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Abstract :

In this paper we obtain a Large Deviation Principle for the occupation measure
of the solution to a stochastic Burgers equation which describes the exact rate of
exponential convergence. This Markov process is strongly Feller and has a unique
invariant measure. Moreover, the rate function is explicit: it is the Level-2 entropy
of Donsker-Varadhan.

Résumé :

On obtient un Principe des Grandes Déviations pour la mesure d’occupation
associée a la solution d’'une équation de Burgers stochastique. Ce résultat décrit
la convergence exponentielle vers I'unique mesure invariante. La fonction de taux
associée est ’entropie de niveau 2 de Donsker-Varadhan.
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1 Introduction and Main results

Let H = L?(0,1) equipped with its norm || - ||z. In this paper we are interested in
the large time behavior of the solution to the following stochastic Burgers equation:

dX (1) = (AX(L‘) + %Dng(t)) dt +GAW () ; X(0,6) =zo(€) € H (1.1

where G : H — H is a bounded linear operator, W(t) is a standard cylindrical
Wiener process on H, and A is the Laplacian on (0, 1) with the Dirichlet boundary
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conditions. Indeed, the problem (1.1) is supplemented by:
X(t,0)= X(t,1) =0, t>0.

It is well known that A is a negative, self-adjoint, non bounded operator on H with
the domain of definition given by

D(A) = {u € H*(0,1) : u(0) = u(1) =0} = H*(0,1) N H;(0,1).
where
Hy ={x:[0,1] — R; = is abs. continuous, x(0) = x(1) =0, and Vz := Dex € H}.

We assume that tr(GG*) < oo, i.e, the energy injected by the random force is
finite, and that, for Q) = GG*,

Im ((—A)_g> cIm <Q%> for some % <<l (1.2)

where I'm (Q%) is the range of the operator Q2. The last condition (1.2) means
that the noise is not too degenerate. It is equivalent to say that the domain of
definition of (—A)g in H is contained in Im (Qz ).

The above equation plays an important role in fluid dynamic for understanding
of chaotic behavior. This stochastic model has been intensively studied for 10 years,
in particular by Da Prato, Debussche, Dermoune, Weinan E, Gatarek, Khanin,
Mazel, Sinai and Temam among many others (from a chronological point of view,
see [7], [6], [11], [4], [5], [14]). About large deviations, small noise asymptotic was
investigated by Cardon-Weber [3]. More recently, Goldys and Maslowsky proved
the exponential ergodicity [16].

Let My(H) (resp. M,(H)) be the space of probability measures (resp. signed
o-additive measures of bounded variation) on H equipped with the Borel o-field
B(H). The usual duality relation between v € My(H) and f € bB(H), the set of
bounded and measurable functions on H, will be denoted by

or) = [ sav

On M,(H) (or its subspace M;(H)), we will consider the usual weak convergence
topology o(M,(H), Cy(H)) and the so called 7-topology o(M,(H ), bB(H)), which is
much stronger.

Our aim is to establish the large deviation principle (LDP in short) for the
occupation measure L; of the solution X (or empirical measure of level-2) given by

Li(A) = %/at Sx.(A)ds, VA€ B(H)

Jdq being the Dirac measure at a. Notice that L, is an in M;(H )-valued random vari-
able. This is a traditional subject in probability since the pioneering work of Donsker
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and Varadhan [13]. The main innovation is that we deal about infinite dimensional
diffusions for which their assumptions are not satisfied. For an introduction to large
deviations we refer to the books of Deuschel-Stroock [12], and Dembo-Zeitouni [10].
Under (1.2), it is known that X; is a Markov process with a unique invariant
measure 4 (cf [9]). So the ergodic theorem says that, almost surely under P,, L,
converges weakly to . We establish in this note a much more stronger result:

Theorem 1.1. Assume that tr(GG*) < +oo and (1.2) (throughout this paper). Let

0< X< #5”, where ||Q|| is the norm of Q as an operator in H and

D(x) = M, My, = {v € My(H) / / aw(d) <L} (13)

The family P,(Ly € -) as T — +oo satisfies the large deviation principle (LDP)
with respect to (w.r.t. in short) the topology T, with speed T and the rate function J,
uniformly for any initial measure in My, 1 where L > 1 is any fized number. Here
J : Mi(H) — [0,+00] is the level-2 entropy of Donsker-Varadhan defined by (3.2)
below.

More precisely we have:

i) J is a good rate function on Mi(H) equipped with the topology T of the conver-
gence against bounded and borelian functions, i.e., [J < a| is T-compact for
every a € RY.

ii) for all open set G in My(H) with respect to the topology T,

1 : :
hTIILlOIOlf Tlog inf P,(Lre€@G)> —1IG1fJ (1.4)

I/EM)\O’L
iii) for all closed set F' in My(H) with respect to the topology T,

1
limsup —log sup P,(Ly € F) < —ir;fj . (1.5)

T—o0 VGMAO’L

Furthermore we have
J() < 400 — v < p v(H) =1 and / V|2dv < +oo (1.6)
Hl

0

where p is the unique invariant probability measure of (Xy).

The LDP w.r.t. the topology 7 is much stronger than that w.r.t. the usual
weak convergence topology as in Donsker-Varadhan [13]. Sometimes considered as a
technical detail, the topology 7 is crucial here : interesting consequences of this LDP
can be deduced for many physical quantities of the system such as ||z|| gz = ||Vz||2,
or more generally ||z||ga = ||(=A)*2x]|y for 0 < a < 1, which are not continuous
on H. In fact, we establish



Corollary 1.2. Let B a separable Banach space, and f : H} — B a measurable
function, bounded on the balls {x s.t ||Vz||2 < R} for any R > 0, and satisfying

Ir@ls _ o

m =
IVallz—o0 || V|3

Then, P, (Lr(f) € -) satisfies the LDP on B, with speed T' and the rate function Iy
given by

It(z) =inf{J(v); J(v) < +oo, [ f(z)dv(z) ==z}, Vz € B,

uniformly over initial distributions v in My, 1 for any fivzed L > 1.

For instance, f : H} — B := H® with f(z) = x for any a € [0,1) is allowed,
so that the LDP in H® holds for P, (1/T fOT X dt € ) . An other particular case of
the above corollary is the following: for every p € (0, 2),

e (7 [ Ivxike)

satisfies the LDP on R with speed T" and the rate function I defined by
I(z) = inf {J(y); J(v) < +oo,/ IVz|5dv(z) = z}, VzeR (1.8)
H

uniformly over initial distributions v in M, ; (for any L > 1).
Finally, we introduce (ey) the complete orthonormal system in L?(0, 1) which
diagonalizes A on its domain, and by —\, the corresponding eigenvalues. We have

2
er(x) = \/;sin krx, M\ =mk? keN ={1,2,..}.

Remarks 1.3.

(i) Let us see the meaning of our assumptions: tr(Q) < 4+oc and (1.2). Assume that
Gey = opey, for every k > 1. Then

GW(t) = orBu(t)ex (1.9)

where (O)ken+ is a family of independent real valued standard Brownian motions.
Then tr(Q) < +oo and condition (1.2) is satisfied if

C

S |0-k:’ S k%'ﬁ‘a

for two positive constants ¢ and C' and some small € > 0.



A more general example of noise for which our assumptions hold is

1 1
G:=(-A)"B, - =
(=A)7B, 1 <B<3,
where B is any linear bounded and invertible operator on H. Indeed tr(GG*) <
| B3 ytr(A~2°) < 400 for 28 > 1/2. Since Im(G) = Im(A~P) and by the
polar decomposition, Im(G) C Im(v/GG*), the condition (1.2) is then verified with
0 =20.

(ii) Our approach here is well adapted to the case of a multiplicative (or correlated)
random forcing term, that is, the noise GW (t) can be replaced by

g(X(t,€)) GW(t)

where g : H — [«, (] is Lipschitz continuous, 0 < a < < 0o, G satisfies (1.2) and
tr(GG*) < +o0o. Indeed, following [6], the strong Feller property and the topological
irreducibility hold. All estimates necessary for the LDP in Theorem 1.1 still hold in
the actual case, and then all previous results remain valid.

(iii) The class (1.3) of allowed initial distributions for the uniform LDP is sufficiently
rich. For example, choosing L large enough, it includes all the Dirac probability
measures 0, with z in any ball of H.

(iv) Our LDP is more precise than the exponential convergence of P; to the invari-
ant measure p established in [16]. Indeed the LDP furnishes the exact rate of the
exponential convergence in probability of the empirical measures Ly to p. Moreover
by Theorem 6.4 in [24], under the strong Feller and topological irreducibility as-
sumption for (P,), the LDP in Theorem 1.1 is equivalent to saying that the essential
spectral radius in some weighted functions spaces b,B is zero.

(v) The assumption (1.2) plays a crucial role for Theorem 1.1: if the noise acts
only on a finite number of modes (i.e., o = 0 for all £ > N in (1.9)) as in Kol-
mogorov’s turbulence theory, we believe that the LDP w.r.t. the 7-topology is false.
It is a challenging open question for establishing the LDP of Ly w.r.t. the weak
convergence topology in the last degenerate noise case.

(vi) For the 2D-stochastic Navier-Stokes equation, we can prove, under suitable
conditions, a LDP on some D(A®), for i <a< % Here A is also the Laplacian, but
regarded as an operator on the subspace of the L-vector fields with free divergence.
That will be carried out in a future work.

This paper is organized as follows. In Section 2, we recall known results on exis-
tence and uniqueness of solution, and existence of an invariant probability measure
for equation (1.1). In section 3 we give some general facts about large deviations
for strong Feller and irreducible Markov processes and we obtain the uniform lower
bound (1.4). Then we prove the convergence of the Galerkin approximations for
the considered equation in section 4. The exponential tightness is investigated in
section 5, and the uniform upper bound (1.5) for the strong 7-topology in section
6. Finally, the extension to non bounded functionals on H is discussed in the last
section 7.



2 Solutions of the equation and their properties

Let us specify what we understand by solution. Generally, we are concerned with two
ways of giving a rigorous meaning to solutions of stochastic differential equations in
infinite dimensional spaces, that is, the variational one [20], [19] and the semigroup
one [8]. Correspondingly, as in the case of deterministic evolution equations, we
have two notions of strong, and “mild” solution. In most situations, one finds that
the concept of strong solution is too limited to include important examples. The
weaker concept of mild solution seems to be more appropriate. In the sequel, we are
working with this concept, that we define more precisely now.

We denote by S(t) the semigroup generated by A on L?*(0,1), or from a formal
point of view, S(t) = e,

Definition 2.1. We say that X € C ([0,T], L*(0,1)) is a “mild” solution of problem
(1.1) if X(t) is adapted to F;, the o-algebra of the cylindrical Wiener process until
time t and for arbitrary 0 < t, we have

X(t) =S(t)xo+ /t S(t— s)%DgXQ(s)ds + /t S(t— s)GdW (s) (2.1)

for any xo € L*(0,1), P almost surely.

Note that all the terms in (2.1) take sense since the mapping
t
1
F:ueC(0,T],L'(0,1)) — / S(t — s)ﬁDgu(s)ds e C ([0,T], L*(0,1))
0

is well defined (see [9] p260) and the stochastic convolution Wx := f(f S(t—s)GdW (s)
also (see (4.4) below). Da Prato, Debussche, Temam established in [7] for the
first time existence and uniqueness for a stochastic Burgers equation cylindrically
perturbed, that is when G is the identity operator. The method they used to obtain
local existence in time of a solution consists in considering a fixed path of the noise,
to get into a deterministic setting and use a fixed point argument. Then the time of
explosion is shown to be infinite, by means of a priori bounds on the solution. The
same proof gives in our setting:

Theorem 2.2. Stochastic Burgers equation (1.1) admits a unique mild solution and
for all T > 0,
X € ¢ ([0,7], L2(0,1)) N L2 ([0,7),C[0,1]) .

The solution satisfies Markov and strong Markov properties (see [8]). We can
also consider the transition semigroup associated to the dynamics given by

P®(z) :=E® (X(t,z)) = E*® (X (1)), VP € bB(H).

Asin [7], this semigroup admits an invariant measure. Moreover, under our condition
(1.2) on the noise, the following interesting properties hold.



Lemma 2.3. (i) The transition semigroup (P;) corresponding to the forced Burgers
equation (1.1) satisfies the strong Feller property. That is, for any bounded borelian
function ® on H and any t > 0, the function P,®(-) is continuous on H.

(ii) For every t > 0, P,(xz,0) > 0 for all x € H and all non-empty open subset
O of H. Hence, (F,) is also topologically irreducible.

(iii) In particular, the transition semigroup (P;), corresponding to the forced
Burgers equation (1.1) admits a unique invariant measure p, which charges all non-
empty open subsets of H.

Part (i) is well known when the cylindrical noise is considered (see [9]). In
our case of a finite trace class noise, the non-degeneracy condition (1.2) is essential.
More precisely, d < 1 allows to obtain a bound on the derivative of the semigroup by
using the Bismut-Elworthy formula as in [4] or [15]. The condition 6 > 1 is borrowed
from the finite trace assumption, crucial in the application of 1t6’s formula for the
exponential tightness.

The point (ii) was proved by Goldys and Maslowski in [16] for our class of noise.
We recall that (F;) is topologically irreducible if, for all non-empty open set I' in H,
and all x € H, we have P,(x,I") > 0 for some t > 0.

According to the general theory [9], we obtain (iii) as first corollary, sometimes
called Doob’s theorem, of the two preceding points together with the existence of
invariant measure. In fact this result gives also the convergence of the transition
probabilities to the invariant measure.

Our aim is to complete the study of the equation (1.1) by giving information on
the rare events and the exact rate of exponential convergence by means of a large
deviation principle, one of the strongest ergodic behaviors of Markov processes.

3 General results about large deviations

In this section, we introduce some necessary notations and definitions and give
general results (essentially following [22]) on large deviations for Markov processes.

3.1 Notations and entropy of Donsker-Varadhan

We first compare the “topological irreducibility” defined above (often called irre-
ducibility in the literature on SPDE) with the probabilistic irreducibility for a
Markov process which is the more general assumption under which the large de-
viations result we use (as Lemma 3.2 below) holds true (see [18, 22] for details).
Let v be a probability measure on H; a transition kernel operator P on H is said
v-irreducible (resp. v-essentially irreducible) if for all A in H such that v(A) > 0,
and for all  in H (resp. for v almost all  in H), we can find n € N such that
P™(x, A) > 0. When v charges all non-empty open subsets of H, the v-irreducibility
implies the topological irreducibility. But for the strong Feller P, the topological
irreducibility implies the v-irreducibility for all v such that v < v P (see [22]).



Thus by Lemma 2.3, for the unique invariant measure p of our model, P, is
p-irreducible for every ¢ > 0. In reality for our model, we have the much stronger
property that all the probability measures in the family

{Pt(x, ), zeH, t> 0}

are equivalent, and they are also equivalent to u (see [9, p.41]).
Consider the H := L*(0, 1)-valued continuous Markov process

(Qv (]:t)tzo s (Xt(w))tzo ’ (P:v)er)

whose semigroup of Markov transitions kernels is denoted by (P;(z, dy)),s,, where

>0

Q = C(R", H) is the space of continuous functions from R to H equipped with
the compact convergence topology;

Fi=0(Xs,0 < s <t) for any ¢ > 0 is the natural filtration;
F =0(Xs,0<s)and P,(Xy =2)=1.

Hence, P, is the law of the Markov process with initial state x in H. For any initial
measure v on H, let P, (dw) := [, P (dw)v(dz).

The empirical measure of level-3 (or process level) is

1 t
R; = —/ dp, xds
t Jo

where (6;X); = X,y for all £,s > 0 are the shifts on 2. Hence R; is a random
element of M;(£2), the space of probability measures on (2.

The level-3 entropy functional of Donsker and Varadhan H : M;(Q2) — [0, +o0]
is defined by,

EQh]—‘? (Qw(—oo,O]; Pw(())) ’ if Q S Mis(Q)

] (3.1)
+o00 otherwise

H(Q) = {
where
M;(€2) is the space of those elements in M (€2) which are moreover stationary ;
Q@ is the unique stationary extension of Q € M;(Q) to Q := C(R, H) ;
Ff=0(X(u);s<u<t)on, Vs,t € R,5s<t;
Qw(_oo,t] is the regular conditional distribution of () knowing F; > ;

hg(v, 1) is the usual relative entropy or Kullback information of v with respect to
i restricted on the o-field G, given by

f%blog (g—mg) dp, ifr<pon G

+00 otherwise.

hg(l/, :u) = {



The level-2 entropy functional J : M;(H) — [0, o] is defined by
J(6) = mf{H(Q) ; Q@ € M{(Q) and Qo = S}, V3 € Mi(H), (3.2)

where Qo(-) = Q(X(0) € -) is the marginal law at time ¢ = 0.
Lastly introduced in [22], we define the restriction of the Donsker Varadhan
entropy to the p component, by

+00 otherwise

H,(Q) == {
and for the level-2 entropy functional

Ju(B) == {‘](5)’ if § < p

400 otherwise.

For our model, let us first establish the

Lemma 3.1. We have J(v) < +o0 = v < pu. Moreover, J = J, on M,(H) and
[/ =0] = {n}

Proof. Consider v such that J(v) < co. We recall the expression (3.1) of the Level-3
entropy. For Q € M7(2) such that Qo = v, H(Q) < oo, and for every t > 0, noting
that the entropy of marginal measure is not larger than the global entropy, we have
by Jensen inequality,

H(Q) = E%hz, (Qu(—c00); Pui))
1 _~ _
= ;EQh]ﬂ? (Qw(—oo,OM]Pw(O))
1

> thto (@ P)

1

> ;ha(w(t)) (Qu Pu)

> %hB(H) (vivh).
Taking infinimum over such @), we get
J(w) > %hB(H) (v:vP,). (3.3)
So the Kullback information of v with respect to v P, is finite, which implies by

definition that v < vP,. Since all Py(z,dy),t > 0,2 € H are equivalent to u ([9]),
we have

vB(-) = /HP(t,:U, Jr(dx) < p.

Thus v < VP, < p, as desired.



By definition, we have J < J, and they are equal on
{v € Mi(H) such that v < u}.

Since any probability measure v on H such that J(v) < oo is absolutely continuous
with respect to p, we have J = J, on M;(H) .

At the end, if the probability measure 3 is such that J(5) = 0 then § < p and
B = [P, for every t > 0 by (3.3). By the uniqueness in Lemma 2.3, we have § = pu
and the proof is finished. n

3.2 The lower bound
Let us first recall the definition of the projective limit 7, of the strong 7-topology,
Tp =0 (Ml(Q), UtZQbJT%O)

where bF} is the set of functions on €, that are bounded and measurable for F7.
The following level-3 lower bound of Large Deviations for 7, was established by
Wu (see [22, th. B.1]) under more general conditions.

Lemma 3.2. ([22]) For any open set O in (M;(Q2),7,),
1
li%n inf ;long(Rt €0)> —irolf H,, p— a.e initial state x € H.

Recall that H, = H by Lemma 3.1. Our goal here, is to prove the

Proposition 3.3. If J is a good rate function on (My(H),T) and the uniform upper
bound (1.5) is satisfied, then the level-3 uniform lower bound holds true: for any
measurable open subset O in (My(2),7,),

1
litm inf —log inf P,(R;€0)> —igf H.

—00 vEM,L

In particular, the desired Level-2 lower bound (1.4) holds (by the contraction prin-
ciple).

Proof. For any @) € O fixed, we can take a 7, neighborhood of @ in M;(2) of form

N(Q,6) = {Q € My(Q) such that ‘/FidQ’—/FidQ‘ <5 Vie1,...d}

contained in O, where § > 0, 1 < d € N and F; € bF? for some n € N. Tt is
sufficient to establish that for every @ in O such that H(Q) < oo

lim infllog inf P,(R; € N(Q,0)) > —H,(Q). (3.4)

t—oo T VGMAO,L
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But by Egorov’s lemma, Lemma 3.2 implies the existence of a borelian subset K in
H with p(K) > 0 such that for any € > 0

inf %long (Rt eN (Q, é)) > _—H,(Q)—¢ (3.5)

zeK 2
for all ¢ large enough. Let us fix a > 0. For any 0 < b < a, we have

2(a+1)

<
o t

'/F,-d(Rtoeb—Rt) [Filloc

and then for all 0 < b < a and for all ¢ large enough (depending on a and ¢),

2

P,(R, € N(Q,9)) > IP’,,(XbeK ; RtoebeN(Q,é>)
> P, (X, € K) igI{;IP’x (R,ﬁN(Q,%)).

Integrating for 0 < b < a, and dividing by a yields
)
PM@@W@MzE%WOigm(&eNQ;Q). (3.6)

Hence, for proving (3.4), by (3.5) and (3.6), it is enough to establish that for any
borelian subset K with p(K) > 0, we can find a > 0 such that

inf E“L,(K) > 0.

I/GM,\O,L

Notice that

E’Lq(K) > @ (1 ~P, (yLa(K) — u(K)| %))

and by the assumed level 2 upper bound,

limsupllog sup P, (\LQ(K) — u(K)| > M) < —ir;f J(v)

a—+oco @ veEM,L
where

P {geanm a0 - uiro) = 10

is closed for the 7-topology. So once infrpJ > 0, we shall obtain for all a large

enough
K inf
inf EYL,(K) > # <1 — exp (—am ; J)) > 0.

VEM,,L

It remains to prove that infr J > 0. To this end we may assume that infr J < 400.
In that case, since J is a good rate function (our condition), infg J is attained by
some (y € F. But J(f) =0« = p (Lemma3.1)and u ¢ F,soinfrp J = J(Gy) >0
as desired. O
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3.3 Cramer functionals and weak upper bound

Let us introduce the uniform upper Cramer functional over a non-empty family of
initial measures A in M;(H),

1
A(V]A) :=limsup - logsup E” exp (tL(V))
t—o00 veA

and several other Cramer functionals,

A(V]g) = A(vw{ax})::n?1$u>%10gﬂafexp(tLta/n

1
A*(V) = AV, ; z € H}) =limsup n log sup E® exp (tL(V))
t—o0 zeH
1
A°(V) = sup A(V|z) = suplimsup - log E* exp (tL;(V)) (3.7)
TeH xeH t—oo t

where V' is a bounded and borelian function on H.

The functionals A°(V) and A*(V) are respectively the pointwise and uniform
Cramer functionals introduced already in [12]. For A : bB(H) — R any one of the
above functionals, define its Legendre transformation:

%@):V£%KAVW—MW),WEMWﬂ
AW):V$%(LWWAW0,WEMW) (3.9)

where M, (H) is the space of all signed o-additive measures of bounded variation on
(H,B).

Remark that {0, },en C UrsoMy, 1, we have for any bounded and measurable
function V,

AY(V) < sup AV My ) < A=(V).
Since (F;) is Feller, we have by [22, Proposition B.13]
(M%) () = (A)7, () = (A™)" (v) = (A, () = J(v), Vi € M, (H)

which implies the l.s.c for J and the fact that

sup (/ Vdv — sup A(V|MA0,L)>
H

VEbB(H) L>0

= sup ( Vdu—supA(V|./\/l,\0,L)> = J(v), Yv € M,(H).
H

VECb(H) L>0

So by Géartner-Ellis theorem (see [10]), we have always the following general weak*
upper bound
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Lemma 3.4. Let M (H) be equipped with the weak convergence topology. For any
compact subset K in My(H) w.r.t the weak convergence topology, and for any € > 0,
there is a neighborhood N(K,¢e) of K in M,(H) such that

1
limsup —log sup P,(L; € N(K,¢))

t—o0 Z/EM)\OyL

B {— inf e J(V) +2  if infuex J(v) < o0

—% otherwise.

Now to obtain the upper bound in Theorem 1.1 w.r.t. the weak convergence
topology, we need to prove the exponential tightness of L;.

4 Convergence of a Galerkin method

Let us introduce the approximation system associated with equation (1.1) :
1
dX,(t) = (AXn(t) + QHan(Xn)Q(t)) dt + G,dW(t) ; X,(0) =1,z (4.1)

where II,, is the orthogonal projection on H,,, the finite dimensional space spanned
by the first n eigenvectors (e, ..., e,), and G, = II,,G.
The convergence of a similar approximation but with a non linearity truncated

by the function
2

fn($) =

o+ a?
was investigated by Da Prato and Debussche [5]. The aim of this section is to

establish some a priori estimates on X,,, and the convergence of the approximation
method (4.1).

Theorem 4.1. The solutions X,, of (4.1) converge to the solution X of (1.1) in
C([0,T); H) and in L*([0,T); H}) almost surely.

4.1 A priori estimate for the finite dimensional approxima-
tions

From now on, we denote by (-,-) the inner product in H. Let us apply 1t6’s formula
to the finite dimensional diffusion X,,. Since X,,(t) € H,, remark that

(Xa(t), ILDeXG(1) = (I X, (t), DeXG(1)) = (Xa(1), DsXﬁ(t)Q:

_ /0 X, (1, ) DX, €)d - {M} g:l

=0
3

0

because of no-slip boundary conditions. So, we obtain:

dIXa@®)lz = 2(Xa(t), dX0(t)) +tr(Qn)dt

13



= [2IVXL ()3 + tr(Qn)] dt + 2(X,(t), GodW (1))

In the same spirit, denoting by d[Y,Y]; the quadratic variation process of a semi-
martingale Y, we can also compute with the Ito formula

)\2
deolXa®I3 Mol Xa®)I3 {)\OdHXn(t)Hng?Od[HXan,||Xn||§]t

IR WIE T2 [ VX, (8)[13 + Aotr(Qn) + 2X3 G X (8)13] dt
F2X0 X OIE (X (1), GdW (1)),

For any smooth function f on H,, = II,,(L?), we define g := L, f if

F(X () — F(X0(0)) — / 9(X,(s))ds

is a local martingale. The following lemma, being a consequence of Itd’s formula, is
well known to probabilists and it is crucial.

Lemma 4.2. ([21]) If f is smooth on H,, and f > 1, then

t Lnf

M, = e SN (1))
15 a local martingale.
In view of the above definition we have for f(z) = e¥l*l3 (z € H,),
Lof(@) = f(x) [20]IV2]5 + dotr(@n) + 225G 2]
and
= 20| Va[f; = Aotr(Qn) — 2X5/1Grxll3
> 2X0[Vallz — Aotr(Q) — 2X5[1Q1 [I]13.

Moreover, by the Poincaré inequality

[Vl

™

|z]]2 < , Vee H

we obtain for 0 < )y < 2@”, since 1 — AOJJQQH >

_ﬁ;{;f) > 2\ (Hvxug (1 - AOJT'QQH) - "(2@)
> Aol Vel3 = Aotr(Q).

N[ =

So we conclude by Lemma 4.2 that

t
N{' :=exp (/\0/ VX, (s)|]3ds — )\Otr(Q)t> Mol Xn (013 (4.2)
0

is a supermartingale. This proves the following crucial exponential estimate:

14



Lemma 4.3. Let 0 < \g < 2@". For any x i H, we have

¢
E” exp ()\0/ ||VXn(s)||§ds> MIXROIE < Potr@tollely g > . (4.3)
0

In particular, we have
¢ 2
sup ExBAO fo IVXn(s)|3ds < 00
neN

50 (Xp)n 1s uniformly bounded in L*(Q x [0,T], H}).

This kind of properties was also investigated by Da Prato and Debussche [4] for
proving some estimates on derivatives of the transition semigroup.

4.2 Proof of theorem 4.1

Let us introduce the stochastic convolution, or Ornstein-Uhlenbeck process

t
Wa(t) = / S(t — $)GAW (s)
0
which is the mild solution of the linear equation with additive noise
dWa(t) = AWaA(t)dt + GdW (t) ; Wa(0) = 0. (4.4)

Since Q = GG* has finite trace, it is known (see [8, p.99 and p.148] ), that the
stochastic integral W is the limit in L? (2, C([0, T); H)) and in L? (Q, L*([0, T); H}))
of its finite dimensional approximation defined by

W (t) = /0 t S(t — 8)GdW (s) = TL,Wa(t).

Notice that W} is the mild solution of the finite dimensional linear equation with
additive noise

AW () = AWE(£)dt + GoudW (t) ; Wa(0) = 0. (4.5)

Let us prove that the convergences above hold in fact a.s. in C([0,T]; H) and
L3([0,T]; Hy). Indeed the a.s. convergence of WX to Wy in L*([0, T]; H}) is obvious.
For the convergence in C([0,T], H), since for a.e. w, t — Wa(t,w) is continuous
from [0,7] to H, then K := {Wa(t,w);t € [0,T]} is compact in H. Notice that if
h € H,1l,h — h in H and that the mappings h + II,h, n > 1 are equi-continuous
on H for ||IL,||z—g = 1. So the above pointwise convergence is uniform over the
compact subset K by Arzela-Ascoli’s theorem : as n — oo,

sup [|[Wa(t,w) — IL,Wa(t,w)|lg — 0.
t€[0,7

Our proof below, as in [9], will be completely deterministic. Fix any w € Q such
that W2(w) — Wa(w) both in C([0,T], H) and L?([0,T], H}) and we shall remove

[P

w” in the proof below.

15



Let us define
y = X—Wa=St)z+ % /OtS(t — 8)De(X)?(s)ds
Yo = X, —Wr=StI,z+ % /Ot S(t — )L, De(X,,)%(s)ds
and

Zn = Y—yYp=X— X, — (Wa —WQ).

Recall that X is bounded in L*>°([0, T, H) and also in L*([0, T'], HJ) almost surely.
Indeed we have the following a-priori estimates (see [9, p264]) :

t
nmm@séﬁwmﬂ@ﬂm@+2/e”w“@i“vam;w
0

and

T T T
AIWw@%ﬁSSAHWMM&MW%ﬁ+A!M@®%ﬂt

and the fact that H} C C0, 1] is a compact continuous embedding. The same proof
as in [9, p264] yields the same estimates for y, with Wa replaced by WX, so the
sequence (X, ), is bounded in L>([0,T], H) and L*([0,T], Hj) almost surely (see
also [5]). We can assume without loss of generality that the preceding bounds hold

for our “w”.

It remains to show the convergence of z, to 0 in the desired spaces. Notice that
zp, 1s solution of

dz 1 1
— = Azy + =D X? — Z11,De X}
D R St
from which we can deduce the a priori estimate:
1d 1 1
57 lls + 1Dezalls = <?D5(X)2 - QH”DE(ana Zn)
(5D6(X? = X2),20) + (51 ~ L) Dg(X?), z)
= Il + [2‘

Noting that X — X,, = 2z, + (I — I1,,) WA, we have

L= (Xt X)X - X,), Dez)

1 1
= _§<(XH+X)Zn>D£Zn> - §<(Xn+X>([_Hn)WAaD§ZN>
= I+ 1.

We can bound [;; as follows

1
| < §|\Xn + Xlooll2nll2]| Deznl|2

16



1
ZHDsanlg + 1 X0 + X2 12013
and for the second

1
| T12] 1% + Xllooll(Z = Ta) Wallz]| Dezall2

IN

1
< qlIDezalls + 11X + XN = L) Wall3.
Similarly, for the remaining term, we have
1Ll < (I(7 = TL) De(X)3 + X 1% 2l I2-

Hence we obtain the inequality

2 (IIX 115 + 1X0 + X1%) lzall3 + 21 (7 = L) De (X3
2/ X + XN = TL) Wall3. (4.6)

d
llzall3 + 1 Dezal

By Gronwall’s inequality we get

Jan(01 < exp ([ 21X + 206,060+ X()ds ) 1 - 1)l
v2 [ oxp ([ 20+ 2000) + X ) 1X,06) + X - )Wl s
12 [ ([ 2AXOI + 20000 + X0t ) 1T = ) DX (5,

In the sequel we denote the norm in the corresponding spaces respectively by
(3o = Jy lu®)lI3dt
T
ul720 gy = Jo IVu(®)]3dt = Jo IDeu(t)||3dt

|U|C(0,T,H) ‘= SUPg<i<T [ (t)|l2

Taking the supremum in ¢, and using again the compact continuous embedding
H}(0,1) € C[0,1], so that ||z]| < C||Vz||2 for some constant C' > 0, we obtain

(402|Xn +6C2?|X]|
e

L2(0,1,H})

brannp) (0 +@+)
< 1)+ (2)+3) (47)

for some number M; > 0, where

sup ||z (2)]12
0<t<T

(1) = (I - L)z]3
(2) = 402 <|XTL|%2(O,T,H3) + |X|%2(0,T,Hé)> |(I - Hn)WAFC(O,T,H)

17



< My|(I = L)Wl orm
T
(3) - 2/0 (I = L) DeX (s) | 3ds.

for some constant My > 0.

Now, (1) — 0is clear, (2) — 0 is asssumed for our “w”, and (3) — 0 by dominate
convergence. Consequently, z, — 0 in C([0,7], H).

Finally, let us integrate (4.6) for ¢. It gives

auliaqomamy < (A0l my + 6O X Baomy) sup |zt

+2[(I = T0,) De(X) T2 0.7, + (T = )z |3

+402 (’Xn’%2([0,T],H5) + ‘X’i2([o,T],H5)> |(I - Hn)WA|2C([0,T],H)
My sup ||z (8|5 + 2|(1 — T) De(X) 2210 71,19
0<t<T

(I =TI, )z||3 + Ma| (I — Hn>WA%([O,T],H)

IN

which yields z, — 0 in L?(0,T, H}) and the proof is finished. O

5 Uniform upper bound for the weak convergence
topology: the exponential tightness

In this section, M;(H) is equipped with o (M;(H),Cy(H)) the weak convergence
topology , instead of 7. The aim is to prove the following

Proposition 5.1. (a) For any ¢ > 0, there is some compact subset K = K. in

M, (H) in the weak convergence topology such that

1 1
limsup —log sup P,(L; ¢ K) < -z

t—o0 VGMAO,L

(b) Consequently for any closed set F' in My(H) equipped with the weak convergence
topology o (My(H), Cy(H)),

1
lim sup glog sup P, (L, e F) < —irFlf J.

t—o0 veEMy,L

By the weak upper bound in Lemma 3.4 and according to the general theory of
large deviations, the upper bound of large deviations in (b) follows from the uniform
exponential tightness of the family of P, (Ly € -) over v € M, 1, stated in part (a).

Before proving it, let us notice the following consequence of our study in §4.

Lemma 5.2. For any fivred 0 < \g < #;”7

t
N; == exp ()\0/ VX (s)|3ds — )\otr(Q)t) MIX I3
0
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15 a supermartingale. In particular we have
Feeto o IVX@)Bds < protr@tgdollels vy ¢ fr (5.1)

and for any fized L > 1, and any initial measure in the set My, 1, the following

estimate holds
EY eto JSIvVX(s)|13ds < erotr(@)t 1 (5‘2)

Proof. By the almost sure convergence in Theorem 4.1 and Fatou’s Lemma, (N;) is
a supermartingale by passing to the limit for n — oo in (4.2). The estimates (5.1)
and (5.2) follow immediately. O

Proof of Proposition 5.1. As said above it is sufficient to prove the uniform expo-
nential tightness of (P,(L; € -),t — +00) over v € M, 1, in part (a).
Step 1. Define @ : M;(H) — [0, +o0] by

d(f) = )\0/ V2|3 dB(x), with |Vx||y := 400 for Vo € H\H;
H

72

2|lQ

where )\g is a real number such that 0 < )\ <
admits compact level sets.

At first, z — ||Vz||3 is lower semi continuous (L.s.c. in short) on H, as a non
decreasing limit of continuous functions z — ||VIL,z||3. Thus, ® is Ls.c. on M;(H),
and for any a > 0, the level set [® < a] is closed in M;(H).

Now let us show that [® < a] is tight (thus compact in M;(H) by Prokorov’s
criterion). Indeed, for any 6 > 0 consider

ik We claim that this function

a
As = { v H st | Vals <y /1 }

It is compact in H by the compact embedding H} C H, and we have

a a

<.

6 € @ < a, B(A2) s/

A§

Step 2. For any € > 0, K := [® < \tr(Q) + 1/¢] is a compact subset of M;(H)
by Step 1. For any v € M, 1, we have by Chebychev’s inequality and Lemma 5.2,

P,(L; ¢ K) <exp (— {/\Otr(Q) T 1} t) RV t®(Le)

3

~exp (— [Aotr(Q) + é] t) E” exp (/\0 /0 t ||VX(3>||§ds>

S e*t/SL,

the desired uniform exponential tightness. O
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6 Uniform upper bound for the T-topology

Now, we prove the desired Upper Bound (1.5) for the strong 7-topology. It is based
on the following criterion of the so-called hyper-exponential recurrence [23, Theo-
rem 2.1] established by Wu for strong Feller and topologically irreducible Markov
processes.

Lemma 6.1. ([23]) For a subset K in H, let us define 7)c == inf{t > 0 s.t X; € K}

and 7'](;) =inf{t > 1 s.t X; € K}. If for any X\ > 0, there exists a compact subset
K in H such that

sup E"eM* < oo (6.1)
l/G./Vl)\OyL
and
z A
sup E*e""x < 00 (6.2)
zeK

then [J < a] is T-compact for every a € RY, and the Upper Bound (1.5) uniform on
M. for the T-topology holds true.

In this section we establish the estimates (6.1) and (6.2) for our model. For the
compact subset K of H, we still consider

K = {x € H! st |Vl < M} (6.3)

where the real number M will be fixed later. The definition of the occupation
measure implies that for n > 2,

1 1
P, (ﬁ? > n) <P, (Ln(K) < —) =P, (Ln(KC) >1- —) .
n n
With our choice for K, we remark that
. 1
Ln(K*) < S Ln([IV]l3)-
Hence for any fixed real 0 < Ay < ™ we have by Chebychev’s inequality

2(lell”

IA

P, (7’1((1) > n)

P, (Ln<uwué> > M (1 B %))

< e M2(1=1 ) v odo foT IV XS |I3ds.

For any initial measure v € M;(H), integrating (5.1) w.r.t v, and using it in the
above expression yields

H
where C 1= M?/2 — tr(Q).
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Let A > 0 be any fixed real number. By the integration by parts formula, we
have

+oo
B = 14 / AP, (7 > ) dt

0
< ey Z /\e’\("H)IP’V <7'[((1) > n>

n>2

< e 1+/\/€)\0”m§l/(dl‘) e MMC=N )
&y >

n>2

Now, by the definition (6.3) of K, we can choose M such that A\yC' — A > 1. Then,

taking the supremum over {v = §,, z € K}, we get

sup Exe’\ﬂ%) <eP 1+ AeroM? Z e MNC=A )

zeK n>2
for Vo € K, ||z||2 < ||Vz|l2/m < M. So the bound (6.1) holds true. We obtain (6.2)
in the same way: since 7 < T}Q), we have

vV _ATK v ar®
sup [E’e < sup [E'e'x

vEM,,L vEM,L
< (1 + AL Z e_”(’\oc_’\))
n>2
< ©Q.

Proof of Theorem 1.1. At first the good uniform upper bound of large deviations,
i.e., parts (i) and (iii) follows by Lemma 6.1 for its conditions (6.1) and (6.2) are
verified above.

The uniform lower bound in part (ii) was established in Proposition 3.3.

The first claim in (1.6): “J(v) < 400 = v < p” was proven in Lemma
3.1. We conclude the proof with the second claim in (1.6) that for v € M;(H)
with J(v) < oo, v(||Vz|%) < oo. Indeed, denoting by a A b the minimum of two
real numbers a and b, and for the function V,(x) := (\o||Vx||3) A n bounded and
measurable on H, we have

v(Va) (A(])*(V) + AO(Vn)

J(V) + Atr(Q) (6.4)

where we have used the definitions (3.7), (3.8), the crucial estimate (5.1) and the
fact that (AY)* = J. The conclusion follows by Fatou’s lemma. O

<
<

7 Extension to some unbounded functionals

In this section we point out the fact that the estimate in Lemma 5.2 is sufficient to
extend the LDP of Theorem 1.1, i.e. Corollary 1.2 for unbounded functionals and
its consequences.
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Proof of Corollary 1.2. For the function f : H} — B measurable and bounded on
balls, let us consider f,, : H — B defined by

} (7.1)
0 otherwise

f(x), ifxze HY, ||Vz|<n

£ (2) = { () 3 1Vl
which is far from being continuous, but is measurable and bounded on H. Since
v — v(f) = /zu(fn € dz) is continuous from (M;(H),7) to B by [12, Lemma

B
3.3.8], then Ly (f,) satisfies the LDP by Theorem 1.1 and the contraction principle.
Now by the approximation lemma in large deviations (see [12, p.37]), it remains
to prove that for any L > 0

lim sup [|5(fn) = B(f)|e =0 (7.2)

0 B (B)<L

and for any § > 0,

1
lim limsupflog sup P, (| Lr(f — fu)lls > 0) = —oc. (7.3)

n—x T—oco VGMAO’L

Thanks to our condition (1.7) on f, we can construct a sequence (g(n)), decreasing
to 0 such that once [|Vz| > n,

1f ()]s < e(n) || V(3.

Denoting by 14 the characteristic function of the set A, we have for any [
satisfying J(5) < L,

18(fn) — B()lle 18 (FLvx(s)|azny) |8

VAN

B (eMIVZ|311vx()lszny)
< %5(%\%”%)
< Q)

Ao
by using (6.4). Hence (7.2) follows.
Let us evaluate

B, (ILe(f - fu)lls > 8) = m(nl / f<X5>—fn<Xs>ds||B>a)

1 T
< P, (7/0 e(n)IIVX(S)H%l{HVX(s)2>n}d8>5)

) ANoT'6
< P, </ Mol VX (8) |21 v x(s) o3y ds > 0_)
’ g(n)

< oo (<20 wrew (0 [ vt

so that (7.3) is consequence of (5.2). O
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