STOCHASTIC 2D HYDRODYNAMICAL TYPE SYSTEMS:
WELL POSEDNESS AND LARGE DEVIATIONS

IGOR CHUESHOV AND ANNIE MILLET

ABSTRACT. We deal with a class of abstract nonlinear stochastic models, which covers
many 2D hydrodynamical models including 2D Navier-Stokes equations, 2D MHD models
and 2D magnetic Bénard problem and also some shell models of turbulence. We first
prove the existence and uniqueness theorem for the class considered. Our main result is
a Wentzell-Freidlin type large deviation principle for small multiplicative noise which we
prove by weak convergence method.

1. INTRODUCTION

In recent years there has been a wide-spread interest in the study of qualitative proper-
ties of stochastic models which describe cooperative effects in fluids by taking into account
macroscopic parameters such as temperature or/and magnetic field. The corresponding
mathematical models consists in coupling the stochastic Navier-Stokes equations with
some transport or/and Maxwell equations, which are also stochastically perturbed.

Our goal in this paper is to suggest and develop a unified approach which makes it
possible to cover a wide class mathematical coupled models from fluid dynamics. Due to
well-known reasons we mainly restrict ourselves to spatially two dimensional models. Our
unified approach is based on an abstract stochastic evolution equation in some Hilbert
space of the form

opu 4 Au+ B(u,u) + R(u) = o(t,u) W, (1.1)
where o(t,u) W is a multiplicative noise white in time with spatial correlation. The hy-
potheses which we impose on the linear operator A, the bilinear mapping B and the opera-
tor R are true in the case of 2D Navier-Stokes equations (where R = 0), and also for some
other classes of two dimensional hydrodynamical models such as magneto-hydrodynamic
equations, the Boussinesq model for the Bénard convection and 2D magnetic Bénard prob-
lem. They also cover the case of regular higher dimensional problems such as the 3D Leray
a-model for the Navier-Stokes equation and some shell models of turbulence. See a further
discussion in Sect.2.1 below.

For general abstract stochastic evolution equation in infinite dimensional spaces we refer
o [11]. However the hypotheses in [11] do not cover our hydrodynamical type model. We
also note the stochastic Navier-Stokes equations were studied by many authors (see, e.g.,
[5, 17, 27, 33] and the references therein).

Our first result states existence, uniqueness and provides a priori estimates for a weak
(variational) solution to the abstract problem of the form (1.1) where the forcing term also
includes a stochastic control term with a multiplicative coefficient (see Theorem 3.1). As
a particular case, we deduce well posedness when the Brownian motion W is translated
by a random element of its Reproducing Kernel Hilbert Space (RKHS), as well a priori
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bounds of the solution with constants which only depend on an a.s. bound of the RKHS
norm of the control. In all the concrete hydrodynamical examples described above, the
diffusion coefficient may contain a small multiple of the gradient of the solution. Thus, this
result contains the corresponding existence and uniqueness theorems and a priori bounds
for 2D Navier-Stokes equations (see, e.g. [27, 31]), for the Boussinesq model of the Bénard
convection (see [16], [13]), and also for the GOY shell model of turbulence (see [1] and
[26]). Theorem 3.1 generalizes the existence result for MHD equations given in [2] to the
case of multiplicative noise and also covers new situations such as the 2D magnetic Bénard
problem, the 3D Leray a-model and the Sabra shell model of turbulence.

Our argument mainly follows the local monotonicity idea suggested in [27, 31]. However,
since we deal with an abstract hydrodynamical model with a forcing term which contains
a stochastic control under a minimal set of hypotheses, the argument requires substantial
modifications compared to that of [31] or [26]. It relies on a two-step Gronwall lemma (see
Lemma 3.2 below and also [13]).

Our main result (see Theorem 4.2) is a Wentzell-Freidlin type large deviation principle
(LDP) for stochastic equations of the form (1.1) with o := \/eo as ¢ — 0, which describes
the exponential rate of convergence of the solution u := u to the deterministic solution u".
As in the classical case of finite-dimensional diffusions, the rate function is described by an
energy minimization problem which involves deterministic controlled equations. The LDP
result is that which would hold true if the solution were a continuous functional of the noise
W. Our proof consists in transferring the LDP satisfied by the Hilbert-valued Brownian
motion /W to that of a Polish-space valued measurable functional of W as established
in [3]; see also [4], [12] and [14]. This is related to the Laplace principle. This approach
has been already applied in several specific infinite dimensional situations (see, e.g, [31]
for 2D Navier-Stokes equations, [13] for 2D Bénard convection, [4] for stochastic reaction-
diffusion system, [24] for stochastic p-Laplacian equation, [26] for the GOY shell model
of turbulence). Our result in Theorem 4.2 comprehends a wide class of hydrodynamical
systems. In particular, in addition to the 2D Navier-Stokes equations and the Boussi-
nesq model mentioned above, Theorem 4.2 also proves LDP for 2D MHD equations, 2D
magnetic Bénard convection, 3D Leray a-model, the Sabra shell model and dyadic model
of turbulence. Note that unlike [31] and [26], in order to give a complete argument for
the weak convergence (Proposition 4.5) and the compactness result (Proposition 4.6), we
need to prove a time approximation result (Lemma 4.3). This requires to make stronger
assumptions on the diffusion coefficient o, which should have some Hoélder time regular-
ity, and in the explicit hydrodynamical models, no longer can include the gradient of the
solution (see also [13]).

Note that recently [24] a LDP has been proved for a class of abstract equations with
monotone dissipative nonlinearity, and with multiplicative noise. The main PDE model
for this class is a reaction-diffusion equation with a nonlinear monotone diffusion term
perturbed by globally Lipschitz sub-critical nonlinearity. This class does not contains the
hydrodynamical systems considered in this paper. The technique used in [24] to prove both
weak convergence and compactness is slightly different from ours; it relies on integration
by parts and also requires that the diffusion coefficient does not include the gradient of the
solution. See also [6] for large deviation results in the case on non-Lipschitz coefficients.

The paper is organized as follows. In Section 2 we describe our mathematical model with
details and provide the corresponding motivations from the theory of (coupled) models
of fluid dynamics. In this section we also formulate our abstract hypotheses. In Section
3 we study well posedness of the abstract stochastic equation which also may contain
some random control term. We need properties (such as a priori bounds and localized
time increment estimates) of this stochastic control system as a preliminary step in order
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to apply the general LDP results from [3, 4] in our situation. Note that these technical
preliminaries will be proved in a more general framework than what is needed to establish
the large deviation principle. Indeed, we will need them in a forthcoming paper where
we characterize the support of the distribution of the solution to the stochastic hydrody-
namical equations. We formulate and prove the large deviations principle by the weak
convergence approach in Section 4.

2. DESCRIPTION OF THE MODEL

Let (H,|.|) denote a separable Hilbert space, A be an (unbounded) self-adjoint positive
linear operator on H. Set V = Dom(A%). For v € V set |jv]| = |A%v]. Let V' denote
the dual of V' (with respect to the inner product (.,.) of H). Thus we have the triple
V. ¢ H C V. Let (u,v) denote the duality between u € V and v € V' such that
(u,v) = (u,v) for u € V, v € H, and let B : V x V — V'’ be a continuous mapping
(satisfying the condition (C1) given below).

The goal of this paper is to study stochastic perturbations of the following abstract
model in H

dyu(t) + Au(t) + B(u(t),u(t)) + Ru(t) = f, (2.1)
where R is a linear bounded operator in H. We assume that the mapping B: V xV — V’
satisfies the following antisymmetry and bound conditions:
Condition (C1):
e B:V xV — V' is a bilinear continuous mapping.
e Foru;€eV,1=1,2,3,
<B(U1, Ug) ) ’U,3> = <B(u17 ’U,3) ) U2>. (22)
e There exists a Banach (interpolation) space H possessing the properties
(i) VCHCH;
(ii) there exists a constant ag > 0 such that
Il < aolv|[lv]]  for any v € V; (2.3)
(iii) for every n > 0 there exists Cy, > 0 such that
[(Bu1,uz) , us)| < nllusl® + Cy llurllFy uall3y,  forwi €V, i=1,2,3. (2.4)
Remark 2.1. (1) The relation in (2.4) obviously implies that
[(Blur,u2), us)| < Cullus|® + Co |lwr|f3 Jual3,  for wj eV, i=1,2,3, (2.5)

for some positive constants C; and Cy. On the other hand, if we put in (2.5) anlu;;
instead of ugz, then we recover (2.4) with C, = C1Cen~! Thus the requirements (2.4)
and(2.5) are equivalent. If for uz # 0 we put now 7 = |Juy||2¢||ual/2||us]|~* in (2.4) with
C, = C1Can~ !, then using (2.2) we obtain that

[(B(u1,ug), uz)| < Cllunlls uzll [[ul2, for ui €V, (2.6)

for some C' > 0. It is also evident that (2.6) and (2.2) imply (2.4). Thus the conditions in
(2.4), (2.5) and (2.6) are equivalent to each other.

(2) To lighten notations for u; € V, set B(u1) := B(u,u1); relations (2.2), (2.3) and
(2.4) yield for every n > 0 the existence of C;, > 0 such that for u,us € V,

[(B(u1) , u2)| < nllur]|® + Cy [us|* [|uzll3. (2.7)
Relations (2.2) and (2.7) yield
[(B(u1) — B(ug), ur —ug)| < nllur — ug||* + Cp Jur — ua|? ||uzl|%. (2.8)
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2.1. Motivation. The main motivation for the condition (C1) is that it covers a wide
class of 2D hydrodynamical models including the following ones. An element of R? is
denoted u = (u',u?).

2.1.1. 2D Nawvier-Stokes equation. Let D be a bounded, open and simply connected do-
main of R2. We consider the Navier-Stokes equation with the Dirichlet (no-slip) boundary
conditions:

ou—vAu+uVu+Vp=f, divu=0 in D, u=0 on 9D, (2.9)

where u = (u!(z,t),u?(z,t)) is the velocity of a fluid, p(z, t) is the pressure, v the kinematic
viscosity and f(z,t) is an external density of force per volume. Let n denote the outward
normal to 0D and let

Hyy={f € [L*D)]* :divf=0in Dand f.n=0on 9D}

be endowed with the usual L? scalar product. Here above we set div f = Zi:m 0; fi,
Projecting on the space H(j) of divergence free vector fields, problem (2.9) can be written
in the form (2.1) (with R = 0) in the space H(;) (see e.g. [32]), where A is the Stokes
operator defined by the bilinear form

2
a(uy, ug) = I/Z/ Vu{ : Vué dx, (2.10)
j=1"P
with ui,us € V.=V = [H}(D)]* N Hpyy. The map B = By : Vi x Vi — V{ is defined by

2
[u1(z)Vug(z)] us(x)de = Z / w Ojuhy uhdr, w; € Vi, (2.11)
ij=1"D

(Bi(u1,uz) , ug) = /

D

Using integration by parts, Schwarz’s and Young’s inequality, one checks that this map
B satisfies the conditions of (C1) with H = [L4(D)]2 N H(jy. The inequality in (2.3) is
the well-known Ladyzhenskaya inequality (see e.g. [9] or [32]).

We can also include in (2.9) Coriolis type force by changing f into f — Ru, where
R(u',u?) = co(—u?,ul), co is a constant. In this case we get (2.1) with R # 0.

The case of unbounded domains D (including D = R?) can be also considered in our
abstract framework. For this we only need make shift from zero spectrum by changing A
into A + Id and introducing R = —Id.

2.1.2. 2D magneto-hydrodynamic equations. We consider magneto-hydrodynamic (MHD)
equations for a viscous incompressible resistive fluid in a 2D domain D, which have the
form (see, e.g., [28]):

diu — v1Au+ uVu = —V <p—|— §|b|2> 4 sbVb + f, (2.12)
Ob — oAb+ uVb =bVu+ g, (2.13)
divu=0, divb=0 (2.14)

where u = (u!(x,t),u?(x,t)) and b = (b'(x,t),b*(x,t)) denote velocity and magnetic fields,
p(x,t) is a scalar pressure. We consider the following boundary conditions

u=0, b.n=0, "b>—db' =0 ondD (2.15)

In equations above vy is the kinematic viscosity, v, is the magnetic diffusivity (which
is determined from magnetic permeability and conductivity of the fluid), the positive
parameter s is defined by the relation s = Ha’v vo, where Ha is the so-called Hartman
number. The given functions f = f(x,t) and g = g(x,t) represent external volume forces
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and the curl of external current applied to the fluid. We refer to [22], [15] and [30] for
mathematical theory for the MHD equations.

Again, the above equations are a particular case of equation (2.1) for the following
spaces and operators which satisfy (C1). To see this we first note that without loss of
generality we can assume that s = 1 in (2.12) (indeed, if s # 1 we can introduce new
magnetic field b := /sb and rescale the curl of the current g := /sg). For the velocity
part on MHD equations, we use the same spaces H(;) and Vi and the Stokes operator
generated by (2.10) with v = ;. Now we denote this operator by A;.

As for the magnetic part we set Hy) = H(j) and V2 = [HI(D)]2 N H(y) and define
another Stokes operator Ay as an unbounded operator in H(y) generated by the form
(2.10) with v = v, considered on the space V5.

As in the previous case we can write (2.12)—(2.15) in the form (2.1) in the space H =
H(1y x Hgy with A = A; x Ay, R=0. We also set V =V} x V5 and define B: V xV — V'
by the relation

(B(z1, 22), 23) = (B1(u1,u2),u3) — (B1(b1,b2),u3) + (Bi(u1,b2),b3) — (B1(b1,u2), b3)
for z; = (u;,b;) € V.=V x Vi, where By is given by (2.11). The conditions in (C1) are
satisfied with H = ([L4(D)]* x [L4(D)]*) n H.

2.1.3. 2D Boussinesq model for the Bénard convection. The next example is the following
coupled system of Navier-Stokes and heat equations from the Bénard convection problem

(see e.g. [18] and the references therein). Let D = (0,[) x (0,1) be a rectangular domain

in the vertical plane, (e1,e2) the standard basis in R? and = = (2!, 2?) an element of R2,

Denote by p(z,t) the pressure field, f, g external forces, u = (u'(z,t),u?(z,t)) the velocity
field and 6 = 0(x,t) the temperature field satisfying the following system

Oru +uVu —vAu+Vp = Oes+ f, divu =0, (2.16)
00 +uVo —u® — kA = g, (2.17)
with boundary conditions
u=0 & #=0 on z2=0and2? =1,

u, p, 0, u,1, 0,1 are periodic in z' with period 1.!

Here above v is the kinematic viscosity, x is the thermal diffusion coefficient. Let

H) = {u € [L2(D)]2, divu =0, u?|,2_g = u|,2_; = 0, ulli_g = u1|m1:l}

and Hy = L*(D). We also denote
Vs = {u € Hzy N [Hl(D)]Q, U|g2—g = ulz2—1 = 0, w is [-periodic in 331} ,
Vi={0€ H (D), 0|20 =0|,2—1 =0, 0 is l-periodic in '} .

Let A3 be the Stokes operator in H(s) generated by the form (2.10) considered on V3 and
Ay be the operator in H4 generated by the Dirichlet form

CL(91,92) = Ii/ V91 . V@Q dl‘, 01,92 e Vi
D

Again, the above equations are a particular case of equation (2.1) for the following spaces
and operators which satisfy (C1). Let H = H) x Hy and V = V3 x V4. We set

Here and below this means that @le1—o = P|p1—; for the corresponding function.
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A(u,0) = (Asu, A40), R(u,0) = —(fes, u?), and define the mapping B: V x V — V' by
the relation
<B(21, 22) > <Bl(U1,U2 U3 Z / ul 8 92 93 dx
=1,2

for z; = (u;,0;) € V = V3 x Vy, where By is given by (2.11). With these notations,
the Boussinesq equations for (u,#) are a particular case of (2.1) with condition (C1) for
H = ([L4(D))* x L*(D)) N H.

2.1.4. 2D magnetic Bénard problem. This is Boussinesq model coupled with magnetic field
(see [19]). As above let D = (0,1) x (0,1) be a rectangular domain in the vertical plane,
(e1,e2) the standard basis in R?. We consider the equations

ou+uVu —v1Au+V (p + g\bP) —sbVb = fey+ f, divu =0,
00 +uVe —u? — kAN = f,
O — v Ab+uVb—bVu = h, divb=0,
with boundary conditions
=0 & 0=0 & v¥*=0, Ob' =0 on 2> =0and z? =1,
u,p,0,b,u,1,0,1,b, are periodic in ! with period I.

As for the MHD case we can assume that s = 1. In this case we have (2.1) for the variable
z = (u,0,b) with H = H3) x Hyy X Hs), where Hsy and Hy are the same as in the
previous example and H(5) = H(3). We also set V = V3 x Vj x V5, where V3 and V, are

the same as above and Vs = H(3) N [Hl(D)]2. The operator A is generated by the form

2 2
a(zl,zg):ylz/DVu{~Vu%da:+/£/DV01-V02dx+VQZ/DVb{-Vb§d$

for z; = (u;,0;,b;) € V. The bilinear operator B is defined by
(B(z1,22),23) = (Bi(u1,u2),u3) — (By1(b1,b2),u >
+ (Bi(u1,b2),b3) — (Bi(b1,u2), Z / u' 0; 03 03 dx

for z; = (u;, 0;,b;) € V, where By is given by (2.11). We also set ( 0,b) = —(fes, u2,0).
It is easy to check that this model is an example of equation (2.1) with (C1), where

H_([L4(D)] x L(D) x [L4(D)] )N H.

2.1.5. 8D Leray a-model for Navier-Stokes equations. The theory developed in this paper
can be also applied to some 3D models. As an example we consider 3D Leray a-model (see
[23]; for recent development of this model we refer to [7, 8] and to the references therein).
In a bounded 3D domain D we consider the following equations:

Oyu — vAu +vVu + Vp = f, (2.18)
(1-aAw=u, divu=0, divu=0 in D, (2.19)
v=u=0 on JD. (2.20)

where u = (u',u?,u?) and v = (v!,v?,03) are unknown fields, p(z,t) is the pressure. In
the space

H={ue [LQ(D)]g:divu:0in Dand w.n=0o0n 0D}
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problem (2.18)—(2.20) can be written in the form
us + Au + B(Gou,u) = f,
where A is the corresponding 3D Stokes operator (defined as in the 2D case by the form

a(ui,ug) = I/Z?:l I Vul Vulde on V.= Hn [H&(D)]g), Go = (Id+ oa/_lA)_1 is the
Green operator and

3
(B(u1,u2), ug) = Z / ) Ojuy uldr, w; €V =HnN [H&(D)]g.
ij=1"D
Note that the embedding H'/2(D) ¢ L?(D) implies that the inequality (2.3) holds true for
H=[L? (D)]3 N H. Furthermore, Holder’s inequality and the embedding H!(D) C L°(D)
imply that for uy,ug,us € V,
(B(Gaui,uz), uz)| < Cllug|l[Gaui|rspy [uslpspy < Clluzl| |Gaurll [us|zs(p
< Clluz| [walps(py luslrspy,

where the last inequality comes from the fact that A%Ga is a bounded operator on H, so
1

that [|Goui|| = [A2Gaui| < Clua| < Clui|ps(py. By Remark 2.1(1) this implies condition

(C1) for By (ui,uz) := B(Gaui,usg).

2.1.6. Shell models of turbulence. Let H be a set of all sequences u = (uy,ug,...) of
complex numbers such that Y |u,|? < co. We consider H as a real Hilbert space endowed
with the inner product (-,-) and the norm |- | of the form

o0 (o]
(w,0) =Re Y upvy, [ul* =) |unl?,
n=1 n=1

where v}, denotes the complex conjugate of v,. In this space H we consider the evolution
equation (2.1) with R = 0 and with linear operator A and bilinear mapping B defined by
the formulas

(e e]
(Au)p, = vk2u,, n=1,2,..., Dom(A) = {u €H: Zki|un|2 < oo} ,
n=1
where v > 0, k, = kou™ with kg > 0 and p > 1, and
[B(u,v)],, = —i (aanUZHU:LJrz + bntty, 1051 — @byt vy — bkn—luzfﬂ;}fl)
for n = 1,2,..., where a and b are real numbers (here above we also assume that u_; =

ug = v—1 = vg = 0). This choice of A and B corresponds to the so-called GOY-model
(see, e.g., [29]). If we take

[B(u,v)],, = —i (akpi 11}, 4 1Vnt2 + bkptl _n 41 + akn1Up—10n—2 + bkp_1uUp—20n_1) ,

then we obtain the Sabra shell model introduced in [25]. In both cases the equation (2.1)
is an infinite sequence of ODEs.

One can easily show (see [1] for the GOY model and [10] for the Sabra model) that the
trilinear form

(B(u,v),w) = Re Z[B(u, V)] wy,
n=1

possesses the property (2.2) and also satisfies the inequality
[(B(u,v), w)| < Clu||AY?v||w|, Yu,w e H, Yuve Dom(AY?).

Thus by Remark 2.1(1) the condition (C1) holds with H = Dom(A?®) for any choice of
s € [0,1/4].
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We can also consider the so-called dyadic model (see, e.g., [20] and the references therein)
which can be written as an infinite system of real ODEs of the form

Oty + VA2, — A”u%,l + XNt = fn, n=1,2,..., (2.21)

where v,a > 0, X > 1, ug = 0. Simple calculations show that under the condition
a > 1/2 the system (2.21) can be written as (2.1) and that condition (C1) holds for
[B(u,v)]n = —A"Up_10n—1 + N uy v41 and (Au), = v A2 u,,.

2.2. Stochastic model. We will consider a stochastic external random force f of the
equation in (2.1) driven by a Wiener process W and whose intensity may depend on the
solution u. More precisely, let @@ be a linear positive operator in the Hilbert space H which

belongs to the trace class, and hence is compact. Let Hy = Q%H . Then Hy is a Hilbert
space with the scalar product

(6,9)0 = (Q2¢, Q™ 2%), Ve, v € Ho,

together with the induced norm |- |y = 1/(+,*)o. The embedding i : Hy — H is Hilbert-
Schmidt and hence compact, and moreover, ¢ i* = Q). Let Lo = Lo(Hy, H) be the space

of linear operators S : Hy — H such that SQ% is a Hilbert-Schmidt operator from H to
H. The norm in the space L¢ is defined by |S|%Q = tr(SQS*), where S* is the adjoint
operator of S. The Lg-norm can be also written in the form

1S[7, = tr([SQYZ)SQY") = > 1SQV 2> = D |[SQY T wnl*  (2.22)
k=1 k=1
for any orthonormal basis {¢y} in H.
Let W(t) be a Wiener process defined on a filtered probability space (2, F,F:, P),
taking values in H and with covariance operator ). This means that W is Gaussian, has
independent time increments and that for s,t > 0, f,g € H,

E(W(s), f) =0 and E(W(s),f)(W(t),9) = (s A1) (Qf,9).

We also have the representation

n
W(t) = lim Wa(t) in L*(Q; H) with Wa(t) = > 4)*;(t)e;, (2.23)
where [3; are standard (scalar) mutually independent Wiener processes, {e;} is an or-
thonormal basis in H consisting of eigen-elements of @, with Qe; = gje;. For details
concerning this Wiener process we refer to [11], for instance.

The noise intensity o : [0,T] x V' — Lg(Hy, H) of the stochastic perturbation which we
put in (2.1) is assumed to satisfy the following growth and Lipschitz conditions:

Condition (C2): o € C([0,T] x V; Lo(Ho, H)), and there exist non negative constants
K; and L; such that for every t € [0,T] and u,v € V:

(1) ot w)lZ, < Ko+ Kilul? + Kalul]?,

(ii) lo(t,u) — o(t,)[3, < Lilu — v|* + Lafu - v|*.

Remark 2.2. Assume that o € C([0,T] x Dom(A*); Lg(Ho, H)) for some s < 1/2 is such
that

lo(t,u)lZ, < Ko+ KilA%uP,  |o(t,u) —o(t,v)[], < L'|A(u—)
for every ¢ € [0,7] and u,v € Dom(A®) with some positive constants K|, K1 and L’. By
interpolation we have that:

|ASul? < n|AY2u)? + Cylul®>, ¥Yn>0,ueV.
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Therefore in this case the conditions in (C2) are valid with positive constants Ky and Lo
which can be taken arbitrary small. This observation is important because in Theorem 3.1
below we impose some restrictions on the values of the parameters Ko and Lo.

Recall that for v € V, B(u) = B(u,u). Consider the following stochastic equation
du(t) + [Au(t) + B(u(t)) + Ru(t)] dt = o(t, u(t)) dW (¢). (2.24)

For technical reasons, in order to prove a large deviation principle for the law the solution
to (2.24), we will need some precise estimates on the solution of the equation deduced
from (2.24) by shifting the Brownian W by some random element (see e.g. [31] and [13]).
This cannot be deduced from similar ones on u by means of a Girsanov transformation
since the Girsanov density is not uniformly bounded when the intensity of the noise tends
to zero (see [13]). Thus we also need to consider the corresponding shifted problem.

To describe a set of admissible random shifts we introduce the class A as the set of
Hy—valued (F;)—predictable stochastic processes h such that fOT |h(s)|3ds < o0, a.s. Let

T
Sy = {h € L*(0,T; Hy) : / |h(s)|3ds < M}.
0

The set Sy endowed with the following weak topology is a Polish space (complete separable
metric space) [4]: di(h k) = > 5% 5 fOT (h(s) — k(s),éi(s))ods}, where {€;(s)}3°, is an
orthonormal basis for L2(0, T’; Hp). Define

Ay ={h € A: h(w) € Sy, a.s.}. (2.25)

In order to define the stochastic control equation, we introduce another intensity coefficient
& and also nonlinear feedback forcing R (instead of R)? which satisfy

Condition (C3):
e (i) 6 € C([0,T] x V; Lg(Ho, H)) satisfies Condition (C2) with similar constants
K;, and [ij, fori=1,2,3, j = 1,2 instead of K; and L;.
e (ii) R:[0,T] x H — H 1is a continuous mapping such that
|R(t,0)] < Ry, |R(t,u) — R(t,v)| < Ri|u—v|, Yu,ve€ H, Vte[0,T],

for non-negative constants Ry and R;.

Let M > 0, h € Ay and € € H. Under Conditions (C2) and (C3) we consider the
nonlinear SPDE with initial condition uy(0) = &:

dup, () + [Aup (8) +B (un () + R(t, up ()] dt = o (t,up(t)) AW () +6 (¢, up(t))h(t) dt. (2.26)

3. WELL POSEDNESS AND A PRIORI BOUNDS

Fix T > 0 and let X := C([0,7]; H) N L*(0,T;V) denote the Banach space with the
norm defined by
T 1
fulx = { sup Ju(o) + [ us)|ds} (3.1)
0<s< 0
The aim of this section is to prove that equation (2.24), as well as (2.26), has a unique

solution in X, and to provide a priori bounds for the X norm of the solution uy, to (2.26)
only depending on M when h € Aj;. Recall that an (F;)-predictable stochastic process

2We need this generalization R of the operator R to make some preparations for further considerations
related to the support theorem for the system considered.
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up(t,w) is called a weak solution in X for the stochastic equation (2.26) on [0,7] with
initial condition ¢ if u € X = C([0,7]; H) N L%((0,T); V), a.s., and satisfies

(un(t),v) = (§,0) + /0[<uh(8)w4v>+< (un(s)), v) + (R(s, un(s)), v))ds
:/ (U(s,uh(s))dW(s),v)—i—/ (5(s,un(s))h(s), v)ds, as.,
0 0

for all v € Dom(A) and all t € [0,7]. Note that this solution is a strong one in the
probabilistic meaning, that is written in terms of stochastic integrals with respect to the
given Brownian motion W. The main result of this section is the following

Theorem 3.1. Assume that Conditions (C1)-(C3) are satisfied. Then for every M >0
and T > 0 there exists K2 = Ko(T, M) > 0, (which also depends on K;, K; and R;,
i = 0,1, and on Ky if Ky # Ks) such that under conditions E|¢[* < oo, h € Ay,
Ky € [0,Ks[ and Ly < 2 there exists a weak solution uy, in X of the equation (2.26)
with initial data up(0) = £ € H. Furthermore, for this solution there exists a constant
C = C(Ki,Li,fQ,I:Z-,Ri,T, M) such that for h € Ay,

T T
B( s [w O + [ lu@Pde+ [ fn@lia) <c o+ 62

0<t<T

If the constant Lo is small enough, the equation (2.26) has a unique solution in X. If one
only requires Lo < 2, then equation (2.26) has again a unique solution in X if either & = o,
or if the function h possesses a deterministic bound, i.e., there exists a (deterministic)
scalar function 1 (t) € L*(0,T) such that |h(t)|o < ¥(t) a.s

The proof is similar to that given in [13] for 2D Boussinesq model (2.16) and (2.17)
(see also [31] for the case of 2D Navier-Stokes equations (2.9)). To lighten notations, we
suppress the dependence of o, & and R on t. Let F : V — V' be defined by

F(u) = —Au — B(u,u) — R(u), Yu€eV.

The inequality (2.8) implies that any n > 0 there exists C), > 0 such that for u,v € V,

(F(u) = F(v), u—=2v) < =1 =n)llu—ol® + (R + Cylvl3) [u — v]*. (3.3)
Let {¢n}n>1 be an orthonormal basis of the Hilbert space H such that ¢, € Dom(A).
For any n > 1, let H, = span(¢1, -+ ,¢n) C Dom(A) and P, : H — H, denote the
orthogonal projection from H onto H,, and finally let o, = P,,0 and &,, = P,,6. Since P,
is a contraction of H, from (2.22) we deduce that \Un(u)ﬁ:Q < |0(u)|%@ and |6n(u)|%Q <
G2,

For h € Ay, consider the following stochastic ordinary differential equation on the
n-dimensional space H,, defined by u, ,(0) = P&, and for v € Hy:

d(un,h(t)a U) = [<F(un,h(t))v U> + (5(un,h(t))h(t)7 U)] dt + (U(un,h(t))dwn(t)7 v)v (3'4>
where W,,(t) is defined in (2.23). Then for k=1, --- , n we have

d(unn(t), or) = [(F(Unh( ))s k) 4 (6 (tnn(£)R(1), or)] dt

+qu o (unn(t))ej , r)dB;(t).

Note that for v € H,, the map u € Hn — (Au+ R(u), v) is globally Lipschitz, while using
(2.7) we deduce that the map u € H, — (B(u), v) is locally Lipschitz. Furthermore,
since there exists some constant C(n) such that [jv]| < C(n)|v| for v € H,, Conditions
(C1) and (C2) imply that the map u € Hy, — ((on(w)ej, ¢r) : 1 < j,k < n), respectively
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u € Hy — ((Gn(w)h(t), ¢r) : 1 <k < n), is globally Lipschitz from H, to n x n matrices,
respectively to R™. Hence by a well-known result about existence and uniqueness of
solutions to stochastic differential equations [21], there exists a maximal solution u, j =
Y ey (Unp gok) ¢, to (3.4), i.e., a stopping time 7, ;, < T" such that (3.4) holds for t < 7, ,
and as t 1 7, < T, |upp(t)] — oo.

The following proposition shows that 7, ;, = T" a.s. It gives estimates on u,, ;, depending
only on T, M, K;, L; and E|¢[?", which are valid for all n and all K3 € [0, K3] for some
K, > 0. Its proof depends on the following version of Gronwall’s lemma.

Lemma 3.2. Let X, Y, I and ¢ be non-negative processes and Z be a non-negative
integrable random variable. Assume that I is non-decreasing and there exist non-negative
constants C, «, 8,7, with the following properties

/T o(s)ds < C a.s., 28e¢ <1, 26e% < a, (3.5)
0
and such that for 0 <t <T,
Xt)+aY(t) < Z+ /t o(r) X(r)dr +I(t), a.s., (3.6)
0
E(I(t)) < BE(X({))+ ’Y/O E(X(s))ds + 6 E(Y (1)) + C, (3.7)

where C > 0 is a constant. If X € L=([0,T] x ), then we have
E[X(t) +aY (t)] <2 exp (C+2tve”) (E(Z)+ C), te0,T]. (3.8)
Proof. Let ®(t) = fg ©(r) X (r)dr. Ignoring Y in (3.6) we get that for almost every ¢
d

Z0(1) —p()2(1) < p(1)[Z + (1))

Thus integrating and using the monotonicity of () we obtain that for every t € [0, T,
B(t) < /O t 0(s) [Z + I(s)] els @ gs < [Z + I(t)] [efé p(r)dr _ 1} .
Consequently (3.6) and (3.5) yield
X(t) +aY () < [Z+ I(t)] el ¢ < (7 4 1(1)] € as.
Taking expected values and using (3.7) and (3.5), we deduce

t
E(X(t) +aY (1)) < 2e° [E(Z) + C] + zfyec/ EX (r) dr.
0
As above this implies

2 e’ /OtEX(r) dr < 2eC [E(Z) + C] {6276% — 1}

for t € [0, T, which leads to (3.8). O

Proposition 3.3. Fiz M > 0, T > 0 and let Conditions (C1)-(C3) be in force. For
any integer p > 1 there exists Ko = Ko(p, T, M) (which also depends on K;, K; and
Ri, i = 0,1, and on Ko if Ko # Ks) such that the following result holds. Let h € Ay,
0< Ky <Ky and & € L?(Q, H). Then equation (3.4) has a unique solution on [0,T] (i.e.
Tnn =T a.s.) with a modification u, , € C([0,T], Hy,) and satisfying

T
SupEE ( sup_fun (1) + / it ()12 [n 1 ()P0 Vds ) < C(BIEP +1)  (3.9)
n 0<t<T 0
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for some positive constant C (depending on p, K;, Ki, R;, T, M).

Proof. Let uy (t) be the approximate maximal solution to (3.4) described above. For
every N > 0, set
™ = inf{t : |un,h(t)| > N} ANT.
Let II, : Hy — Hp denote the projection operator defined by IL,u = >°}_; (u, ek) €k,
where {eg, k > 1} is the orthonormal basis of H made by eigen-elements of the covariance
operator () and used in (2.23).
It6’s formula and the antisymmetry relation in (2.2) yield that for ¢ € [0,T7,

tATN

[unn(t ATN)I? = | Pkl + 2/Ot/\TN(Un(un,h(s))de(s)7un,h(s)) - 2/0 [OIRE

_ 2/0 TN(R(un,h(s)) — G (U (8))A(5), Un,p(s)) ds +/O TN|0'n(“n,h(8)) Moz ds
(3.10)

Apply again It6’s formula for f(z) = 2P when p > 2 and z = |u,, 4(t A 7v)|?. This yields
for t € [0,7], and any integer p > 1 (using the convention p(p — 1)zP~2 =0 if p = 1)

tATN
|Un,h(t/\TN)|2p+2p/ [t (1) PP g () [P dr <[P+ Y Ty(t), (3.11)
0 1<5<5

where

16 = 2 [ Rot Rl ) s

) = 2| / (7 (utn (1)) AW (1), (1)) ()P,
10 = 20 [ 1Gn(ma) B ) (P
10 = o [ lonunalr)) Tl L)V,

tATN
1) = 2o=1) [ W (1) 0 i ()P
0
Since h € Ay, the Cauchy-Schwarz inequality, condition (C3) and the fact that

lo (Wl 2ty = llo™ (Wl e, < lo(w)lrg, (3.12)
imply that

156 2 [ (VR VR 0] R ) Il 4

P tATN 5 9 1 _ IATN 5 5
< [ s b PV dr ot 2p R [ 0 (1)
0 0

- IATN . tATN
+2p\/K1/O |h(7")|0|Un,h(7“)|2pd7“+2p\/Ko/0 () ol w1, (r) [P~ dr

Therefore using the inequality [u[?*~! < 1+ |u|?” to bound the last term, we obtain

tATN = t
L0 < 5 [ a0 )P0 dr 20Ky [ 1ol
0 0

+ 2p /OWNK\/I?O + \/;1> [h(1)]o + f(2|h(r)|3] |t 1 ()| ?Pdr. (3.13)
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Using condition (C2) and also (3.12) and (2.22), we deduce that
tATN
Tu(t) + T5(t) < (20" — p) K2 / o, (P2 [t () 2070
0
tIATN
4@ =) [ (Kalun) P+ Koluns (0P ) ar
0
tATN
<P -p K [ L) ()P0 ar
tATN
e / (Ko + (Ko + K1) [un ()] dr.
0
Consequently (3.11) for Ko < (4p — 2)~! yields
tATN
unnt AT+ [ ()P )
0

T tIATN
< Pl + ¢, {(Ko + Ro) T + \/EO/O |h(r)|gdr] + /O (1) [t p ()P dr + I(t)

for ¢t € [0,T], where I(t) = supg<.<; |T2(s)| and

o) =y (Ro+ Bt Ko 8+ [ Ro R | 100l + Ralh))

for some constant ¢, > 0. The Burkholder-Davies-Gundy inequality, (C2) and Schwarz’s
inequality yield that for ¢t € [0, 7] and 8 > 0,

D=

810 =E( sup 1)) < 602 [l (7)) Tl

0<s<t

9 2K tATN B
<OB(_swp fenn@P?) + L2 E [ funa)|P una ()P0
0<s<tATy p 0
2 K K tIATN 2K
+ 9p(0+1)E/ |t 1o ()| 2P + ko (3.14)
p 0 5
Thus we can apply Lemma 3.2 for
tATN
X(t)= sup Jupp(s)[?, Y(t)= / et ()12 e, o () P®~ D (3.15)
0<s<tATN 0

All inequalities for the parameters (see (3.5)) can be achieved by choosing K small enough.
Thus there exists Ko such that for 0 < Ky < K9 we have

TN
apB( s [+ [ ()l [ (I ds) < €

0<s<7tn

for all n and p, where the constant C(p) is independent of n. )
Note that the previous bound K» depends on K». If one sets Ko = Ko, one may slightly
change the proof by replacing the inequality in (3.13) by the following

tATN
Ty(t) < pK: /O et (P11 et () 22

va [ N[ Rolnlo+ ( |V/Eo+y/Ra | 100)l + 110 ) (0]

Now we are in position to conclude the proof of Proposition 3.3. As N — oo, 7x T Ty 1,
and on the set {7, < T}, we have supy<s<,, |Un,n(s)| — co. Hence P(7,, < T) = 0 and
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for almost all w, for N(w) large enough, Ty, (w) = T and u,4(.)(w) € C([0,T], H,). By
the Lebesgue monotone convergence theorem, we complete the proof. O

Remark 3.4. If the control (shift) function h admits a deterministic bound 1 (t) from
L?(0,T), then we can improve Proposition 3.3 in the way that the constant Ks would
only depend on p. The point is that in this case we do not need to apply a two steps
procedure in the Gronwall type argument (see Lemma 3.2). In this case the function ¢
is deterministic. Therefore by taking first sup, in (3.11) and then taking expected values,
we obtain that for X and Y given by (3.15):

¢
(1-PB)EX(t)+ (3?]3 — ¢y 3K EY (t) < E|Pyé|* + ¢, 5T + cpﬁ/go(r)EX(r) dr
0

for t € [0, 7] and for arbitrary 3 > 0. Choosing 3 = 1/2 and K> such that 3p/2—c, 32 > 0
after application of the standard Gronwall lemma, we obtain the desired result.

We now prove the main result of this section.
Proof of Theorem 3.1:
Let Qr = [0,T] x Q be endowed with the product measure ds ® dP on B([0,T]) ® F. Let
K5 be defined by Proposition 3.3 with p = 2. The inequalities (3.9) and (2.3) imply that
for Ko € [0, K3] we have the following additional a priori estimate

T
supIE/ unn(s)||3ds < Ca(1 +E[E[*). (3.16)
n 0

The proof consists of several steps.

Step 1: The inequalities (3.9) and (3.16) imply the existence of a subsequence of
(Un,h)n>0 (still denoted by the same notation), of processes

up, € X := L*(Qp, V)N LY(Qp, H) N LY, L([0, T, H)),

Fy € L*(Qr, V') and Sy, S, € L?(Qr, Lg), and finally of random variables i, (T) €
L?(Q, H), for which the following properties hold:
(i) wnp — up weakly in L2(Qp, V),
(ii) upp — up weakly in L4 (Qr, H),
(iii) wp,p is weak star converging to uy, in L4(Q, L*>([0,T), H)),
(iv) wp n(T) — p(T) weakly in L?(2, H),
(v) F(unp) — Fy, weakly in L?(Qp, V'),
(vi) on(tnn)l, — Sk weakly in L*(Qr, Lg),
(vii) Gy (tnp)h — Sy in the o(LY(Qp, H), L=(Qr, H)) topology

Indeed, (i)-(iv) are straightforward consequences of Proposition 3.3, of (3.16), and of
uniqueness of the limit of E fOT (un,n(t),v(t))dt for appropriate v. Furthermore, given v €
LQ(QT,V) we have Av € L?(Qp,V'). Since for u,v € L*(Qr, V), EfOT<Au(t), v(t)) dt =
E fo ), Av(t)) dt,

T
E/O (A 1 (1), dt—>/ (Aup(t), v(t)) dt. (3.17)

Using (3.9) with p = 2, (2.4), (3.16), condition (C3), the Poincaré and the Cauchy-Schwarz
inequalities, we deduce

n

T
sup E /0 (Bt (1)), 0(8)) + (Rt (1)), 0(8))|

T T T
< Cj sup {]E/ Hun,h(t)llélﬁE/ |un,h(t)|2dt} + CzE/ (1+ [[o(®)]1*)dt
n 0 0 0
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T
< Cs <1+E|§4+E/ Hv(t)Hth> < +oo.
0

Hence { B(un p(t))+R(unpn(t)), n > 1} has a subsequence converging weakly in L2(Qg, V'),
which proves (v).
Since II,, contracts the | - | norm, (C2), (2.22) and (3.9) for p = 2 prove that (vi) is a
straightforward of the following
T T
supE/ |0n(un7h(t))ﬂn|%th < KoT + SupE/ (Kl\un’h(t)\Q + K2||un,h(t)\|2) dt < oo.
n 0 n 0

Let A denote the Lebesgue measure on [0,7]. We finally check that for h € Ay, the
sequence (‘&”(u”vh)‘LQ |hlo, m > 1) is uniformly integrable on Qr with respect to the

measure A® P, and hence relatively compact for the weak topology on L!(Qr). Let o €0, 1]
and for any N > 0 set C(NV) = Ni. Then if A(n,N) = {(s,w) € Qr : |h(s)|o |unn(s)] >
N}, we deduce that

T
T(n,N) :=E / Lago)[(8)lo lmn()]] ds < Ti(n, N) + Ta(n, N),
0
where

T
Ty(n,N) = E /0 Lntoyosc ()0 uma(s)]] ds,

T
Ty(n,N) = C(N)'"“E /0 Loy |1(3) 13 [t (3)]] ds.

Since |h(.)]3 € LY(Q7), it is uniformly integrable. Schwarz’s inequality and (3.9) with
p =1 yield

T 1
Ti(n,N) < (IE/O 1{h(s)|0>C(N)}h(s)’%d‘S)Q(E/O

so that limy oo sup,>1 T1(n, N) — 0. The same computations as in the proof of Step 1
in Theorem 3.1 in [13] prove that

r ;
Jttn n(s) %) .

T 1+a

Ty(n,N) < CN~'3° (MIEJ/ i (s)]%ds)
0

We obtain limy o sup,>; T2(n, N) — 0, which completes the proof of the uniform inte-
grability of (|h|o ||u®||)n. Condition (C3) yields that the sequence (|5n(un7h) ‘LQ |hlo;n > 1)
is uniformly integrable with respect to A ® P; this completes the proof of (vii).

Step 2: For § > 0, let f € H'(=§,T + §) be such that || f|lw = 1, f(0) = 1 and for
any integer j > 1 set g;(t) = f(t)p;, where {¢;};>1 is the previously chosen orthonormal
basis for H. The It6 formula implies that for any j > 1, and for 0 <t < T,

4
(wn (1), g3(T)) = (unn(0), g;(0)) + D I 4., (3.18)
=1
where

T T
I, = /0 (unn(s), o) f'(5)ds, T2, = /0 (0t () TV (5), g5 (5)),

T T
13, = /0 (Flunp(s),g5(s))ds, I, = /0 (6 1t ())(3), 95 (s)) .



16 I. CHUESHOV AND A. MILLET

Since f’ € L?([0,T]) and for every X € L*(Q0), (t,w) — ¢;X(w) f'(t) € L*(Qr, H),
(i) above implies that as n — oo, I}l E = fo up(s), i) f'(s)ds weakly in L?(€2). Similarly,
(v) implies that as n — oo, In p = fO (F1(s), gj(s))ds weakly in L?(€2), while (vii) implies

that I, , — fo (Sh(s), gj(s))ds in the o(L*(2), L>()) topology.
To prove the convergence of I2,, as in [31] (see also [13]), let Pr denote the class of
predictable processes in L?(Qr, LQ (Ho, H)) with the inner product

T T
(G, T)py =E /0 (G(s), I(s)) , ds = E /0 trace(G(s)QJ(s)")ds

The map 7 : Pr — L2*(Q) defined by 7(G)(t) = fOT (G(s)dW (s),g;(s)) is linear and
continuous because of the Itd isometry. Furthermore, (vi) shows that for every G € Pr,
as n — 00, (o (unn)Ily, G)PT — (Sh, G)p, weakly in L(9).

Finally, as n — oo, P,§ = uj, 1,(0) — £ in H and by (iv), (un,n(T), g;(T)) converges to
(an(T), g;(T)) weakly in L?(2). Therefore, as n — oo, (3.18) leads to

T T
(an(T), ;) F(T) = (& ;) +/0 (Uh(8)7¢j)f'(3)d8+/0 (Sn(s)dW (s),g;(s))
T T
—i—/o (Fh(s),gj(s)>ds+/0 (Sh(s),gj(s))ds. (3.19)

For § >0, k> 1,t€[0,T], let f € H'(—6,T + &) be such that || fy]oc =1, fxr =1 on
(=o,t — %) and f;, =0 on (t,T + 5). Then f, — 1(_sy) in L%, and f; — —&; in the sense
of distributions. Hence as k — oo, (3.19) written with f := fj yields

0= (¢ un(t), ) + /O (Sh(s)dW (s), ;) + /0 (Fn(s), pj)ds + /0 (n(5). ;) ds

for almost all ¢ € [0,7]. This relation makes it possible to suppose (after some modifi-
cation) that up(t) is weakly continuous in H for almost all w € ). Now note that j is

arbitrary and EfOT |Sh(s)|%st < 00; we deduce that for 0 <t < T,

t ¢ b
:§+/0 Sh(s)dW(s)+/0 Fh(s)d5+/0 Sh(s)ds € H. (3.20)

Moreover fo Fp(s)ds € H. Let f = 1(_s11s); using again (3.19) we obtain

T T
25—1—/0 Sh(s)dW(s)—i—/O Fh(s)ds—i—/o Sh(s)ds

This equation and (3.20) yield that 45 (T") = up(T) a.s.
Step 3: In (3.20) we still have to prove that ds ® dP a.s. on Qp, one has
Su(s) = o(un(5)), Fu(s) = F(un(s)) and Sy(s) = & (un(s)) h(s).
To establish these relations we use the same idea as in [31]. Let
veX=LYQr,H)N L4(Q,L°°([O,T], H))nL*(Qr, V).

Suppose that Ly < 2 and let 0 < n < 2=L2: for every ¢ € [0, T, set

t ~
~ L
r(t) = / |2 R+ 2C lo(s) [+ i+ 2y Lalh(s)lo + )] s 321)
0
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where (), is the same function of 1 as in (3.3). Then almost surely, 7(t) < oo for all
t € [0,T]. Moreover, we also have that

re LYQ,L®0,T)), €L (Qr), re"ecL>Q,L'0,T)). (3.22)
Weak convergence in (iv) and the property P,§ — £ in H imply that
E(Jun(T)[2 e~ ™)) — E|¢[? < lim inf [E(|un7h(T)\2 e (M) - E\Pngﬂ . (3.23)

We now apply Ité’s formula to |u(t)[?e " for u = uj, and u = w, . This gives the
relation

T T
E(ju(T)? e "™ — Efu(0)|? = IE/O O {[u(s)?} — E/O v (5)e ") [u(s)|2ds,

which can be justified due to (3.22) and the property |u[? € L'(Q, L>°((0,T)). Using
(3.20), (3.4) and letting u = v + (u — v) after simplification, from (3.23) we obtain

T
E/O e [ =7 (s){ Jun(s) — v(s)|* + 2(un(s) — v(s), v(5))} + 2(Fp(s), un(s))
+ 190 (5)[7 +2(Sh(s), un(s))] ds < lim inf X, (3.24)

r 2
X, = /0 e ") [ — T’(s){ ‘umh(s) — v(s)| + 2(un7h(s) —v(s), v(s))}
+ 2(F (un,n(5)), tn,n(5)) + lon(unn() L, +2(6 (unn())h(s) , wn(s))] ds.
The inequalities in (3.3), (C2), (C3), and also (3.21) and Schwarz’s inequality imply that
T
Vi B[O =5 unats) = ol
+ 2(F (un,n(s)) — F(v(s)), un,n(s) —v(s)) + |0’n(un,h(8)) I, — o (v(s)) alZ,,
+2({6n (tnn(5)) = Fn(v(s))} h(s), tn p(s (s))}ds <0. (3.25)

Furthermore, X, = Y, + Y7, Zi, with

T
2 = B [ 77O =2 (5) 1 (9) = 0(5).(5) + 24 (5)). ()
+ 2(F(v(8)), unn(s)) — 2(F (v(s)),v(s)) + 2(0n(tnp (), , o(v(s )LQ

+ 2(Gn(un,n(s)) h(s),v(s)) + 2(3(v(s)) h(s), unn(s)) = 2(Pud (v(s))h(s),v(s ))] 8,
2 T 2
72 = ]E/O e () [2<0n(un,h(3))nm ([o(v(s) — U(U(S)))> - \Pna(”(s))nnh@}ds'

Lo
The weak convergence properties (i)-(vii) imply that, as n — oo, Z} — Z! where
T
VAR E/O e T(s) [ —2r'(s) (un(s) — v(s),v(s)) 4+ 2(Fu(s),v(s)) + 2(F(v(s)), un(s))
— 2(F(v(s)),v(s)) +2(Sn(s) , o(v(5))) 1, + 2(Sn(s), v(s))
+2(5(v(s)) h(s),un(s)) —2(a(v(s)h(s),v(s)) | ds. (3.26)

As for Z2 we note that the Lebesgue dominated convergence theorem implies that

T
IE/ e "o (v(s)) (I, — IdHO)|%Qd5 —0 as n — oo.
0
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Using once more the dominated Lebesgue convergence theorem, we deduce that
T
zZ2 — —E/ e_T(S)\a(v(s))|%Qd8 as n — oo. (3.27)
0

Thus, (3.24)-(3.27) imply that for any v € X,
T
B [ e O{ = 9)lunls) — o) + 2Fu(5) ~ Fo(s),unls) o)
0

+1Su(s) — o(v(s)[3, + 2<§h(s) — 5 (u(s)h(s) , un(s) — v(s)) }ds <0.  (3.28)

Let v = up, € X; we conclude that Sp(s) = o(up(s)), ds ® dP a.e. For A € R, v €
L>*(Qp, V), set vy = up — A ; then it is clear that vy € X. Applying (3.28) to v := vy
and neglecting |o(up(s)) — o 11)\( ))]L , yields

E/Teﬂ“@[—A%&@MM@F+2A{uaw»—wa@»@@»
0
n (Sh(s) — & (ua(s))h(s), 17(5)) H ds < 0, (3.29)

where r,(s) is given by (3.21) with vy instead of v. Using (C3) we obtain

T
IE/ e | ([6(va(5)) — & (un(s))] h(s), (s))|ds
0

smp[ o [6(s) (thu¢| )Mao

as A — 0. Hence, by the dominated convergence theorem,

1mnEATanw%5M@—ﬁuu@»m@,aﬁ)@

A—0

T
—E /0 e~To(®) (Sh(s) — 5 (up(s))h(s) @(s))ds.
Furthermore, (3.3) yields for A # 0 and s € [0, 7]
[(F(va(s)) = F(un(s)), 0(s))| < CIA[[5(s)]* + 15(3) 1 + [5(s) [ lun(s)]7] -
Thus we deduce as A — 0,
T T
B[ OB s) = Flun(9).0(s))ds = B [ e OF () = Flun(s)),5(5) s

Thus, dividing (3.29) by A > 0 (resp. A < 0) and letting A — 0 we obtain that for every
o € L*>®(Qr, V), which is a dense subset of L?(Qr, V),

T
E/O e~o() [<Fh(s) — F(up(s)), 9(s)) + (Sh(s) — &(un(s))h(s), f)(s))} ds = 0.

Hence a.e. for ¢t € [0,T7], (3.20) can be rewritten as

up(t) =¢& —i—/o o(up(s))dW (s) —i—/o [F(un(s)) + & (un(s))h(s)]ds. (3.30)

Furthermore, (i)-(iii) imply that
T

E( [ lun(®)]?dt)
0

E( sup [un(®)') < swpB( sup Junn(®)') <C (1+ B,
0<t<T n 0<t<T

IN

T
SWE/IMm@WﬁSC@+EW%
n 0

IN
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T

T
E(/O lun(®)lf dt) < s%pla/o lunn(Olf dt < C(L+EEY). (331

This completes the proof of (3.2).

Step 4: Now we prove that u;, € C([0,7T], H) almost surely. We first note that (3.30)
ylelds that e 94w, € C([0,T], H) a.s. for any 6 > 0. Indeed since for ¢ > 0 the operator

~94 maps H to V and V' to H, we deduce that e 94 [; F(un(s)) ds belongs to C([0,T], H).
Condltlon (C3) implies that e~%4 J5 5 (un(s)) h(s)ds also belongs to C([0,T], H). Finally,
condition (C2) implies EfOT]e*‘;AJ(uh)(s)\%Q ds < +oo. Thus [;e %o (up(s))dW(s)
belongs to C([0,T],H) a.s. (see e.g. [11], Theorem 4.12). Therefore it is sufficient to
prove that

lim E { sup |up(t) — eMuh(t)|2} = 0. (3.32)
6—0 0<t<T

Let Gs = Id — %4 and apply Itd’s formula to |Gsuy(t)|?. This yields
Gsun(t)® = |Ge€]” —2/|]G5unh( )|[Pds + 21(t /lGaa un(s))IZ, ds
+2 / (B(un(s)) + R(un(s)) + & (un(s))h(s), GFup(s)) ds,  (3.33)

where I(t fo (Gso(un(s))dW (s),Gsun(s)). By the Burkholder-Davies-Gundy and
Schwarz 1nequaht1es we have

T 1/2

E sup |I(t)] < CE (/0 \G(;uh(s)IQ\GgU(uh(s))\%st>

0<t<T

1 5 C? T 2
< —E sup |Gsup(t)|* +——E \Géa(uh(S)”LQ ds.
2 o<i<T 2 Jo

Hence for some constant C, (3.33) yields

T
E sup |Gaun(t)? < 2|G5£\2+C]E/ Gsor(un(s)) 2, ds
0<t<T 0

T
+ 4IE/0 ‘<B(Uh(8))+R(uh(8))+&(uh(s))h(s),G§uh(s)>’ ds.

Since for every u € H, |Gsu| — 0 as § — 0 and sups~ |Gs|r(g,m) < 2, we deduce that

if {¢} denotes an orthonormal basis in H, then |Gso(up(s))QY?¢r|?> — 0 for every k.
Therefore

|Gso(un(s !LQ Z\GW un(s) Q2> = 0 as 6 — 0

for almost all (w, s) € Q x [0,T]. Slnce

ZUE|G5U(uh)|LQ = SUPZ G0 (un)Q*@r|* < Clo(un)fi,, € L'(Q x [0,T)),
>

the Lebesgue dominated convergence theorem implies that E f; |G50(uh(s))|%st — 0.

Furthermore, given u € V we have ||G3ul| — 0 as § — 0. Hence (B(up(s)) + R(up(s)) +
5 (un(s))h(s), G3up(s)) — 0 for almost every (w,s). Therefore, as above, the Lebesgue
dominated convergence theorem concludes the proof of (3.32).
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Step 5: To complete the proof of Theorem 3.1, we show that the solution uj to (3.30) is

unique in X := C([0,T], H) N L([0,T],V). Let v € X be another solution to (3.30) and
T~ =inf{t > 0: |up(t)| > N} Ainf{t > 0: |v(t)| > N} A T.

Since |up(.)| and |v(.)| are a.s. bounded on [0, 7], we have 7y — T  a.s. as N — oo.
Let U = up, — v. By Itd’s formula we have

=0l N Il OB 7 (4 )2 = /0 o (s)ds + O(t A Ty), (3.34)
where
U(s) = e~ o lan®Idar [ gl (5)]|14 U ()2
—2[|[U(s)II” = 2{B(un(s)) — B(v(s)),U(s)) + |o(un(s)) — a(v(s))7,
+2([6(un(s)) — 3(v(s)]h(s),U(s)) = 2(R(un(s)) = R(v(s)),U (s))}
and

O(7) =2 /OT e o I Er (T (s), [ (i (5)) — o (v(s))] AWV (5)).

Now we set a = 2C,, where C, is defined by (2.8). Then using (2.8) and Conditions (C2)
and (C3) we obtain that for some non negative constant C'(n) which depends on 7 and is
independent of Lo,

W(s) < em o IOl | (2 — 3y — Lo) U (s)?

+ <2R1 + L1+ [;72‘/7/(8)% + 2 \/Eﬂh(s)’o) |U(5)‘2]
< e~ Jo llun()lIz dr [ — (23— La)[U()* + C(n) (1 + |h(s)]5) \U(S)P} (3.35)

First consider the case of a general (random) control function h. Below we use the notations

SAT ZA s
xX(t) = sup {em i IO (s n 7y 2 Y(t)—/ eI It I 3r | 17 () |2,
0<s<t 0

Then it follows from (3.34) and (3.35) that
X(t)+(2=3n— L)Y (t) < C(n) /0 (1+ |h(s)[5) X (s)ds + 1(2),

where I(t) = supg<s<; |®P(s A7n)|. An argument similar to that used to prove (3.14),
based on the Burkholder-Davies-Gundy inequality, (C2) and Schwarz’s inequality, yields
that for ¢t € [0,7] and 8 > 0,
tATN . . 1/2
EI(t) < 6E [ [ e O ) o (5) — (w5 g
0

9Ly [* 9L
< BEX(t) + 71 EX (s)ds + %EY(t).
0
Now we are in position to apply Lemma 3.2. If we choose n = 1/3, 23 = exp{—C'(1/3)(T+

M)}, then (3.5) holds under the condition Lg (1 + 36 exp{2C(1/3)(T + M)}) < 1. There-
SAT

fore, since supp<y<r {e*afo N ”“h(T)”%dﬂU(s /\TN)\Q} < 2N, relation (3.8) implies that

EX(t) = 0 and, hence,

sup E {e_“f;

"N un () e (7 (5 A TN)|2} = 0. (3.36)
0<s<T
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Since limy_ 77 = T a.s., and by (3.31) we have a.s. fOT lun(s)||[3,ds < oo, we deduce
that |U(s,w)| = 0 a.s. on Qp. Thus, we conclude that uy(t) = v(t), a.s., for every ¢ € [0, T]
which yields the uniqueness statement in Theorem 3.1 for a general control function.

Suppose now that we only have Ly < 2 and that h possesses a deterministic bound
W(t) € L2(0,T); let n €]0, %] Then it follows from (3.34) and (3.35) that

3 »t/\TN 4
Vn(t) < C(n) / 1+ 1) Viv(s)ds - with  Viy(t) = e o™ Il 7t p 1) 2
0

Since the function s — [¢|? belongs to L'(0,T), we can apply the Gronwall lemma to
obtain (3.36) and to conclude the proof for the case considered.

Finally, let Ly < 2 and suppose & = o. For h # 0 let W, = W, + fg h(s)ds and let
P be the probability defined on (€, ;) by 4 = exp ( - fg h(s) dWs — %fot ]h(s)%ds).
The Girsanov theorem implies that W is a P Brownian motion with the same covariance

operator ). Furthermore, under P, one has
t

uh(t)zf—l—/o F(uh(s))ds—}—/o o (up(s)) dWis.

Thus the previous argument (with A = 0) implies that |U(s,w)| = 0 P a.s. on Qr, and
since P and P are equivalent, this completes the proof of Theorem 3.1. a

Remark 3.5. If the control (shift) function h admits a deterministic bound and ¢ and
o satisfies conditions in Remark 2.2, then Theorem 3.1 holds without any restrictions on
the bounds of ¢ and & (see Remark 3.4).

4. LARGE DEVIATIONS

We consider large deviations using a weak convergence approach [3, 4], based on vari-
ational representations of infinite dimensional Wiener processes. Let ¢ > 0 and let u®
denote the solution to the following equation

duf () + [AuS () + B(uf (1)) + R(t,uf (8))] dt = vEo(t,us (£)) dWy ,uf(0) = € € H.  (4.1)

Theorem 3.1 shows that for a any choice of Ko and L, for € small enough the solution
of (4.1) exists and is unique in X := C([0,7], H) N L*([0,T],V); it is denoted by u® =
G¢(/eW) for a Borel measurable function G* : C([0,T],H) — X.

Let B(X) denote the Borel o—field of the Polish space X endowed with the metric asso-
ciated with the norm defined by (3.1). We recall some classical definitions; by convention
the infimum over an empty set is +oo.

Definition 4.1. The random family (u®) is said to satisfy a large deviation principle on
X with the good rate function I if the following conditions hold:
I is a good rate function. The function function I : X — [0,00] is such that for
each M € [0,00[ the level set {¢ € X : I(¢) < M} is a compact subset of X.
For A e B(X), set I(A) = inf,ca I(u).
Large deviation upper bound. For each closed subset F' of X:
limsup elogP(u® € F) < —I(F).

e—0

Large deviation lower bound. For each open subset G of X:

lim inf0 elogP(u® € G) > —I(G).
e—
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For all h € L?([0,T], Hyp), let uj, be the solution of the corresponding control equation
(4.2) with initial condition wup(0) = &:

duh(t) + [Auh(t) + B(up(t)) + R(t,up(t))]dt = o (t, up(t))h(t)dt. (4.2)

Let Co = { J; h( : he LQ([O T, Hy)} C C([0,T)], Hy). Define G° : C([0,T], Hy) — X

by G%(g) = uy, for g = Jsh(s)ds € Cy and G°(g) = 0 otherwise. Since the argument below

requires some information about the difference of the solution at two different times, we
need an additional assumption about the regularity of the map o(., u).

Condition (C4) (Time Hélder regularity of o): There exist constants v > 0 and C' > 0
such that for ¢1,t2 € [0,7] and u € V:

o(trw) = otz u)| g < C (L+ ul) Jta — ta].

The following theorem is the main result of this section.

Theorem 4.2. Suppose the conditions (C1) and (C2) with Ko = Lo = 0 are satisfied.
Suppose furthermore that the conditions (C3 (ii)) and (C4) hold. Then the solution (uf)
to (4.1) satisfies the large deviation principle in X = C([0,T]; H)N L?((0,T); V), with the
good rate function

1 T )
1 nf = h ds . 4.3
e(w) = {heLQ(OTHO)lu Go(J; h( )}{2/0 IR (5)lo 3} (43)

We at first prove the following technical lemma, which studies time increments of the
solution to a stochastic control problem extending both (4.1) and (4.2). When o, ¢ and
R satisfy (C2) and (C3), h € Ay, the stochastic control problem is defined as in (2.26):
uf (0) = & and

duj (t) + [Auf, () + B(ug, (1)) + R(t,uf, ()] dt = VEo(t,uf(t) AWy + 6(¢,uf, (1)) h(t) dt.
To state the lemma mentioned above, we need the following notations. For every integer
n, let ¥, : [0,7] — [0,T] denote a measurable map such that for every s € [0,7], s <
Yn(s) < (s+ ¢27™) AT for some positive constant c. Given N > 0, h € Ay, and for
t €[0,7], let

G(t) = {w: (s (o) / i (s) @) |ds) < N}.

Lemma 4.3. Let €9, M, N > 0, 0 and & satisfy condition (C2) and (C3), £ € LA(H).
Then there exists a positive constant C (depending on K;, K;, L;, L;, T, M, N, &q) such that
for any h € Ay, € € 10,20,

T n
In(h,€) == Elgy(r) /O [ (5) = w5, (Ya(9)) P ds| < €275, (4.4)

Proof. The proof is close to that of Lemma 4.2 in [13]. However we deal with a class of
more general functions v, (s) and do not assume that Ky = Ly = Ky = Ly = 0. As above,
to lighten the notation we skip the time dependence of o, & and R. Let h € Ay, € > 0:
for any s € [0,T7], Ito’s formula yields

Pn(s) Yn(s)
[, (¥ () — i (s)]” = 2/ (u,(r) = ug(s), duj,(r)) + 6/ o, (1)) . -
Therefore I, (h,e) = > 1 <;<q In,i, Where

L = 2VEE(loym | ds/w" L)W, 5 (r) — i (5))).



STOCHASTIC 2D HYDRODYNAMICAL SYSTEMS 23

T Pn(s) R 9
Lo = 5E(1GN(T)/O ds/ |a(uh(7‘))|LQ dr),

b = 28(1aym [ ds [ G ), i) — i) ar),
b = 281y [ s [ (i) i) i) o),
b = 2Bl [ a5 [ (B0GE), wi) uite) ar),
fs = —2E(loy | s / "RG0, ) - (o) ar).

Clearly Gn(T) C Gn(r) for r € [0,T]. In particular this means that |uj ()| + |uj (s)] < N

in each integral I, ;. We use this observation in the considerations below.
The Burkholder-Davis-Gundy inequality and (C2) yield for 0 < e < g9

T ¥n(s) 5 2 5 5 2
ovE [ asE( [ o) g o i) = wi o) ar)
T Pn(s)
6\/250]\7/ dsIE(/
0 s

Schwarz’s inequality and Fubini’s theorem as well as (3.2), which holds uniformly in ¢ €
10, 0] for fixed g > 0 since the constants K; and L; are multiplied by at most ey, imply

T r 1
61/26oNT [E/O (Ko + K1 [, (M) + Ko ||, () 12) (/( o ds) dr] ;

< 0272 (4.5)

ol

’In,l‘

IN

1
(Ko + K1 |uj, ()] + Kz [[uf, (r)]]%] d?“) g

IN

[nal

IN

for some constant C' depending only on K;, K;, L;, L;, M, €y, N and T. The property
(C2) and Fubini’s theorem imply that for 0 < e < o,

|In,2‘

IN

T Pn(s) 9 9
5E(1GN(T)/O ds [ (o + Kalui ) + Kallui ) ) ar)

T
< oF / Loy (Ko + Ko N+ Kol () 2 ™dr < C27 (46)
0

for some constant C depending on K, €9, IV and T'. Schwarz’s inequality, Fubini’s theorem,
(C2) and the definition (2.25) of Ay yield

T
‘In73| <2 E(lGN(T)/ ds
0

Yn(s) ~ ~ 1
x / (Ko + Ki|uj, (r)|* + Kallug,(r) %) 2 [h(r)]o] uf,(r) — uj,(s)] dT‘)

T T
< 4\/NE/ 1GN(T)|h(T)|0(K0 + K1N + KQH’LLZ(T‘)|’2)% (/ dS) dr
0 VO

(r—c2=m)v
T 1
< 4\/]VCT”\/MIE(1GN(T) / (Ko + KN + Kolug,(r)]?) dr> <09 (47)
0

Using Schwarz’s inequality we deduce that

Yn 5)
b < (g [as [ a - GO + R O@I)
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1 T n(s) —(n
< 2E(1GN(T)/O ds ||u~;;(s)||2/ dr) < ¢ N2+, (4.8)

S

The antisymmetry relation (2.2) and inequality (2.7) yields
[(B(uj (1), uj(r) = uj(s))| = [(Bup(r), uiy(s))] < g (r)” + Clug, () g, ()17

Therefore,

T Yn(s) E )
sl < 281y [ ds [ dr i) )

T Yn(s)
+ 20 (16, /0 dis||us (s)], / arfi () =19+ 1%, (49)

S

Fubini’s theorem implies

T r
1 < 2 (loyn [ dr eI [ ds)
0 (r—c2=m)v0
T
< 202_”E(1GN(T)/0 dr ||uz(r)||2) < ON2™™. (4.10)

Using (2.3), we deduce that on Gy (T") we have

T T
/0 () l4ds < ap sup s (5)]2 /0 5, (3)|ds < aoN*.

s€[0,T
Thus
9 T
13 < 20NE (1ayin [ dslui(o)li)er™ < 2anCNoe2 (411)

Finally, Schwarz’s inequality implies that

T Yn(s)
|1n,6yg2E[1GN(T)/O ds [ (Ro+ Rl ) (Wi )| + () ] < €277 (4.12)

Collecting the upper estimates from (4.5)-(4.12), we conclude the proof of (4.4). O

Remark 4.4. The preceding lemma has been formulated in a general framework to be
used in a forthcoming paper about the support characterization of the solution to the
stochastic equation (2.24). In the setting of large deviations, we will use it in the following
particular case. For any integer n define a step function s — s, on [0,7] by the formula

Sp =tppr = (k+1)T27™ for se [kT27", (k+1)T27"[. (4.13)
Then the map 1, (s) = s, clearly satisfies the previous requirements with ¢ = T'.

Now we return to the setting of Theorem 4.2.

Let 9 > 0, (he,0 < € < gg) be a family of random elements taking values in the set Ay,
given by (2.25). Let up,, or strictly speaking, uj,_, be the solution of the corresponding
stochastic control equation with initial condition uy, (0) =& € H:

dup, + [Aup,. + B(up,) + R(t,up,)]dt = o (t, up ) he(t)dt + /e o (t, up )dW (t). (4.14)
Note that up_ = G° (ﬁ(W + % IN ha(s)ds)) due to the uniqueness of the solution. The

following proposition establishes the weak convergence of the family (uy_) as ¢ — 0. Its
proof is similar to that of Proposition 4.3 in [13], but allows time dependent coefficients
R and o.
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Proposition 4.5. Suppose that the conditions (C1) and (C2) are satisfied with Ko =
Ly = 0. Suppose furthermore that R and o satisfy the conditions (C3)(ii) and (C4). Let
& be Fo-measurable such that E|£\}"{ < 400, and let he converge to h in distribution as
random elements taking values in Apr, where this set is defined by (2.25) and endowed
with the weak topology of the space L2(0,T; Hy). Then as e — 0, the solution up, of (4.14)
converges in distribution to the solution uj, of (4.2) in X = C([0,T); H) N L2((0,T); V)

endowed with the norm (3.1). That is, as € — 0, G* (\@(W + % IN hg(s)ds)> converges
in distribution to g”(fo s)ds) in X.

Proof. Since Ay is a Polish space (complete separable metric space), by the Skorokhod
representation theorem, we can construct processes (hs, h, W) such that the joint distri-
bution of (he, W) is the same as that of (he, W), the distribution of h coincides with
that of h, and he — h, as., in the (weak) topology of Sy;. Hence a.s. for every
t €10,7] fo s)ds — fo ds — 0 weakly in Hy. To lighten notations, we will write
(he, h, W) (hE,h,W). Let U = up, — up; then U-(0) = 0 and

dU; + [AUE + B(uhs) — B(up) + R(t, uhg) — R(t, uh)]dt
= [o(t, un.)he — o(t,up)h]dt + /£ o (t, up, )dW (¢). (4.15)

On any finite time interval [0, ¢] with ¢ < T, It6’s formula, (2.8) with n = 3 and condition
(C2) yield for € > 0:

()2 +2/0t U ()| ds = —2/; (Bun, () — Blun(s)), Us(s))ds
- Q/Ot (R(s,un_(s)) — R(s,un(s)), Us(s)) ds
2 [ (005, (5)A(6) — o un(s)) B(s), U5 s
+2f/ (5, un. (5)dW (s) +e/ o5, un. (5)) 3 ds

/||U 1 ds+ZTts+2/(Cl lun($)Il + By + v/Ialhe(s)]o) [U-(s) s,
=1

where
Ti(te) = 2/& / o (s, un. (5)) AW (s)),
Tyte) = /0 (Ko + Kilun, ())ds,

Ts(t,e) = 2 /Ot (a(s,uh(s)) (hs(s)—h(s)),UE(s)> ds.

This yields the following inequality

U0 + /\U ds < S Tt +2/[Cl s (s) I+ B+ v/l ()] U (5) P ds.
i=1
(4.16)
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We want to show that as ¢ — 0, ||Uc||x — 0 in probability, which implies that us, — uy
in distribution in X. Fix N > 0 and for ¢t € [O T let

Gn(t) = {sup g () /|uh ) ds<N}

0<s<t
Ghe(t) = Gn(t) m{ sup [up, ()2 < N} N {/ Jun. (5)|Pds < N }.
0<s<t 0

The proof consists in two steps.
Step 1: For any ¢ €]0,1]0, sup sup P(Gne(T)°) — 0as N — oc.
0<e<eg h,he€AN
Indeed, for € €]0, ], h, he € Apg, the Markov inequality and the a priori estimate (3.2),

which holds uniformy in e €]0, gg], imply

PG (7)) < P( sup [un()P > N) +P( sup fup(s)* > N)
0<s<T 0<s<T

+P (/OT Jun(s)Pds > N) + IP’(/OT Jun, (5))ds > N)

T
<+ s E( sup fun(s)?+ sup fun () + /O (Il ()2 + lun, ()1%)ds)

h,he €EA N 0<s<T 0<s<T
<CQ1+EBlEMYNT, (4.17)

for some constant C' depending on T" and M.
Step 2: For fixed N > 0, h,he € Aps such that as e — 0, h. — h a.s. in the weak
topology of L%(0,T; Hp); then one has as ¢ — 0:

E[ Loy (s 100 + [ i ar)] o (1.18)

Indeed, (4.16) and Gronwall’s lemma imply that on Gy (T,
sup [Vt )2 < [ sup (Ti(t,€) + Ta(t,e)) + 50*] exp <2aoC%N2 Y ORT + 2\/L1MT>,
0<t<T

0<t<
where C, = T'(Ko + K1N). We also use here the fact that by (2.3)
[ o) < ag sup (1)) [ lnts)1Pas < ao® - on Gt
s€[0,T

Using again (4.16) we deduce that for some constant C' = C(T', M, N), one has for every
e>0:

E(lgy,.r) IU:%) < C(e+ E[lay.ry swp (Tilte) + To(t,e))] ). (4.19)
0<t<T

Since the sets Gy (.) decrease, E(IGN (1) Supp<i<7 [T1(t,€)|) < E(A:), where

Ae :=2y/e sup ‘/ 1GNEs> (), (s, un.( )‘

0<t<T

The scalar-valued random variables . converge to 0 in L' as ¢ — 0. Indeed, by the
Burkholder-Davis-Gundy inequality, (C2) and the definition of Gy (s), we have

E(\) < 61 E{ /0 (0|0 (5)/ Jor (s, (5))[3 s

< 6y/E E[{4N /OT Loy (o) (Ko + Kl\uhs(s)|2)ds}é} < O(T,N)ve  (4.20)
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In further estimates we use Lemma 4.3 with v,, = 5,, where 5, is the step function
defined in Remark 4.4. For any n, N > 1, if we set ¢t = kT27" for 0 < k < 2", we
obviously have

E(IGN () SltlET|T3 (t,e ) 24: T;(N,n,e) + 2 E(T5(N,n,e)), (4.21)
where :
T1(N,n,e) :E[lgN OiltlET‘/ (s,un(s))(he(s) — h(s)), [U:(s) — U5(§n)])ds },

TQ(N, n, E) =E |:1GN,E(

< ‘ / (5,,(8)) — (5, un(5))](he(s) — h(s)), Ug(gn))dsﬂ,
T3(N, n,e) :E[IGN’E(
X sup ‘/ (5 un(5)) — 0 (5 (52))] (k) = h(s) . Ue(5a) ) s

0<t<T

7~“4(N7 n,e) =E [IGN,E(T) sup sup
1<k<2" tf_1 <t<tj

(stemn(e) [ to) = o) s, )|

tp—1

T5(N,n,e) =gy (1) i ‘ (U(tkauh(tk)) /tk (he(s) = h(s)) ds, Ue(tk)) ’
k=1

th—1

Using Schwarz’s inequality, (C2) and Lemma 4.3 with v, = 3, we deduce that for some
constant C := C(T, M, N) and any ¢ €]0,e¢],

- T 1
Ti(N,n,e) < E[lGN,E(T)/O (Ko + Klluh(s)\Q) 2| he(s) — h(9)|o ‘Ug(s) — U€(§n)| ds}

< (E[1gy.r) /0 " {un5) = ()7 + lun(s) — un(5) ) ds])

T
2(Ko + K1 N) (IE/O Ihe(s) —h(s)|3ds) <0y 274, (4.22)

A similar computation based on (C2) and Lemma 4.3 yields for some constant Cs :=
C(T,M,N) and any ¢ €]0, o]

T 1
T3(N,n,e) < \/2NL; (E[IGW(T)/ lun(s) — up(50)? ds / e (s |0d3>
0
< (3271, (4.23)
The Hélder regularity (C4) imposed on o(.,u) and Schwarz’s inequality imply that
~ T —
Ty(N,n,€) < c\/ﬁsz(lcN‘S(T)/ (1 + [[un(s)]) |he(s)—h(s)] ds) < CH27™ (4.24)
0

for some constant Cy = C(T, M, N). Using Schwarz’s inequality and (C2) we deduce for
Cy = C(N,M) and any ¢ €0, g¢]

- 1 [tk
Ty(N,n,e) < E[lche(T) s (Ko + Ki|up(te)[?)? / |he(s) — h(s)|ods |Ua(tk‘)|]
<k<2n te—1
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tr B n
< 2y/N(Ko + KoN) E( sup / hels) — h(9)ods) <4Cy 273 (4.25)
1<k<2n J_y
Finally, note that the weak convergence of h. to h implies that for any a,b € [0,T], a < b,

the integral f; he(s)ds — f: h(s)ds in the weak topology of Hy. Therefore, since for the
operator o (tg, up(t;)) is compact from Hy to H, we deduce that for every k,

‘U(tk,uh(tk))(/tk he(s)ds — /tk h(s)ds) ‘H —0 as ¢ — 0.

tk—1 te—1

Hence a.s. for fixed n as ¢ — 0, T5(N,n,e,w) — 0. Furthermore, T5(N,n,e,w) <
C (Ko, K1, N, M) and hence the dominated convergence theorem proves that for any fixed
n, N, E(Ty(N,n,e)) — 0 as ¢ — 0.

Thus, (4.21)—(4.25) imply that for any fixed N > 1 and any integer n > 1

limsupE[lGNE(T) sup |T3(t,e)|] <CnrMm 9—n(YA)
e—0 ' 0<t<T
Since n is arbitrary, this yields for any integer N > 1:
hmE[lGNE(T) sup |T3(t,5)|} _0.
' 0<t<T

e—0

Therefore from (4.19) and (4.20) we obtain (4.18). By the Markov inequality
1
P(IU]1x > 8) < PGN(T)) + 55E 1oy .o IUEI% ) for any &> 0.
Finally, (4.17) and (4.18) yield that for any integer N > 1,
limsup P(||Uz||x > 6) < C(T,M)N~1,
e—0

for some constant C(7, M) which does not depend on N. This implies lim._,o P(||U:||x >
9) = 0 for any 6 > 0, which concludes the proof of the proposition. O

The following compactness result is the second ingredient which allows to transfer the
LDP from /eW to u®. Its proof is similar to that of Proposition 4.5 and easier; it will be
sketched (see also [13], Proposition 4.4).

Proposition 4.6. Suppose that (C1) and (C2) hold with Ky = Ly = 0 and that conditions
(C3)(ii) and (C4) hold. Fix M >0, { € H and let Kpr = {up, € X : h € Sy}, where uy,
is the unique solution of the deterministic control equation (4.2) and X = C([0,T); H) N
L?(0,T;V). Then Ky is a compact subset of X.

Proof. Let {u,} be a sequence in K}/, corresponding to solutions of (4.2) with controls
{hn} in SM:

dun (t) + [Aun(t) + Bun(t)) + R(t, un(t))]dt = o (t,un(t)) ha(t)dt, un(0) = &
Since Sy is a bounded closed subset in the Hilbert space L?(0,T; Hy), it is weakly compact.
So there exists a subsequence of {h,}, still denoted as {h,,}, which converges weakly to a
limit h in L?(0,T; Hp). Note that in fact h € Sy as Sy is closed. We now show that the

corresponding subsequence of solutions, still denoted as {u,}, converges in X to w which
is the solution of the following “limit” equation

du(t) + [Au(t) + B(u(t)) + R(t, u(t))]dt = o(t,u(t))h(t)dt, u(0) = ¢.

This will complete the proof of the compactness of Kj;. To ease notation we will often
drop the time parameters s, t, ... in the equations and integrals.
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Let U,, = u,, — u; using (2.8) with n = 1, (C2) and Young’s inequality, we deduce that
for t € [0, 77,

U (1)2 +2 /0 [Un(s) [2ds =

) / (Blun(s)) — Blu(s)), Un(s)) ds — 2/ (R(s,un () — Bls,un(s)), Un(s))ds
0 0
+ 2/0 {([o5. () = o (5. u() (). Un(s))
+ (o(s,u(s)) (hn(s) — h(s)) , Un(s))}ds
< [10a@Ids+2 [ Wao) (4l -+ R+ VI n()l) ds
0 0
42 /0 (U(s,u(s)) () — h(s)] . Un(s)> ds. (4.26)
The inequality (3.2) implies that there exists a finite positive constant C' such that

T _
sup [ sup (u(OF +un0F) + [ (I + [u(s) e + fun()]?)ds] = . (2.20)
n Lo<i<T 0

Thus Gronwall’s lemma implies that

1
2

5
C+R T+ \/LlMT)) Sy, (428)
i=1

where, as in the proof of Proposition 4.5, we have:

T
sup U, (0 + [ U0 dt < exp (2(C
t<T 0

T

B = [ (o(su(s) Bas) = L. Ua) = Uilan) s

By = /T\([cr(s,u(s))—a(gw,ws)mhn(s)—h(s)],Un@m)]ds,
OT

B = [ (o u(s) = oo ulsn )] i) = b)) Ualon) )| s,

Ifth = 1§SI~?§p2Ntkjg)§tk <a(tk,u(tk))/t:_l(h5(s)—h(s))ds, Un(tk)>‘,
B = 3 (ottntt) [ )= . 0,00,
k=1 k-1

Schwarz’s inequality, (C2) and Lemma 4.3 imply that for some constants C; and Cy which
do not depend on n and N,

ma<o(f has) = (o)ias) / (a(s) = ()2 fu(s) = ) 2)s)

[ NI

<027, (4.29)
T 1 T 1 N
By < 01(/ u(s) — u(sy)Pds) (/ ha(s) — h(s)3ds)? <Cs 2%, (430)
0 0
iy <Glt+( swp u)]) sup ()] +lun(®))]27F < Ci2% (4.31)
0<t<T 0<t<T
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Condition (C4) implies that

T
iy <027 sup (Ju(t)] + |un(t)]) /0 (L + [lu(s)[D(IR(s)]o + [An(s)lo) ds < Ca 277

0<t<T
(4.32)
For fixed N and k = 1,--- , 2", as n — oo, the weak convergence of h,, to h implies that of
ft’“ (hn(s) — h(s))ds to 0 weakly in Ho. Since o(u(t)) is a compact operator, we deduce

i
tr

that for fixed k the sequence o (u(tx)) [,"

as n — 00. Since sup,, ;. |Un(tx)| < 2V/C, we have lim, I;;N = 0. Thus (4.28)—(4.32) yield
for every integer N > 1

(hn(s) — h(s))ds converges to 0 strongly in H

T
lim sup 4 sup Ui (£)2 +/ U @) 2 dt b < co-NorD).
n—00 t<T 0

Since N is arbitrary, we deduce that ||Un|lx — 0 as n — oo. This shows that every
sequence in Kj; has a convergent subsequence. Hence Kj; is a sequentially relatively
compact subset of X. Finally, let {u,} be a sequence of elements of Kj; which converges
to v in X. The above argument shows that there exists a subsequence {uy,,k > 1} which
converges to some element up € Kjs for the same topology of X. Hence v = up, K/ is a
closed subset of X, and this completes the proof of the proposition. O

Proof of Theorem 4.2: Propositions 4.6 and 4.5 imply that the family {u®} satisfies
the Laplace principle, which is equivalent to the large deviation principle, in X with the
rate function defined by (4.3); see Theorem 4.4 in [3] or Theorem 5 in [4]. This concludes
the proof of Theorem 4.2. O
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