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Abstract: We establish a general criterion which ensures exponential mixing of
parabolic Stochastic Partial Differential Equations (SPDE) driven by a non addi-
tive noise which is white in time and smooth in space. We apply this criterion
on two representative examples: 2D Navier-Stokes (NS) equations and Complex
Ginzburg-Landau (CGL) equation with a locally Lipschitz noise. Due to the pos-
sible degeneracy of the noise, Doob theorem cannot be applied. Hence a coupling
method is used in the spirit of [[f], 23] and [26].

Previous results require assumptions on the covariance of the noise which might
seem restrictive and artificial. For instance, for NS and CGL, the covariance opera-
tor is supposed to be diagonal in the eigenbasis of the Laplacian and not depending
on the high modes of the solutions. The method developed in the present paper
gets rid of such assumptions and only requires that the range of the covariance
operator contains the low modes.

Key words: Two-dimensional Navier-Stokes equations, Complex Ginzburg-Landau
equations, Markov transition semi-group, invariant measure, ergodicity, coupling
method, Girsanov Formula, expectational Foias—Prodi estimate.

INTRODUCTION

We investigate ergodic properties of parabolic Stochastic Partial Differential
Equations (SPDE) driven by a noise which is white in time and smooth in space.
Such systems are difficult to handle with the standard theory because the phase
spaces are infinite dimensional. Moreover the noise is allowed to be degenerate and
the conditions required to apply Doob theorem are not always verified (see M] for
the theory of ergodicity when Doob Theorem can be applied).

The idea of compensating the degeneracy of the noise on some subspaces by
dissipativity arguments has been introduced in [B], [@], and then in [E], [E] . In
the same spirit, we consider systems which have only a finite number of unstable
directions. In other words, the unstable manifold is finite-dimensional. Dissipative
SPDEs such as the stochastic 2D Navier-Stokes (NS) and Complex Ginzburg—
Landau (CGL) equations have this structure. The main requirement on the noise
is that it is non degenerate in the unstable directions. Later, coupling methods
have been introduced to prove exponential convergence to equilibrium (see [@],

1. 2. B3, Bd) and BI)).
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These articles mainly deal with additive noises. Only in [@], the noise is allowed
to have some dependence on the solution but it has to be of a very special form -
see below for more details. Moreover, the noise is assumed to be diagonal in the
eigenbasis of the linear part of the equation.

In this article, we wish to get rid of these assumptions. This requires substantial
adaptations in the method, for instance an auxiliary process is introduced. We
develop a general ergodic criterion which ensures exponential mixing of the solution
provided the image of the covariance operator of the noise contains the unstable
modes.

Roughly speaking, our method allows to treat SPDEs perturbed by a noise of the
type ¢(u)dW where u is the unknown of the equation and W is the driving noise.
Denoting by Py the projection onto the unstable modes, our main assumption is
that the range of ¢(u) contains the unstable modes Py H. We think that this is
a very natural condition. Note that with these notations, the above cited articles
treat noises of the type ¢dW, ¢ being constant and diagonal and with the main
assumption that the range of ¢ contains the unstable modes Py H. In [@] (see also
B0), the noise has the form ¢(Pyu)dW with (I — Py)¢(Pyu) = 0.

Our method is very general. Given a SPDE, it is sufficient to build an auxiliary
process with good properties to apply our method and establish exponential con-
vergence of the solutions to equilibrium. The technic to build this process depends
on the type of SPDE. In fact, we distinguish three types of SPDEs. Examples of
the two first types are given by NS and CGL. The third type of SPDE is more com-
plicated to treat. It includes weakly damped but not strongly dissipative SPDEs.
An example is the weakly damped Non-Linear Schrédinger (NLS) equation (see [§]
for the case of an additive noise). We will study this equation in a forthcoming
article.

The NS equations describe the time evolution of an incompressible fluid. It has
been widely studied. Most of the articles cited above have been motivated by the
application to this equation.

Originally introduced to describe a phase transition in superconductivity , the
CGL equation also models the propagation of dispersive non-linear waves in various
areas of physics such as hydrodynamics [@], [@], optics, plasma physics, chemical
reaction [[f]... The CGL equation arises in the same areas of physics as the non-
linear Schrédinger (NLS) equation. In fact, the CGL equation is obtained by adding
two viscous terms to the NLS equation. The inviscid limits of the deterministic
and stochastic CGL equation to the NLS equation are established in [J] and [R4],
respectively.

Ergodicity of the stochastic CGL equation is established in [[] when the noise is
invertible and in [l4] for the one-dimensional cubic case when the noise is diagonal,
does not depend on the solution and is smooth in space. In [, we have estab-
lished exponential mixing of CGL driven by a noise which verifies the additional
assumptions mentioned above under the L? or the H'-subcritical conditions.

We hope that the method developed here can be combined with other recent
ideas. For instance, in [E], [@], the case of NS perturbed by a four dimensional
noise is treated. Hopefully, a four dimensional noise depending on the unknown
could be studied. Another topic of interest is to try to prove exponential mixing
in the three dimensional case for the transition semigroup constructed in [ﬂ] This
latter problem will be treated in a forthcoming paper.
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Another topic of interest is the study of more general noise. We will see in
forthcoming papers that our Criterion (Theorem @) could be extended to Levy
type noises.

The remaining of the article is divided into four sections. First we define some
preliminary definitions. In section 2, we prove our general criterion (Theorem )
which states that a Markov process converges exponentially fast to equilibrium
provided there exists an auxiliary process which verifies some properties. In section
3 and 4 we apply Theorem @ to establish exponential mixing of the solutions of
NS (Theorem B.4) and CGL (Theorem [L.1)).

1. PRELIMINARIES

1.1. Cylindrical Wiener process.

Let U, V, K be three separable Hilbert spaces. Here L(U; K) (resp L2(U; K))
denotes the space of bounded (resp Hilbert-Schmidt) linear operators from the
Hilbert space U to K. For instance, the inclusion

(1.1) L2QQ1ﬂ)c;H—m(mJﬂ),

is Hilbert-Schmidt provided m > %l.

The notion of cylindrical Wiener process is a generalization of the concept of
Brownian motion and is used to model noise.

A process is said to be a cylindrical Wiener process of a Hilbert space H if there
exist an orthonormal basis (ey), of H, a family (W,), of independent brownian
motions such that

(1.2) W=> Wen.

It is important to notice that W (t) is in H with probability zero and that the sum
converges almost surely (and for any moment) in C((0,t); V) provided the inclusion
H C V is Hilbert-Schmidt. Moreover ([.9) true for a basis (e ), implies ([L.d) for
any orthonormal basis of H (See []).

Example 1.1. Let d € N. [t is well-known that the inclusion L?((0,1)%) C
H=™((0,1)%) is Hilbert-Schmidt provided m > %. So, a cylindrical Wiener pro-
cess W of L2((0,1)4) is a continuous process of H~™((0,1)%).

Remark 1.2. In the rest of this paper, when we will consider a Hilbert space
U, we will implicitly fiz a space V such that H C V is Hilbert-Schmidt. Then,
all cylindrical Wiener processes on U will be considered in the same space V. A
random wvariable X living in a space E will be said to depend measurably on a
cylindrical Wiener process W on U if there exists a map f : C(0,00; V) — E such
that X = f(W).

1.2. Topologies on the set of probability measures.
Given a Polish space F, the space Lip,(E) consists of all the bounded and Lipschitz
real valued functions on E. Its norm is given by

el = Il + Ly, @ € Lipy(E),
3
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where |-|  is the sup norm and L, is the Lipschitz constant of ¢. The space of
probability measures on E is denoted by P(E). It can be endowed with the norm
defined by the total variation

[4ll o = sup {[(T)] | T € B(E)},
where we denote by B(E) the set of the Borelian subsets of E. It is well known

that ||.||,,, is the dual norm of |.| . We can also use the Wasserstein norm
= sup [ pludutu)].
pELipy(E), el <11JE
which is the dual norm of || - || .

Remark 1.3. [t is important to notice that the set of borelian subset of P(FE) is
the same for both the total variation and the Wasserstein norm.

Actually, a mapping x — P, taking value in P(E) is measurable if and only if
the mapping x — fE f(y)dP,(y) is measurable for a suitable set of map f: E — R.
For instance, the set of Lipschitz bounded map is such a suitable set.

In section 8 and 4 below, the measurability of the law of the process u will be a
consequence of the fact that

E (|u(t, W,ug) — ult, VV,ug)| A1) —0,
provided ug — ug.
1.3. Couplings.

We here recall some results about the coupling. Coupling is the basic key of the
proof of our criterion (Theorem EI below). But no known of coupling is required
to apply this criterion (as we will see in section 3 and 4).

Let (A1, A2) be two distributions on a two space (E;, &;)i=1,2. Let (,F,P) be a
probability space and let (Z7, Z2) be a couple random variables (Q, F) — (E;, &;)i=1,2.
We say that (Z1,Z) is a coupling of (A1, As) if A; = D(Z;) for i = 1,2. We have
denoted by D(Z;) the law of the random variable Z;.

Let A, A; and As be three probability measures on a same space (E, ) such that
A; and Ag are absolutely continuous with respect to A. We set

dAy  dAs
A ")
This definition does not depend on the choice of A and we have

1 dN1  dAs
A —Agf| == [ [2AL_2A2) g0
H 1 2||uar 2/E dA dA d

d(Ay A Ay) = ( dA.

Next result is a fundamental result in the coupling methods (See for instance [23]).

Lemma 1.4. Let (A1, As) be two probability measures on a same (E,E). Then
||A1 — AQH = HllIl]P)(Zl 7é ZQ)

The minimum s taken over all couplings (Z1,Z2) of (A1,A2). There exists a cou-
pling which reaches the minimum value. It is called a maximal coupling and has
the following property:

]P)(Zl = ZQ, Zl S F) = (Al 74\ AQ)(F) f07“ any Tek€.
4
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It is interesting to remark that if A; is absolutely continuous with respect to Ag,
we have

dA
(1.3) 1AL = Asf,,, < 2\// dAy dA2 1.

In order to estimate the bound given in Lemma @, we use either (E) or the
following result which is lemma D.1 of [P§ and which is very useful in order to
bound below the probability that a maximal coupling get coupled.

Lemma 1.5. Let A1 and Ay be two equivalent probability measures on a space
(E,E). Then for any p > 1 and any event A of E

dA1 . . 1 Al(A)F Pl B
= —_— > — = _ .
Ip / ( 2) dAy < oo implies (A1 A Ag) (A) (1 > <

Next result is a refinement of Lemma [[.4 used in [24].

Proposition 1.6. Let E and F be two Polish spaces, fo: E — F be a measurable
map and (A1, A3) be two probability measures on E. We set
A= foNi, =12

Then there exists a coupling (V1,Va) of (A1,A2) such that (fo(V1), fo(Va)) is a
mazimal coupling of (A1, A2).

Setting fo : (u,v) — u, V4 = (Uq, [7) and V, = (Us, Us), it follows.

Corollary 1.7. Let E be a Polish space, (Q,F,P) be a probability space and
(U1,Us,U) be three random wvariables on (Q, F,P) taking value in E.
Then there exists a triplet (u1,ua, W) such that (us, @) is a mazimal coupling of

(D(Us), D(U)) and such that the law of (uy, ) is D(Uy,U).

Remark 1.8 (Measurabﬂity and Markov property).

Let (ud,u2) — (Uud),U(ud, ud)) such that (ul,u2) — DU ub),U(ud,ul)) is
measurable (See Remark [ .) It is possible to build the triplet (u1,ug,u) of Corol-
lary [1.7 associated to (U(u D, U@2),U(up,u2)) such that (ub,u2) — (u1,us, @) is
measurable (See for instance Remark A.1 of [B(]).

Now, assume that u$, u, w1, us live in the same space and let ((ud, ud) — (u, uf, u™)(ud, ud))n
be a sequence of independent versions of the triplet (ub,u?) — (u1,u2, w)(up, ud).
Since it measurably depends on (u},u?), we can iterate this sequence, i.e. we set

(u1(0),u2(0)) = (ug, up),
(wi(n+1),us(n+1),a(n+1)) = (uy™ up™, @) (ui(n), uz(n)).

It easily follows that ((uy(n),us(n),w(n))), is a Markov chain.
Another viewpoint of what we have done is the following. We first have set

(u1(0),u2(0)) = (ug, up).
Then, assuming that (ui,usz,w) s build on {0...,n}, we have fized a path and we
have build (u1 (n+1), uz(n+1),w(n+1)) as a triplet of (U(u1(n)), U(uz(n)), U(ui(n), uz(n))).
Finally, we have integrated the probability over the path on {0, ... ,n}. This is this
viewpoint we will use in the next sections.
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2. A GENERAL CRITERION

This section is devoted to the statement and the proof of a general criterion
-Theorem @- which ensures exponential mixing of a Markov process u, provided
there exists an auxiliary process u which verifies some properties. In particular,
Theorem B.4 below (resp Theorem [L.1]) that states that the solutions of NS (resp
CGL) are exponentially mixing is a Corollary of Theorem @

2.1. Statement of the criterion.

Let (U,|-|;;) be a Hilbert space and W be a cylindrical Wiener process on U.
We are concerned with a continuous homogenous weak Markov process u taking
value in a Polish space (H,dy). This Markov process u is assumed to be a non
anticipative measurable map of W (See Remark B) Since u is a Markov process,
it is assumed that its law D(u) is measurably depending of its initial condition ug
(See Remark [.J). We will denote the dependance of u with respect to (¢, W, ug) as
follows

u(t) = u(t, W,ug).
We denote by (Pt)icr+ the Markov transition semi-group associated to the Markov
family (u(-, W,u0)), e

We first assume the existence of an auxiliary process @ such that (u, @) is Markov.
AQ There exists a continuous process u taking value in H and that is a non an-
ticipative measurable map of W. Moreover (u,u) is a homogenous weak Markov
process and its law D(u, @) is measurably depending of its initial condition (uo,Uo).

We will denote the dependance of (u, %) with respect to (¢, W, ug,ug) as follows

(u(t), u(t)) = (u(t, W, uo), u(t, W, uo, to)).

The next assumptions involve a positive measurable functional H : H — RT,
which plays the role of a Lyapunov functional. We assume that there exist v, Cy,C >
0 and a mapping h : H?> — U such that the following hold.

A1 There exists a family (CY,)ac(0,00), such that for any uo € H, any t > 0, any
a > 0 and any stopping time T > 0,

E (H(u(t, W, uo)))

IN

e_th(Uo) + C1,
H(uo) + CL,.

A

E (e H(u(r, W,u0))lr<oo)

A2 For any (u},ud) € H?, for any couple (W1, W2) of cylindrical Wiener processes
of U and for any t > 0, we have

P (dp(ui(t),uz(t)) > Ce " and @ =uy on [0,t]) < Ce ",

where
ui(t) = ult,Wi,ud) for i=1,2,
ﬂ(t) = a(tv Wla U%, U%),
2C, > H(ud) + H(ud).

A3 For any (t,u,ud) € (0,00) x H?, we have almost surely

u (t, W, ué,ug) =u (t, W+ / h (u(s, W,up), (s, VV,u(lJ,ug)) ds,ug) .
0
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A4 For any couple (W1, Wa) of cylindrical Wiener processes of U and for any
(to,ug,ud) € [0,00) x H?

P ( ’ |h(t)|?] dt > Ce " and U = uy on [S,T]) < Ce o,
to
where (U, us) are defined in A2, where T > tq is any stopping time and where
h(t) = h (u(t, W, u}), ult, VV,ué,ug)) ,
201 > H(ud) + H(ud).

A5 There exists p1 > 0 such that for any (u},u) € H?, we have
p([ hoka<c)zmn
0

Bt = b (ult, Woud), it Woud, ud))

where

201 > H(ud) +H(ud).

We now state our criterion.

Theorem 2.1. Under the above assumptions, there exists a unique stationary prob-
ability measure p of (Pt)ier+ on H. Moreover, y satisfies

(2.1) /HH(u)d,u(u) < o0,

and there exist C,~' > 0 such that for any A € P(H)

(2.2) IPEA =l < Ce™ (1 + /H H(u)d)\(u)) .

Theorem @ is proved in sections 2.2, ..., 2.9 hereafter. Let us quickly sketch the
proof.

Assumption A1 is standard and ensures that @) holds and that the time of return
of the process in any ball of radius greater than 2C admits an exponential moment.
Assumption A2 states that u(t, W, ud) and u(t, W, ud, u2) become close exponen-
tially fast in probability.

Assumption A3 means that the law u(-, W, ul,u3) is the law of u(-, W’ ,u2) where
W' is a drifted Wiener process. Assumptions A4 and A5 imply that the Novikov
condition holds for a truncation of u. So combining A3, A4 and A5, a Girsanov
Transform can be used to build a couple of Wiener processes (W7, W2) such that

17(~, Wla Ué, U%) = u('a WQ, U%),

with a positive probability.

Conclusion: Tterating and combining the three properties, we can conclude by

remarking that it allows to control the probability of w(t, Wi, u) and u(t, Wa, u3)

being very close. Actually, we wait for entering the ball of radius 2C;. Then, the

probability that (u(- — s, Wi, u1(s), ua2(s)), u(- — s, Wa,uz(s))) get coupled for any

time is bounded below. If it fails to couple, we wait again for entering the ball
7
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of radius 2C7 and we retry. It follows that there exists a random time 7T, with
exponential moment such that

ﬂ( - T*7 leul(T*)a ’U,?) = ’lL( - T*a WQ} UQ(T*))
So applying A2, we are able to conclude.

Remark 2.2. For the Navier-Stokes and the Complex Ginzburg-Landau equations
treated in section 8 and 4, we use the same functional H = ||2 More compli-
cated choices may be necessary as in the case of the weakly damped Non Linear
Schrédinger equation treated in [J.

Remark 2.3 (Finest assumption). It is possible to refine our criterion as follows.
In our proof and especially in section @, assumption A5 is used to prove the
following irreducibility argument

A6 For any ro > 0, there exist T,py > 0 and a measurable family of coupling
(uévug) - (u17u2) Of (D(u(,W, U%),’UJ(',W, U%))) such that

P (dp(ur(T),u2(T)) < 7o) > po,

provided
20 > H(ug) + H(ud).

Actually AO,...,A4 and A6 are sufficient to prove (@) and (@) provided the
constant C in our assumptions verifies suitable conditions when dp(ud,ud) < ro.
For NS and CGL, it is easier to prove directly AO, ..., A5. But, for some equation,
A5 is not true and A6 can easily be proved. In that case, the criterion should be
adapted.

Remark 2.4. It we replace the term e~ by a negative power of t in our assump-
tions, we obtain a Theorem analogous to Theorem @, but where convergence is
polynomial instead of being exponential.

We have seen in [§ that for the stochastic Non-Linear Schrédinger (NLS) equation
the control of the energy is polynomial. Hence, we think that the polynomial version
of our criterion is the good framework when studying weakly damped SPDE.
Moreover we will see in Remarks @ and B that there exist some variations of
Theorem and m whose convergence is polynomial. To establish such results,
we need the polynomial version of Theorem @

Remark 2.5 (Levy type noise). It is possible to obtain a Theorem analogous to
Theorem @ where the noise W is replaced by a Levy process N(dtdz) (or by a cou-
ple (W, N(dtdz))). But the proof is more complicated because the Girsanov trans-
form for measure causes some problems.

This generalization is required by some SPDEs that naturally appear in physical
problems such as the stochastic Non—Linear Schrédinger (NLS) driven by Levy-
Brown noise. These results would be established in forthcoming papers.

The remaining of this section is devoted to the proof of Theorem P.1.

2.2. Building of a coupling of the solutions.
Let us denote by (u,u?) two initial conditions in H and by 7' a positive real
number.

8
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Applying Corollary B, we build a family of independent measurable map (See
Remark [L.§)

((ug, ug) — (uf, uy, @) (ug, ug)) ey »

stch that the law of (uf, 7) (ub, 43) s (D(u(-, W, ud)), DE(-, W, ub, u2))) and (u, 7 (s, ud)
is a maximal coupling of (D(u(-, W,u3)), D(u(-, W, ug,ud))) on (0,T].
We now build the coupling (u1,uz) of (D(u(-, W,u})), D(u(-, W,u?))) on [0, nT]
by induction on n € N. Indeed we first set
u;(0) =ufh, i=1,2.
Assume that (u1,uz, %) is build on [0,nT], we extend it on [0, (n 4+ 1)T] be setting
(ula U2, a)(nT + ) = (’U/?, ’U/g, an)(ul(nT)a UQ(nT))

It easily follows that (ui,ug) is a coupling of (D(u(-, W,u})), D(u(-, W,u?))) on
(0,00) and that the triplet (ui,us, %) is homogenous weak Markov at discrete time
TN. Since since the strong Markov property is equivalent to the weak Markov

property when working at discrete times, it means that for any stopping times
7€ TNU {0}

Eug,,ug (1T<oof((ulau2aa))09‘r |-7:7—) = 1T<00Eu1(7'),u2(7') (f(ul, U2, 1)) ,

where we have denoted by (6;): the family of shift operators
(f(ula U2, ﬂ)) 0975 = f(ul(t + ')auQ(t + ')a ﬂ(t + ))

2.3. Introduction of [.
In order to apply A2, we define a family of integer valued random process (lo(k))renu{oo}
which is particularly convenient when deriving properties of the triplet

lo(k/’) = min {l < k | Pl,k}a

where min ¢ = oo and

u=wuz on (IT,kT),
(Prk)
H(u1(IT) + H(uz(IT') < 2C1.

The interest of [y comes from the fact that it allows to apply A2 that can be
rewritten in the following form

(2.3) E (Jus(t) — wr ()| A lpgooy<t) < Ce V1T,
provided t > IT.

2.4. Construction of a useful coupling.

In subsections P-J and P.§, we are interested with the law of (uy,us, %) condi-
tioned by lo(k) = 0. For that purpose we fix a path of (u1, us, @) on [0, kT such that
lo(k) = 0 and we build (u1,uz,%) on (KT, (k+1)T] as in subsection P-4 by applying
Corollary []. When the path of (uy,us,%) is fixed on [0, kT, the probability is
denoted by Q.

To understand well the link between P defined in section 2.2 and Q, notice that

(24) @((Ul,UQ,ﬂ)EB):]P)((Ul,UQ,ﬂ)EB |fkT),

provided B is a measurable subset of C'(kT, (k + 1)T; H)3.
9
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It is not easy to work directly with the couple (@, us2). We prefer working with
cylindrical Wiener processes because of a very useful tool, namely the Girsanov
transform. That is the reason why we build the following coupling.

We first set

(2.5) ht, W) = h(u(t — kT, W,uy (kT)), a(t — kT, W,uy (KT, u2(kT))),
| W) = inf{t € (KT, (k+1)T) ‘f,leh(t, W) dt > 2Ce—va}.

Then, applying Corollary m to
T(W)A-
VV,W,W+/ h(t, W)dt | ,
kT
we obtain a couple (W7, Wa) of cylindrical Wiener processes such that
T(W1)/\'
Wy, W1 + / h(t,Wh)dt |,
kT

is a maximal coupling on [kT, (k + 1)T].
Since lo(k) = 0, it follows from the definition of lo(k + 1) that

Qlo(k +1) = 0) = Q (& = uz).

Applying the maximal coupling property of the couple (u,us), it follows from the
fact that (u(- — kT, Wy, uq1(kT), ue(kT)),u(- — kT, Wa,u2(kT))) is a coupling of
(D(u), D(uz)) on (KT, (k+1)T)

Q(lo(k+1) =0) = Q(u(- — KT, Wi, ur (KT), ug(kT)) = u(- — kT, Wy, uz(kT))) ,
which yields, by A3,

(2.6)
T(Wl)/\-
QUuk+1)=0)>Q (Wg =W +/ h(t,W1)dt and 7(W7) = (k + 1)T> .
kT
Let us set

A = AW [r(W)=(k+1T},
Ay = DW),
Ao = D (W [ZN ne,wydt)

Novikov condition is obviously verified. So, Girsanov Transform gives

(W) (W)
(Z—i;) (W) = exp (/kT h(t, W)dW (t) — % /kT |h(t7W)|2dt> 7

which yields

dA;\? o) . Cer
. it < J [h(t,W)[?dt |  ,2Ce .
(2.7) /(d/\g) dAl_E(ew )_e

10
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2.5. Probability that [y(1) = 0.
In that subsection, we treat the case k = 0, i.e. we assume that [o(0) = 0. In
that case P = Q.

Applying the maximal coupling property of the couple (Wa, W1 +foT(W1)A' h(t, Wh)dt),
it follows from (R.6) and from Lemmas [.4 and [L.] that

(2.8) P (o(1) = 0) > i </ (%)Qdm)_lz\lm).

It follows from A5 that

Ai(A) = p1.
Combining (-§) and (.7), we obtain
(2.9) P (Io(1) = 0) > %6—20.

2.6. Probability that lo(k + 1) = 0.

Recall that, for the probability Q, we have fixed a path of (u1,us, @) on [0, kT
such that lo(k) = 0 and we have build (uy,us, @) on [kT, (k+ 1)T] as in subsection
]

Notice that @) can be rewritten as follows

T(Wl)/\‘

T

QUo(k+1)#0) < Q <W2 £ W +/k h(t, W1)dt or 7(Wy) < (k + 1)T> :

which yields
(2.10)
Qo(k+1)#0)<Q (W2 — Wy + [ION (e, W) dE and (W) < (k + 1)T)
(5 G )

Notice that, by A3,
(2.11)

Q (W2 =Wy + [ZON Bt Wh)dt and (W) < (k + 1)T) <
Q (u(- — kT, Wa, uz (kT)) = (- — kT, W1, u1 (kT), us(kT)) and 7(W,) < (k + 1)T) .

Applying the maximal coupling property of the couple (Wa, Wi+ |, (WA h(t, Wh)dt),

0
it follows from Lemma and from ([L.3), (R.7) that

T(Wl)/\~
(2.12) Q <W2 7é Wi +/ h(t,Wﬂdt) < C@*'YkT.
kT

Combining (£.1(), (R.11)), (2.19), we obtain
(2.13)

Qlo(k+1) #0) < Ce kT4
Q (u(- = KT, W, ua(KT) = (- = KT, Wi, 01 (KT ) ua(T)) and 7(W3) < (k 4+ 1T)

Notice that, since we have fixed (u1,uz, @) on [0, kT, we cannot apply A4 to bound
the right hand side.
11
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So using (R-4) and integrating (2.13) by (u1,us, )]0,k over lo(k) = 0, we deduce
from A4 that

(2.14) P (lo(k +1) # 0 and lo(k) = 0) < Ce T,

2.7. Probability that [y(c0) = 0 and time of failure.

We first assume that lo(0) = 0.

Notice that, since lo(k) = 0 implies lp(l) = 0 for any co > k > 1 > 0, it follows
that

P (Io(00) #0) < > P (lo(k+1) # 0 and lo(k) = 0).
k=0
Combining (.9) and (R.14), we obtain
b1 _oc e 7"
It follows that there exists Ty such that T > Ty implies
(2.15) P (lo(c0) = 0) > po = p—ge”c.

We now fix T' = Tj.
We denote by o the time where [y stop being zero, i.e.

oc=inf{n €N |lp(n) >0}.
It follows from (P.14) that
P(o=k+1) < Ce 7T,
which yields that, for any a € (0, %),
(2.16) E (6% 1,.0) < c.

2.8. Moment of [y(c0).

From now, we stop assuming that lo(0) = 0.

Notice that it follows from A1 that the time of return ¢ in the ball of radius 2C}
admits an exponential moment, i.e., there exist a € (0, 361) and ¢ > 0 such that

(2.17) E (e*’) < c\/l + H(ud) + H(ud),
where
d =min{n € N|H(u1(nT)) + H(uz(nT)) < 2C4}.
For a proof, see for instance (1.56) of [ and apply a Schwarz inequality.
Now we combine § and o and we iterate them. We set

0 = 9,
Op+1 = oo ifdy =00, opy1 = ocobs, +0 else,
0p, = oo if op = o0, 0 = d00,, +o0r else.

Notice that dp is the first time n of having lo(n) = n. If 0 < oo, then o1 = 00
means that lo(co) = 0. Otherwise, o1 < oo is the first time n > & where
lo(n) > 6 and Op4q is the first time n > op4q such that lp(n) # oo. Actually,
lo(Ok+1) = Okt1-
We set
p=0+0d00,.
12
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It follows that
E (eap1p<oo) =E (60«716<00E (eaéoegT | fUT))) :
Applying the Markov property and (2.17),

E (€1 ,c00) < dE(ea”10<oox/1—k710n(alﬁ)—%7%&@(073)),

and then the Schwarz inequality,

E (€1 pc0c) < ey/E (@71, <o) VE (62 (1 + H(ur(0T)) + H(ua(0T))) Lr<o0)
We deduce from A1 and (P-16) that there exists Cy such that
(2.18) E (e*1p<o0) < Co,

provided I (0) = 0.
Notice that

O = Op—1 + pobs,_,,

which yields
E (e®*1s,<00) = E (6™ 15, _, <o (€*"1pc0c005,_, | Fs._,7))
Applying the Markov property, it follows from () that
E (eo“s’“ 15k<oo) < CoE (eaék*115k71<oo)
which yields, by (2.17),
(2.19) E (e**15,<o0) < cCF (1 + H(uf) + H(ud))
We set
ko =inf{k € N |opt1 =00}.
It follows from (P.1§) and from the Markov property that
(2.20) P (ko > k) < (1 — po)F.
Notice that
lo(00) = Ogq-

Let p € (1,00). Tt follows from Holder inequality, (R.19) and (P.20) that

E(e%lo(oo>) < ZkE(e%5k1k0:k)
< T (B (e 15c0)) "B (ko =
< (zk( (1 - po)! )) (1 Hud) + H())

Choosing p sufficiently high, we obtain 7’ € (0, 5%) such that

(2.21) E (eV’lo<°°>) < C(1+H(ub) + H(ud)) .
13
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2.9. Conclusion.
Let ¢ > 0 and [ € N such that ¢ > IT. Notice that

Setting I = [ 77, it follows from (2-3) and from (.21))
(2.22) E (Jua(t) — ur(t)| A1) < Ce™ 7t (1 + H(ud) + H(u2)).

Now we are able to conclude.
It follows from completeness arguments (See for instance [23]) that, to establish
Theorem , it is sufficient to prove that

(223)  [Puf(ud) = Pef (ub)] < CIIfll, e (1+ H(ub) + M),
for any f : H — R bounded Lipschitz and any (u},u3,t) € H x H x (0,00).
Since (u1,u2) is a coupling of (D(u(-, W,u})), D(u(-, W,ud))), it follows that
Pef(ul) = Ef(ui(t)) for i = 1,2 and ¢ > 0 which yields
|Pef(ug) = Pef(ug)| < 21| £l B (luz(t) — ua ()| A1)
Then we deduce Theorem P.J from (£.23).

~— O~

3. THE TWO-DIMENSIONAL NAVIER-STOKES EQUATIONS

In this section, we investigate properties of the two-dimensional Navier-Stokes
(NS) equations with Dirichlet boundary conditions. These equations describe the
time evolution of an incompressible fluid and are given by

du+v(=A)udt + (v, V)udt + Vpdt = ¢(u)dW + fdt,
(3.1) (div w) (t,x) = 0, forz e D, t>s,
' u(t,z) = 0, for x € 0D,t > s,
u(0,2) = wug(z), forz € D,

where u(t,x) € R? denotes the velocity field at time ¢ and position z, p(t, x) denotes
the pressure, ¢(u)dW is a random external force field acting on the fluid, v > 0
is the viscosity of the fluid and D is an open bounded domain of R? with regular
boundary or D = (0,1)2. Also f(t,z)dt is the deterministic part of the forcing term.
For simplicity in the redaction, we consider the case f = 0. The generalization to
a square integrable f is easy.

In Section S, we rewrite problem (@) and we state an ergodic result about NS
(Theorem B.4). To establish it, we apply our criterion (Theorem P.1).

3.1. Notations and Main result.

We denote by || the norm of L?(D;R?) and by ||-|| the norm of H}(D;R?). Let H
and V be the closure of the space of smooth functions on D with compact support
and free divergence for the norm |-| and ||-||, respectively.

Let IT be the orthogonal projection in L?(D;R?) onto the space H. Setting

A=TI(-A), D(A) =VnH?*D;R?) and B(u)=1((u,V)u),
we can write problem (B.1]) in the form

du + vAudt + B(u)dt = ¢(u)dW,
(3.2)
u(0) = wo,
where W is a cylindrical Wiener process on a Hilbert space U.
14
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In order to have existence and uniqueness of the solution of (B.3), we make the
following assumption

HO The function ¢ : H — Lo(U; H) is bounded Lipschitz.

We set
2
By = sup ||¢(U)H£2(U;H) , L=1L3,
ueH

where Ly is the Lipschitz constant of ¢.

There exists a unique H-valued solution u(-, W, ug) of (8.9). This is a continuous
homogenous weak Markov process and a non anticipative measurable map of W.
Moreover the law D(u(-, W, ug)) measurably depends of ug. Existence can be es-
tablished by using Galerkin approximation. To prove uniqueness and measurability
with respect to ug, it is possible to prove the last inequality of Remark B

Remark 3.1. Using Jenji-Krylov arguments, it is possible to prove that there exists
a measurable mapping (W,uo) — u(-, W,ug) with value in continuous mapping
(0,00) — H such that u(-, W,ug) is the unique solution of (B.4). However, we do
not need it here.

We denote by (P:)icp+ the Markov transition semi-group associated to the
Markov family (u(-, W,u0)),, e
In our computations, we use the following energy

Eu(t) = [u(®)? + v / lu(s)|P? ds.

It is well-known that (A, D(A)) is a self-adjoint operator with discrete spectrum.
See ], BY. We consider (e,), an eigenbasis of H associated to the increasing
sequence (fiy,), of eigenvalues of (A,D(A)). We denote by Py and Qx the or-
thogonal projection in H onto the space Sp(er)i1<ny and onto its complementary,
respectively.

Now, we make the assumption which is used to prove the exponential mixing of

(Pt)ter+-

H1 There exist N € N* and a bounded measurable map g : H — L(H;U) such that
foranyue H

¢(u)g(u) = Py

Remark 3.2 (Sufficient conditions to satisfy H1).

A sufficient condition to satisfy H1 is for instance that U is the orthogonal sum
Uy ® Uy and there exist two measurable maps (¢; : H — Lo(Us; H))Z-:L2 such that
@2 verifies H1 and

()W = g1 (u)Wr + ¢ (u)Wa,

for anyu € H and any W = (W1, Wa) € U. Moreover, if ¢2 is a constant map, we
can omit the orthogonality condition on Uy and Us.

A wery interesting consequence is the case of the sum of a multiplicative noise and

an additive noise which covers the low modes. Namely, for any measurable map
f:R%2 =R and (¢1,¢2) € L2(Ur; H*(D)) x L2(Usz; H), one define ¢ by

P(w)W = f(u)(p1W1) + p2Wa,
15
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for any u € H and any W = (W1, Ws) € U. The operator ¢ verifies H1 provided

Another sufficient condition is that U = H and there exists an invertible operator
1 on the low modes and a constant € such that for any w € H

_11—1
QuowPy =0 and  |Pxé()Py =¥l ppym <& < [0 2ipem

Thus, our result holds when the covariance operator is a small perturbation of a
constant in the low modes.
We think that these examples might be physically relevant.

Remark 3.3. The exzistence of a map g(u) such that ¢p(u)g(u) = Py, is equivalent
to the following property
PnvH C Im(¢(u)).

Hence H1 can be seen as a non degeneracy condition on the low modes in the spirit
of [E]? [E]? [E]; [@]7 [@]; [@]7 , [E]? [@]; ] and [ The lack of surjectivity
of ¢(u) on the high modes is counterbalanced by the dissipativity of (E)
Moreover, if there exists such a map g, then there exists a measurable map g such
that ¢(u)g(u) = Px and |g(u)|z g0y < [9(u)| 2,0y This mapping g is constructed
by similar ideas as in the construction of the pseudo inverse. Hence the assumption
of measurability of g in H1 is superfluous.

The aim of this section is to prove the following result.

Theorem 3.4. Assume that HO holds. There exists No(Bo,v, D, L) such that, if
H1 holds with N > Ny, then there exists a unique stationary probability measure p
of (Pt)ier+ on H. Moreover, p satisfies

(3.3) / fuf? dp(u) < oo,
H
and there exist C,v > 0, such that for any A € P(H)
(3.4) IPIXN =« < Ce™ (1 +/ |u|2d)\(u)) :
H

The remaining subsections of this section are devoted to prove Theorem E by
applying Theorem @

The proof of our result is based on coupling arguments. These arguments have
initially been used in the context of dissipative SPDEs in @], [@] For a better
understanding of this kind of method, see section 1 of [§] and the two first subsec-
tions of [B(]. There the coupling method is explained on two examples which are
simpler but contain all the difficulties.

The method used in 23] and [Rd] requires the three following assumptions for a N
sufficiently high.

The first assumption is a structure condition on ¢. It is a slight generalization of
the usual assumption that ¢(u) is diagonal in the basis (e ).

Ha The Hilbert space U is H. Moreover, for any uw € H, we have

Pyo(u)@n =0, Qnod(u)Py = 0.
The second assumption means that ¢ only depends on its low modes.
Hb For any u € H

¢(u) = ¢(Pyu).
16
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The third assumption is H1. Under Ha, it could be written in the form.
Hc The linear map Pn¢(u)Pyn is invertible on Py H. Moreover

sup |(P w)Py) "t < 0.
uE]IL)I ( N¢( ) N) L(PNH;PnvH)

In these papers, the proof is divided in two steps.
Step 1: Starting from initial data (ud, u2) in a ball of radius Ry, Girsanov transform
can be used to show that there exists a couple of Wiener processes (W7, W3) such
that

Pynu(T, Wi, up) = Pnu(T, Wa,u)
with positive probability.
Step 2: Another ingredient, the so-called Foias-Prodi estimate, is used. It is based
on the observation that if two solutions are such that

(PNu(v Wla ué)v QNW1) = (PNu(v WQ} U%)v QNW2)7

for a long time then they become very close. Girsanov transform can again be used
to show that, if we start from initial conditions which have the same low modes,
then there exists a couple of Wiener processes (Wi, Wa) such that the low modes
of the solutions remain equal for all times with a positive probability.

Conclusion: Since the time of entering a ball of radius Ry admits an exponential
moment, we are able to combine and to iterate the two steps and then to conclude.

In the above mentioned articles, Ha and Hb are essential when using the Gir-
sanov transform. They are also necessary to prove that the Foais-Prodi estimate
holds pathwise. This latter point is not important. We have shown in [E] how to
use a Foias-Prodi estimate in expectation and it is not difficult to see that such an
estimate holds in our case.

On the contrary, it seems very difficult to use Girsanov Transform without Ha and
Hb. We think that these are artificial whereas H1 is very natural.

The idea used in this article is to separate the use of the Foias-Prodi estimate
and the Girsanov Transform by introducing an auxiliary process a(-, W, u$, u3) (In
some some sense, this idea could be related to the binding processes of [@]) Our
criterion (Theorem P.1)) essentially requires that the auxiliary process verifies two
properties.

First fundamental property: The first property is a variation of the Foias-Prodi
estimate. It states that u(t, W,ud) and u(t, W, ud, u3) become close exponentially
fast in probability.

Second fundamental property: The second property is A3 and states that there
exists h such that

ult, W, ug, ud) = u <t, W+ / h(u(s, W,up), u(s, W, up, ud))ds, u%) )
0
Hence, taking into account H1, it follows from coupling arguments and from a
Girsanov Transform that there exists a couple of Wiener processes (W7, W) such
that
ﬂ('v W, uéa u%) = u('a Wa, u%)a
with a positive probability.
Conclusion: Iterating and combining the two properties, we can conclude by re-
marking that it allows to control the probability of w(t, Wy, u}) and u(t, Wa, ud)
being very close.
17
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3.2. Energy estimate and Lyapunov structure.
Setting H = |~|2, the following result states that Al is true.

Lemma 3.5 (The Lyapunov structure). Assume HO. There exist C; and a family
(C!)a only depending on v, By and D such that

E (lut, Wouo)?) < et fug[* + C1,

AN

E (e Ju(r, W,uo)* Lrcoo) < Juol” +Ch,
for anyt >0, any a > 0 and any stopping time 7.

Proof of Lemma
We set u = u(-, W, ug). We apply Ito Formula to |u|”

d |u|2 + v ||u||2 dt + 2 (u, B(u)) dt = 2 (u, p(u)dW) + ||¢(u)|\iZ(U;H) dt.
Recall that

(u, B(u)) = 0.
Hence, taking into account HO, we deduce
(3.5) dul® + 2v ||ul|® dt = 2 (u, ¢(u)dW) + Bodt.

Notice that ||-|> > p1||*. Hence, integrating and taking the expectation, we es-
tablish the first inequality of Lemma B.5.
Let a > 0. Tto Formula of e~ |u(t)|” gives

de=* |u)® + e=** (21/ lul® + a |u|2) dt =2~ (u, p(u)dW) + Boe~“*dt.
Let 7 be a stopping time and n € N. Taking the expectation, it follows
E (e fu(r An)l*) < ol + CL.
Let n — oo, the second inequality of Lemma @
d
The next result will be useful in the following.

Lemma 3.6 (Exponential estimate for the growth of the solution). Assume that
HO holds. There exists y9 > 0 only depending on v, By and D such that

E (eXp (vo Sp (B wia) (1) — Bot)>) < gemluol®,
t>0
for any up € H.

Proof of Lemma
We set for any v > 0

M) =2 [ (ule). SulrDAW ). My(0) = M) = F01) 0.

Remarking that
d (M) = 4|¢(u)*ul? dt < 4cBy ||ul|” dt,

and setting v, = we deduce from (B.5) that

_v_
2cBy’

(3.6) Eu(t) < M., (t) + |uo|® + Bot.
18
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Notice that e?™~ is a positive supermartingale whose value is 1 at time 0. We
deduce from maximal supermartingale inequality that

(3.7) P (sup M., (t) > p) <P (sup eV My (1) > e”lp) < e MP,

t>0 t>0

We set 79 = 4. Notice that
o0
E (e% supMn) =1+ 70/ 0P (sup M, > ) dz,
0

which yields, by (B.7),
(3.8) E (ev0swPMn) <2,
Combining (B-§) and (B.), it follows

E (exp (70 sup (Eu(7W,uo)(t) - BOt))) < 2670‘1“)'2-
>0

This ends the proof of Lemma @

3.3. Construction of the auxiliary process.
Now, we build the auxiliary process. We set

F(u) =vA(u) + B(u).

Taking into account H1, we remark that A3 is a consequence of

dii + F(@)dt + Pyo(u(t, W,uo), 0)dt = o(@)dW,
(39) { N0 W) = o,
with
(3.10) h(u,w) = —g(w)d(u, ).

Since we want that u(t, W, u$,u3) and u(t, W, u) become very close in probability,
it is natural to build @ such that (B.9) and (B.10) hold with

(3.11) d(u,u) = KPy(u— u).
Hence we consider the following equation
du + F(u)dt + KPn(u —u(t, W,u}))dt = ¢(a)dW,
(3.12) L Z
u(0) =y,

where K > 0 will be chosen later and NV is the integer used in H1.
As for (B-3), we deduce from HO that there exists a unique H-valued solution to
(B-13) when (ug, 1) € H?. Moreover, 4 is a non anticipative measurable map of W
(See Remark @) It follows from the uniqueness that (u, @) is a homogenous weak
Markov process. Moreover, its law D(u, ) is measurably depending of its initial
condition (ug, up) (To prove it, one can establish the last inequality of Remark :
Arguments are similar but simpler than those of the proof of the next proposition).
We will denote the dependance of (u, %) with respect to (¢, W, ug,ug) as follows

(u(t)’ ﬂ(t)) = (u(ta VV7 uO)a a(ta VV7 Uo, aO))a

and we deduce AO.
Taking into account H1 and the uniqueness of the solution of (B.2) under HO, we

deduce A3 with (B.10) and (B.11)).
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Now, it remains to prove A2, A4 and A5, i.e. that u(t, W, up, up) and u(t, W, uo)
become close exponentially fast. In [@], [@] and [B(], a pathwise Foias-Prodi is
used. Here, u — u does not seem to tend to 0, pathwise. That is the reason why
we adapt an idea we have already used in [B] to prove polynomial mixing for the
weakly damped Non-linear Schrodinger (NLS) equations. Since it seems that there
is no pathwise Foias-Prodi estimate for NLS, a Foias-Prodi estimate in expectation
was used. Using analogous technics, we have the following result.

Proposition 3.7. Assume that HO holds. There exist v > 0, € € (0,1], Ko > 0
and Ny depending only on By, v and D such that for any K > Koy and N > Ny
and any (t,uo, o) € (0,00) x H?

E ((et r()” + /Ot e’ |T(S)|2ds>€> < 2| (0)[% eluol?,

r= 17(, Wa Up, ﬂO) - ’U,(~, VVv“O)

where

Notice that, by Chebyshev inequality, this result obviously implies A2, A4 and
A5.

Proof of Proposition @
For any function f, we denote by ¢ f(u) the value f(@)— f(u1). Taking the difference

between (B.2) and (B.19), we obtain
dr + vArdt + K Pyrdt + § B(u)dt = d¢(u)dW.

Hence, applying Ito Formula to |r|2, we have
(3.13) dlr? +2 (y )| + K |PN7~|2) dt = 2 (r, 5(w)dW) + I(t)dt,
where
I(t) = Ii(t) + Io(t), L(t)=-2(r,6B(u), Lt)= H5¢(U)||2L2(U;H) :
Remarking that
6B(u) == ((u, V)r+ (r,V)u), (r,(a,V)r) =0,
we deduce from a Schwartz inequality that
2
L(t) < clr?] ull = clrfy [lull-
It follows from Sobolev Embedding H B (D,RQ) c L* (D,]RQ) and interpolatory
inequality that
2
L) < clrly luall < el r] flul-

We infer from an arithmetico-geometric inequality that
(3.14) L) < vrl®+elr* |ul®.
Applying HO, we obtain
(3.15) L(t) < L|rf*.
Remarking that

(K A (wpns) > < v [ Qurl® + K | Pyrf> < v ol + K [Parl?,
we deduce from (B.13), (B.14) and (B.1) that there exists A such that

alrl® + ((K A wpnsn) = L) = Aflu|*) Irf? dt < 2(r, 66(u)awy).
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Integrating this formula and taking the expectation, it follows

E (etcwl rOF + [ oo ||r<s>||2ds) < ).

where
G(t) = e~ KA@IN+)=L=Dt+A [ llu(r)*dr,

It follows from Hoélder inequality that

E((e 1 0F + fy et Ju(s)|?ds) ) < VEGupG=)x
(E(ccO IrOF + fy Gs) Ir()”ds))

Choosing N, K sufficiently high and € > 0 sufficiently small, it follows from Lemma

B.g that
E (sup G25) < 9e70luol®

which yields Proposition @
O

3.4. Conclusion and Remarks.

We have proved that assumptions of Theorem E are verified. So Theorem @
follows.

Actually, AO is a consequence of the well-posedness of equations.

We set H = ||2 As shown in Lemma B.5, we have A1.

Assumption A3 has been proved at the beginning of section 3.3.

We deduce A2, A4 and A5 directly from Proposition @

Since AO,..., A5 are established, we can apply Theorem @ which yields The-

orem @

Remark 3.8. Theorem could be improved and the assumptions could be weak-
ened. We chose to restrict to this statement for clarity and readability. For in-
stance, it is possible to replace H1 by

H1’ There exist n € N*, a measurable map g : H — L(H;U) and two constants
o,C such that for any v € H

o(w)g(u) = Pr, 19wl iy < Cexp (oful’).

In this case Ny depends on o. Moreover, it is easy to strengthen (@) into
/ exp (ol(Bo, v, D) |u|2) du(u) < oo.
H

In HO, the boundedness of ¢ could be replaced by |p(u)| < C(1 + |ul”) with v < 1.
In this case, the rate of convergence becomes greater than any power of time instead
of being exponential in time. Moreover for any p there exists c, such that if there
exists C' such that |p(u)| < C + ¢, |u|, then the rate of convergence is greater than
(14 t)~P instead of being exponential.

Assume now that D is the two-dimensional torus. We replace the Dirichlet bound-
ary condition by periodic condition and we assume that HO and H1’ hold for N
sufficiently high and

2
By = sup [|p(u)]|, ;1) < 00,
u€H
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then we can strengthen @) by

/H exp (02(31, v, D) ||uH2) du(u) < oo,

and in (BA4) we can replace ||-||,, the Wassertein norm in H, by the Wassertstein
norm in H*(D;R?) for any s < 1. Moreover, if ¢ : H — Lo(U; V) is bounded
Lipschitz, then in (BA4) we can replace ||-||, the Wassertein norm in H by the
Wassertstein norm in V.

Remark 3.9. Theorem is of the same type as the results obtained in [E], [@],
[@] and [] where SPDEs with additive noise only depending on the low modes are
studied. Since the decrease of PiA — 1 is measured in Wasserstein norm, we know
that Piop converges to its average with respect to p for any Lipschitz function ¢.
In fact, in the above mentioned articles, it is also true if ¢ is only Lipschitz with
respect to the high modes. We do not know if this holds in our situation.

Remark 3.10. Proof of Proposition displays a nice and well known property
of Navier-Stokes equations. Indeed, we see that the difference between u and u can
be estimated using only the energy of u and not the energy of u which is much
more difficult to estimate. No control on the probability of the linear growth of
the energy of the auziliary process is required. This property holds also for the
one-dimensional Burgers equation and for the Complex Ginzburg-Landau equation
with a globally Lipschitz noise in the subcritical case. However it does not hold in
general and in this case the construction of the auziliary process is more involved.
For instance, in the case of the Non-Linear Schriodinger equations, it is not possible
to prove a result similar to Proposition Iﬂ It is important to show that our method
can also be used for these equations. The Non-Linear Schrodinger equations will
be treated in a forthcoming article and we consider the Complex Ginzburg-Landau
with a locally Lipschitz noise in section 4.

4. THE COMPLEX GINZBURG—LANDAU EQUATION WITH A LOCALLY LIPSCHITZ
NOISE

The aim of this section is to apply our method to the stochastic CGL equation with
Dirichlet boundary conditions and with a locally Lipschitz noise.
Let us recall that it has the form

du+ (e +i)(=A)udt + (n+ M) [u]* udt = $u)dW + fdt,
(4.1) u(t,z) = 0, forxze€dD,t>0,
u(0,2) = wug(x), for x € D,

where D is an open bounded domain of R? with regular boundary or D = (0,1)4,
where ¢ >0, 7 > 0, A € {—1,1} and where we impose the L?>-subcritical condition
od < 2. For simplicity in the redaction, we consider the case f = 0, where f is
the deterministic part of the forcing term ¢(u)dW + fdt. The generalization to a
square integrable f is easy.

Ergodicity for the stochastic CGL equation is established in [m] when the noise is
invertible and in [4] for the one-dimensional cubic case when the noise is diagonal,
does not depend on the solution and is smooth in space. Then, in [B(], we have
established exponential mixing of CGL driven by a noise which verifies Ha, Hb
and Hc under the L? or the H!'-subcritical conditions.
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As explained in Remark , technics of section 3 can easily be applied to the
stochastic CGL equation with a globally Lipschitz noise. It gives exponential mixing
in L? under the L?-subcritical condition od < 2. Moreover, one can obtain the
exponential mixing in H! under the H'-subcritical condition (d — 2)o < 2 when
A = 1. Using a polynomial version of our criterion, one can obtain polynomial
mixing in H' under the L?-subcritical condition od < 2 when A = —1.

As explained in Remark , it seems that such technics can not always be
applied when there is no analogous property to Proposition @ For instance, the
case of the stochastic non-linear Schrodinger equation requires more sophisticated
tools and will be treated in a forthcoming paper. We study the CGL equation with
a locally Lipschitz noise because it gives a simple example of SPDE for which the
difference of two solutions cannot be estimated with the help of only one energy,
an essential ingredient in the proof of Proposition @

4.1. Notations and Main result.
We set

H=IXD;C), A=-A, D(A)= HY(D;C)nH*(D;C),
and we denote by ||, [-[,, ||| and [|-||; the norm of C, LP(D;C), H}(D;C) and
H#*(D;C). The norm of H will be denoted by |-| when no confusion is possible or
|-|;; otherwise.
Now we can write problem (1) in the form
(4.2) du+ (e i) Audt + (7 + \) |u|* udt o(u)dW,
' u(0) = wo,
where W is a cylindrical Wiener process on a Hilbert U.
In order to have existence and uniqueness of the solution of ([£3), we make the
following assumption
HO> The function ¢ : H — Lo(U;H) is bounded and local Lypschitz. More
precisely, we assume there exists L > 0 such that for any (uy,us) € H?

l6(u2) = ()l 0y < Lz =l (1 a7+ Jua*7)

We set
2
By = sup [[¢(u)llz, . -
ueH

Under HO’, there exists a unique H—valued solution u(-, W, ug) of (f.3). This is a
continuous homogenous weak Markov process and a non anticipative measurable
map of W. Moreover the law D(u(-, W, ug)) measurably depends of ug. Existence,
uniqueness and measurable dependance can be established by a contracting fix-
point argument applied to the mild form of (@)

We denote by (P:)ier+ the Markov transition semi-group associated to the
Markov family (u(-, W,u0)).,, e
In our computations, we use the following energy

t t
Eu(t) = [u(®)? +< / lu(s)|2ds + 7 / () 272 ds.

It is well-known that (A4, D(A)) is a self-adjoint operator with discrete spectrum.
We consider (e,,), an eigenbasis of H associated to the increasing sequence (i )n
of eigenvalues of (A, D(A)). We denote by Py and Quy the orthogonal projection
in H onto the space Sp(e)1<ny and onto its complementary, respectively.
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Now, we state the assumption which gives the exponential mixing of (P;);cgr+ pro-
vided it holds for N sufficiently high.

H1 There exists a bounded measurable map g : H — L(H;U) such that for any
uweH

P(u)g(u) = Pn.
The aim of this section is to establish the following result.

Theorem 4.1. Assume HO’. There exists No(B1,e,m,0,D, L) such that, if H1
holds with N > Ny, then there exists a unique stationary probability measure v of
(Pt)ier+ on H. Moreover, u satisfies

(43) [ 1 dutw) < .

and there exist C,~v > 0 such that for any A € P(H)

(4.4) PN — | < Ce <1 +/ |u|2d)\(u)> .
H
We now prove prove Theorem @ by applying Theorem @

4.2. Energy estimate and Lyapunov structure.
Setting H = |~|2, the following result states that A1l is true.

Lemma 4.2 (The Lyapunov structure). Assume HQ’. There exist C1 and a family
(C!)a only depending on €, n, o, By and D such that

E (Ju(t, W, uo)[*)
B (e [u(r, Wouo) Lreae) < Juol” +Ch,

ekt |’LL0|2 + (1,

IN

A

for anyt >0, any a > 0 and any stopping time T.

Proof of Lemma
We set u = u(-, s, W, ug). We apply Ito Formula to |u|?

2 2 2042 2
d|ul? + 2¢ ||ul| dt+2n|u|2gi2dt:dM’+HQS(U)HLQ(U;H) dt,

where
dM'" = 2(u, ¢(u)dW).
Hence, taking into account HO’, we deduce
(4.5) d|ul? + 2¢ |Jul|® dt + 20 [ul50 15 dt = dM' + Bdt.

Now, we are able to deduce Lemma from (@) by applying the same argument
we used to deduce Lemma B.§ from ).

O

The next result will be useful in the following.

Lemma 4.3 (Exponential estimate for the growth of the solution). Assume that
HO holds. There exists y2 > 0 only depending on €, n, o, By and D such that

E (exp (72 SUp (B (., wiue) (1) — B1t)>) < 9e2luol®
>0

for any ug € H.
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Proof of Lemma @
We set for any v > 0

ML (8) = M'(8) = 2 (M) (2).

Remarking that
(4.6) d(M'y = 4|p(u) ul? dt < 4eBy ||ul|? dt,

and setting v, = we deduce from ([L5) that

(4.7) Eu(t) < M., (t) + |uo|* + But.

Now, we are able to deduce Lemma from (@) by applying the same argument
we used to deduce Lemma B.g from ).

O

4.3. Construction of the auxiliary process.
Now, we build the auxiliary process uw such that assumptions A2,...,A5 are true.
This will allow to deduce Theorem [£.]] from Theorem R.1.
Let K be a positive number. We set
F(u) = (e + 1) Au+ (n + M) [u]* u,

and
~ . 20 ~120 ~ ~ 20 ~
§(u,u) = Py ((77 + i) (|u| u — |ul u) + K |Pyu|™ Py (u— u))

(4.8)
+L (1 +al + |u|§;’) Py (@ —u).

We now consider the following equation

W) di + F(@)dt + 6 (u(t, W, uo), W)dt = o(@)dW,
a0) = .

It is not difficult to deduce from HO that there exists a unique H—valued solution
to (B.19) when (ug, o) € H?. Moreover,  is a non anticipative measurable map of
W (See Remark [1.9). Tt follows from the uniqueness that (u,u) is a homogenous
weak Markov process. Moreover, its law D(u,u) is measurably depending of its
initial condition (ug, Uo)-
We will denote the dependance of (u, %) with respect to (¢, W, ug,ug) as follows
(u(t>a ﬂ(t)) = (u(ta VVv uO)v a(ta VVv Uo, aO))a

and we deduce AO.
Taking into account H1 and the uniqueness of the solution of (@) under HO’, we
deduce A3 by setting

(4.10) h(u,w) = —g(w)d(u, ).
We first state a Lemma that will be useful in the following.

Lemma 4.4 (Exponential estimate for the growth of the auxiliary process). As-
sume HO’. There exists C, B, Kr, v, v > 0 not depending on N such that if
K=K
E (eXP (76 SUD (Bu(- W) (8) + B, wiio uo) (£) — Bt))) < Cerolluol+wol®),
>0
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for any (ug,up) € H?.

Proof of Lemma
For any function f, we denote by 0 f(u) the value f(u) — f(u). Moreover, we set
r=1U—Uu.
Taking the Ito Formula of ||, we obtain

d|a® + 2¢ |[u]]* dt + 2y [0 t5 dt + 2K |Pyilso s dt = 2 (@, ¢()dW)

QI oy dt + I(E)dt +2 (PNa, (0 + A\i)s (|u|2°' u)) dt,
where I = I + I and

(4.11)

nt) = =20 (1+ [l + [uf*7) (Pxii, Par).
L(t) = 2K (|PNa|2" Pnl, PNu) .

Applying arithmetico-geometric inequalities, we obtain

(4.12) I(t) < K |Pyialyg 5 + K July 15

Remarking that
(Pni, Pyr) = |Pyiil” — (Pyii, Pyu),
we deduce from Schwarz inequality

L(t) <2L (1 + @l + |u|2") | Pxit] | Pl |

which implies by applying an arithmetico-geometric inequality

Ky, 2042 N 242 | |~ 12042
(4.13) Li(t) <1+ R |PNU|2U+2 + by (|U|20+2 + |U|2g+2) :

Applying arithmetico-geometric inequality, it follows

~ . 20 K ~204+2 7] 2042 ~20+2
(414) 2 (Pyit, (n+ 20038 (1l w) ) < <5 [Paiil3rEs + 2 (Jul3g s + gL3)

Combining (£3), (£4), (£11), 1), (£13), (L14) and HO’, we obtain that if
K = Kj,

(4.15) dE; +4¢1(14 2K)dE, < M(t) + Bt,
where M has been defined as in Section @

M(t) = 401(1+2K)M’(t)+2/ (u(r), p(u(r))dW(r)), M(t)= M(t)—% (M) (¢).

Now, since there is no loss of generality of assuming ¢; > 1, we are able to deduce
Lemma %rom (B.19) by applying the same argument we used to deduce Lemma

B.g from (B.4).

O

We now fix K = K, and we state a result analogous to Proposition @

Proposition 4.5. Assume that HO’ holds. There exist (Cn)n, o, v > 0,7 € (0,1]
and Ny depending only on By, L, €, n and D such that for any N > Ny and any
(ﬁ,’u,o,ﬂo) S (0,00) x H?

t v , .
B ((— O + [ ¥ zis)s) ) < Cix [r(O)Y el 1l
0
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where
r o= a_uv a:a('aWaUOaaO)a U:U(',W,’U,O), 52404_%
2 ~n2 2042 ~1204+2 2 ~ 2
Z = (ul® + @l + Julao s + @l 1 + @+ ful® + @) ||

By Chebyshev inequality, A2 immediately follows.

Proof of Proposition B
For any function f, we denote by d f (u) the value f(@)— f(u). Taking the difference
between ([£2) and (.9), we obtain

dr + (e +1)Ardt + L (1 +al® + |u|§;) Pyrdt + K Py (|PNa|2" PNr) dt
= Sp(uw)dW — (1 + N)QnD (|u|2” u) dt.
Hence, applying Ito Formula to |r|2, we have
alrf* + 22 ) dt + 2L (1+ @7 + [uf”) |Pyrl® de < 2 (7, 69(u)aW)
=2 (Qur, 9+ X0)3 (Jul*” ) ) dt + 166(w) |2, 1

Remarking that for any (x,y) € C?

(4.16)

(417) 127 2 = 1y y| < Co (127 + 1y )l = 917
it follows from Holder inequality
. 20 ~ 120 20
- (QNTa (n+ AD)d (|u| u)) < c|@nTlopia Tlo0to (|U|2a+2 + |u|20+2) .

Setting

_ ad 1

20 +2’ T o+ 1

we deduce from Sobolev Embedding H*® (D;C) C L?***2 (D;C) that

— (Qur. -+ X0 (Jul* ) ) < cllQurlly, irll, (13740 + lul3) -

S0

sp—s
Remarking that so < s < 1 and that |Qn7ll,, < puyf [[@n7ll,,, we deduce
from interpolatory inequality

s

. 20 — %0 2s 2(1—s ~120 20
— (@urs o+ 208 (1 w)) < emny® Nl P00 (1 + 03 )

Hence, it follows from arithmetico-geometric inequality that there exists o € (0,1)
only depending on ¢ and d such that

. 20 € 2 c 2 (1~20+2 2042
(418) = (Qur.(n+ X0 (Jul* ) ) < S Irll® + —— Irf? (Jal3g L3 + lul3yL3)
HN+1

Recall HO?,
2 ~20 20 2
162 weary < L (14 1l + Jul® ) Irf?.
Remarking that

1

2 2 2

Ir]” < [Pnr|” + —— QNI
KN +1 *
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Q

and making interpolatory inequality analogous to those done to obtain ({.1§), we
obtain

2 2 2 (|~2042 2042
(4.19) ¢tz wim < Tl + u%c+1 7l (|“|2Z+2 + |U|QZ+2)
L (14 [+ uf*?) | Parf.

Hence, setting
~ 2042 2042
V(t) = L+ [a(t)l 5900 + lu(t)5 s
we deduce from ([£16), ([E1§) and ([.19) that there exists A; > 0 such that
alrl? + (3ellrl® = A=V + L (14 1@ + [ul*”) [Pyrf?) de
< 2(r,0¢(u)dW).

Taking into account ([L1§), Ito Formula of (M%H +4e1(1+ 2K) [ul® + |a|2) |r|?
gives

AX ) + (2 = AV X[ de 4 eX >t + Y [ de

4 KN +1

< dMy + Br|*dt +d (M, M,).

where
M(t) = [y (r.80(u)dW),
X(t) = pfes +de(14+2K) [u®)) + [a@)?,
Y(t) = pigq +4a(l+2K) (ellu(t>|\2+nlu(t) 3213)+(€|\ﬂ(t>||2+n|6(t> 3313)7
dM, = XdM, + |r|* dM.

Notice that
d (M, M) < c(|¢"(w)u| + [¢"(u)ul) |[0¢™r| dt
It follows from HO’ that
d (M, My) < c([ul + [a]) [r* (1 + [ul” + 3] 7)
which yields
Brl?dt + d (M, M,) <

C 2 C
—V|r["dt < —
N+1 N+1

VX |r|? dt.

It follows that

A
Aty + (- 2
N+1

V) (X |r|*)dt + X ||r||> dt + Y |r)* dt < dM.
Integrating this formula and taking the expectation, it follows

e SHG)TLX () r(t)])? +

Ji €56 (X I + V(e

where

W"H(\U(S)IZHE(S)IQ)

|7’(s)|) ds

Gt) = e*%rf “%"H (Bu(t)+Eg(t))
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~ B 2+ul? . .
Notice that 1+ |ul” + [@]” < CnYe ¥ ML Hence, choosing N sufficiently

high and € > 0 sufficiently small, we are able to deduce Proposition @ from Lemma
@ as we have deduced Proposition @ from Lemma @

O
To end the proof of Theorem @, we establish that

(4.20) |h(u, w)|> < Cn Z.

Hence, by Chebyshev inequality, we deduce A4 and A5 from Proposition @
Proof of ()

Taking into account H1 and ([.1(), we remark that it is sufficient to establish
16(,u)]> < Cn Z.

Recalling (E), we deduce that it is sufficient to estimate the three following values

2
no= |Py (P u =i a)|
2
I = ’PN (|PNa|2”PNr) :
I = (1 fal ') | Parl?

For I3, the result is obvious. Applying successively Holder inequality and the
equivalence of the norm in finite-dimensional spaces, it follows

2
I = [Py (IPwi™ Pyr) | < IPlLG o [Parlt,p < Kl Irf* < On 2.

The equivalence of the norm in finite-dimensional spaces gives

20~2

20 ~120 ~ 2 / 20 ~
11:’PN(|’U,| u— |a] u)’ < Ky l|lul® w—1ul™ u

Hence, we deduce from (#.17) that
2

1< Ky | (P + @) r
1

We first treat the case o < 1. In that case, a Schwarz inequality gives

5 < Ky (lulig + 1l33) Il < O Z.

Now, we treat the case o € (1,2). In that case d = 1. Sobolev Embedding
HY(D) C L>(D) gives

4 ~14 2
1 < Ky (lulyg + fil37 ) il

Sobolev Embedding H %= (D) C L*?(D) and interpolatory inequality gives

20—2 |u|20‘+2

4 4 2 2042
[ulag < llullzzs < ull < lell™ + ful ==,

which yields
I, <CnyZ.
So we have I; < CnyZ for i = 1,2,3, which yields ()
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4.4. Conclusion and Remarks.

We have proved that assumptions of Theorem @ are verified. So Theorem Q
follows.

Actually, AO is consequence of the well-posedness of equations.

We set H = ||2 As shown in Lemma [1.9, we have A1.

Assumption A3 has been proved at the beginning of section 4.3.

We flgeduce A2 directly from Proposition@ and A4, A5 from () and Propo-
sition @.5.

Since AO,..., A5 are established, we can apply Theorem @ which yields The-

orem @

Remark 4.6. Notice that the proof Proposition @ is much more difficult than
the proof of Proposition @ because it involves energies control of both uy and u.
Then, in order to apply it, we have to establish energy estimate of both ui and u
(Lemma Y.4). That is the reason why the building of the auziliary process is more
complicated than for NS or for CGL with a global Lipschitz noise. For instance, if
we set

5(&,’&1) = KPN(’(’Z — ul),

then we would have an energy Lemma on u analogous to Lemma and a Proposi-
tion analogous to Proposition @ under a truncation condition on w. The problem
is that we do not know if it is possible to choose K and N such that both result are
true. So we can not combine them.

Remark 4.7. There exists a lot of variations of Theorem E Hence (L.3) could
be strengthened into

/ exp (al(Bl,s,n,D) |u|2) du(u) < oo.
H

Moreover, one can work in Hi(D; C) in the defocusing case under the H'—subcritical
condition (d — 2)o < 2 and in the focusing case under the subcritical condition
o< %. In the focusing case, the rate of convergence is greater than any power of
time instead of being exponential in time.

In H1, the boundedness of g could be replaced by the existence of C' such that

1900l cqar < Cexp (L2 uf?)

Contrary to Navier—Stokes, the coefficient in the exponential cannot be as high as
we want because it seems that for the locally Lipschitz CGL, there is no property
analogous to Proposition @

In HO?, the boundedness of ¢ could be replaced by |p(u)| < C(1 + |u|"). If v < o,
then the rate of convergence remains exponential. If v < o + 1, then the rate of
convergence becomes greater than any power of time instead of being exponential
in time. Moreover for any p there exists c, such that if there exists C such that

|p(u)| < C + ¢, [ul”T", then the rate of convergence is greater than (1+1t)7P.

REFERENCES

[1] M. Barton-Smith, Invariant measure for the stochastic Ginzburg Landau equation, Nonlinear
Differential Equations Appl. 11 | no. 1, 29-52, 2004.

[2] P. Bebouche, A. Jiingel, Inviscid limits of the Compler Ginzburg—Landau Equation, Commun.
Math. Phys. 214, 201-226, 2000.

30



Exponential Mixing for Stochastic PDEs: The Non-Additive Case.

[3] J. Bricmont, A. Kupiainen and R. Lefevere, Ezponential mizing for the 2D stochastic Navier-
Stokes dynamics, Commun. Math. Phys. 230, No.1, 87-132, 2002.

[4] P. Constantin and C. Foias, Navier-Stokes Equations, University of Chicago Press, Chicago,
IL, 1988.

[5] G. Da Prato, A. Debussche, Ergodicity for the 3D stochastic Navier-Stokes equations J. Math.
Pures Appl. (9) 82 (2003), no. 8, 877-947.

[6] G. Da Prato and J. Zabczyk, Stochastic equations in infinite dimensions, Encyclopedia of
Mathematics and its Applications, Cambridge University Press, 1992.

[7] G. Da Prato and J. Zabczyk, Ergodicity for Infinite Dimensional Systems, London Mathe-
matical Society Lecture Notes, n.229, Cambridge University Press, 1996.

[8] A. Debussche, C. Odasso, Ergodicity for the weakly damped stochastic Non-linear Schrodinger
equations, to appear in Journal of Evolution Equations.

[9] W. E, J.C. Mattingly, Y. G. Sinai, Gibbsian dynamics and ergodicity for the stochastically
forced Navier-Stokes equation, Commun. Math. Phys. 224, 83-106, 2001.

[10] G.E. FALKOVICH, I. KOoLOKOLOV, V. LEBEDEV, S.K. TURITSYN, Self-focusing in the perturbed
and unperturbed nonlinear Schroedinger equation in critical dimension, J. Appl. Math. 60,
183-240 (2000).

[11] F. Flandoli and B. Maslowski, Ergodicity of the 2-D Navier—Stokes equation under random
perturbations, Commun. Math. Phys. 171, 119-141, 1995.

[12] V. Ginzburg, L. Landau, On the theorie of superconductivity, Zh. Eksp. Fiz. 20, 1064(1950)
English transl. in: Men of Physics: L.D. Landau. Vol. I. Ter Haar (ed.). New York: Pergam-
mon Press. 1965. pp. 546-568

[13] O. Goubet, Regularity of the attractor for a weakly damped nonlinear Schrédinger equation,
Appl. Anal. 60, No.1-2, 99-119, 1996.

[14] M. Hairer, Ezponential Mizing Properties of Stochastic PDEs Through Asymptotic Coupling,
Proba. Theory Related Fields,124, 3 :345-380, 2002.

[15] M. Hairer, J. Mattingly, Ergodicity of the 2D Navier-Stokes equations with degenerate forcing,
preprint.

[16] G. Huber, P. Alstrom, Universal Decay of vorter density in two dimensions, Physica A 195,
448-456, 1993.

[17] S. Kuksin, On ezponential convergence to a stationary mesure for nonlinear PDEs, The M.
I. Viishik Moscow PDE seminar, Amer. Math. Soc. Trans. (2), vol 206, Amer. Math. Soc.,
2002.

[18] S. Kuksin and A. Shirikyan, Stochastic dissipative PDE’s and Gibbs measures, Comm. Math.
Phys.213 (2000), no. 2, 291-330.

[19] S. Kuksin, A. Shirikyan, Stochastic dissipative PDE’s and Gibbs measures, Commun. Math.
Phys. 213, 291-330, 2000.

[20] S. Kuksin and A. Shirikyan, Ergodicity for the randomly forced 2D Navier-Stokes equations,
Math. Phys. Anal. Geom. 4, 2001.

[21] S. Kuksin, A. Shirikyan, A coupling approach to randomly forced randomly forced PDE’s I,
Commun. Math. Phys. 221, 351-366, 2001.

[22] S. Kuksin, A. Piatnitski, A. Shirikyan, A coupling approach to randomly forced randomly
forced PDE’s II, Commun. Math. Phys. 230, No.1, 81-85, 2002.

[23] S. Kuksin, A. Shirikyan, Coupling approach to white-forced nonlinear PDEs, J. Math. Pures
Appl. 1 (2002) pp. 567-602.

[24] S. Kuksin, A. Shirikyan, Randomly forced CGL equation: Stationnary measure and the in-
viscid limit, J. Phys. A 37, no. 12, 3805—-38222004.

[25] T. Lindvall, Lectures on the coupling method, John Wiley and Sons, New York, 1992.

[26] J. Mattingly, Ezponential convergence for the stochastically forced Navier-Stokes equations
and other partially dissipative dynamics, Commun. Math. Phys. 230, 421-462, 2002.

[27] J. Mattingly, E. Pardoux, Ergodicity of the 2D Navier-Stokes Equations with Degenerate
Stochastic Forcing , preprint 2004.

[28] A. Newel, J. Whitehead, Finite bandwidth, finite amplitude convection, J. Fluid Mech. 38,
279-303, 1969.

[29] A. Newel, J. Whitehead, Review of the finite bandwidth concept, H. Leipholz. editor. Pro-
ceedings of the Internat. Union of Theor. and Appl. Math.. Berlin: Springer. 1971, pp 284-289.

[30] C. Odasso, Ergodicity for the stochastic Complexr Ginzburg—Landau equations, to appear in
Annales de l'institut Henri-Poincar, Probabilits et Statistiques.

31



Exponential Mixing for Stochastic PDEs: The Non-Additive Case.

[31] A. Shirikyan, Ezponential mizing for 2D Navier-Stokes equation pertubed by an unbounded
noise, J. Math. Fluid Mech. 6, no. 2, 169-193, 2004.

[32] R. Temam, Navier-Stokes Equations. Theory and Numerical Analysis., North-Holland,
Amsterdam-New York-Oxford,1977.

32



