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Abstract

This article deals with a feedback optimal control problem for the stochastic second
grade fluids. More precisely, we establish the existence of an optimal feedback control for
the two-dimensional stochastic second grade fluids, with Navier-slip boundary conditions.
In addition, using the Galerkin approximations, we show that the optimal cost can be
approximated by a sequence of finite dimensionl optimal costs, showing the existence of the
so-called e—optimal feedback control.
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1 Introduction

In this paper, we consider the evolutionary equation for non-Newtonian fluids of the second
grade, perturbed by a multiplicative white noise

% (Y —aAY) =vAY —curl (Y —aAY) x Y = Vr+U(t,Y) + G(t,Y) W,.

Let us refer the pioneer papers [14] and [6], where the deterministic second grade equations with
the Dirichlet boundary condition were mathematically studied for the first time, and [2] where the
deterministic equations were studied with a Navier boundary condition. The well-posedness of
this stochastic differential equation, supplemented with Navier-slip boundary condition, and with
a distributed mechanical force U(t) independent of the solution has been established in [3] (see
also [15], [16], [17]). The corresponding stochastic optimal control problem for the distributed
control U(t) and a suitable cost functional has been studied in [4]. In this work, we extend the
previous existence and uniqueness results to forces that depend of the solution of the equation.
The introduction of these forces is extremely important, because they can be seen as feedback
controls acting on the evolution of the physical system.

Our main task consists in the study of the optimal feedback control problem for this class of
non-Newtonian fluids. As far as we know, this is the first time that this problem is addressed.
In our study, we adopt the methods considered in [1], [11], [12], to the Navier-Stokes equation,
first we show the existence of an optimal feedback control for the infinite dimensional evolution
system, and after we establish the existence of e—optimal feedback control based on the Galerkin
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finite dimensional approximations, so we will be able to approximate the infinite dimensional
control problem by a sequence of finite dimensional ones.

We should mention, that the study of feedback type control problems for fluid mechanics
equations is not as easy issue, since the usual approach via the Bellman’s principle of dynamic
programming requires an accurate interpretation and an appropriate analysis of the Hamilton-
Jacobi-Bellman equation, which corresponds to a non-linear partial differential equation in infi-
nite dimensional spaces (see [8], [9], [10] concerning Newtonian fluids). Therefore, the existence
of e—feedback control, which can be obtained by solving a finite dimensional Hamilton-Jacobi-
Bellman equation, can be used numerically to approximate the optimal control.

The remainder of this paper is organized as follows. In Section 2, we define the appropri-
ate functional setting, introduce useful notations and state necessary assumptions on the data.
In addition, we formulate the problem, and write the main results of the article. Section 3
establishes the well-posedness for the stochastic state equation (2.1). In Section 4, we present
convergence results for suitable sequences of control variables, as well as for the finite dimensional
approximations of the solutions. Section 6 is devoted to the proof of the main results, Theorems
2.2 and 2.3.

2 Formulation of the problem and main results
We consider the system for a bounded domain O of R? with sufficiently regular boundary T,

dv(Y) = (vAY —curlv(Y) xY = Vr+ U(t,Y)) dt + G(t,Y) dW;,

divy =0 in (0,7) x O, (2.1)
Y -n=0, (n-DY)-7=0 on (0,T) x T, ’
Y(O):YO in Oa

where Y = (Y7, Y5) corresponds to the velocity field of the fluid, A and V denote the Laplacian
and gradient operators, respectively, v > 0 is the viscosity of the fluid and « > 0 is a constant
material modulus. The function 7 represents the pressure and

v(Y) =Y — aAY.

Here, n = (n1,n9) and 7= (—ng,n1) are the unit normal and tangent vectors, respectively, to

the boundary I', Dy = W%W corresponds to symmetric part of the velocity gradient. The
initial condition Y; is a divergence free vector field, and the function U depends on the velocity
field and acts as a feedback control of the system. The term

G(t, Y)dW; introduces a stochastic perturbation, which is defined by a standard R™-valued
Wiener process Wy = (W}, ..., W) defined on a complete probability space (2, F, P) endowed
with a filtration {]:t}te[o,T] for W,. We assume that F( contains every P-null subset of (2.

We introduce some functional spaces. Let X be a real Banach space with norm ||-||x; we
denote by LP(0,T; X) the space of X-valued p-integrable functions on [0,7], for p > 1. For
p,r > 1, let LP(Q, L"(0,T; X)) be the space of stochastic processes Y = Y (w, t) with values in
X, measurable in 2 x [0, 7], adapted to the filtration {F;};c[o,7], and such that

1

T P P
1Y |le (0,07 0,1;,x)) = (]E(/ 1Y |I% dt)"') < oo, forl<r< oo,
0
1

||Y||LP(Q,L°°(O,T;X)) = (E sup |Y|§() < 0.
te[0,T)



In the following, the vector product for 2D vectors y = (y1,y2) and z = (21, 22) is calculated
as y X z = (y1,y2,0) x (21, 22,0). The curl of the vector y is curly = g—g? - gz;, and the vector
product of curly with vector z is understood as curly x z = (0,0, curly) x (z1, 22, 0).

Given two vectors y,z € R™, y -z = > 1" vz, |y|> = y -y, and for two matrices A, B of
dimensions n xn, A- B = Z?jzl A;jBi;.

Let us introduce the follovv’ing Hilbert spaces

H={yeL*O)|divy=0 inO and y-n=0 onT},
V={yeHY(O)|divy=0 in Oand y-n=0 on I'},
W={yeVNnH*O)|(n-Dy)-7=0 onT},

W =W nH30).

(2.2)

We denote by (-,-) the inner product in L?(0), and by || - ||2 the associated norm. The norm in
the space H?(O) is denoted by || - || m».

Consider the Helmholtz projector P : L?(O) — H. It is well known that P is a linear bounded
operator being characterized by the equality Pz = Z, where Z is defined by the Helmholtz
decomposition

2=%2+Ve¢, 2€H and ¢<c H (O).

On the functional spaces V', W and W defined in (2.2), we introduce the inner products

(y,z)v = (y,Z)—f—QOt(Dy,DZ),

(y7Z)W = (PU(:{/),PU(Z)) + (yvz)\/7

(W, 2)p = (curlu(y), curlv(2)) + (y, 2)y (2.3)
and denote by |- ||v, | - lw, || - |5 the corresponding norms. One can prove the equivalence of
these norms to the norms || - || g1, || - |2, || - || &3, respectively (see, for instance, [3], [4]).

It is convenient to introduce the following generalized Stokes problem (c.f. [18])

h—aAh+Vp=f, divh =0 in O,

h-n=0, (n-Dh)-7=0 on I (2.4)

Throughout the article, given f € L%(0), we denote by (ﬁ p) € H?(O)x H'(O) the corresponding
solution of the Stokes problem. We recall that

I fllw < C|Ifll2, and consequently ||f]lv < C|f]v- (2.5)
In addition, we have the relation
(f,2)v = (f,2), VzeV, feL*Q). (2.6)

For any x = (z1,Z2,...,Zm) € (HY(O))™ and 2z € H'(O), we introduce the following nota-
tions

m m
2 2 2 2
Izl = llaillzn s llelz =D llaall3,
i=1 i=1

(xaz)Hl = ((‘Tlaz)Hla' ) (wmaz)Hl)a (:E,Z) = ((331,2),. ) (:L‘m,Z)).



We assume that the diffusion coefficient G(¢,y) : [0,7] x V. — (HY(O))™ is a [0,T] x V-
measurable map, Lipschitz on y and satisfies a linear growth

IG(t,y) — G(t,2) | < K lly— 21y, Gy <K 1+ lyly) . v%zev,te[o,T(],)
2.7

for some positive constant K. According to the previous notations, Yy, z € V, t € [0, T], we have

G )7 = Z”thHHlv Gt y)l5 = ZHG w3
i=1

(G(t,y), Z)Hl = ((Gl(t7y), Z)Hl P (Gm(ta y)7 Z)Hl) ) |(G(t7y)’ Z)Hl |2 = Z (Gi(t7y)’ Z)ijl )
(G(tay)a Z) = ((Gl(tay)’ Z) Yo (Gm(tay)a Z)) ) ‘(G(tvy)a Z)|2 - Z (Gi(tay)a Z)2 :

The force term U(¢,Y) in equations (2.1) is a function of the solution, and will be considered
as a feedback control of the dynamic. We assume that U belongs to an admissible set A,
which is defined, for some given §,u,n > 0, as the set of all [0,7] x V-measurable functions
U:[0,T) xV — HYO), that satisfy

IU0,0)I7: < and [[U(t,y) = U(s, 27 < Blt — s + ully — 2II3, (2.8)

forall y,z €V, t,s € [0,T].
The solution of the system (2.1) is understood in the variational form.

Definition 2.1. Let U € A and Yy € L*(Q, W). A stochastic process Y € L2(0, L>(0,T; W))
is a strong solution of (2.1), if for a.e.-P and ¥t € [0,T], the following equation holds

(v(Y()), ) :/0 [=2v (DY (s), D¢) — (curlv(Y (s)) x Y (s), ¢)] ds

+ (v(Y0), ¢) +/0 (U(s,Y(s)), ¢) d5+/0 (G(s,Y(s)),0) dWs, forall ¢eV. (2.9)

The main aim of this work is to control the dynamic associated to the system (2.1), through
the feedback controls U that belong to the admissible set .A. The cost functional is given by

J(U) = E/OTL (4 ULYY), o) dt + ER(Yu(T)), U € A, (2.10)

where Yy is the solution of the stochastic differential equation (2.1) for the feedback control
U. Moreover, L : [0,T] x HY(O) x V' — [0, +o0[ is sequentially weak lower semi-continuous on
the variable u and sequentially lower semi-continuous on the variable y, more precisely, for any

sequences (u,) C H'(0), (yn) CV
up = u weakly in H'(O), y, — y strongly in V = L (t,u,y) < fim_inf L (8w, gn) -
(2.11)

The function h : V — [0, +00] is sequentially lower semicontinuous. (2.12)



Our first purpose is to show the existence of an optimal feedback control for the system (2.1).
More precisely, we aim to solve the following problem

) miniUmize{J(U) :UeA and
Yy is the solution of system (2.1) for the minimizing U € A}.

Let us state the first main results of this article.

Theorem 2.2. Assume that L and h satisfy the assumptions (2.11)-(2.12), then there exists an
optimal feedback control U* € A for the problem (P).

Our next result establishes the existence of the so-called e—feedback control, namely the
infinite dimensional optimal cost can be approximated by a sequence of finite dimensional optimal
costs. In order to formulate this result, we introduce a suitable basis and use the Galerkin’s
approzimation method. Since the norm || - || is equivalent to || - |[s, the injection operator
I:W=Visa compact operator, then there exists a basis {e;} C W of eigenfunctions for the
problem —

(Y ei)sr = Ni (U, €i)y s Vye W, ieN, (2.13)

being simultaneously an orthonormal basis for V' and the corresponding sequence {\;} of eigen-
values verifies \; > 0, Vi € N and A\; — oo as i — co. Let us notice that the ellipticity of equation
(2.13) increases the regularity of their solutions. Hence without loss of generality we can consider

{e;} C H* (see [2]).
Let us set W,, = span{ey,...,e,} and denote by II,, : V' — W, the orthogonal projection onto

the space W,,, with respect to the norm || - ||y. We notice that, if z € W, we have
n n
I,z = Z(z, ej)ve; = Z(z,’éj)ng,
j=1 j=1

where ¢; = f@j. This means that the projections of z on W,,, with respect to the norms ||- v/,
J

| - I, are the same.
In order to introduce the finite dimensional approximations of equation (2.9), we denote
F(t,Y)=vAY(s) — curlv(Y(s)) x Y(s), and write the equation (2.9) as follows

t

(U Y), 6)v ds + / (G V). )y AW,
0 0

Vo €V, (2.14)

(Y (£),0)y = (Y0, 0)y + / (F(6Y), ) ds + /

— e — — — e~

where F(¢,Y), U(t,Y) and G(t,Y) = (G1(t,Y),G2(t,Y),...,Gn(t,Y)) are the solutions of the
Stokes problem (2.4), corresponding to F(¢,Y), U(t,Y) and G(t,Y), respectively. Therefore, the
finite dimensional projection of this equation reads as

(Ya(t), 6)y = (T, Yo, &)y + / (I, (s, Y,), &)y ds + / (LUt Y,.), 6)y ds

t ———
+ [ GEY) o am.,  voew,. (2.15)
0

Taking into account the relation (2.6), in the differential form, we have

{ d(v(Yn(t),d) = (F(s,Yn) + V(t,Yn), ¢) dt + (G(t, ), ¢) AW,

(2.16)
Yn(o) = HnYOv V(b € an



where Y,,(t) = 37, ¢} (t)e;, c}(t) € R, ¥ belongs to the set

Ap ={T: U(t,y) =v (Hnm)) with U € A},
and II,,Y} is the projection of the divergence free vector field Y. The solution of equation (2.16)

will be denoted by Y, w.
The corresponding finite dimensional control problem reads

P.) mingnize{Jn(\If) : WeA, and
" Y,.w is the solution of system (2.16) for the minimizing ¥ € An}
where -
Jn(0) = E/ L(t,U(t, Y w), Yo uw) dt + ER(Y, w(T)), veA,. (2.17)
0

In order to formulate the next result, we impose additional conditions on the Lagrangian L and
final condition h. We assume that there exist positive constants Az, A such that

Lt u,y) = L(t,v,2)] < A [llw = vl (Jellms + ollan) + e = yllv (Il + llollg)] . (218)
h(y) — k()| < Anlly = =llv (Iylls + l2l5) - (2.19)
for all ¢t € 0, 7], u,v € H'(0), z,y € W.
Theorem 2.3. Assume the hypothesis (2.18)-(2.19). Let U* € A be an optimal feedback control
for problem (P) and let V% € A, be a finite dimensional feedback control for problem (Py). Then
there exists a subsequence (¥}, ) of (V7)) such that for any € > 0, there exists N € N such that
Vni > N, we have
| Ty (¥5,) — T (U*)| < e, (2.20)
J(¥r,)-J (U <e (2.21)

3 Well-posedness results and estimates of solutions

In this section, we establish the well-posedness to the stochastic differential equation (2.1), and
write the dependence of the solution with respect to the initial data.

Before we go into the results, we state some inequalities involving the non-linear term. Let
us introduce the trilinear functional

b(p,2,y) = (¢-Vz,y), Vo,zyeV.
Standard integration by parts shows that
(curlv(y) X z,w) = b(w, z,v(y)) — b(z,w,v(y)) for any y,z€ W,weV, (3.22)
which implies that
(curlv(y) x z,2) =0 for any y,z€ W. (3.23)
Lemma 3.1. The following inequalities hold
[(curlo(y) x z,w)| < Cllyllm|2llms [wll gz for any y,z € W,we W, (3.24)
[(curlo(y) x 2,9)| < Cllylip|zlm,  for any y,z €W, (3.25)
[(curlo(y) x z,w)| < Cllyllms||2llms [w]lm for any y e W, z,we V. (3.26)



Proof. The proof of the properties (3.24)-(3.25) can be found in [3], [4]. To verify (3.26), we
notice that
(curlo(y) x 2,w)| < [, 2 0(y)] + bz w, v(y))
< w192 lalo@) s + Iz IVellallo@)lls,
then the Sobolev’s embedding V < L*(O) gives the claimed result. O

Now, we are able to generalize the Theorem 4.2 in [3] for forces that depend on the solution,
and that will be considered as feedback controls to the stochastic evolution physical system. In
addition we state the dependence of the initial data that are fundamental to analyze the control
problem.

Theorem 3.2. Assume that U € A and Yy € LP(Q, V)N L2(Q, W) for some 4 < p < co. Then
there exists a unique solution Y to equation (2.9) which belongs to

L2(€0, L>°(0,T; W)) N LP(Q, L®(0, T; V).

Moreover, the following estimates hold

E mp 1Y (s)} < CAL+E|Yol7), (3.27)
se(0,t

E sup [[Y(s)|5, < C(1+E|Y|%), (3.28)
s€0,t]

E up 1Y (s)|% < C(L+E|Y)%). (3.29)
s€(0,t

Proof. The proof of this theorem is a straightforward adaptation of the proof of the Theorem
4.2 in [4]. The difference is that, here the force U depends on the solution Y, nevertheless the
same reasoning can be applied, we just need to introduce minor changes. O

The finite dimension approximation of the equation (2.1) corresponds to the equation (2.16)
with ¥ = v(IL,,U). Due to the relation (2.6), the finite dimension equation (2.16) can be written
in the variational form as follows

(v(Yn (1), ¢) =(v(nY0), ¢) + V/O (AYn(s),¢) — (curl (Ya(s)) x Ya(s), &) ds

—|—/ (U(s7Yn(s))7¢)ds+/ (G(s,Y,(s)), 9) dWs, Vo € W,,. (3.30)
0 0

In order to simplify the notation, given U € A, we denote by Y;, y the solution of this equation
in Wy, namely Y,, v ==Y, v, for ¥ = v(II,,U).

4 Convergence results

In order to establish the convergence results, we will need a lemma, which is an adaptation of
the Lemma 4.1 in [12]. For the convenience of the reader, we present the proof.

Lemma 4.1. Let (Uy)nen be a sequence in A. Then there exists a subsequence (Up,)ken of
(Un)nen and a mapping U € A such that for allt € [0,T], z,y € V, we have

lim (Up, (t,2),y) i = (U(t,2),y) g1, (4.31)
k—o0
klim U, (t,z) = U(t,z)|]2 = 0. (4.32)
—00



Proof. Let {t1,t2,...} be a dense subset of [0, T] and {hy, hs,...} be a countable dense subset
of V. The sequence (U, (t1,h1))nen is bounded in H'(O) due to (2.8), then there exists a
subsequence (n,") of (n) and 2! € H'(O) such that Ui (b, h) = 2t in HY(O).

In particular (U"}c’l (t1,h1))ren is bounded in H'(O), and by the compact Sobolev’s embed-

ding Theorem, there exists a further subsequence (n,lcll) of (n,lcl) and an element w''! € L?(0)
such that U 1.1(t1, k1) — wh?! strongly in L*(O). We can show that 25! = w'!.
k/

Proceeding in the same way for (U%;j (t1,h2))nen, we find a further subsequence (n,lc’,Q) of

(ny') and 252 € H'(O) such that

lim (Un;f(th h2)5y)H1 = (Zl’Qay)Hh Vy € H1(0)7

k’—o0

and

Hm [|U,12(t1, he) — 22(|2 = 0.
k/

k! —o0
We continue this process for hs, hy, ...

’

Considering the diagonal subsequence (n,lcik ), we can verify that

lim (Unl’k/ (t17hi)7y)H1 = (Zl’iay)Hh Vy € H1(0)7 i = 172a cee
K’

k’— 00

and _
lim ||U 10 (1, h) — Zl’z||2 =0, +1=1,2,....
Koo Ty

Now, we repeat this whole procedure for (Unl,k/ (ta, hi))kren, @ = 1,2,..., creating further and
k:/
further subsequences (nz’,’), which by taking the diagonal subsequence (ni’,k ), the above prop-
erties hold for ¢5 and ¢;.
Repeat this whole process for t3,t4,... . We consider the subsequence (n’,z,’k
(n), which has the properties

), denoted by

lim (Un’(ti3hj)?y)Hl = (Zi)j7y)H17 Vy € Hl(o)v Z?] = ]-723 o

n’— o0

and N
lim ||Un/(tz, hj) — 4
n’—oo0

b=0, ij=12,...
For arbitrary ¢ € [0,T], h € V, there exist sequences (¢;, )xen and (h;,);en such that

lim ¢, =t (inR) and limh;=h (inV).
k—o00 [—oo

We note that

s — 2, < T inf (U (b, ) = UneCti )30 < Bltiy — 1% + pill s, — Dl

Thus the sequence (2% ),y is a Cauchy sequence. We define

U(t,h) := lim 2

k—o0

(this limit is well defined, since for other sequences (¢, )ren, (hp,)ken converging to ¢t and h,
z"Mk:Pk will converge to the same limit).



Let t € [0,T], z,y € V. Take sequences (t;, )ren and (hj,);en converging to ¢t and z as above.
Thus for any € > 0 we can take an appropriate k € N and Ny € N such that for n’ > N, we
have

|(U(t,$) — U (t,x), y)H1| < |(U(t7x) - U(tik7hjk)7y)H1| + |(U(tik7hjk) — U (tik7hjk)7y)H1|
€ €
U (i, 1y ) = Un (8, 2), )| < 5 4 5+ Iyl (V/Blts, =t + VEllhs, —zllv) < e

and
||U(t,$) = U (tvx)HQ < ||U(t7$) - U(tik7h’jk)||2 + |‘U(tik7hjk) —Un (tik>hjk)||2
€ €
U (i, hy,) = Une (B 2)ll2 < 5 + 5+ C(VBIti, =t + Vil — zllv) <e.

Therefore, we have

lim (Un (t,2),y) g = (U(t,x),y)g1  and lim ||Uy (¢, 2) — U(t,x)||2 = 0. (4.33)
n’/—oo

n’—o00
In particular, using (4.33) for any s,t € [0,7] and z,y € V, we have
1Tt ) = Uls, y)ll3n < Timinf[|[Une (¢, 2) = Une (5,9) [ 72 < BIE = s + pillw = yllY,
[U0.0) [ < liming|U (0,0) 3 <.

then U € A. O

In order to solve the control problem (P), we take a minimizing sequence (Up,)nen, and apply
Lemma 4.1 to find a subsequence, still denoted by (U, )nen such that the convergences in Lemma
4.1 hold, for a certain U € A. In the next Proposition we will consider this specific subsequence
(Un)nen and function U.

Now, we fix an initial condition Yy € LP(Q, V) N L?(<, W), and given ® € A, we denote by
Y3 the solution of (2.1) for the feedback control ® and initial condition Yy, and by Y, ¢ the
solution of the corresponding finite dimensional problem (3.30) with initial condition IT,, Yp.

We have the following result:

Proposition 4.2. Consider (Uy)neny C A and U € A such that

li_>m U, (t,2) = U(t,z)||]a =0, Vtel0,T], x€V. (4.34)
Then, we have
lim E sup ||Yu(s) — Yy, (s)||3 =0, (4.35)
n—0o0 SE[O,T]
lim E sup ||Yu(s) — Yoo, (s)|3 =0. (4.36)

n=00 50,7

Proof. We split the proof into two steps.
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Step 1. Verification of (4.35). Using the equations for Yy, Yy, , and the Itd formula, we have

n?

(Yu(t) =Yy, (1), )% :2/0 (Yu(s) =Yy, (s),e;)v(vAYy(s) — vAYy, ,e;) ds
- 2/0 (Yo(s) — Yo (5), e3)v (curl o(Yir(s)) x Yi(s), e1) ds
+ 2/0 (Yu(s) — Yy, (s),e;)v(curlv(Yy, (s)) x Yy, (s),e;) ds
+ 2/0 (Yu(s) = Yu,(s),ei)v(U(s,Yu(s)) — Un(s,Yu,(s)),ei) ds
+ 2/0 (Yu(s) =Yy, (s),e)v(G(s,Yu(s)) — G(s, Yy, (5)), e;) dWs
+ [ 66, Yo() - 6o, Yo, (), e ds,
0
so taking the sum over i = 1,2,..., we get
IY(0) = Yo, ()17 = 2 | (AYi(s) = AV, Yir(s) = Vi (o)) ds
- 2/ (curlv(Yy (s)) x Yu(s), Yu(s) — Yu, (s))ds
0
+ 2/0 (curlv(Yy, (s)) x Yy, (8), Yu(s) — Yy, (s)) ds
+ 2/0 (U(s,Yu(s)) — Un(s,Yu,(5),Yu(s) — Yy, (s))ds
+ 2/0 (G(s,Yu(s)) — G(s, Yy, (5)),Yu(s) — Yy, (s)) dWs
+Y° /0 (G(s,Yu(s)) — G(s, Yy, (s)), &) ds. (4.37)
i=1

For fixed M > 0, we define the stopping time

T, sup,en Yo ()2 < M,
Tar =

inf {t €10,1] : HYU(t)H% > M}, otherwise.

We'll take the absolute value, the supremum over s € [0,¢ A Tys] and the expectation in equation
(4.37), and try to obtain estimates to apply a Gronwall type inequality.
For the first term, integrating by parts first, we have

tAT M
WE / (D(Yis(s) — Yo, (3), D(Yur(s) — Y, ()] ds

t
§4VC]E/ sup  |[Yu(r) — Yo, ()12 ds.
0 r€[0,sATw)
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The sum of the second and third terms is equal to
t
9 / (curl v(Yu(s) — Yor, (5)) % Yur(s), Yur(s) — Yo, (s)) ds
0

+ 2/0 (curlv(Yy, (s)) x (Yu, (s) — Yu(s)), Yu(s) — Yu, (s)) ds.

Due to (3.23), the last integral in this expression vanishes. Taking the absolute value, the
supremum, the expectation and using (3.25), we deduce

tATMm
oF /0 l(curlo(Yi (s) — Yo, (5)) x Yur(s), Yur(s) — Yur ()| ds

tAT M t
< 20E / 1Yo ()l 1Yo (5) — Yor, (8)][3 ds < 2CME / sup Yo (r) — Yo, ()2 ds.
0 0 r€[0,sATw]

Let’s now look at the fourth term. Using the Lipschitz conditions (2.8), we have
tAT M
2]1‘3/ ((U(s,Yu(5)) = Un(s, Yu, (5)), Yo (s) = Yu, (s))| ds
0

tATM
<9E / U (s, Yir(s)) = Un(s, Yo, () 2] Yo (5) — Y, (s)]1 ds

tATM tATM
< 4E/0 U (s, Yur(8)) — Un(s, Y ()2 ds + 41@/0 [Un(s, Y (s)) — Un(s, Yu, (5))[|3 ds

tATM
vy / 1Yo (s) - Yo, ()12 ds
0

T ¢
< 4IE/ HU(S,YU(S))—U,L(S,YU(S))H%dS—FC]E/ sup ||Yu(r) —YUn(r)H%/ds.
0 0 r€[0,sATwm])

For the fifth term, using the Burkholder-Davis-Gundy Inequality, we have

2E  sup
re€[0,tA T

tATMm
< CE( [ G i) = 6. ¥o, (51, Yols) = Yo, ()P ds)

/T(G(S, Yu(s)) — G(s, Yu, (5)), Yu(s) — Yu, (s)) dWs

MBS

1
2

tATm
< CE( sup_ |[Yu(s) = Yu, (s )Ilv/ 1G (s, Yu(s)) — G(s, Yo, () | 7 ds)

s€[0,tATw]

tATM
< CeE sup ||Yy(s)— ||V + —]E/ 1Yo (s Un(s)”%/ ds. (4.38)
sE€[0,tA T

Here, we take € > 0 such that C'e = %

Let’s look now at the final term. Taking the solution é(s) to the stokes problem for
G(s,Yu(s)) — G(s, Yy, (s)), we write

IE sup
€[0,tATum]

tATMm N
—E / 1G(s) |2 ds.

/ [(G(s, Yy (s G(S,YUN(S)),Gi)FdS
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Using (2.5) and (2.7), we derive
IG()3 < ClIG(s, Yu(s)) = G(s, Yo, ()T < CK|[Yu(s) = Yo, (s)[IF-
Therefore
tATMm N t
IE/ IG (s} ds < ClE/ sup  |[Yu(r) — Yy, (r)|f} ds.
0 0 ref0,sATa]
Now, we use all the previous inequalities to obtain

T
E  sup [Yu(s) = Yu, ()l < CE/ [U(s,Yu(s)) — Un(s, Yu(s))]5 ds
s€[0,tATar) 0

t
+CE/ sup ||YU(T)*YUn(T)||%/dS'
0 r€[0,sATwm]

Using a Gronwall type inequality, we deduce

T
E sup [[Yu(s) — Yo, (s)[} < C]E/ U (5, Yt (5)) = Un(s, Yur(3)) 13 ds. (4.39)
SE0,tATM] 0
Due to (2.8), we have |U(s, Yi(s)) — Un(s, Yu(s))||3 < C(1 + SUDse(0,7] 1Y (s)]3).
Since the right hand side is integrable, we can apply the Lebesgue’s Theorem and Lemma 4.1
to obtain

T
lim IE/O U (s, Yur(s)) — Un(s, Yur(s))|2 ds = 0.

n— oo
Using (4.39), we conclude that

lim E sup ||Yu(s) — Yy, (s)]3 = 0.

N0 5e0,tATar)
Taking t = T, we have

lim E sup ||Yy(s)— YU"(S)H%/ =0.

N0 (0, Tar]

Using the estimate (3.29), we can verify that Ta; T in probability. Taking into account [1],
Proposition B.3, in Appendix B, we introduce the stochastic process

Qn(t) = sup [[Yu(s) — Yo, (s)[7-
s€[0,t]

For all M > 0, we have E|Q,,(Ta)| — 0, as n — oo. Given d,e > 0, there exists My > 0, such
that P(Ty, < T) < 5, and there exists N € N, such that Vn > N,

E|Qu(Tan)| < 2

i 2 .
Therefore
€

P(1Qu(T)| 2 8) < P(Taty <T) + P (Taty =T A |Qu(T)] 2 9) < 5

1
+ 5EIQu(Tas)| =,
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which gives |Q,(T)| — 0 in probability, as n — oc. The estimate (3.28) gives

E(|Qu(T)F*) =E SEPT}IIYU(S) ~ Yy, (s)y <G,
s€|0,

for some C' > 0 independent of n, then the sequence (|Q,(T)|) is uniformly integrable. Since the
uniform integrability and convergence in probability imply convergence in L!(2), we deduce

lim E sup [|[Yi(s)— Y, (s)|[} =0.
n— oo s€[0,T]

Step 2. Verification of (4.36). Consider now Y, y, (), the solution to the finite dimensional
equation (3.30) with control U, and consider also IL, Yy (t). We may use It6’s formula as before,
to obtain

T, Yur () — Yoo, ()3 = 2v /0 t(AYU(s) — AY, 0, (5), 1L, Y (s) = Yo u,(s)) ds
—2 /Ot(curlv(YU(s)) X Yy (), LY () — Yo (5)) ds
+2 /0 t(curlv(yn,Un () X Y0, (), L Yir(8) — Yoo, (5)) ds
+ 2/(:(U(s, Y (s)) = Un (s, Yoo, (), Y (s) — Yo 0, () ds
+ 2/:(0(871’1](8)) — G(5, Yo, (), Y (5) — Yo, (5)) AW,
+ Zj; /Ot (G(s,Yu(s)) = G(s, Ynu, (), )] ds. (4.40)

We'll consider the same stopping time, Ty, for a fixed M > 0. As before, we’ll take the absolute
value, the supremum over s € [0,¢ A Tps], and the expectation in equation (4.40) and try to
obtain estimates to apply a Gronwall type inequality.

For the first term, integrating by parts first, we have

tATMm
4VIE/ |(DYy (s) — DY, v, (s), DIL, Yy (s) — DY, v, (s))] ds
0
tATMm T
< CE/ L, Yy (s) — Yau, (5)||%/ ds + C’E/ IYr(s) — HnYU(s)H%/ ds.
0 0
The sum of the second and third terms can be written as
t
2/ (curl v(I, Yy (s) — Yu(s)) x Yu(s), I, Yu(s) — Y, v, (s)) ds
0
t
+ 2/ (curl v(IL, Yy (s)) x (I, Yu(s) — Yu (), I, Yu (s) — Ya,u, (s)) ds
0
t
— 2/ (curl v(I, Yy (s) — Ya,u, (s)) x IL, Yy (s), I, Yy (s) — Y, v, (s)) ds.
0

Now, we take the absolute value, the expectation and estimate. Using (3.26) and (3.25), we
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deduce
tAT M
2k / l(curl o(TT, Yir () — Yi(s)) x Yo (s), T Yir(s) — Y, ()] ds
0
tATMm
<2 CE/ ITL. Y (s) — Yo ()|l 1Yo (8) lv 1T Yo (s) — Yo v, (s)[lv ds
0

T tATM
< CME/ 1ML, Yis(s) — Yo (s)|1% ds + CM]E/ LYo (5) = Yo, ()12 ds,
0 0

tAT M
°F /0 [(curl o(TT, Yir (s)) x (T, Yo (s) = Yir(s)), LYo (s) — Yior, ()] ds

IN

tATMm
2 CE/ LYy (9)[55 1Tn Yo (s) = Yu (s)llv [Hn Yy (s) = Yau, (s)[|v ds
0

IN

T tAT M
CME/ 1ML, Yo (5) — Yo (s)2, ds + CME/ T, Yo (s) — Yoo (5)[1% ds
0 0

and

tATMm
IE/ [(curlv(IL, Yy (s) — You, (8)) x IL, Yy (s),IL, Yy (s) — Va0, (8))] ds
0

tATMm

tATM
<CE [ IYi(s) ~ You, GBI Yo (o) gy ds < OME [ L, Yi(s) = Yoo, (9)F-ds
0 0
Let’s now look at the fourth term. We have
tATM
21[‘3/ |(U(s,Yu(s)) = Un(s, Yanu,(8), 1, Yy (s) — Yau,(s))| ds
0
tATM
< 215/ U (s, Yu(s)) — Un(s, Ya,u)l2HnYu(s) — Yoo, (s)ll2ds
0
T tAT M
S4E/\W@J@@D—UM&KNQM%%+CE/ 1Yo (s) — LYy (s)] ds
0 0
tATM
+ C]E/ 1T, Yy (s) — Yoo, (8)||3 ds.
0

For the stochastic term, using the Burkholder-Davis-Gundy Inequality as in (4.38), and (2.7),
we have

2E  sup
r€[0,tAT]

/OT(G(&YU(S)) = G(8, Y0, (5), Yy (s) = Yau, (5)) dWs

tATMm
SCE swp |MYu(s) - Yoo <nv+%—w/ 1Yo (s) — LYo (5)| 2 ds
s€[0,tAT M)

tATMm
#2558 [ IYs) = Y, (0) 1 ds

We take € > 0 such that Ce = %



15

To deal with the final term, we first take G(s) defined as the solution to the stokes problem
for G(s,Yu(s)) — G(s,Yn,u, (s)). Then, the last term becomes

n r tATMm o

B sy |30 [ G Yi(s) - Gl Yaw, )P ds| <B [ G013 s
r€[0,tATar) i=1 0 0

By the property (2.5), we have

IG)IT < ClG (s, Yu(s)) = G(s, Yo, (s)lin < CK|Yu(s) = Yau, ()7
<CIYu(s) = Yo ()Y + Clla Yo (s) = Yau, (s)II7-

We conclude that
INTM tANTM
B[ GG ds < CE [ LYl - Yo, (]
0 0

tATM
+CE/" 1Yo (s) — LYo (r) 2 ds.
0

Collecting all the previous inequalities, we obtain

t
E  sup |ILYu(s) — Yoo, (s)} < CE/ sup ||, Yy () = Yo,u, (r)|f3 ds
SE[O,t/\TAl] 0 TE[O,S/\TI\J]

+CE/O Y (s) —HnYU(s)||2st+4E/O U (s, Yir(s)) — Un(s, Yur())|2 ds.

The Gronwall type inequality yields

T
E  sup [, Yy(s) = Yoo, (s)lf < CE/ Y (s) = Yo (s)|1 3
s€[0,tATar) 0

T
+m£nmmwm—m@w@Mw

Since

1U (s, Yu(5)) = Un(s, Yo (s)ll3 < C(1 + es[%pT]”YU(s)”%/)’

Y (s) = LYo (s)|% < C(1+ sup [[Yu(s)[%),
s€[0,T]

and the right hand sides of these inequalities are integrable, we can use the Lebesgue’s Theorem
and Lemma 4.1 to conclude that

n—oQ

T T
Jim C]E/O 1Yir(s) — L, Yo (5)]12 +4E/0 U (s, Yir(5)) — Un(s, Yor(s))|2 ds = 0,

and consequently

lim E sup |IL,Yu(s) —Y,u, (s)||%/ =0.

N0 se[0,tA T

Arguing as in the final part of Step I, we obtain

lim E sup |11, Yy (s) — Yo, ()3 = 0. (4.41)
n=o0  5e0,T]
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Now, we prove that
lim B sup [[Yir(s) — .Yu(s)[} = 0.

n—oo SE[O,T]

The It6 formula gives
Yo - LYo ) =20 [ (Ai(5), Yo ) — T Yis () ds
-2 (curl(Yir () % ¥ir(s), V(o) — TLaYis(s) ds + Yo — LYol
= (U5, Yo (), Yir(s) — TL, Vi (s) ds + 2 / (G, Yo (5)), Yirls) — T, ¥or(5)) W,

+2 3 [ G Yu(), e ds

i=n+1"0

Next, we take the absolute value, the supremum over [0, 7T, the expected value, and prove that
each term converges to zero.

For the first term, we have

WE / [(DYy (5), DYy (s) — T, Yo (5))|ds < 4VE / 1Yo ()l [Yir(s) — T, Yo (s) v ds,
0 0

which converges to zero, by the Lebesgue’s Theorem.
For the second term, we have

T
IR /O (curl(Yir () x Yir(s), Yo (s) — LYo ()] ds

T
< 2]E/0 1Yo ()l 1Yo (s)llv (Yo (s) — Yy (s)|lv ds

<2(E T”YU(S)HgW“ds : E TIIYu(S)II?/dS % E TllYu(S)—HnYU(S)Il‘éds %,
(=) weot) (= [ vt o) (=] )

which converges to zero, by taking into account previous estimates on Yy .
It is clear that E||Yy — IL, Y|} converges to zero. Let’s look at the force term. We have

T T
2E/ [(U(s,Yu(s)), Yo (s) — TnYu (s))] ds < QCE/ 1U (s, Yu ()l [[Yu (s) — Yo (s)lv,
0 0

which converges to zero, because ||U (s, Yi(s))| g1 ||Yu (s) — 1L, Yy (s)||v < C(1+ || Yu(s)|3), and
we can apply the Lebesgue’s Theorem.
For the stochastic term, the Burkholder-Davis-Gundy inequality gives

9F sup ‘/ (G5, Y (s)), Yur(s) — I, Yir (s)) AW,
tefo,7] ' Jo

N

T
< O<E/O IG (s, Yo (s) 17 1Yo (5) HnYU(S)%/dS)

Since |G (s, Yu ()31 1Yu (s) — Yo (s)||? < C(1+ ||[Yu(s)|I3)|[Yu(s)|3, using the Lebesgue’s
Theorem, we show that this term converges to zero.
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For the last term, we consider the solution G of the stokes problem for G(s,Yy(s)), and notice
that

oo t T
2E sup Y / \(G(S,YU(S)),ei)|2ds:2]E/ |G —11,G||? ds. (4.42)
0

telo,7), 5711 Jo

Using (2.5), we know that [|G||?, < C|G(s,Yu(s))|21 < C(1+ ||Yu(s)||3). Again, applying the
Lebesgue’s Theorem, we can show that the right hand side in (4.42) converges to zero.
We have proved that

lim E sup [|Yy(t) — LYy ()|3 = 0. (4.43)
n—oo tE[O,T]

Finally, (4.41) and (4.43) yield (4.36). O

Corollary 4.3. Let (U,,)nen be a sequence such that ¥,, € A, ¥n € N, and consider Yy, , Y, w,
the solutions of equations (2.1) and (2.16), respectively, corresponding to the feedback control W,,.
Then, there exists a subsequence (U, Jren such that the following convergence holds

lim E sup |V, (s) = Yn,.w, (s)|¥ds=0. (4.44)
k—oo s€[0,T) k k

Proof. According to Lemma 4.1, there exists a subsequence (¥, )xen of (¥,,), and ¥ € A such
that

U, (t,z) = ¥U(t,x) weakly in H'(O),
(t

x
U, (t,z) = ¥(t,z) strongly in H.
Applying the result of Proposition 4.2 to (¥, )ren and ¥, we obtain

E sup [[Yy,, (s) = Yo, (5)IV

s€[0,T]
<E sup ||Y\1;nk (5) = Yy(s)||3 +E sup ||Yo(s) — Yo, w,, ($)IZ =0, as k— oo,
s€[0,T] s€[0,T]
O
5 Proof of Theorems 2.2 and 2.3
Proof of Theorem 2.2. Let us consider a minimizing sequence (U,) in .A. Then we have
inf J(U)= lim J(U,). (5.45)

UeA n—o00

Due to Lemma 4.1, there exist a subsequence (U, ) of (U,) and an admissible control U*, such
that for all ¢ € [0,T] and z,y € V, we have

lim (U, (¢, 2),y) g = (U (¢, 2),9) g1, (5.46)

k—o0

and

lim Uy, (t,z) — U*(t,2)|]2 = 0. (5.47)
k—o0
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According to (4.35), there exists a subsequence of (Yr;, ) still denoted by (Yr, ) such that for
all t € [0,T) and a.e.—P, we have
Yu,, — Yy~ strongly in V. (5.48)
The relations (5.46), (5.48), give that for all ¢ € [0,7] and a.e.—P
U, (t,Yy, ) = U*(t,Yy~) weakly in H'(O). (5.49)

Taking into account the lower semicontinuity assumptions (2.11)-(2.12) and the Fatou’s Lemma,
we deduce

T T
]E/ L(t,U*(t, Yy ), Yoo )dt < ]E/ lim inf L(t, Uy, (¢, Yo, ), Yu,, )dt
0 0

k—o00
T
< lim ianE/ L(t,Up, (t, Yy, ), Yy, )dt
k—oo 0 k k

and

Eh(Yy+(r)) < E lim inf h(Yy,, (7)) < lim inf EA(Yr,, (7).

—00 k—o0
which imply J(U*) = infyeca J(U).
Proof of Theorem 2.3. Let us initiate the proof by establishing a useful technical lemma.
Lemma 5.1. Assume ® € A, ¢, € A,,, and let Y3, Y, ., be the solutions of the equations (2.1),

(2.16) associated with the feedback controls ®, v, and initial conditions Yy, I1,,Yy, respectively.
Then there exists a positive constant M independent on n such that
%
nten) = J@) <M{ (£ sup [0, (0) -~ Yal0)} )
te[0,T]

+(2f " onlt. Ya®) - @(t,ywml)%}. (5.50)

Proof. Using (2.8), (2.18)-(2.19), (3.27)-(3.29) and the Holder inequality, we deduce

|Jn(<pn) - J((I))| S E/O |L (t7 Spn(t7Yn,<pn)7 Y’I’L,Lpn) - L (t7 q)(ty Y<I>)>Y<I>) | dt
+E|h(Yn e, (T)) — h(Ya(T))|

1 T
2
< /AT (E sup Yn,%m%) <E / (||son<t,Yn,%>||H1+||<I><t,Y<p>||H1))

t€[0,T]
T 1 T ) 1
o (E / ||gon<t,Y¢>—q><t7Y@>||zI) (E / <||%<t,yn,%>||m+|<I><t,Yq>>||H1>)
0 0

v :
2
+ﬁAL(E sup ||Yn,%—Yq>||2v) (E / <||Yn,%||w+||yq>||w))

te[0,T)

00 (ElYa i, (T) = Yo (D)) (B (Vo (Dl + e (7 57)°)

Nl

T

1

< M{(E sup Yopn = Yali)? + (E/ [on(t, Ya) — @(t, Yo)|71)
telo, 0

b

where M is a constant independent of n. O
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Let us take ¢ > 0. For each n € N, let ¥* be the solution of the n—dimensional control
problem. By the Corollary 4.3, there exists a subsequence (¥}, ) of (¥7) such that

lim E sup [Yas (s) = Yo (5)lf3ds = 0.
Jm B sup Vs,

We will show that the sequence (¥}, ) satisfy the claim of the theorem. There exists N! e N,

such that Vk > N}
2

5 €
B s ¥, ()~ Yowws, ()Y < g7
Let us fix £ € N. If we assume that J,, (¥} ) < J(U*), then due to (5.50), we have
[ Jni (W3,) = J(UN)| = J(UT) = T (W3,,) < J(V3,) = Ty (V3,.)

1

2 €
<0 (B sup [Vowws, (0~ Yo, @) <5 <
t€[0,7)

In the case J,, (¥, ) > J(U*), we define Uy, = II,, U* and notice that U,, (t,z) — U*(t, )
strongly in H'(O), Vt € [0,T], x € V. Using the Lebesgue’s Theorem, we can verify that

T
E/ (U (1Y) — U (6 Yo ) [2 — 0, a5k — oo,
0

Using the same reasoning as in the proof of (4.36), in the Proposition 4.2, we can show that

L =0, as k— oo

E sup ||Ynk7Unk — Yy~
t€[0,T]

Then there exists N2 € N, such that Vk > N2

2 2

€ €
—— and E s Y, —Yu- |3 < )
16M2 1 teb[ltl),%’]H ks Uny, v~ v 1602

T
E / U (£, Vi) — U (1, Yo ) |20 <
0

Therefore, using (5.50), we deduce
[Ty, (¥3,) = J(U) = T (W7,,) = J(UT) < Ty (Uny,) = J(UT)

1
2 T 3
<M { <E sup ||Yn,,v,, — Yu~ %) + (E/ |Un,, (¢, Y=) = U* (¢, Yu+) |%11> } <
0

t€[0,T)

N

Taking N. = max{NZ}, N2}, the assertion of the theorem holds.
Finally, to show (2.21), we just notice that

J(,) =T (U) < T (¥5,) = Tu (3,) |+ Vg (¥5,) =T (U) | S 5+ 5 =<
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