PASSIVE TRACER IN A FLOW CORRESPONDING TO TWO
DIMENSIONAL STOCHASTIC NAVIER STOKES EQUATIONS

TOMASZ KOMOROWSKI, SZYMON PESZAT, AND TOMASZ SZAREK

ABSTRACT. In this paper we prove the law of large numbers and central limit theorem
for trajectories of a particle carried by a two dimensional Eulerian velocity field. The
field is given by a solution of a stochastic Navier—Stokes system with a non-degenerate
noise. The spectral gap property, with respect to Wasserstein metric, for such a system
has been shown in [9]. In the present paper we show that a similar property holds for
the environment process corresponding to the Lagrangian observations of the velocity. In
consequence we conclude the law of large numbers and the central limit theorem for the
tracer. The proof of the central limit theorem relies on the martingale approximation of
the trajectory process.

1. INTRODUCTION
Consider the Navier-Stokes equations (N.S.E.) on a two dimensional torus T2,
Qyii(t, x) 4+ U(t, x) - Vyii(t, 2) = Ayii(t, z) — Vap(t, ) + F(t, z),
(1.1) V-i(t,x) =0,
(0, ) = up(x).

The two dimensional vector field (¢, x) and scalar field p(t,z) over [0,+o00) x T2, are
called an Eulerian velocity and pressure, respectively. The forcing F (t,x) is assumed to
be a Gaussian white noise in ¢, homogeneous and sufficiently regular in x defined over a
certain probability space (€2, F,P). The trajectory of a tracer particle is defined as the
solution of the ordinary differential equation (o.d.e.)

do(t) B
e u(t,z(t)), x(0) = x,

where zy € R?. Thanks to well known regularity properties of solutions of N.S.E, see e.g.
23], (¢, x) possesses continuous modification in x for any ¢ > 0. However, since (¢, x)
needs not be Lipschitz in x, the equation might not define z(t), t > 0, as a stochastic
process over (€2, F,[P), due to possible non-uniqueness of solutions. In our first result we

(1.2)
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construct a solution process (see Proposition 4.6) and show (see Corollary 4.4) that the
law of any process satisfying (1.2) and adapted to the natural filtration of « is uniquely
determined.

The main objective of this paper is to study ergodic properties of the trajectory process.
We prove, see part 1) of Theorem 3.5, that the Stokes drift vanishes, i.e.

(1.3) lim —~ =0,

t—+o0o ¢

where the limit above is understood in probability. A similar result for a Markovian
and Gaussian velocity field @ (that need not be a solution of a N.S.E.) that decorrelates
sufficiently fast in time has been considered in [15]. Next, we investigate the size of ”typical
fluctuations” of the trajectory around its mean. We prove, see part 3) of the theorem, that

(1.4) Z(t) == () = Z, ast— 400
Vi
where Z is a random vector with normal distribution N (0, D) and the convergence is
understood in law. Moreover, we show that the asymptotic variance of Z(t), as t — +o0,
exists and coincides with the covariance matrix D. The question of the law of the iterated
logarithm is addressed in our companion paper, see [16].
In our approach a crucial role is played by the Lagrangian process

i(t,z) ==t z(t) +x), t>0, v €T

that describes the environment from the vantage point of the moving particle. It turns out
that its rotation in x,

W(t7l’> = rot ﬁ(t,flf) = 82771(t7x) - 81772(t7$>, t> 07 T e T27

satisfies a stochastic partial differential equation (s.p.d.e.) (4.1) that is similar to the
stochastic N.S.E. in the vorticity formulation, see (3.1). The position x(¢) of the particle
at time ¢, can be represented as an additive functional of the Lagrangian process, i.e.

#(t) = / bulw(s))ds,

see the begining of Section 6 for the definition of #,. Then, (1.3) and (1.4) become the
statements about the law of large numbers and central limit theorem for an additive func-
tional of the process 7(-).

Following the ideas of Hairer and Mattingly, see [8, 9], we are able to prove, see Theorem
5.1 below, that the transition semigroup of w(-) satisfies the spectral gap property in
a Wasserstein metric defined over the Hilbert space H of square integrable mean zero
functions. If ,(-) were Lipschitz this fact would make the proof of the law of large
numbers and central limit theorem standard, in view of [27] (see also [17, 20]). However,
in our case the observable 1, is not Lipschitz. In fact, it is not even defined on the
state space H of the process. Nevertheless, it is a bounded linear functional over another
Hilbert space V that is compactly embedded in H. Adopting the approach of Mattingly
and Pardoux from [23], see Theorem 5.2 below, we are able to prove that the equation for
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w has regularization properties similar to the N.S.E. and that w(¢) belongs to V' for any
t > 0. In consequence, one can show that the transition semigroup can be defined on ),
and has the same contractive properties as the semigroup defined on Lipschitz functions
on H. The law of large numbers can be then shown, Section 6.4, by a modification of
the argument of Shirikyan from [27] (see also [17]). To prove the central limit theorem we
construct a corrector field y, see Section 6.1, over the ”larger” space H. Then, we proceed
with the classical martingale proof of the central limit theorem, see Section 6.4. Such an
argument has been used to show this type of a theorem for a Lipschitz observable of the
solution of a N.S.E. in [27]. The proof of the existence of the asymptotic variance is done
in Section 6.3.

Equation (1.2), that describes one of the most fundamental model of transport of par-
ticles in a fluid flow, is sometimes referred to as the equation of a passive tracer, see e.g.
Chapter V of [31]. The d-dimensional vector field @ appearing on the right hand side of
(1.2) is usually assumed to be random, stationary, and in principle it may have nothing
in common with the solution of the N.S.E. Since the fluid flow is incompressible, equation
(1.2) is complemented by the condition V,, - @(t,2) = 0. This model has been introduced
by G. Taylor in the 1920-s (see [29] and also [19]) and plays an important role in describing
transport phenomena in fluids, e.g. in investigation of ocean currents (see [28]). There
exists an extensive literature concerning the passive tracer both from the mathematical
and physical points of view, see e.g. [21] and the references therein. In particular, it can be
shown (see [26]) that the incompressibility assumption implies that the Lagrangian process
u(t, z(t)), t > 0, is stationary and if one can prove its ergodicity, the Stokes drift coincides
with the mean of the field v, = E(0,0). The weak convergence of (z(t) — v,t)//t towards
a normal law has been shown for flows possessing good relaxation properties either in time,
or both in time and space, see [1, 5, 12, 18] for the Markovian case, or [13] for the case of
non-Markovian, Gaussian fields with finite decorrelation time. According to our knowledge
this is the first result when the central limit theorem has been shown for the tracer in a
flow that is given by an actual solution of the two dimensional N.S.E.

2. PRELIMINARIES

2.1. Some function spaces and operators. Denote by T? the two dimensional torus
understood as the product of two segments [—1/2,1/2] with identified endpoints. Trigono-
metric monomials ey (z) = €™ k = (k;,ky) € Z% form the orthonormal base in the
space of all complex-valued, square integrable functions L?(T?) with the standard scalar
product (-,-) and norm | - |. For a given w € L*(T?) let w; = (w,ex). Let H be the linear
subspace of L?(T?) over the field of reals consisting of those real-valued functions w, for
which wy = 0. For any r € R let

(=A)Pw =Y |k["irer, we H,
kez?

where H" consists of such w, for which >, .. [k[*"[wy]* < 400 and Z7 := Z*\ {(0,0)}. We
equip H" with the graph Hilbert norm |- |, := [(=A)"/2-|. Let V := H' and let V' be the
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dual to V. Then H can be identified with a subspace of V' and V < H < V’. We shall
also denote by || - || the respective norm | - |;. It is well known (see e.g. Corollary 7.11 of
[7]) that H'™* is continuously embedded in C'(T?) for any s > 0. Moreover, there exists a
constant C' > 0 such that

(2.1) [wllso < Clwliss, Yw e C(T?).

Here ||w||oo := sup,ere |w(z)|. In addition, the following estimate, sometimes referred to as
the Gagliardo—Nirenberg inequality, holds, see e.g. p. 27 of [10]. For any s > 0, § € [0, 1]
there exists C' > 0 such that

(2.2) lw|gs < Clw|*Plw|?, Yw e C™(T?).
Define K: H" — H™1 x H™! by
(2.3) K(w) = (Ki(w), Ka(w)) 1= Y [k| 2k tbyey.
kezZ?
We have
(2.4) ICi(w) |1 < |wl|,, w € H,.

For a given x € R? and w € H" we let T,w € H" be defined by
rw =w(-+ ) = Z e kT ey
kez?

Define also the reflection of w by letting sw(z) := w(—x).

2.2. Homogeneous Wiener process. Write
Zi = [(/{31,/{32) S Zi ko > 0] U [(/{31,/{32) S Zi ki > O,kz = 0]

and let Z? := —Z%. Let (By(t))i>0, k € Z%, be independent, standard one dimensional,
complex Brownian motions defined on a probability space (€2, F,P). Define B_x(t) := Bj(t)
for k € Z%. Assume that the function k — ¢ is complex even, i.e. ¢, = ¢}, k € Z2. A
cylindrical Wiener process in H, on a probability space (€2, F,P), can be written as

W(t):=>_ Bi(t)er, t>0.
kez2

Let Q: H — H" be a bounded linear operator given by
(2.5) @k = QW ke Zz

The Hilbert—Schmidt norm of the operator, see Appendix C of [3], can be computed from
formula

(2.6) 1QI2 e sy = S 1 Qexlzer = S [ .

kez2 kezd



LIMIT THEOREMS FOR A PASSIVE TRACER 5

Proposition 2.1. If ||Q||%(HS)(H wry < F00 then the process (QW (t)),s, has realizations in
H", P-a.s. Its law is invariant under the reflection and translations. The above means that

the law of (QW (1)), and that of (sQW (t)),~, are the same, and the laws of (T,QW (1))~
are independent of x € R2.

Proof. The first part of the proposition follows directly from Proposition 4.2, p. 88 of [3].
The second part is a simple consequence of the fact that the processes in question have
the same covariance operator as (QW(t)),5q. U

3. FORMULATION OF THE MAIN RESULTS

In this section we define rigorously the notion of a solution of (1.2) with vector field @
given by the solution of the Navier—Stokes equations (1.1) and formulate the main results
of the paper dealing with the long time, large scale behavior of the trajectory.

Since, as it turns out, the components of the solution of the N.S.E. belong to V', see [24],
if the initial condition @y, € V, we cannot use equation (1.2) for a direct definition of the
solution because the point evaluation for the field is not well defined (not to mention the
question of the existence and uniqueness of solutions to the o.d.e. in question).

3.1. Vorticity formulation of the N.S.E. Note that the rotation
&(t) :=rotu(t) = Oauy(t) — Orua(t)
of u(t,x) = (u1(t,x),us(t, )), given by (1.1), satisfies
(1) = AL(t) — Bo(§(1) + 1ot F(1),  £(0) =w € H,
where By(€) := By(€,€), € € V, with By(h, &) := - V€, and @ := K(h). Since F(t,z) is

homogeneous in space we may assume that F (t,z) = QAW (t,x), where @ is a Hilbert-
Schmidt diagonal of the form (2.5) and W is a cylindrical Wiener process on H. Thus, we

suppose that £(t) satisfies
(3.1) de(t) = [AE(t) — Bo(E(t)))dt + QAW (t),  €(0) =w € H.

Let & := C([0,T); H)NL?([0,T]; V) and let W (t), ¢ > 0 be non-anticipative with respect
to a filtration {F;, t > 0}.

Definition 3.1. A measurable and (F;)-adapted, H-valued process £ = {{(t), t > 0} is a
solution to (3.1) if for any T € (0, +o0), £ € L*(Q, Er, P) and

(3.2) £(t) = e — / t AU By (&(s))ds + / t A= QdW (s)
0 0
for all t > 0.

The following estimate comes from [23], see Lemma A. 3, p. 39.

Proposition 3.2. For any T, N > 0 there exists C' > 0 such that

(3:3) E | sup (@) +l€@I)Y | < O+ w[*), YweH.

t€[0,T]
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Let w(t) := KC(&(t)). Using the above proposition and (2.1) we conclude that
Corollary 3.3. For any t > 0, 4(t) € C(T?) and
¢
(3.4) / |@(5)]laods < +00, P—a.s.
0
Proof. The continuity of (¢, x) with respect to z, follows from the Sobolev embedding.
From (2.4) we conclude that there exists C' > 0 such that

(3.5) [d(s)llo < ClIEG), Vs 20,

On the other hand from (3.3) we conclude that for any ¢ > 0 there exists a random variable
C that is almost surely finite and such that ||£(s)|| < Cs~Y/2 for all s € (0,t]. Combining
this with (3.5) we conclude (3.4). O

3.2. Definition of trajectory process and its ergodic properties.

Definition 3.4. Let 2y € R%. By a solution to (1.2) we mean any (F;)-adapted process
x(t), t > 0, with continuous trajectories, such that

(3.6) x(t) = xo + /Ot u(s,z(s))ds, ¥t>0, P-a.s.

For a given v > 0 denote e, (w) := exp{v|w|*}, w € H.

Theorem 3.5. Assume that Q in (4.1) belongs to Liysy(H, V') and has a trivial null space,
r.e. Qw =0 implies w = 0. Suppose that the initial vorticity is random, distributed on H
according to the law o for which

(3.7) /Heyo (w) po(dw) < +o00

with a certain vy > 0. Finally, assume that {x(t;xq), t > 0} is a solution of (1.2) corre-
sponding to the initial data xo € R?. Then, the following are true:

1) (Weak law of large numbers) for any zo € R* we have

. x(Tyx)
i probability.
2) (Exzistence of the asymptotic variance) there exists D;; € [0,+00) such that

.1 -
(3.9) T1—1>I—Ii-loo TE [2,(T; x0)x;(T; )] = Dij, 4,5 =1,2.

3) (Central limit theorem) Random wvectors x(T;xz0)/vT converge in law, as T —
+00, to a zero mean normal law whose co-variance matriz equals D = [D;j].

Remark. In our companion paper [16] it is shown that under our assumption about
non-degeneracy of the noise, i.e. that ker(Q) = {0}, we have detD # 0.
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4. LAGRANGIAN AND TRACER TRAJECTORY PROCESSES

4.1. Uniqueness in law of the trajectory process. Define the Lagrangian velocity
process as

n(t,x) = (m(t, z),n(t, x)) == d(t, z(t) + x), t>0, v €R%.
Using It0’s formula we obtain that its vorticity, given by,
w(t,z) :=rot7(t,z) = &(t, x(t) + x)
satisfies w(0) = 7,,w € H and
(4.1) dw(t) = [Aw(t) — Bo(w(t)) + By(w(t))]dt + QAW (),

where W is some (Fi)-adapted cylindrical Wiener process on H (different from the original
Win (3.1)) and

Bi(w) := Bi(w,w) and Bj(h,w):=K(h)(0) -Vw, weV,

for more details see [6, 14]. Since we have assumed that w € V and, by the Sobolev
embedding, (V) is embedded into the space C'(T? R?) of two dimensional, continuous
trajectory vector fields on T2, we see that the evaluation of 7 is well defined, and therefore
there is no ambiguity in the definition of B;(w) for w € V. In what follows we shall omit
writing tilde over the cylindrical Wiener process.

Definition 4.1. A measurable, (F;)-adapted, H-valued process w = {w(t), ¢t >0} is a
solution to (4.1), with the initial condition w(0) = w, if for any 7' > 0, w € L*(Q, &7, P)
and

(4.2) w(t) = ew — /t A=) By(w(s))ds + /t A9 B (w(s))ds + /t A= QdW (s),
0 0 0

P-a.s. for all ¢ > 0.

Sometimes, when we wish to highlight the dependence on the initial condition and the
Wiener process, we shall write w(¢;w, W). We shall omit writing one, or both of these
parameters when they are obvious from the context.

Using a Galerkin approximation argument, as in Section 3 of [24], see also Appendix A
below for the outline of the argument, we conclude the following.

Theorem 4.2. Given an initial condition w € H and an (F;)-adapted cylindrical Wiener
process (W (t))i>0, there exists a unique solution to (4.1) in the sense of Definition 4.1.
Moreover, processes {w(t;w), t > 0} form a Markov family with the corresponding tran-
sition probability semigroup {P;, t > 0} defined on the space Cy(H) of continuous and
bounded functions on H.

Using the Yamada—Watanabe result, see e.g. [32] (Corollary after Theorem 4.1.1), or
[11], from the above theorem we can conclude the following result, see [14].

Corollary 4.3. Solutions of (4.1) have the uniqueness in law property, i.e. the laws over
C([0,+00); H) of any two solutions of (4.1) starting with the same initial data (but possibly
based on different cylindrical Wiener processes) coincide.
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This immediately implies the uniqueness in law property for solutions of (1.2).

Corollary 4.4. Suppose that & and &' are two solutions of (3.1) with the identical initial
data but possibly based on two cylindrical Wiener processes with the respective filtrations
(F:) and (F}). Assume also that z(-) and 2'(-) are the solutions of (1.2) corresponding to
u(t) = K(&(t)) and W'(t) = K(€'(t)), respectively. Then, the laws of the pairs (x(-),&(+))
and (2'(-),&'(+)) over C ([0, +00),R?) x C([0,+00), H) coincide.

Proof. Both w(t, ) = &(t,z(t) + -) and '(¢,-) = &' (¢, 2(t) + -) satisfy (4.1). According to
Corollary 4.3 they have identical laws on C([0,+00), H) with the initial condition 7,,w.

In fact, due to an analogue of Proposition 3.2 that holds for the process w(-), see part 1)
of Theorem 5.2 this law is actually supported in L ([0, +00), V). We can write therefore

loc

that (z(-),£(")) = ¥(w(-)) and (2'(-),£'(+)) = ¥(w'(+)), where the mapping
U = (U, W) : LL ([0, +00), V) — C([0, +00), R?) x C([0, +00), H)

is defined as
t
Uy (X)(t) :=zo +/ K(X(s))(0)ds,
0
Wo(X)(2) = X(ta — W (X)), VX € LL([0, +00), V),
and the uniqueness claim made in the corollary follows. [
4.2. Existence of solution of (1.2).

Definition 4.5. Suppose that (Q, F, (F;),P) is a filtered probability space. Let xy € R?.
By a weak solution to (1.2) we mean a pair consisting of a continuous trajectory (F;)-
adapted process z(t), t > 0, and an (F;)-adapted solution £(t), ¢ > 0, to (3.1) such that
(3.6) holds.

Suppose now that we are given a filtration (F;) and an F;-adapted solution w of (4.1)
with the initial condition w(0) = 7,,w. Define (z(-),£(:)) = Y(w(:)). One can easily
check, using It6’s formula, that (z(-),&(+)) is a weak solution in the sense of Definition 4.5.
Therefore we conclude the following.

Proposition 4.6. Given a filtered probability space there exists a weak solution of (1.2).

Since the reflected vorticity sw(t) satisfies (4.1) with the reflected noise sQW (t) we
conclude the following.

Proposition 4.7. If the law of w(0) is invariant under s, then the laws of (w(t)) and that
of (sw(t)) over C([0,+00); H) are identical.

5. SPECTRAL GAP AND REGULARITY PROPERTIES OF THE TRANSITION SEMIGROUP

Here we present the basic results that shall be instrumental in the proof of Theorem
3.5 formulated in the previous section. In case of the Navier—Stokes dynamics on a two-
dimensional torus, corresponding results have been shown in [9], see Theorem 5.10, Propo-
sition 5.12 and parts 2, 3 of Lemma A.1 from [9]. The proofs of analogous results for the
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Lagrangian dynamics are not much different, some additional care is needed due to the
presence of function Bi(+), but it usually does not create any difficulty.
Let us introduce the space C§°(H) consisting of all functionals ¢, for which there exist
n > 1, a function F' from C§°(R™) and vectors vy, ..., v, € H such that
o(v) = F ((v,v1),...,{(v,u,)), VveH.
Given v > 0 define B, as the completion of C§°(H) under the norm

Il = sup ey w) (|6(w)] + Do)

where, as we recall, e,(v) = exp{vjw[’}. Here ||[Dé(w)| = supy <, |[Do(w)[¢]|, where
D¢(w)[€] denotes the Fréchet derivative of a function ¢: H — R at w in the direction
¢ € H. By B, we understand the Banach space of all Fréchet differentiable functions ¢
such that ||¢|l, < +oo. Let P(H) be the space of all Borel, probability measures on H.
Recall also that u, € P(H) is called an invariant measure for (P;);>o if

(s, Pop) = (e, 0), Vo € Cy(H), t = 0.

Here (u, ¢) == [,; ¢dp for any p € P(H) and ¢ that is integrable. Our first result can be
stated as follows.

Theorem 5.1. Under the assumptions of Theorem 3.5 the following are true:
1) there exist vy, C' > 0 such that for any v € (0, 1] we have

(5.1) Ee,(w(t;w)) < Ce,(w), Vt>0,w e H,
2) there ezist a unique Borel probability measure p, that is invariant for (P,), and
such that
(5.2) / ey (W) ps(dw) < 400, Vv € (0,1
H

This measure 1s invariant under s, i.e. 14§ = [iy,
3) the constant vy can be further adjusted in such a way that for any v € (0,1vp] the
semigroup (P;) extends to B, and

P,(B,) C B,, Vt>0.
In addition, for any v as above there exist C,vy > 0 such that
(5.3) 1P = (e O}l < Ce™ @], VE>0, ¢ € B,

The property described in (5.3) is referred to as the spectral gap of the transition semi-
group. Since we shall use an extension of this property to functions defined on a smaller
space than H we introduce the following definition. For N > 0 and ¢ € C'(V') define

— ap )+ Do)
Vol =3 0 Tl

and denote by C'\ (V) the space made of functions, for which ||¢[|x < +o0.

Theorem 5.2. Under the assumptions of Theorem 3.5 the following are true:
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1) for any t, N > 0 there ezists Cy n such that
(5.4) Ellw(t;w)||Y < Con (0N +1), VYweH,

2) the definition of the transition semigroup can be extended to an arbitrary ¢ €
CN(V) by letting Pop(w) = Ep(w(t;w)), where ¢ is an arbitrary, measurable
extension of ¢ from V to H. Moreover, for any t, N > 0 there exists C; n such
that for any v > 0,

(5.5) 120l < Conlldlln, Vo€ Cn(V).

Define

(w) = |w||*>  for w eV,
PW=Y b0 forwe H\ V.

Corollary 5.3. For any N > 0 we have (., p") < +oo. Thus, in particular (V) = 1.

Proof. Suppose that ¢g: [0,4+00) — [0, R+1] is a continuous function such that ¢r(u) = u
if uw € [0, R] and it vanishes on ©w > R + 1. For a fixed K > 0 we denote

prc(w) == Y [k[P@(k).
0<|k|I<K

Thanks to part 2) of Theorem 5.1 we have P,p™¥ € B, for any t > 0 and therefore from
(5.4) and (5.2) we get

(5.6) (e, Py} < {pa, Pp™) < +00.
We have therefore
(5.7) (bs Pror o pR) = (tte, 0 0 PR) < (pts, PP™).

The first equality follows from the fact that pu, is invariant. Letting first K — +oo and
then subsequently R — +oo we conclude the corollary. [

Combining the results of Theorem 5.2 with part 2) of Theorem 5.1 we conclude the
following.

Corollary 5.4. For any N > 0 there exist C,vg,vy > 0 such that for any v € (0, 1v,] we
have

(5.8) 1Pt = (pis )l < Ce Iy, ¥t =0, 6 € Cy(V).

6. PROOF OF THEOREM 3.5

To abbreviate we assume that xg = 0 and we drop it from our notation. Let ¢, =
(wil),wﬁz)): V — R? be defined as ¥,(w) := K(w)(0). Since, for any s > 0, Hy,, is
embedded into C'(T?), for any s > 0 there exists C' > 0 such that

(6.1) 10O (w)] < CIKi(w)]1ss < Clwls, Ywe H,, i=1,2.

It is clear therefore that the components of 1, are bounded linear functional on V and
Y, € CH(V). Tt follows from Corollary 5.3 that the components of ¢, are integrable with
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respect to p,. In addition, since K(sw) = —sK(w) and measure p, is invariant under s we

obtain
Thus,

(6.2) /w*du* ~ 0.

Suppose also that w(t) is the solution of (7.14) with the initial data distributed according
to M-

6.1. Proof of part 1). To prove the weak law of large numbers it suffices only to show
that for 1 = 1,2,

. 1 1
(6.3) TEIEM ?Exl(T) =0 and TETOO ﬁEx (T) = 0.
Using the Markov property we can write that
1 1 /7 .
4 —Eay(T) = — Pap® =1,2.
(6 ) T xl( ) T/() <,u07 sw* >d$, t )

Suppose that vq is chosen in such a way that the conclusions of Theorem 5.1 and Corollary
5.4 hold. Assume also that v € (0,15]. We shall adjust its value later on. By virtue of
(5.8) we conclude that there exists a constant C' > 0 such that

(6.5) |Pitps (w)] < Ce™ e, (w) [l

Hence, the right hand side of (6.4) converges to 0, by estimate (3.7) and the Lebesgue
dominated convergence theorem. On the other hand

L >:%E/@mwmw/%www8
// [ ()0 ()]t .

The utmost right hand side of (6.6) equals

2 [ [ Elttnm et = 2 [ [ornin s

Using (6.5) we can estimate the right hand side of (6.7) by

c (Tt C(1—eTy (T
68 5 [ [ e b lideins = LS [p es
0 Jo Y 0

Applying Holder’s inequality with ¢ € (1,10/v) and an even integer p such that p~t :=

(6.6)

1 — ¢!, we conclude that the right hand side is smaller than
69 o [ o PP o e Vs < oy [ B )
. ’)/T2 . 0y 4L s| W% 04 sy Cqu _’}/TQ o 0y 4 5| %%
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for some constants C, C} independent of 7. The last inequality follows from (5.1) and
(5.2). Since [¥,[P belongs to C, (V) we conclude from Corollaries 5.4, 5.3 and condition
(3.7) that the right hand side of the above expression can be estimated by CoT'/(yT?), with
Cy a constant independent of 7', which tends to 0, as 7" — +oo. Thus, part 1) follows. O

6.2. Definition and basic properties of the corrector. We start with the following.

Proposition 6.1. Functions

(6.10) () = () w) = [ P (w)ds, we H,

converge uniformly on bounded sets, as t — oo. For any v € (0,1] there is C > 0 such
that

(6.11) X< Ce,, VE>1,i=1,2.
The limit
+oo
(6.12) X = (X(l),X(Q)) = lim y; = / Py, ds,
t—+o0 0

called a corrector, satisfies
(6.13) X < Ce,, i=1,2,
with the same constant as in (6.11).

Proof. As a consequence of Corollary 5.4 we conclude that the functions

t
/P5¢§i>(w)ds, t>1,i=1,2,
1

are well defined on H and converge uniformly on bounded sets. The convergence part
of the proposition follows from the fact that there exists a constnt C' > 0 such that for
v € (0,1,

1
(6.14) / Ellw(s,w)|?ds < Cey(w). Ywe H,
0

see (7.10) below. This estimate together with (6.5) imply both (6.11) and (6.13). O

Proposition 6.2. One can choose vy > 0 in such a way that X € B, for any v € (0, 1],
i=1,2.

Proof. Since wii) € CHV), i = 1,2, from Corollary 5.4 we conclude that thii) € B, for
t > 1 and there exists vy > 0 such that for any v € (0, 1] one can find C,~ > 0, for which
1Pl < Ce [0, VE>1,i=1,2.

This guarantees that f1+oo thii)dt belongs to B,. Thanks to estimate (6.13) it suffices only

to show that

(6.15) / DRSO @)l < Cenlw), Vuwrg e H, g < 1.
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To prove the above estimate note that
1
| PP = BlkEm)0),

where Z(w) = fo E(t;w)dt and £(t) := Dw(t;w)[¢]. From (6.1) for s = 1 there exists
C>0 such that

IKE)O)] < CIEw)]l, Ywe H.

Hence, from (7.9), we conclude that for any v > 0 there exists C' > 0 such that

/ D P (w) et <!£|21Eexp{VIW( )+ 2 / Jeo(s H%}

and (6.15) follows from estimate (7.10) formulated below. [

6.3. Proof of part 2). After a simple calculation we get

Dy(T) = B [e(T)ay ()] = DY(T) + Di(T),

1 T ) T—s .
Dy(T) = = / <M0Ps,¢§f) / Py dt> ds
0 0
1 T ) T—s '
D31y i= 3 [ (ot [ R aryas
0 0

It suffices only to deal with the limit of D};(T)), the other term can be handled in a similar
way. We can write that

1 T)—l/T</L0Ps w(i)X(j)>d5} 1
T Jo T T

with

T

<M0Ps,¢ (xY X¥)3)>d5 = Ri;(T),

where

1
0

Lemma 6.3. We have
(6.17) lim R;;(T)=0.

T—+o0

Proof. Suppose that p is a positive even integer and ¢ is sufficiently close to 1 so that
qu < vy and 1/g =1 —1/p, where v is as in (6.11) and (6.13), while v is such that (3.7)
is in force. Then, we can find a constant C' > 0 such that

(6.18) X9 (w) = XF_yy )| < Ceyy(w), YweH V¥sel0,1],T>0.
Using Proposition 6.1 and (3.7) we conclude that

TETOO</J/OPST7 |X< - XT(l 5)| > 0, Vs e [Oa ]-)
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Equality (6.17) can be concluded, provided we can substantiate passage to the limit with
T under the integral appearing on the right hand side of (6.16). Suppose first that the
argument s appearing in the integral satisfies sT° > 1. Using Holder’s inequality, in the
same way as it was done in (6.9), and estimates (6.11) and (6.13) the expression under the
integral can be estimated by

<:u07 PsT’¢£i)|p>1/p<M0PsT7 |X(]) - ng()lfs)|q>1/q

6.19) Z. e
( < suppio, PVE) g0 Por, XD = Xy 1911,

Since |¢,]P € C} (V) we have sup;, (o, Pi|t.|?) < +oo, thanks to part 2) of Theorem 5.2.
As a result the left hand side of (6.19) is bounded for all s € [1/T,1]. From the Lebesgue
dominated convergence theorem we conclude therefore that

1

i (D) (@) _ ) _
(6.20) Am 1/T<uoPsT,w* (X = xpi S))>d8—0-

Next we shall prove that there exists C' > 0 such that

YT DG L)
/ <,U0PST7 wil) (X(J) - Xiz(lfs))> ds
0

provided that 7' > 1. Indeed, using first the Cauchy—Schwartz inequality and then (6.11),
and (6.13) we get that the left hand side can be estimated by

T 1/2 T
CE {/o |¢*(w(sT))|2ds} {/0 GQV(W(ST)>d$}

Applying Hélder’s inequality with ¢ € (1,2) and 1/p =1 —1/q we get that this expression

can be estimated by
1T
E / e (w(sT))ds

1/T
c E{ / |w*<w<sT>>|2ds}

scl{E{% [ i} } {{ >>czs}}m
5 ol [l ”<5

provided 2v < vy. The penulmative inequality follows from (5.1) and assumption (3.7),
while the last estimate is a consequence of (7.11) stated below. Thus, (6.21) follows. [J
We are left therefore with the problem of finding the limit of

e .
(6.22) Sii(T) = f/ (poPs, X V) ds
0

¢ C’

(6.21)

1/2

p/2 1/p q/2 1/q
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as T — +oo. Let R > 1 be fixed and ¢r: R — R be a smooth mapping such that

vr(z) =1 for || < R and pg(z) =0 for |z| > R+ 1. Observe that
X (w) = XV (w)pr(lw]?)

belongs to C{(H), and thus also to C}(V). Therefore, v'3® € CL(V). Denote by

SU)(T) the expression in (6.22) with ) replaced by y9.

Let € > 0 be arbitrary. Using the same argument as in the proof of Lemma 6.3 one can

show that for any € > 0 there exists a sufficiently large R > 1 and Ty > 0 so that

1 [T N -
'T /0 (o Pe, 0 (XV) = ¢1F)) ds| <
Likewise, we can choose R > 1 and Ty > 0 so large that

(e 000 = )] < 3.

£
>

By Corollary 5.4 we have
1P (R) = (e 0O XY < Ce bk P2, V> 0.
In consequence we conclude that

lim S™(T) = (., pI1).
T—+o0

Hence,
limsup [S;;(T) — (px, ¢£Z’)X(j)>|
T—+o0

< limsup |y;(T) — SED)| + (e, VORI — (o, p Oy Y| < e
—+00

This proves that

; g _ (4), ()
TEI—EOOSZ](T) (s VX)),

We have shown therefore part 2) of the theorem with
(6.23) im Dy(T) = (e 0O + (e pOx9). O
6.4. Proof of part 3).

6.4.1. Reduction to the central limit theorem for martingales. Note that

1T 1
(6.24) ﬁ/o Ui (w(s))ds = ﬁMT + Ry,
where
(6.25) My = x(w(T)) = x(w(0)) + i Ui (w(s)) ds
and
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Proposition 6.4. The process {Mr, T > 0} is a square integrable, two dimensional vec-
tor martingale with respect to the filtration {Fr,T > 0}. Moreover, random vectors Rr
converge to 0, as T — +00, in the L'-sense.

The proof of this result is quite standard and can be found in [17], see Proposition 5.2
and Lemma 5.3.

6.4.2. Central limit theorem for martingales. Assume that {M,, n > 0} is a zero mean
martingale subordinated to a filtration {§,, n > 0} and Z,, := M,, — M, for n > 1,
is the respective sequence of martingale differences. Recall that the quadratic variation of
the martingale is defined as

=Y E[Z][Fj], n>1

The following theorem has been shown in [17], see Theorem 4.1.

Theorem 6.5. Suppose also that
M1)

(6.26) supEZ? < 400,

n>1

M2) for every e > 0,

2

-1

. 1
Jim Y E[Z 1250] 2 VN =0,
J

Il
o

M3) there exists o > 0 such that

(6.27) I}eréo lirgn sup % EZ: E‘%E [(M)mK — <M>(m—l)K‘g(m—1)K:| _ 02‘ =0,
o =1

M4) for every e >0

mK—1

(6.28) lim hmsup—z Z El+2Z2 ;+1= IMj = M(m-1)k| > eVIK] = 0.

K—o0
{—00 m=1j=(m—1)K

Then,
: E<M>N _ 2
and
(6.30) lim EeMy/VN = o=a*0/2  yg c R.

N—oo
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6.4.3. Proof of the central limit theorem for My /~/T. We prove that M, //n, where n > 1
is an integer, converge in law to a Gaussian random vector, as n — 4oo. This suffices
to conclude that in fact Mp/ VT satisfy the central limit theorem. Indeed, let Z, :=
M, — M, for n > 1. Note that for any € > 0

(6.31) lim sup |My/VT — My/VN|=0, P—as.

N—00 T¢[N,N+1)

For a given ey > 0 we let

Ay = sup |Mp/VT — My/VN| > en].
TE[N,N+1)
We have
PlAx) < P| sup [Mr— M| > env/N/2] + PIMy|IN V2 = (N 4+ 1712 > ey /2
TE[N,N+1)
C c <
4 2
< WE’ZN+1’ +N3—€?V;E|Zj| .

The last inequality follows from the Doob and Chebyshev estimates and the elementary
inequality N='/2 — (N 4 1)~/2 < CN~3/2 that holds for all N > 1 and some constant
C > 0. We denote the first and second terms on the right hand side by Iy and Iy,
respectively. We claim that there exists C' > 0 such that

(6.32) ElZya*<C, VN >O0.
Indeed, we have

[ vt

E|Zyl' < C {E\x(w(N F)I*+ BRI +E| [

4}
To estimate the first two terms appearing on the right hand side we use (6.13) and then

subsequently (5.2). We conclude that all these terms can be estimated by a constant
independent of N. The last expectation can be estimated using (6.1) by

e[ [ jueia] ¢ <uoPN,E [ etssopas] > |

Applying (7.10) and then again (5.2) we obtain that also this term can be estimated
independently of N. Hence

2

Iy < ¢
N > % 1 -
N2ed,

On the other hand, from (6.32) we conclude also that for some constants C,C; > 0 inde-
pendent of N we have

c & Cy
Iy =— S E|Z;)? < .
N33, ; N2e3%,
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Choosing ¢y tending to 0 sufficiently slowly we can guarantee that
> P[AN] < +o00,
N>1

and (6.31) follows from an application of the Borel-Cantelli lemma.

Choose a € R? and let M,, := M,, - a. Condition M1) obviously holds in light of (6.32).
Condition M2) also easily follows from (6.32) and the Chebyshev inequality. Before ver-
ifying hypothesis M3) let us introduce some additional notation. For a given probability
measure 4 on H and a Borel event A write

P,[A] = /H PLALw(0) = w]js(dw).

The respective expectation shall be denoted by E,. We write P,, and E,, in case of yu = 0.
We can write that

2 [V~ ] = 2 3 Pvtem = )8

with ¥(w) := E,M3. Suppose that 0 = (u,, ¥). Let also ¥(w) := ¥(w) — 02,

Sk (w) = % Z_ PV (w)

and .
Sk(w) == [Sk(w)| — (i, [Sk ), w e H.

We can rewrite the expression under the limit in (6.27) as being equal to

¢ K-1
(6.3 o S| 3 P (n — DE))| = (10QE, k),
where

0
1
Qf = Z Z P(mfl)K-
m=1

It is obvious that the second term on the right hand side of (6.33) does not contribute to
the limit in hypothesis M3). We prove that

l
(6.34) lim )~ (oQf, Sk) = 0.

l—+00
m=1
Then M3) shall follow upon subsequent applications of (6.34), as ¢ — 400, and Birkhoff’s
individual ergodic theorem, as K — 400. To prove (6.34) it suffices only to show that the
function Sk (-) is continuous on H and for any K fixed there exists a constant C' > 0 such

that
(6.35) |Sk(w)| < Ce,(w), Ywe H.
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Equality (6.34) is then a consequence of the fact that measures poQ¥ converge weakly to
fix as £ — 400, and estimate (5.1). Continuity of Sk(-) follows from the fact that ¥ € B,.
On the other hand estimate (6.35) follows from the fact that for any j > 1 fixed there
exists a constant C' > 0 such that

(6.36) PVU(w) < Ce,(w), weH.

The last estimate can be seen as follows
2 1
U(w) < |al’By|[M]* = |a* ) {Pl[X(i)P(w) + X (w)]* + 2/ P,(pD P D) (w) ds
i=1 0
(6.37)
2 / s / Pu(§9 Py yb0) (w) ds’ + 2(x0 Py @) (w) + 20 (w) / P (w) ds} .
0 0

0

Using estimates (5.1) and (6.13) we conclude that for any v > 0 there exists a constant
C > 0 such that
U(w) < Cey(w), VweH.

Hence, using again (5.1), we conclude (6.36). This ends the proof of hypothesis M3).
Finally we verify condition M4). For that purpose it suffices only to prove that

K-1

. . 1
lim limsup e Z(quf, Gy;) =0,

K—=+00 pyi00 Jay
where

Go,(w) :=E, [1 1 Zp | M| > g\/ﬁ] .
The latter follows if we show that
(6.38) limsup(poQ4,Grj) =0, Vj=0,...,K—1.

L—~00
From the Markov inequality we obtain
B | M|

P, ||M;| > eVIK| < <I +1I,
“ i ] eVIK e
where
RS ) (i
I .= Eu|x™(w(4)) = ¥ (w
' géK; X (w(5)) = X (w)|
and
1 5 7 2
Iy = E. / J(w(s))ds| .
2 8@; 0 ¢ ( ())
Using (6.13) we conclude that
I < Cie,(w)

eVIK
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% g [ ets)las
VIK " o

Cse,(w)
(K

Summarizing, we have shown that for any R > 0,

On the other hand, we have

and from (7.11) we get that
I, <

C
6.39 supIP’[M > eVIK ]g—
(6.39) sup | M| K| e
Furthermore,
(6.40) sup E,, [|Zj+1|2, M| > g\/u(}
<R

lw|<R

+ |31|1SpRIEw { [/jf’ﬂ @Eiﬁ(w(s))dsr, M| > g\/g?}}

< C sup sup E, [ey(w(t)), |M;| > SVEK]

te[0,K] |w|<R

<2 { sup By { [\(w(j + 1)) = xOw()]” M) > VIR )

for some constant C' independent of ¢. The above argument shows that

lim sup |Gy (w)| =0.

€400 1y|<R

To obtain (6.38) it suffices only to prove that for § > 0 as in H3) we have

6.41 lim sup (o QX, G 1+6/2 <400, VK>1,0<j<K-1
=+ ¢
—+00
Note that
5
(6.42) (10Q, Gy 3""%) < By (1+|Zi ) T2,

This however is a consequence of (5.1). Thus condition M4) follows.
Summarizing, we have shown that

wa - M 1<
nl_i){li_loo exp{ \/NN} = exp {—5 Z Dijaiaj} )

2,j=1

Dy = <u*,E { 1:_[ [x(p’(W(lsw)) — X" (w) + /01 P (w(s; w)) dé’] }> :

where
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After a somewhat lengthy, but straightforward calculation, using stationarity of u, and the
fact that

<M*’ {PSX(Z') _ 0 +/ P dsll 1;9)> _ 0. V¥s>0
0

we conclude that D;; coincides with the expression on the right hand side of (6.23). O

7. PROOF OF THE RESULTS FROM SECTION 5

7.1. Proof of Theorem 5.1. Part 3) is a direct consequence of parts 1) and 2). The
invariance of p, under s, follows from Proposition 4.7.

7.1.1. Proof of part 1). Suppose that w(t) := w(t;w). From (7.10) to conclude that for
v € (0,1, where vy = 1/(4||Q]]), there exists a constant C' > 0 such that
(7.1) Eexp {v|w(n+1)]*} < CEexp {qv|w(n)|’}, Vn=>0.

/2 The right hand side can be further estimated using Jensen’s inequality

Let g =€~
CE exp {qu|w(n)|2} <C (Eexp {V\w(n)|2})q < Ot (Eexp {qu|w(n — 1)\2})(].
Iterating this procedure we conclude that for any n > 0

Eexp {v|w(n + 1)} < 1+ Lexp {qn+11/’w(0)|2}}1/q"+1

(7.2) - ,
< CV-a exp {v|w]*}.

Therefore (cf. part 3) of Lemma A.1 of [9]) we have the following.

Lemma 7.1. There exists a constant C' > 0 such that

(7.3) Eexp {v|w(t;w)]*} < Cexp{vjw[’}, Vt>0,ve (0,1, we H.
The above lemma obviously implies (5.1).

7.1.2. A stability result of Hairer and Mattingly. In our proof we use Theorems 3.4 and
3.6 of [9], which we recall below. Suppose that (#H,|-|) is a separable Hilbert space with
a stochastic flow ®,: H x Q — H, t > 0, i.e. a family of C'-class random mappings of H
defined over a probability space (€2, F,P) that satisfies ®;(P,(z;w);w)) = $pps(z;w) for
allt,s >0, x € Hand P a.s. w € . We assume that P, and P(z,-), z € H, are transition
semigroup and a family of transition probabilities corresponding to the flow, i.e.

P(x) = / o(y) P, dy) = E§(@,(x), Vo € B(H), x € H.

Here B(H) is the space of Borel and bounded functions on #. The dual semigroup acting on
a Borel probability measure p shall be denoted by pP;. We adopt the following hypotheses
on the flow.

Assumption 1. There exists a measurable function V: H — [1,4+00) and two increas-
ing continuous functions Vi, V*: [0, +00) — [1,4+00) that satisfy
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Villz]) < V(z) < V¥(|z]), Ve eH,
and lim,_,, o, Vi(a) = 400,
2) there exist C' > 0 and x; > 1 such that
aV*(a) < CVi(a), Va>0,

3) there exist ko < 1, C' > 0 and a decreasing function a: [0, 1] — [0, 1] with o(1) < 1
such that

E [V5(®@4(2)) (14 [DPy(x)[h]])] < CVOI™(x), Va,he M, b =1,
and t € [0,1], Kk € [Ko, k1]. Here D®;(x)[h]| denotes the Fréchet derivative at z in
the direction h.

Assumption 2. There exist C' > 0 and k3 € [0,1) such that for any € € (0,1) one can
find C(e),T(e) > 0, for which

(14) DR < OV (@) {C) [Po) (@) + e [R( Do) ()]},

forall z € H, t > T(e).
Introduce now the following family of metrics on H. For x > 0 and z,y € H we let

do(r,y) = inf / VA (e(t)) et dt.

cell(x,y)

where the infimum extends over the set II(z, y) consisting of all C'! regular paths c: [0,1] —
‘H such that ¢(0) = x, ¢(1) = y. In the special case of Kk =1 we set d = d;. For two Borel
probability measures p, s on H denote by C(uq, p2) the family of all Borel measures on
‘H x ‘H whose marginals on the first and second coordinate coincide with pq, uo respectively.
We denote also by

d(p1, p2) = sup [[(p1, @) — (p2, ¢)| : Lip(¢) < 1].
Here Lip(¢) is the Lipschitz constant of ¢: H — R in the metric d(-,-). By Pi(H,d) we
denote the space of all Borel, probability measures p on H satisfying fH d(z,0)u(dr) < 4o0.
Let A C ‘H x H be Borel measurable. For a given ¢t > 0 and =,y € H denote
Pu(w,y; A) = sup [u[A]: p € C(Pi(x,-), By, )]
Assumption 3. Given any s € (0,1) and 0, R > 0 there exists Ty > 0 such that for any
T > T there exists a > 0 for which

inf Pr(z,y; Asy) > a.

|z|,ly| <R
Here,
Nspi=[(x,y) e H xH: du(z,y) <6], VK, d>0.

Theorem 7.2. Suppose that Assumptions 1, 2, 3 stated above are in force. Then the
following are true:
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1) there exist C,y > 0 such that

(7.5) A(p1 Py, poPy) < Ce™ ' d(p, po), Vi, po € Pi(H, d),

2) there exists a unique probability measure pi. € Pi(H,d) invariant under {P;, t >
0}, i.e. pe = By for allt >0,

3) we have
(7.6) | P — (s, D) |[ip < Ce™ | — (i, O)||Lip, Y € CH(H), t > 0.
ere 6(x) — 6(y)
o o(x) — Py
6l = sup L E ¢ [, )

7.1.3. Proof of part 2).

Verification of Assumption 1. Denote ®,(w; W) := w(t;w, W), where W is the cylin-
drical Wiener process appearing in (4.1). Let

(7.7) §(tw, §) == DPy(w)[g], € H.

In what follows we suppress w and £ in our notation when their values are obvious from
the context. The following result holds.

Proposition 7.3. For any v > 0 there exists C' > 0 such that for any w,& € H we have

(78) ) < el exp { [ lto)as + )

and

t 1/2 t
(7.9) {/0 Hg(s)H?ds} §]§|exp{u/0 Hw<s)u2ds+0t}, Vt>0, P—as.

In addition, there exist vy, C7 > 0 such that
(7.10)

t
E exp {u\w(t)|2 + 216/ Hw(s)Hst} < Crexp{vjwl’e™?}, Vte[0,1], v € [0, v
0
and

(7.11)  Eexp {”?};13 {|w(t)|2 + /Ot e (s)||2ds — ttrcg?] } < Ce,(w), Vvelow.

Proof. Note that £(t) satisfies a (non-stochastic) equation

(7.12) 9i&(t) = Ag(t) —n(t) - VE(E) — K((1)) - Vw(t)
+0(t,0) - V&) + K(E(1)(0) - Vw(t),  £(0)=¢ € H.

Hence,

OE(B)* = =2llE (1)1 — 2(K(&(1)) - Ve (1), §(2)) + 2(K(§())(0) - Vaw(t), &(2))-
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Using (A.5) and (A.6) (for r = 1/2) we conclude that for some deterministic C' > 0,
ol < =2E@)I* + Cle®allw®)lls )]

2

C
< 22[EOIF + vllw@IPIEOP + €01 e
An application of the Gagliardo—Nirenberg inequality (2.2) with s =1, 5 = 1/2 yields
()12 < ClEDM2IE@)]?

for some constant C' > 0. In consequence, there exist C,C; > 0 such that

BIEDI < ~ 1€ + DI + 3o €O
< —lEBIF + @l + CoIED .

Estimate (7.8) follows upon an application of Gronwall’s inequality. In addition, from (7.8)
and we conclude that there exists C' > 0 such that

(7.9)
/0||§(S)Il2ds < |§|2+/0(V||W(S)||2+Cl)|€(8)|2d8

(7.13)

< P+ P [ Ol + 0 p{ / ||w<u>||2du+08}ds

t
€[ exp {V/ llw(s)||2dt + (Jt} .
0

This ends the proof of (7.9).

Estimates (7.10) and (7.11) can be found in [9], see (5.2) for the first one, while the second
one is contained in part 1) of Lemma 4.10 of ibid. A minor modification of the argument
is required, due to the fact that equation (4.2) contains also the expression corresponding
to bilinear form By (-).00

Define V(w) := Vi(Jw|) = V*(Jw|) = e”1*/*. Assumption 1 of Theorem 7.2 is a conse-
quence of Proposition 7.3.

IN

7.2. Verification of Assumption 2. Suppose that V: H — H is a Borel measurable
function. Given an (F;)-adapted process g: [0,00) x Q — H satisfying Ef(f lgs|?ds < +o0
for each ¢ > 0 we denote by D,V (w(t)) the Malliavin derivative of ¥(w(t)) in the direction
of g; that is

Dy (w(ts ) = lim = (W (t0,W + e9)) — Weo(t0, W)

where the limit is understood in the L*(Q2, F, P; H) sense. Recall that w,(t; w) := w(t; w, W+
g) solves the equation
oy (t510) = [y (8) — Boluoy (6 0)) + Byt w))Jdt + QAW (£) + Qg(t)d,

(7.14) w(0;w) =w € H.
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Directly from the definition of the Malliavin derivative we conclude the chain rule: suppose
that ¥ € C}(H;H) then
(7.15) Dy¥(w(t; w)) = DY (w(t; w))[D(t)],

with D(t;w, g) =: Dyw(t;w), t > 0. In addition, the integration by parts formula holds,
see Lemma 1.2.1, p. 25 of [25]. Suppose that ¥ € C}(H) then

(7.16) E[D, ¥ (w(t; w))] = E [ww(t;w)) / <g<s>,dw<s>>} |

In particular, one can easily show that when H = H and U = [, where [ is the identity
operator, the Malliavin derivative of w(t;w) exists and the process D(t;w,g) (we omit
writing w and g when they are obvious from the context), solves the linear equation

%(t) — AD(t) — 5(t) - VD(t) — 8k(t) - Veo(t)
(7.17) +n(t,0) - VD(t) + 0k(t,0) - Vw(t) + Qg(1),
D(0) = 0.

Here §k(t) := IC(D(t)). Denote p(t;w, &) = &(t) — Dyw(t; w). We have the following.

Proposition 7.4. For any v,y > 0 there exists a constant C' > 0 such that for any given
w,& € H one can find an (F;)-adapted H-valued process g(t) = g(t,w, &) that satisfies

(7.18) sup E |p(t; w, €)|? < Ce,(w)e ™, Vit >0,
|€1<1
and
(7.19) sup/ E|g(s,w,&)?ds < Ce,(w), Vw € H.
lgl<1Jo

Proof. The argument can be adapted directly from the proof of Proposition 4.11 from [§].
Estimate (7.18) follows from (4.13) of [8] (modulo minor modification, due to the presence
of the form Bj(-) in equation (4.2)). Estimate (7.19) follows from the estimate appearing
in the display following (4.13) in [8] and Lemma A.1 of ibid. O

We use the above result to verify Assumption 2. We have

DPp(w)[§] = E{ Do(w(t; w))[D()]} + E {Dd(w(t; w))[p(t; w, §)]} -

Using the chain rule, see (7.15), the right hand side can be rewritten as
E {Dyop(w(t;w))} + E {Dp(w(t; w))[p(t; w, §)]}
— & {ou(t ) [ (o), aW ()} + B Dottt lpteu. 1}

The last equality follows from integration by parts formula (7.16). We have
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and

1/2 1/2

[E {Do(w(t; w)[p(t; w, &)} < (BIDoP(w))"* (B |o(t;w, )[2)".
Hence, by (7.19) and (7.18), given k3 € (0,1), v > 0, the corresponding V(w) = e, (w)
and € € (0,1), we conclude estimate (7.4) with T, C(e), such that

(& [ atrac) " < ooV

and

1/2 Ko
sup sup {E |p(t; w, )12} < eV (w).
|§1<1t=>To

7.3. Assumption 3. To verify this assumption consider the solution y(¢; w), ¢t > 0, to the
deterministic equation

dz_f) = Ay(t) + B(y(t),  t>0,

with the initial condition y(0) = w. Then
lim sup |y(t;w)| =0, VYR>DO0.

t—+o0 |w|§R
Fix § > 0 and R > 0. Let Ty > 0 be such that
sup du(y(T5w),0) <§/4, VT >1T,.

wl<R

Since
t
Wao(t) ::/ A= QAW (s)
0

is a centered Gaussian random element in the Banach space C([0,T]; V') with the uniform
norm

1f llooir := sup}||f(t)||a fe (o, T V),

te[0,T

its topological support is a closed linear subspace (see e.g. [30]). Thus, in particular, 0
belongs to the support of its law and for any ¢ > 0, P(F,) > 0, where

Fo=A{m € Q: [Waq(7)llor < o}
Choose gy > 0 such that
A (W(T5w;) (), y(T5w;))| < /4 for all m € F,,, i =1,2 and |w| < R,
and set a := P(F,,) > 0. For any |w;|, |lws| < R we have
Pr(wy, wy; Ns ) > Plr € Q: dp(w(Tw;) (1), y(Thw;))| < 6/4,i=1,2] > P(F,) = a,

and thus we have finished verification of Assumption 3. [J

7.4. Proof of Theorem 5.2.
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7.4.1. Proof of part 1). Let us fix an arbitrary T > 0 and define ((t) := |w(t)|> + ¢|lw(t)|?
and tr Q= >, 52 |k[*q;. By Itd’s formula we have

(7.20)  dC(t) = [tr@Q* +ttr Q1 — 2tlw(t)[3 — [|w(t)||* + 2t(B(w(t)), Aw(t))] dt + dM,
and

dM; :=2(QdW (1), (I + tA)w(t)).
According to (A.5) there exist C,C; > 0 such that

1
[(Bo(w), Aw)| < Clw|yyz||wll|w]s < ZM% + Cilwl*, Vw € H,.

To estimate the respective bilinear form corresponding to B;(-) we use the following esti-
mates, see Proposition 6.1 of [2]. Suppose that si, s9, s3 > 0 such that s; 4+ s5 4+ s3 > 1 and
s1 > 1. Then, there exists C' > 0 such that

(7.21)  [(Bi(h,w1),w2))| < Clhls;,—1|wifis|walss, ¥V (hwi,wa) € Hy 1 X Hipg, X H,.
From (7.21) with s; = 3/2, so = s3 = 0 it follows that
[(Bi(w), Aw)| < Clwlips|lwll|wl2;  Yw € Ha.

With these inequalities we conclude that
1
|(B(w), Aw)| < é\w\g + Cilw|*, Vw € Hs.

From here on we proceed as in the proof of Lemma A.3 of [23] and conclude from (7.20)
that

2 o PtrQ ! A
(7.22) C(t) < |w|” +ttrQ* + — T C/O slw(s)|*ds + U(t),
where U(0) = 0 and
dU(t) = = (tlw(t) [ + [lw(t)l*)dt + dM.
Since
U(t) < My — (a/2)(M),
for some sufficiently small & > 0 we conclude from the exponential martingale inequality
that
Plsup U(t) > K] <e ¥ VK >0.
te[0,T]
This, of course, implies that Eexp {¢/ sup,cpor U(t)} < 400 for any o/ € (0,a). From
(7.11) we get

E exp {I/ sup ]w(t)\Q} < Ce,(w),

te[0,7)

which in turn implies that

E

sup |w(t)[* | < Clw[*.

te[0,T
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Summarizing, the above consideration we obtain from (7.22) that for any 7" > 0 and N > 0
there exists a constant C' > 0 such that
(7.23) E

sup ¢V (s)| < C (juw* +1).

s€[0,7

We conclude therefore the proof of part 1) of Theorem 5.2.

7.4.2. Proof of part 2). Suppose that ¢ € C\ (V). Then, P;¢p(w) is well defined thanks to
the already established estimate (5.4). In addition, we have

(7.24) e—v(W)|Pd(w)] < [Igllve—(w)(1 +Ellw(t; w)|™) < Cllélly, Ywe H.
To deal with DP,¢(w)[£] we use the following:

Lemma 7.5. Suppose that {£(t), t > 0} is defined by (7.7). Then, for any t,v > 0 there
exists C' > 0 such that

t
(7.25) [[€E@)]]* < C||€|1? exp {V/ lw(s; w)||*ds + C’t} , Vt>0,weH €V, P—as.
0

Proof. This estimate can be established analogously to the corresponding bound obtained

in Lemma B.1 of [23] (with @ = 0). Minor modifications needed to account for the term

corresponding to Bj(-) present no difficulty and we leave them to a reader. [J
Concerning the estimates of |DP,¢(w)[£]| we can write that

(7260) e (w)|DPg(w)[g]] = e (w) [E[(D)(w(t; w)) [E®)]]
< lgllve— (@) [(1 + [lo(t; w)IM)lIE@1]
(727) < Cllllve(w) {EQ + lw(t; )|} {EIE@)2 7, Vwe H.

By the already proved part 1) of the theorem and Lemma 7.5 we obtain that the utmost
right hand side is less than, or equal to

Culelllollve-r(w)(1-+ o™ Eexp {5 [ sl + Cit | < Calellloll

Hence
e—v(w)|DEp(w)]| < Cof|ol]v
and thus we have finished the proof of part 2) of Theorem 5.2.

APPENDIX A. EXISTENCE OF THE MARKOV, FELLER FAMILY

Proof of Theorem 4.2. Given N € N, denote by IIy the orthogonal projection of H into
Hy = span{eg, 0 < |k| < N}. Consider the following finite dimensional It6 stochastic
differential equation

dw™(t) = [Aw™(t) — BSV (w™M(t)) — BV (™ (t)]dt + QW aw (),

Al
(A1) w™(0) =w™ € H,
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with WV (¢) .= TIyW (1), Q) := IIxQ, and
BV (w) :=TyBy(w), BN (w):=TyBi(w), we Hy.

The local existence and uniqueness of solution to (A.1) follows from a result for finite
dimensional S.D.E.-s. By [to’s formula we get the estimate

1 T
a2 B{LO@P g [ 0P <R 10V, T

From this we conclude that the sequence {w™)(¢),t € [0,T]}, N > 1 is compact in
L2(9,Er). In addition,

t t
w(N)(t) _ eAtw(N) . / A(t— s)B(N)( ( ))dS + / (t—s)BgN)(w(N)(s))dS
0 0

t
+ / AWM A (s).
0

Any weak limiting point satisfies therefore (4.2). To show uniqueness we need the following.

Lemma A.1. There exists a constant C' > 0 such that for all wy,wy € H, and t > 0,
t
(A.3) |lw(t; wo) — w(t;wy)| < |wg — wq| exp {C’/ l|lw(s; wO)HQdS} : P—a.s.
0
Proof. Let p(t) := w(t;w) —w(t;wo) and r(t) := K(p(t)). From (7.14) we conclude

(A.4) %!/)(t)\z = =2/lpM)|I* = 2((r(t) - V)w(t; wo), p(t)) + 2((r(t,0) - V)w(t; wo), p(t))-

To deal with the second term on the right hand side we use the following estimate. Suppose
that v = IC(h). Then, for any r > 0 there exists a constant C' > 0 such that

(A.5) (- V)9l < Clflllgle|pl, VfeV,geH, heH
and
(A.6) (-, 9l < Cliflllgllhl., YgeH, feV,heH,

see e.g. (6.10) of [2]. With these two inequalities in mind we conclude from (A.4) that

%Ip(t)l2 < =2[lp(®)[I* + Cllw(t; wo)l[lp(t) |1 /2] p(t)]
=2/|p(t)1* + Cullw(t; wo) 1P| p(t)* + 2[|p(t) |-

By Gronwall’s inequality we conclude then (A.3). O
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