz)| < Clldlloo (1 + lylEr)e™.

Under the strict dissipativity Assumption 2.8, this is a consequence of Proposition 2.12 - see
Theorem 3.5 and Remark 3.6 of [6]; under the weak dissipativity Assumption 2.9, Proposition 2.14
is a consequence of Proposition 2.13 and of the properties of the invariant measures p* - which have
finite moments of any order, uniformly bounded with respect to x.

Now we define the averaged equation. First we define the averaged nonlinear coefficient F:

Definition 2.15. For any z € H,
(2.7) @)= [ Pl ()

Using Assumptions 2.5, 2.7 and the expression of u*, we can easily prove the following properties
on F":

Proposition 2.16. There exists 0 < n < 1 and a constant C' such that the following directional
derwatives of F are well-defined and controlled:

e Foranyx € H, he H, |DF(x).h| < Cl|h|g.
e Foranyx € H, h€ H, k € D(—A)", |D*F(z).(h, k)| < Clhlulkl—aym-

Moreover, F is bounded and Lipschitz continuous.
Remark 2.17. Even when F and G are Nemytskii operators, F is not such an operator in general.
Then the averaged equation - see (1.3) in the introduction - can be defined:
dX (t) = (AX(t) + F(X(t)))dt,

with initial condition X (0) =2 € H. For any T > 0, this deterministic equation admits a unique
mild solution X € C([0,T7], H).
9



3. PROOF OF THE STRONG-ORDER RESULT

The main idea - inspired by the work on SDEs of Khasminskii in [13] - of the proof of Theorem
1.1 is the construction of auxiliary processes (X¢,Y) for any e, for which the analysis is simpler.

In this section, we assume that dissipativity of the fast equation is strict: we have SD.

Let T>0,x € H, y € H and € > 0 be fixed. We introduce the parameter

(3.1) §=0(e) = Ve

to define a subdivision of [0,77]. We also fix r > 0.
We define X€¢ and Y€ via a mild formulation: for any 0 <t < T

t 1 ¢ S t—s
YE(t):eZBy—i——/ = )BG(XG({(SJ(S) ds—i——/ B (s),
(3.2) ) /o . )

X€(t) = etz + / e@—S)AF(XE(L5 16),Y<(s))ds,
0
where [.| denotes the integer part function. )
) =2 = X0) and Y(0) =y = Y(0).

X¢ and Y€ are continuous processes and they satisfy X (0
< N :=|L], we have
6),Y

Moreover, on any subinterval [kd, (k + 1)d], with 0 < k

dX(t) = (AX(t) + F(X(ko), Y(t)))dt,
(3:3) dY*e(t) = %(B?E(t) + G(X(kS),YE(t)))dt + %dW(t).

We remark that on such subintervals the fast component Y€ does not depend on the slow component
X€, but only on the value of X¢ at the first point of the interval.
Since F' and G are supposed to be bounded, we easily see that for any ¢ > 0

E[X“(t)[7 < C(L+|zff) and E[Y()|E < O+ |ylh).
We show the following Lemmas:
Lemma 3.1. There exists C' > 0 such that for any 0 <t < T and any € > 0
E|X“(t) - X“(t) < C(0' " +5).
Lemma 3.2. There exists C' > 0 such that for any 0 <t < T and any € > 0

1 1/2 ) .
— Co "+ =).
— o)) @)

The constant C' above depends on r, T, x, y, but not on ¢, € or d(e).

Lemma 3.1 explains why we can replace X© by X¢, and Lemma 3.2 gives an estimate of the
distance between X¢(t) and X (¢). With the choice of d(¢) = 4/e given by (3.1), the proof of
Theorem 1.1 is straightforward.

Proof of Lemma 3.1

e Estimate of Y€ — Y*. B
We define p(t) = Y(t) = Y(¢t) forany 0 <t < T.
We fix k > 0; then for any ¢ € [kd, (k + 1)d] we have

E|X¢(t) - X(t)| < C <e(1 +67)(1+

1 1 -
A6 (1) = LB ()t + (GO0, Y¥(1)) — GLX(k8), V(1))
Using a mild formulation and Gronwall Lemma, for any ¢ € [kd, (k + 1)d] we have

_ t _
Blpr (o) < e T ORIE (k) + © [ e
610 ko

(s) — X(kd)|ds.



Since E|Y¢(t)| < C(1 + |y|) and E|Y(t)] < C(1 + |y|), we have the same bound on p¢.
We can integrate the previous inequality over the interval ¢ € [kd, (k + 1)d] and get

(k+1)6 k+1)6 (k+1)6
/ Elpf(t)|dt < C/ k) gy & / / ~EEL -9 X (s) — X€(k6)|dsdt
ké ké kéd

(k+1)6 (k+1)8 L,
<C +C E|X(s) — X(k6) |/ < =) dtds
H= Lg ko
(k+1)6
<Ce+C E|X(s) — X(kd)|ds.
ko

We recall that strict dissipativity 4 — Ly > 0 holds, thanks to Assumption 2.8.

It remains to take the sum over k € {0, e L%J }, where ¢ < T'; using Proposition A.3 of

the appendix, we then obtain
! € € 1—r
E|p(s)|ds < C(T,T)(S +077).
0

e Estimate of X¢ — X¢,
We have for any 0 <t <T

X4 = X0 = | [ IR (5) = X510 V()i
< [ IPOXA(s). Y4 (s) = POXC(1510). 7 (5)) s
T s B
<0 [0X70) = X0+ 1Y¥(s) — V(o).

Using the previous estimate and the regularity result from Proposition A.3, we obtain for
any 0<t<T

(3.4) E|X(t) — X<(t)| < C(6"" + g).

Proof of Lemma 3.2 We introduce the following decomposition, for any 0 < ¢ < T

TIAE(X(s) — F(X(s)))ds

t) + L(t) + I3(t) + 14(t).
11



According to Proposition 2.16, F is Lipschitz continuous; thanks to Proposition A.3 and Lemma
3.1, we then show that for any 0 <t < T

T S
E|L(t)| < C/o BX(|3]5) — X(s)lds < €3
T
€ € 1-r E
E|I,(t)| < C/o X4(s) — Ke(s)lds < O + )

E|L(t)] < CT/O E|X(r) — X (r)|ds.

The I, term is treated via the Gronwall Lemma.

It remains to focus on the I7 term. It is fundamental to look at E|I1(t)|?> and not only E|I1(t)|
in order to obtain the best estimate leading to order 1/2. For that, we use the subdivision of [0, 7]
and we expand the scalar product in H: we have for any 0 <t < T

S

2 J6))dsP

L2 =] | TOAFX(215), V() - F(X(|
0 5

5] (ke 1)one ) B
1Y [ A (), V() — T (k)
k=0 kS

= A1) + A2(0),

where
5] kt1)one ) B
(3.5) At =S / e=VAP(XE(RS), VE(5)) — F(X(k6)))ds 2
k=0 ko
and
(i+1)0At B -
(3.6) Ag(t):=2 > <-5 eU=AF(X(i6), Y (s)) — F(X(id)))ds,
0<i<j<[£]

(j+1)oAt R .
/ AR (0). V() ~ FOX (8.
J

We claim that EA;(t) < Ce and EAy(t) < Ce(1+677)(1 + —L—), where C = C(T,r,0,x,y).
l—e~C¢
Using Gronwall Lemma, we get the result.
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e We first prove the estimate on EA;(¢). We use conditional expectation with respect to Fs.
Then for any 0 < k < L%J, using some symmetry for variables s and o,

(k+1)51t B -
E| g A F(XE(kS),Y(s)) — F(X(k6)))ds|?

(k+1)51t (k+1)ont B -
—9E / ds / do (DA (F(X(k6),Y(s)) — F(X(kd))),
ké s

AP (X(k3),Y(0)) — F(X“(k6))))
(k+1)ont (k+1)ont B -
=2E / ds / do (e@=)A(F(XE(k6),Y(s)) — F(X(k6))),
ké s
e AE[F (X (k6), Y(0)) — F(X(kd))|Fs])
(k+1)6  p(k+1)0 _ o _ o
<2 0 [T (P (0). F4(5) = FOC () BP(X (k8). V()] = FX“(k9))])
We now define the auxiliary function F. Propositions C.1 and C.2 - see the Appendix -

give important properties of this function: we have some exponential control with respect
to time ¢ of uniform and Lipschitz bounds with respect to x.

Definition 3.3. For any (v,y) € H?> andt >0

(3.7) F(z,y,t) = EF(x,Y,(t,y)) — F(x).

Since F'is bounded, we can control the first factor in the integral; for the second factor,
we use the definition of F', the Markov property and Proposition C.1 to see that

(k-+1)5At N N
E| AP (XE(kD), Y(s)) — F(X(kd)))ds|?
ké
(k+1)s (k+1)s B B o s
<c ds / doB| (X (ko) V<(s), Z—2)|
ko s €
(k+1)5 p(h+1)S
<C / e “ < dods < Cde.
ké s

Therefore we get EA;(t) < Ce.
e Estimate of EAy(t).
We have to introduce the following auxiliary processes, which generalize Y. (Z£(5))s>is,
where i € {0,..., N} is defined by:

(s :1 (s (i €(s s 1 S
(3.8) dZi(s) = —(BZi(s) + G(X*(i0), Zi(s)))ds + \/EdW( )

ZE(i6) = Y(id).

It is then clear that for id < s < (i + 1)§ we have Z{(s) = Y(s), and that Zg((k + 1)5) =
Ye((k+1)8) = Zj 1 ((k 4 1)d). Moreover the processes (Zf) are uniformly bounded with

respect to ¢ and e.
13



It is then possible to rewrite the integrands appearing in the expression of As: when
0 <s<(i+1)0<jo<7<(j+1)d,

[E (et (F (X< (i

= [E (=4 (F(x
< CE[E[F(X*(j0),

0),Y(s)) = F(X(i0))), "4 (F(X(j8), Y (7)) —F(Xe(j5)))>\
“(i6),Y<(s)) = F(X*(i6))), e ME[F(X(j6), Y (7)) — F(Xe(jé))|f(i+1)6]> |
Y(r)) = F(X(38))| Fripnysll,

since F is bounded. We have Y¢(7) = Z5(7); however since ¢ < j we can use conditional
expectation with respect to F;y1)s instead of Fjs in order to get a better estimate. We
therefore propose the following decomposition

E[E[F(X(j8),Y(r)) = F(X(j&))|Firnsll
< CE[E[F(X((i + 1)0), Z}1 (7)) — F(X((i + 1)8))| F(i11)s]]
+ CE[E [(F(X(j9), Z; (7)) — F(X(j9))) — (F(X((i + 1)), Z11 (7)) = F(X((i + 1)) Fiir1)s] |
=: B] + Bs.
(1) First, using Markov property we have for any jo <7 < (j 4+ 1)
By = CE[E [F(X((i + 1)d), Z{11 (7)) = F(X((i + 1)8))| Fit)s] |
= CEIE | P(X*((i 4+ 1)8), Ziyy1y (G + 108), T 7

T—(i+1)6

<Ce “ <

thanks to Proposition C.1.
(2) Bj can be rewritten using a telescoping sum, and some conditional expectation

j—1
By =E[E( > E[[F(X((k +1)8), Z1(r) = F(X((k + 1))
k=i+1
— [F(X*(k8), Z5(7)) = F(X“ (k)] Fis | | Fii1s )
-5 EJE | [F(X*((k +1)6), Z{11 (7)) = F(X“((k +1)9))]

k=i+1
— [F(X*(k8), Z5(7)) = F(X*(k6))]|Fs ||
Thanks to Markov property, we obtain
E[F(X((k + 1)9), Z1(7) = F(X((k +1)))|Fis]
= E|F(X((k + 1)8), V((k + 1)8),7 = (k + 1)6, )| Fis|
and

B[ F(X(k8), Z5 (7)) = FOX(k0))|Fis | = B[ FX(k8), Y ((k + 1)8), 7 = (k + 13, )| Fs
14



Using the exponential decrease in time of the Lipschitz constant of F with respect to
x given by Proposition C.2 in the appendix, we have

-1
By < JZ E\E[F(XE((k +1)8), Y((k +1)8),7 — (k + 1)5, e)\fks]
k=i+1

— B[ F(X(k8), V<((k + 1)8), 7 — (k + 1)8, )| Fis |

T (k+) €'
< - E|X((k+1)0) — X(k))|1l+ ———
<oy e X+ 8) = XD+ o)

k=i+1

en i-! r—(h41)s 91T

SCU+—=w) 2 € gon
o) 2 @

n 1—7r ch—_ELé

<co(+ € o e

G (S g

by using the regularity proved in Proposition A.3.
(3) We are now able to conclude, by using the estimates on By and By: we have for any

0<t<T
(i+1) 5/\t (j+1)ont —(i
EAy(t)<C ) / / dre—e
0<i<y< %
(i+1)0Nt (F+1)oNt si-r e—cT;j(S o
+C Z / ds/ dr— - (14 —)
. . —r ) o n
o2 i o G+ D971t - j9)
cUziz 1)5 1 5177“
<C de~ + O TTe—— o
- Z o e Z ((1+1)6)=r
0<i<j<| 5] 0<i<j<|Z]
1
<SCMe(1+67)(1+ pp— )

4. PROOF OF THE WEAK-ORDER RESULT

The proof of Theorem 1.2 relies on an expansion of the solution of the Kolmogorov equation
associated with the stochastic system (1.2) with respect to the small parameter €; the zero-order
term corresponds to the averaged equation, and we control the first-order term to get the result.

When working with SDEs, this strategy can be entirely followed; nevertheless in the case of
SPDEs, the Kolmogorov equations involve the unbounded operators A and B, and quantities like
Tr(DSyu), and this leads to technical problems - see [4] or [6].

The idea of the proof is to reduce the infinite dimensional problem to a finite dimensional one
by Galerkin approximation; we apply the method in this finite dimensional setting, and we prove
bounds that are uniform with respect to the dimension. We also show that taking the limit when
dimension goes to infinity is meaningful and gives the desired result.

The key element in the construction of the expansion mentioned above is given in Lemma 4.3
below: a Poisson equation can be solved under ergodicity conditions on the fast equation. We
notice that Assumption 2.9 is sufficient, since we can analyse the problem through the asymptotic
properties of the transition semi-group of the fast equation, instead of trajectories.
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First, we explain how we reduce the problem to a finite dimensional one - see Section 4.1; then
we explain the method in this setting and show which expressions must be controlled - see Section
4.2; finally we prove the estimates.

4.1. Reduction to a finite dimensional problem. We use Galerkin approximations based on
the orthonormal basis (ex) and (fx) of H, given by Assumption 2.1. We define the subspaces

H](\}) =span{e;0 <k <N -1} and H](\?) =span{fi;0 <k <N —1}.

We denote by P](Vl) € L(H) - resp. P](VQ) - the orthogonal projection of H onto H](\P - resp. H](\?).
Then we define for x € H](\}) and y € H](\?)

Fy(z,y) = Py (F(z,y))

G (z,y) = PY (G(z,y))
UN(xay) = U(xay)

On H](\}) X H](\?) coefficients Fiy and Gy are of class C2. The function Uy is of class C? with respect to
y and of class C? with respect to z, and we have DyUn (z,y) = Gn/(z,y) for any (z,y) € H](\}) X H](\?).

Moreover we have bounds on Fy, G, Uyn and on their derivatives which are uniform with respect
to N and satisfy bound like in Assumption 2.5. In particular we still have the weak dissipativity
condition with G replaced by Gy.

We can define the following approximation of system (1.2)
dX (1) = (AX§ (1) + Fn (X (1), YR (1)))dt

4.1 1 1
-y AYE(0) = F(BYE(0) + Gy (X5 (0, YE(0)dt + Wi 1),
with initial conditions X§;(0) = PJ(Vl)a: € H](\}), Y5(0) = P](Vz)y € H](\?).

Since H](\}) (resp. H](\%)) is a stable subspace of A (resp. B), this system is well-posed in H](\}) X H](\?).

We have by definition Wy (t) = P](V2 )W(t); on H](\?) it is a N-dimensional Brownian motion.

Below we explain that system (4.1) defines a good approximation of the initial problem (1.2).
Moreover, we can check that the structure of the problem remains the same, with bounds indepen-
dent of the dimension.

First we describe the ergodic properties, and in particular the relations between the invariant
measures associated with the associated fast equations with frozen slow component. In Section 2.2,

we have defined v = N (0, By and u* - see (2.6); we can do the same for the finite dimensional
’ )

fast equation with frozen slow component x € H - and not only for x € HJ(\}
dYsn(ty) = (BY;n(t,y) + P Gla, P Yo n(ty)))dt + dWi (1)

(4.2) @)
Y:B,N(an) = PN Y.

Let vy be the unique centered Gaussian probability measure on H](\?) having for covariance

-1
operator the induced matrix from % on the subspace H](\%). We can then build p%; the unique -

since we have strict dissipativity - invariant probability measure associated to (4.2): we naturally
extend the definition of Uy to H x H, by Un(z,y) = U(x,y), and we define

1
(4.3) iy (dy) = MGQUN(m’y)VN(dy%

where Zy(x) €]0, +o0o[ is a normalization constant.
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As vy is the image measure of v by P](\,2 ), we can use the following change of variables formula
for suitable test functions ®:

[ o Bty =
H

N

2U (z,y)
Zn) /H o D(y)e vN(dy)

1 (), N 2U(z,PPy)
= d(P eV \IEN Yy (dy).

This formula leads to convergence properties: first when N — +oc we have

Zn(z) — Z(x) for any = € H.
Moreover if ® : H — H is a continuous function such that for any y € H, |®(y)| < ¢(1 + |y|), then

/H o P (y)pn (dy) — /H P (y)p*(dy).

For any x € H we define the averaged coeflicient associated with the finite dimensional problem
(4.2)

(1.4 @) = [ PPl i),

and the new averaged equation
(4.5) dXn(t) = (AXN(t) + Fn(Xn(1)))dt,
with initial condition X (0) = P](Vl)x € H](\}).
We notice that Fi is bounded, and of class C? with bounded derivatives; moreover it satifies the

properties described in Proposition 2.16, with constants independent of N.

Remark 4.1. Making the Galerkin projection and then averaging the coefficient with u%; is not the
same as averaging the coefficient with u* and then making the Galerkin projection. As a consequence
Xn is not naturally defined by a Galerkin approximation from X.

The following Lemma gives the convergence of the finite dimensional approximations to the initial
problem:

Lemma 4.2. (1) For any fized e > 0,t >0, and any x € H, y € H, we have when N — +00
EIX(t) = XN(O)P +E[Y(t) = Y ()] = 0.
(2) For anyt>0, x € H, we have when N — 400
X(t) - Xn(0)] = 0.
It remains to define an approximated test function: for any x € H](\}), we define ¢y (z) = ¢(x).
We can now show how the initial problem can be reduced to a finite dimensional one - provided

we are able to give estimates uniform to the dimension: for any initial conditions z,y € H and
0<t<T,

E[p(X“(1))] - E[¢(X(1))] = E[¢(X(t))] - E[p(X(t))]
+E[on (X5 ()] — Elon (Xn (1))
+E[¢(Xn(1)] — E[¢(X(1))].
The first and the last terms converge to 0 when N — 400, according to the above Lemma 4.2; we

later control the central term with an expression independent of N. Taking the limit as dimension
goes to infinity then gives the result. So we have to control

(4.6) Elpn (X (t)] — Elpn (Xn(1))]-
17



From now on, we only work with the approximations to obtain estimates, but in order to simplify
the notations, we forget the index N - since bounds are uniform with respect to N. The spaces H](\Z,)
are denoted by H® in the next sections.

4.2. The asymptotic expansion. We define the following differential operators: for functions of
class C2 ¢ : HY x H?) - R, for any (x,y) € HY x H®)

1
Ly(z,y) =< By + G(z,y), Dytp(z,y) > +§TY(D§yw(w, y))
Lop(x,y) =< Az + F(x,y), Dp(z,y) >
L = %Ll + Lo.

We also define for ¢ : H() — R of class C* L(z) =< Az + F(x), Dyb(x) >.
We define the following functions u¢ and @: for x € HY, y € H® and t > 0
(@) ut(t, z,y) = E[p(X (¢, z,y))]
' a(t, ) = ¢(X(t,x)),
where we have mentioned explicitly the dependence on the initial conditions z,y in X€¢ and X.
Since the test function ¢ is of class Cg, u€ and 7 are of class C' with respect to ¢t and of class Cg
with respect to z, y; we also know that u€ and @ are solutions of the following Kolmogorov equations:

ou* ¢ .
(4.8) W(t,x) = Lu(t,x)

ut(0,z) = ¢(x);
ou —
—(t = Lu(t
(49) 8t ( ,l’, y) u( ,l‘,y)
u(0,2,y) = ().
We remark that the second equation is a linear transport equation with no diffusion term. We then
rewrite the expression we want to study (see (4.6)):

(4.10) Elp(X(T,z,y))] — E[p(X(T, x))] = v (T, z,y) —u(T, x).
Our strategy is to look for an expansion of u¢ with respect to the small parameter e:
(4.11) u® = ug + euy + v°,

where v is a residual term, while ug and u; are smooth and are constructed below.
The identification with respect to the powers of € gives the following equations:

(412) L1u0 = 0,

0
(413) % = Lyui + Louyg.

The operator Ly satisfies the following property on the solutions of Poisson equations:

Lemma 4.3. We fizrz € H.
o If W is a bounded continuous function such that [, U (y)u*(dy) = 0, then if ® is a function
of class C? satisfying L1® = —¥ then for any y € H we have

+oo
o) = [ o+ [ BTl

18



o Moreover if ¥ is of class Cg, then ® defined by

+oo
B(y) = /0 E[W(Y, (s, y))]ds

is of class C?, satifies Li® = —W, and there exists a constant C - independent on N - such
that for any y € H we have

[2(y)] < CO+ |y Vo

Proof The first part of the Lemma is an easy consequence of 1t6 formula and of equation (2.5),
after integration with respect to yo under p®. To prove the second part of the lemma, we first see
that for any fixed s € Rt the function y — E[U(Y,(s,))] =: vi(s,y) is of class C2. To be able
to exchange integration in s and derivation with respect to y, we need to prove an estimate of the
first and the second derivatives which is integrable with respect to s. The derivatives of Y,(s,y)
with respect to the initial condition satisfy the following equations - to simplify notations we do not
write dependence in x in those derivatives:

diy
nds(s) — Bﬁhy(s) +DyG(ﬂU7Yx($,y))-ﬁh’y(s,y)
i (0) = h,
and
AT _ BEE )+ D, Gl Yol ) EP(5) + D2, Gla, Yals, ). (5),79(5)

¢mR(0) = 0.

Without any further dissipativity assumption than (WD), we only get bounds on finite time
intervals like [0, 1]: there exists C' > 0 such that for any y,h,k € H and 0 < s <1

| Dyvz(s,y).h| < CIhl
D3, (s,).(h. )| < CIR k]
However, using the estimate (2.5) and a Bismut-Elworthy-Li formula, we can indeed prove some

exponential convergence with respect to s of the derivatives Dyv,(s,y) and Dgva(s, ).

Let W0 be a function such that [¥0(y)| < C(¥O)(1 + |y|?) for any y € H. If we define v0(s,y) :=
EW(Y,(s,y)) for any y € H, h,k € H, we get for the first order derivative

Dyvg(s,y).h = %E[/s < i"(o,dW () > ¥O(Yy(s,y))]
(4.14) 0

s/2
_ gE[ /O < i (), dW (o) > 12(s/2, Ya(s/2,9))],

with the observation that v2(s, y) = Ev2(s/2, Y;(s/2,y)) thanks to the Markov property; the second
order derivative satisfies

2.0 2 o/2 ~h.k 0
D,18(5.9)- 0 ) = ZB{ [ &), dW () > (/2 (s/2,0)
(4.15) "
£ 2B <o) AW (o) > Dl(s/2.Y (572752
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Since Y, can be controlled in a L? norm according to Lemma A.1 in the appendix, we see that there
exists C' > 0 such that forany 0 < s <1, ye€ H, h,k € H

c
|Dyvd(s,y).h| < —=C(E°)(1+ |y|*)|hl,
(4.16) ! \f !

D303 (s,9)-(h, k)| < C(‘I’O)(l+ ly[*)IA k|-

yyaﬁ

Now when s > 1 the Markov property implies that v.(8,y) = Evg(s — 1,Y,(1,y)), and choosing
y1 = y and by integrating with respect to u*(dyz) in (2.5) we have
)

[v(s = Ly)| < Cem*™V
By (4.16) at time 1, we obtain for s > 1
|Dyve(s,y).b| < Ce V(1 4 [y[*) |l
|Dyyva(s,y).(h k)| < Cem V(L4 [y]?) |||k

L+ [yl?).

Moreover we have a uniform control when 0 < s < 1, so that with a change of constants we get the
result.

O

As a consequence we see from (4.12) that wg is independent of y; we then write ug(t,z,y) =
uo(t,x). We also choose the initial condition ug(0,z) = ¢(x). The second equation (4.13) then
yields

8UQ - auO o
G = [ Sy
~ [ Do) + [ Lauoftantdy)
H?®) H(®2)

=< Aup(t,x) + / o F(x,y)p*(dy), Dyuo(t, z) >
H(2
= Lug(t,z).

ug and u are solutions of the same evolution equation, with the same initial condition; we can then
conclude that ug = . B

Then the second equation can be transformed: Lug = Liui + Loug. We then obtain an equation
on uj:

(4.17) Lyuy(t,z,y) =< F(z) — F(x,y), Dyuo(t, z) >=: —x(t,z,y),

where y is of class Cg with respect to y, and satisfies for any t > 0 and z € H®)

/ Xtz y)u (dy) = 0.
H(2)

Thanks to Lemma 4.3 above, we thus obtain the following solution to equation (4.17)

+oo
(4.18) wtay) = [ BN Vil p)lds

Moreover we are able to show regularity of u; with respect to ¢t and x,y.
The remainder v¢ = u® — ug — eu; satisfies

1 Ouy

(419) (6t - ELI LQ)’U == E(LQUl - —)

ot
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Due to non-integrability in 0 of some bounds below, we introduce a parameter p(e) = l/f < ¢
(since 0 < 0 < 1); it satisfies p(e) — 0 when ¢ — 0.
Using a variation of constant formula, we obtain

o (T, 2,y) = Bl (p(e), X°(T = ple), 2, ), Y(T = ple), ,y)

T
el (Lan - SHEXT = 1,0), YT — )
pe)

By (4.11), and since ug = u, we then have
u (T, z,y) —u(T,z,y) = eus (T, x,y)
+ E[v(p(e), X(T = ple), z,y), Y(T — p(e), z,y))]

T
+ EE[/ (L2u1 - %)(f Xe(T - t’x,y)aYE(T - t,CC,y))dt]
p(e)

(4.20)

The following estimates are proved below:
Lemma 4.4. There exists a constant C such that for any 0 <t <T, z,y € H,

ur (t, 2, y)| < C(1+ [a] + [yl)

ou
1L (1,2,9)] < OO+ 1)1+ Jo] + ly))

| Loun (t, 2, y)[ < C(1+ [a] + [y])(1 + [Axz]).

Using estimates on X€ and Y proved in the appendix (see Propositions A.1 and A.5) the first
and the last expressions of (4.20) are bounded by

Ce(1+ Jz| +|y|) + Ce'"2(1 + [log(p(e)) (1 + |zl _aye + ly])?,

which is dominated by Ce!™" with the choice of p(e) given above.
We notice that the Assumption 6 > 0 is essential to control the part involving |Az|.
We now explain how the central term of (4.20) is controlled; for that we estimate for any =,y € H
ve(p(e)a x, y) = ue(p(e)’ €z, y) - UQ(/)(E), 'I) - eul(p(e)’ €z, y)
(4.21) = —eui(p(e), z,y)
[ (p(0),2,9) — u(0,2,9)] ~ [wolp(e), ) — uo(0, ),

since the initial condition ¢ is the same for u€ and .

Using Lemma 4.4, the first term above is easily controlled by Ce(1 + |z| + |y|). We now use
another method to control the two other terms.

First, we use the definition (4.7) of @ = ug to write

lug(p(e), z) — up(0, x) |/ olt, x)dt|

\/ X(t, )t

|/ DO(X () X (1, )t

<C/ X (t,)|dt.



By definition of X (see (1.3)), and using Proposition B.3, we get for any ¢ > 0

d— _
| X (6 2)] < CO+ (1 + ] apo).
As a consequence, since 6 > 0, we get

66
[uo(p(e).2) — u0(0.2)] < C(o(0) + L)1 4[] gy,

The other expression is controlled in the same way; it is important to notice that the assumption
that ¢ only depends on the slow variable x is fundamental in this estimate.

r(e) 9
@) w0l = | [ Gt
r(e) 9
—1 [ FElX ko)

p(e) d
—1 [ BDo(x () X (bt

p(e)
<C [ @AX () +
0

We now use the estimate on E|AX (¢, x,y)| of Proposition A.5 in the appendix, and we obtain

€ 0
u (p(e), 2, y) — u(0, 2, y)| < Clple) + %

+ep(e)) (1 + |2 aye + [y]).

Then by (4.21), and using p(e) = €'/? < ¢, we get

[0 (pe), 2, y)| < Ce™ (1 + || _ape + ly]).
Then thanks to (4.20) and to Proposition A.2, we get for e <1
(T, 3, ) — AT, @, p)] < C "

As expained at the end of Section 4.1, we have indeed proved a bound on (4.6). It is now enough
to notice that the above constant C'is independent of dimension N, and to let NV go to +o00, and
Theorem 1.2 follows.

5. PROOF OF LEMMA 4.4

We use results gathered in the appendix A and B.

5.1. Estimate of w;. Since u; is defined by (4.18), by using Lemma 4.3 we have

Jur (t, 2, y)| < C(1+[yP*)lly = x(E, 2, 9)l|o-
According to (4.17), we indeed have for any y € H®
x(t,z,y) =< F(z,y) — F(z), Dyug(t, =) >,
and therefore we just have to bound |D,ug(t, z)|, thanks to the following lemma:
Lemma 5.1. For any T €]0, +o0[, there exists Co > 0 such that for any 0 <t <T and z € HY
|Dyug(t, )| g < Crsup |Dé(2)| 5.
zeH
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Proof ug is the solution of the equation

%(t,x) =< Az + F(z), Dyug(t, ) >

(5.1) ot
ug(0, ) = ¢(x).

We have a representation formula ug(t, z) = ¢(X (t,x)), where X is solution of (1.3).
We can differentiate (1.3) with respect to the initial condition z, and we have for any h € H(1)

Dyuo(t, x).h = DS(X (¢, 2)).0" (t, ),

where 7 (t, x) is the derivative of X with respect to « in direction h, and is solution of the variational
equation (B.1) in the appendix.

Using Proposition B.4, we get |Dyuo(t, z).h| < Crsup,cp |[Dé(z)||h|, and taking the supremum
over h gives the result.

O
Therefore, we obtain the first estimate of Lemma 4.4.

5.2. Estimate of %. First we check that

ox . B 2 ) B
/H(2) E(t’“)” (dz) = ot /H(2) x(t, z,z)u"(dz) = 0.

By definition (4.18) of uy, it is easy to show that we can differentiate with respect to ¢, and that

ouq B oo Oy
(52 St = [ B e (s )las
We then obtain 3 3
u1 2 X
—_— < - .
=5 Gzl < CA+[yP)lly = —0 (2, 9)llo
Since by (4.17) we have
Ix

— 0
a(t7x7y) =< F(.%',y) - F(l’)7 _DxUO(tw%') >,

we just need to control |%Dmu0(t, x)|:

ot

Lemma 5.2. For any T > 0, there exists Cr > 0 such that for any 0 < t < T, x € HY and

he HY we have 5

B
Proof For any h € H) | we have

Dyug(t,z).h| < C(1+ |z|g) 1+t YAl

%(Dxuo(t, z).h) = D?¢(X (t,2))(n"(t, x), %Y(t, x))

+ Do(X (¢, x)).%nh(t, x).

(1) Thanks to Proposition B.1, we haveﬂh_(t,x)\ < C(1+ |z|) for any t > 0.
Moreover %X(t, x) = AX(t,x) + F(X(t,2)).
On the one hand, F is bounded; on the other hand, thanks to Proposition B.3 we have
[AX (t,2)|m < Co(1+ 7)1+ |z]m).
Therefore

d —
| X (B 2) i < O+ )1+ |aln).
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(2) It remains to control
d _
2" @) = A0 (t,2) + DE(X (t,2) 0" (t, )]
Since F is Lipschitz continuous, and using Proposition B.1, we get an estimate of the

second term.
Moreover Proposition B.6 gives

A" (t,2)] < C(t™ + 1)1 + |z]m)|h].

Therefore
d _
" (to)] < O+ 1)L+ |la) A
(3) We then have for any h € H()
d _
|57 (Patto(t,2)-h)] < O+ 1)(1+ [2]) ).

We then obtain the second estimate of Lemma 4.4.

5.3. Estimate of Lou;. To prove Lemma 4.4, it remains to control the part involving Lou;.
By definition of Lo, we have

(5.3) Louq (t,x,y) =< Az + F(z,y), Dyuy(t,x,y) > .

Therefore we have to estimate |Dyuq(t, z,y)|. We explain how D,uy(t,z,y).h can be calculated
for any h € HWM,
Recall that u; defined by (4.18) satisfies
Ly (t,2,y) =< F(z) — F(,y), Dyuo(t, ) >= —x(t,z,y),

where we explicitely write the dependence of the operator L1 in the two variables x and y.
We fix t >0, z€ HY, ye H® and h € HY. Then for any & # 0 we have

Loyt §h72é) —wtay) _ x(tat ’Sh’? = x(t5,9)
__Gla+ £h,22) —C@Y) b outa+chy) >
—: —F(t,m,y,ha§)7

where I' is regular with respect to y; therefore by using Lemma 4.3 we get

ul(tax_kghayg) —ul(t,x,y) _ /H(Q) ul(tax_kghayg) _ul(t’x’y),um(dy)

+oo
= /0 E[l(t,z, Y. (s,y), h,&)]ds.

We want to take the limit when & — 0, in order to prove that we can differentiate, and to obtain
an expression that we are able to control.
First, we notice that for any ¢, z,y we have fH(g) ui(t,z, y)pu® (dy) = 0; so we can write that

/ ur(t,x + Ehyy) —ui(t, z,y) w*(dy) = —/ i (t @ + gh,y)v(m +&hyy) — V(x’y)y(dy),
H® § H® ¢

where V(z,y) := Z(lx) e2U(@Y) (5o that we have p®(dy) = V(z,y)v(dy)).
2




When ¢ — 0, we obtain

/ Ul(t7x+§h7y)—ul(t7x7y)
HO £

" (dy) — /H(2) ui(t,z,y) D,V (x,y).hv(dy)

:/H<2) ui(t,z,y)H (z,y).hV (z,y)v(dy),

where H(z,y) = 2D,U(z,y) — 2 [ DU (2, 2) " (dz).
Moreover | [ ui(t, z, y)H (z,y).hV (z,y)v(dy)| < C(1+ |z|)|h|.
Second, we look at the part involving I': we notice that when £ — 0,
F(taxaya hag) — @(t,ﬂ?,y)h,
where
(5.4) O(t,z,y).h = Dyx(t,z,y).h+ < DyG(x,y).h, Dyui(t, z,y) > .
Below, we prove the following estimate on the function ©:
Lemma 5.3. There exists a constant C such that for any z € HY, ¢t >0, h € HY we have for
any y € H®
O, 2,y)-h| < C(L+ [y[*)IA].
We notice that for any ¢,,&, h we have by definition of T' [, (¢, z,y,&, h)u” (dy) = 0; then
using the bound of the previous Lemma and the dominated convergence Theorem we obtain
[y O, x,y).hu"(dy) = 0 for any z € H® ¢ >0, h e HY. Using this result, Proposition

2.13 - with integration with respect to p*(dyz2) - and the estimate in the previous Lemma, we then
see that u; can be differentiated with respect to x, and that the following formula holds:

(55) Dmul(t’x,y)-h - /

+oo
uy(t, z, y)H(x,y).hV (z,y)v(dy) +/ E[O(t,z,Y,(s,y)).h]ds;
H(®2) 0

According to Lemma 5.3, we do not know whether © is a bounded function, but we only know
that it has quadratic growth. However, the result of Proposition 2.13 can easily be extended to such
function.

Now we obtain that

| Dyun (£, 2,)-h] < C(1+ [yl*)|A
and therefore (see 5.3)
| Lo (t,2,y)] < C(1+ [y[*)(1 + | Az]),

which is the third estimate of Lemma 4.4.
It remains to prove Lemma 5.3.
We fix t >0, ze HY, he HY and y,y/ € H®.

e On the one hand, x being defined by (4.17), we have
Dox(t,z,y).h =< D F(x,y).h, Dyug(t,z) > +D2 ug(t,z).(h, F(x,y)).
Using the boundedness of the first derivative of F', and Lemma 5.1, we easily have
| < DyF(x,y).h, Dyug(t,z) > | < C|h.
The other part can be controlled thanks to the following Lemma:
Lemma 5.4. For any0<t<T,zc HY, h ke HY we have

| D2, uo(t,x).(h, k)| < C(T, )|hla |kl
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Proof We have
ug(t, z) = (X (t,x))
Dyug(t,z).h = DX (t,2)).(Dy X (t, x).1)

and
D? ug(t,z).(h, k) = D*p(X (t, ))(D X(t,x).h, D, X(t,x).k)
+ qu( (t.2)).(DZ, X (t,x).(h, k).

Using Proposition B.4, we control 7 h(t,z) = DX (t,x).h; moreover we notice that the
second derivative §hk(t,m) = D2,X(t,2).(h, k) satisifies equation (B.2); using Proposition
B.7, we get the result.

O

Therefore |Dyx(t, z,y).h| < C|h|.

e On the other hand,
| < D:BG(x’ y)h, Dyul(ta €, y) > | < C|h||DyU1(t, €, y)|a
But we have proved in Lemma 4.3 how to control the derivatives of u; with respect to y:
we obtain
[Dyua(t,z,y).h| < C(A+[y*)|hl.
Therefore we have
| < DaG(x,y)-h, Dyus(t,z,y) > | < C(1+ [y*)|hl,
and now the result is easily obtained:

O(t,2,y).h] < C(1+ [y)|hl.
APPENDIX A. PROPERTIES OF (X€ Y°)

The results of this section only require Assumptions 2.1, 2.5 and 2.7; in particular no dissipativity
is assumed.
The first important property is the control of moments of any order:

Proposition A.1. For any 1 < p < 400, there exists ¢, > 0 such that for any (z,y) € H? t>0
and € > 0
E[X ()] < ep(1+e Mafy) and E[Y(0)[] < cp(1+ e yff).

We can also give bounds on the moments with respect to |. |« and |.[_pp norms, for
0<a<1land0<b<1/4 (the case a =1 is treated in Proposition A.5 below).

Proposition A.2. For anyp > 1, a € (0,1), b € (0,1/4), there exists Cp qp > 0 such that for any
x € D(—A)* and y € D(—B)®, we have:
EIX (b, )y < Cpl+[all_y) and EY<(ta,g)l
We now give some regularity estimates of X€ and Y€ in the time variable. We do not assume any
regularity assumption on x or y; as a consequence, we obtain singularities at the origin, which are
integrable.

< Cy(1+[yl?_py).

Proposition A.3. For any 0 < r < 1, there exists C, > 0 such that for any x,y € H, for any
0<s<tande>0 we have

(EIX(t) = X(5)[3) "> < Ot — 577

26
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Proof If we fix 0 < s <t, x,y € H, we have
X(t) — X(s) = etz — ez

te(tfg)A “(0),Y(0))do — se(sfo)A “(0),Y(0))do.
+/0 F(X(0),Y(0))d /0 F(X(0),Y(0))d

For the first term, if z = ZZ_:O% xrper, we can use Proposition 2.4 to get

(t—s)t="

etz — esdz|y < C, =

For the second term, we use the following decomposition:
t s
/ =DAR(X (o), Y(0))do— / eB=AR(X(0),Y(0))do
0 0
t
= / =R (X (0),Y(0))do
+ / (et=A _ =N P(X (o), Y(0))do.
0
First, by the Cauchy-Schwarz inequality, we have

E| / =DAF(X(0), Y (0))dol} < (t - $)E / (X (0), Y (0)) | do

<C(t—s)?,

since F' is assumed to be bounded.
Second, we use the second inequality of Proposition 2.4 to control the last expression:

Bl [ e = D P (X o), Y (o)
< B[ (el = ) FX(0). Y (0)) ol

)i |F(X(0),Y(0))|ndo)?

+o0o *%S
since [)77 S=ds < +o0.

O

Proposition A.4. For any 0 < r < 1/4, there exists a constant C, such that if v,y € H, then for
any 0 < s <t ande>0

sy - v < o+ ey il(50) + (50)

€

Proof
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e For any 0 < s < t,

Y(t) - Y(s) = <P

B —ePyy
/ B GX (o), YE(0))do
/ 2B (SJ’)B) G(X(a),Y(0))do
Bty —weP(s),

(e
Ll
Te
1
E

0)

where WB(r) \/- fo BAW (o). We remark that only the last expression can not

bounded almost surely (since we assume that G is bounded).
e For the first term, using the second inequality of Proposition 2.4, we have for any 0 < s <t

t s t—s
(e —ePyyly < Cn( ) |yla-

e For the second term, we have for any 0 < s <t
1 [t ¢o . . 1 [t o
< [ a0, Y (o)dol < ¢ [ 1€ e |Gllwdo
S S

t
¢ / o ilt=0)/e g
€ S

(t—s)/e
< C/ e "do

Sl

€’

e For the third term, we use the second estimate of Proposition 2.4, and we have for any
0<s<t

1 [%/ ¢ (s—0) 1 (% (o
y—/ (77— e 70) G(XE(U),Ye(U))dU\S—/ 7B .
€Jo

(s=0o)

Bl o) |Gl sodor

S(t—s) pls—o)
— ( T2 do
0 (8 — O'
t — s T —+o00 1 -
< C ) / e % do.
a 0 o”

e For the fourth term, we have for any 0 < s < ¢,

I L
IR0 — W) = Bl [ e omeaw(o) + NG | e el o)
€Js €Jo

1 t
:E—/ = BIeaw (o) ?
!\/ (o)
+E‘ / ( (t—o)B/e _ (s U)B/e)dW( )‘

/ ‘6 (t=o B/E‘ﬁz(H

. E/0 (=Bl _ (=Bl i
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On the one hand,

t +o0
/ eC=BL2 1 do = 1 /Z —2t-o)ui /e gy

(t—s)/e
0

k=0

_ZQMk

CZ <t_5>2r
< )
o Mk

and we know (by Assumption 2.1) that the above sum is finite if and only if r < 1/4;
on the other hand,

_ (=)o)

S g too
1 /0 |e(tfo)B/e _ e(sfo)B/e|%2(H)dO_ _ %/0 Z 672(370);%/6(1 _ ef(tfs)‘uk/e)gdo_
k

€
400 2r  op
= s\ M —2
<C 1-— SHEY
<C) ( ; > (1 —e )

=0 M

O

Finally the following Proposition gives a control for AX¢. We assume 6 > 0, even if the proof is
valid for 6 = 0.

Proposition A.5. For any 0 < r < 1, there exists a constant C, such that if x € D((—A)?) and
y € H, then for anyt >0 and e >0

E[AXOPNY? < Cr(1+ ")zl _ap + Cr(L+ € 2) (A + |zl + lylm)-

Proof We remark that in Lemma 4.4 of [6] E|AX€(¢)| is controlled, but the same approach gives
the result for E|AX¢(t)|?>. We have

X(t) = ez + / t U=DAR(X(s),Y(s))ds
0

t
=z + / U=DAR(X(t), Y(t))ds
0

+/ A (F(X(s),Y(s)) — F(X(t), Y(£))) ds.

0

For the first term, we have for any t > 0
|[AetAz| < Ct‘g*l\xl(,A)e.
For the second term, we have

A /0 AP (1), Y () ds| = |(e — DF(X(1), Y¥(1)] < C.
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For the third term, we have

A /O =54 (F(X(5), Y¥(s)) — F(X“(t), Y¥(t))) ds

t Ce—%(t—s)
S/ — 5 (X(s) = X (O] + [Y(s) = Y(2)]) ds.
0 — S

Using Minkowski inequality, we get

t =2 (t—s) 2 t v, —2(t—s) 2
E( / %W(s)—xwds) < ( / %(E!Xﬁ(t)—){E(s)Pﬂ”ds)
0 - 0 -

S
t =2 (t—s) 2 t =2 (t—s) 2
E </ C"’%w%s) —Ye(t)|ds> < (/ Ce%(ﬂlﬂ(t) —ye(s)|2)1/2ds>
0 - 0 - S

Using Propositions A.3 and A.4, we obtain a regularity result which gives convergent integrals.
It is then easy to conclude.

O

APPENDIX B. PROPERTIES OF X

Again the results of this section only require Assumptions 2.1, 2.5 and 2.7; in particular no
dissipativity is assumed.
Recall that X (¢,z) is defined via (1.3).

Proposition B.1. There exists C > 0 such that for any x € H and anyt > 0
X (t,2)] < O+ e Nzl

Proof We use the mild representation formula: for any ¢t > 0 and x € H,

t
X (t,z)| = |4z + / UIAF(X (s, x))ds|
0

t

< 6>\t$—|—/ e M F(X (s, ))|ds
0

< C(1+ e Mal),

since F is bounded.

O

Proposition B.2. For any 0 <r <1 and 0 < 0 <1, there exists C, > 0 such that for any x € H,
for any 0 < s <t, we have

_ _ 1
X (t,) = X(s,2)] < Colt = "7 (1 4+ =) (1 + ).

Proof
o [f0<s<t<T, wecan write

X(t,z) — X(s,2) = (" — e
+ / t e=AF(X (0, 2))do

+/ (et=A _ (= NE(X (0, 2))do.
0
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e For the first term, it is easy to see that |(e!* — es) x|y < Cplt — s|* (1 + 31%)|33|H

e For the second term, since F' is bounded we have |f;f AR (X (0,2))do| g < Ot — s).
e For the third term, we have

e 2(3 o)

| /0 (=04 — =D F(X (0, 2))do]y < C) / =) P(X (0,2 o
< Cr(t—S)l T’
]

Proposition B.3. For any 0 < 6 < 1, there exists C(0) > 0 such that if v € D(—A)?, then for any
t>0

|AX (t, @) | < Co(1 417" (1 + [2](ayo)-
Proof We first write that for any ¢t > 0

t
X(t,z) =ee +/ eIAF(X (s, 2))ds
0
t
= ety +/ IAF(X (8, 2))ds
0

+ / AN EF(X (s,2)) — F(X (t,x)))ds.
0

We have |AetAz|g < C|x|(,A)etG_1.
For the second term, we have

A /O UIAR(X (¢, x))ds| g = (e — DF(X(t, 2))| g

The third term can be controlled by

te(t_S)A__S:c —~F(X(t,z S fe
A /0 (F(X(s,2)) - F(X(t,2)))ds| < C /0

In order to get a convergent integral, we use the regularity result of X proved in Proposition B.2;
therefore we obtain the result.

—c(t—s)

| X (t,z) — X(s,7)|gds.

O

The next three Propositions deal with n”(t,z) the derivative of X (¢,2) with respect to z in
direction h € H, at time t: it is the solution of

dn"(t,x)

(B.l) dt = Anh(t7 .%') + DF(Y(L x))'nh (t7 .%')

n"(0,z) = h.
Notice that we have to consider a finite horizon T' > 0.

Proposition B.4. For any T > 0, there exists Cr > 0 such that for any x € H, h € H and
0<t<T

[ (t, )| < Ol

" (t, z)| )<CT(1+ )!h\
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Proof We use that A is a negative operator to prove say that for any ¢ > 0

Ldln"(t, )

S o< A (k) (1, 2) > + < DE(X(t,2) (t,2), 0" (1,2) >

< [Fluipln" (¢, )
< Cln"(t, ).

Gronwall Lemma then yields the first estimate. The second one is proved by using the mild
formulation for n" (¢, z):

t
n(t,x) = eh +/ IADE(X (s,2)).0" (s, x)ds;
0

thanks to the previous estimate, the integral is bounded by a constant, while |et‘4h|(, Ay < tgn|h| H
(see Proposition 2.4).

O

Proposition B.5. For anyT >0, 0 < r < 1, there exists Cr, > 0 such that for anyx € H, h € H
and 0 < s <t<T

[ (t,2) =" (s,2)] < Orp(t — )" (1 +

)Ihl.

5177’
Proof
e For 0 < s <t <T we can write that

nh(t,x) — nh(s,x) = (etA — eSA)h + / e(t_U)ADF(Y(J,x)).nh(a,x)da

S

—|—/ (et=A _ =N DF(X (0, 2)).n" (0, z)do.
0

_o\1—7r
e For the first term, we can see that |(e/* — e*4)h| < O, t szr |h].
e For the second term, we simply have

t
| [ P DF (X (o) (0,2)do| < €t~ )l
e For the third term,
| /0 (elt=0)4 _ ¢(=9)4) DF (X (3, 2)) 1" (0, ) o]

<c/SM|DF<Y< a0, 2) ad
<Cs  (5—o) o,x)).n"(o,x)|gdo
< ChT(t — s)l_rfh\H-

J

Proposition B.6. For any T > 0, there exists Cr such that for anyx € H, h€ H and 0 <t <T

|[An (t,2)] < Cr(t™" +1)(1 + «])|A].
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Proof For any ¢ > 0,

t
n(t,xz) = eh —i—/ ADF(X (s,2)) 0" (s, x)ds
0

t
= eh —i—/ ADEF(X (¢, 2)) 0" (t, x)ds
0

+ /0 N DE(X (s,2)).n" (s, z) — DE(X(t, ). (t, z))ds.

For the first term, we have |Aet4h|y < Ct=H Al
For the second term,

|A /0 ADEX (¢, 2)) . (t, x)ds| g = (e — DF(X (t,z)).n"(t, )|

< 2DF(X (t,2)) " (t.2) |1
< Cl"(t,2)|u
< Clhlg.

For the third term, we have

|A /O AN DE(X (s,x)).n" (s, x) — DE(X (t,z)).n"(t,x))ds|g

< /Ot . ?S |\DF(X(t,2)).n"(t,z) — DF(X(s,z)).0"(s, z)| g ds.
To get a convergent integral, we need to show some regularity property.
Forany 0 <s<t<T,
DF(X(t,z)).n"(t,z) — DF(X(s,z)).n"(s,z) = [DF(X(t,z)) — DF(X(s,z))].n"(t, z)
+ DF(X(s,2)).(n"(t,x) — (s, 2)).
On the one hand, using Proposition 2.16 on the regularity of F, we have
IDF(X(t,2)) — DF(X(s,2))].11" (t,x)| < CIX(t,x) — X (s, 2)[1n" (¢, )| ay
< CO Jal)(t = s (1+ )0+ Il

thanks to Propositions B.2 and B.4. Here r must satisfy » > 0 and n +r < 1.
On the other hand, using Proposition B.5,

‘DF(Y(va))'(nh(th) - nh(&x))’H < C‘nh(th) - nh(svx)’H

< Clhl||t —s|'"(1 +

gl-r )
By integration, we then obtain the result.
O

Finally we focus on &"*(t,z) the second derivative of X (t,x) with respect to x in directions
h,k € H, at time ¢: it is solution of
dehk (¢, ) hk yal6d hk
(B2) B8 At (1,2) + DF(X(1,2)).(6 (1,2))
+ D2 F(X(t,2).(n" (t,2), 0" (t,2)).
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Proposition B.7. For any T > 0, there exists Cp > 0 such that for any x € H, h,k € H and
0<t<T
(€75 (¢, @) < Cr|h[k].
Proof We have - since A is negative, and using the estimates of Proposition 2.16:
1d|EM* (¢, z)|? — =
LA OE < \p, PR )l 1)
+ Cln"(t,2)|n" (t, @) | (- ayn " (2, )|
< ClMk(t,2)” + Cln (&, =) PIn* (8, )T ayns
Using Proposition B.4, the Assumption 1 < %, and the Gronwall Lemma, we get the result.
O

APPENDIX C. PROPERTIES OF THE AUXILIARY FUNCTION F

The results of this section are used only for the proof of the strong convergence Theorem 1.1.
Here we need the strict dissipativity Assumption 2.8.

In the proof of Lemma 3.2, we need to use an auxiliary function F - see definition 3.3.

Thanks to Proposition 2.14, we get:

Proposition C.1. There exists ¢ > 0, C' > 0 such that for any (z,y) € H? and t > 0,
|E(2,y,t)| < Ce (1 + || + |yla)-

We also need the following estimate on the Lipschitz constant of F with respect to z, which
depends on the regularity assumptions made on F' and G - see Assumptions 2.5 and 2.7:

Proposition C.2. There exists ¢ > 0, C > 0, such that for any x1,x2,y € H and t > 0
|F(21,9,1) = F(z2,9,1)] < C(1+[yl)e (1 + tin)!wl — o],
Proof For any tg > 0, we define the following function:
Fyy(,y,1) = Fz,y,t) = F(x,y,t + to),

where F(z,y,t) := EF(z,Y,(t,y)).
We claim that it satisfies the following properties:
° Fto (x,y,t) — F(:U,y,t) when tg — +o0.
e For any tg, for any z,y,t and any h, EO is differentiable with respect to = at (z,y,t) and in
direction h € H.
e We have |D,F} (7,y,t).h| < Ce (1 + £)(1 + |y|)|h|, C being independent of t.

The first two ones are obvious, thanks to regularity properties of F'; moreover as soon as we have
the third property, the proof of the Proposition can be finished as follows: if we fix x1,xs,y,t, h,
then for any tg > 0

- ~ _ 1
’Fto(xlayat) - Fto(x%y?t)’ <Ce Ct(l + t_n)(l + ’y‘)‘xl - .%'2‘.
Letting tg — +o00, we get
~ ~ _ 1
’F(xlayat) - F(x27y7t)‘ <Ce Ct(l + t_n)(l + ‘y’)’xl — L2

It remains to estimate | D, Fy, (x,y,t).h| for any h € H.
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First we notice that thanks to the Markov property we have
Fyy(2,y,1) = F(@,y,t) — F(z,y,t + to)

F(z,y,t) — EF(z,Yy(t + to, y))

F(z,y,t) — EF(z,Yy(to,y), 1).

Therefore we have for any h
D, Fiy(@,y,6):h = Dy F(w,y,0).h = ED, (F(2,Ya(to,9),1)) B
= D, F(z,y,t).h —ED,F(z,Y.(to,y),t).h — ED,F(x, Yi(to,y), t).(DsYa(to,y).h).
Then we see that we have to analyse
D F(z,y,t).h — D F(x, 2, t).h
and R
DyF(z,y,t).
e For any y,z € H, we have
< CE[Y{*(y) = Y{*(2)]
< Ce*Ct‘y - 2‘7

and we deduce that | D, F'(z,y,t).k| < Ce=|k].
e Moreover we know that Uf’h(y) = D,Y,(t,y).h is solution of

aU7 () = (BUP" () + DaG(@, Yalt,y)-h + DyGla, Yalt, ) U7 () ) dt
Us™(y) = 0.

We deduce the following property: \Utxh(y)\ < C|h| as.
As a consequence |[ED, F(z, Y, (to,y),t).(Ds Yz (to, y).h)| < Ce™“|h|.
e Now we take x,y, z,t, h, and we compute

DIF(a:,y,t).h—D F(x z,t).h = E(DyF(2,Yy(t,y)).h — Do F(x,Yy(t, 2)).h)
DyF(z,Ya(t,y)).US" (y) — DyF(z, Ya(t, 2)).US" (2) )
E(D F(x,Y.(t,y)).h — Dy F(x,Y,(t,2)).h)
+E ([DyF(z, Yot y)) = DyF(, Yot 2)L U7 ()
xz,h xz,h
+ B (DyF (. Yalt, 2)-(U7" (9) = U (2)))
First, we have
|E (D F(x,Yy(t,y)).h — Do F(x,Y,(t,2)).h) | <E|DyF(x,Y.(t,y)).h — Dy F(x, Y. (t, 2)).h
< C|h|HE|Yz(7f,y) = Ya(t,2)|(—B)n
< Clhlpe™ (14 - )Iy zlm,
using the regularity assumptions on F' (see (2.5)), and using the following estimate:
e 1
EIY(t,9) = Yalt, )|y < O (14 )y = 2l

for some ¢ > 0.
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Second,
[E([DyF(z, Ya(t, y)— Dy F (2, Ya(t, 2)). U (1))
< E|[DyF (2, Y,(t,y)) — DyF(x, Ya(t, 2).U" ()]
< CEIUS™ (9) | Ya(t y) — Yalt, 2|y
< Cem 1t ) blily — 2l
Third,
E (DyF (@, Ya(t, 2).(UF" () = UP"(2)) | < EID,F (2, Ya(t, 2)- (07" (9) = U7 ()
< CE[U/"(y) = U (2)| s
It remains to look at |U"" (y) — U"(2)|ir; we indeed have
UF" (y) = UP* ()P < Clhfly — 2[3e",

where ¢g > 0.
We use these inequalities with z := Y, (to, y); recalling that for any ¢

EIYz(to, y)| < C(1+ |y]),
we get

. . 1
Doy (., 1) < C(1+ [yl 1+ )l
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