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STOKES’ SYSTEM IN A DOMAIN WITH OSCILLATING BOUNDARY:
HOMOGENIZATION AND ERROR ANALYSIS OF AN INTERIOR
OPTIMAL CONTROL PROBLEM

A. K. Nandakumaran,' Ravi Prakash,’ and J.-P. Raymond?

lDej)artment of Mathematics, Indian Institute of Science, Bangalore, India
2 Institut de Mathématiques de Toulouse, Université Paul Sabatier & CNRS,
Toulouse Cedex, France

0O Homogenization and error analysis of an optimal interior control problem in the framework
of Stokes’ system, on a domain with rapidly oscillating boundary, are the subject matters of
this article. We consider a three dimensional domain constituted of a parallelepiped with a
large number of rectangular cylinders at the top of it. An interior control is applied in a
proper subdomain of the parallelepiped, away from the oscillating volume. We consider two types
of functionals, namely a functional involving the L%-norm of the state variable and another
one involving its H'-norm. The asymptotic analysis of optimality systems for both cases, when
the cross sectional area of the rectangular cylinders tends to zero, is done here. Our major
contribution is to derive error estimates for the state, the co-state and the associated pressures,
in appropriate functional spaces.

Keywords Adjoint system; Error estimates; Homogenization; Interior control;
Optimal control; Oscillating boundary; Stokes’ system.

Mathematics Subject Classification 35B27; 35B40; 35B37; 49]20; 49K20.

1. INTRODUCTION

In this article, we consider the Stokes’ system in a bounded domain
in R® whose boundary is rapidly oscillating. The problems in domains
with oscillatory boundaries have important applications in industry. We
basically, consider a three dimensional cube (for simplicity) with, attached
on one side, a large number of square pillars (see Figure 1) of length
O(1), but whose cross sectional area is of order £*. As ¢ — 0, this gives a
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Q

FIGURE 1 Domain.

geometrical domain with a rapidly oscillating boundary. Our intention is
to consider a distributed optimal control problem associated to a Stokes’
system in such a domain and to study the relevant homogenization to
obtain the limit system. Our major issue is to obtain some corrector
estimates. The limit analysis of problems posed in domains with rapidly
oscillating boundaries models a large number of physical applications. The
authors recently studied such a homogenization problem for the Laplace
operator in [34].

In particular, the applications include flows with rough boundaries,
rough interface, as well as airflow through compression systems in turbo
machines such as jet engine. The Viscous-Moore-Greitzer equation derived
from Scaled Navier-Stokes equations (see [11, 30, 31]) models such a
situation and, actually, our present and our earlier works are motivated
by these issues. For a detailed analytical treatment of the Navier-Stokes
equations, we refer to [21]. Quite often, such models lead to optimal
control or controllability problems of evolution equations whose boundary
is not only oscillatory, but moving as well. Such boundaries can be modeled
via functions of both spatial and time variables. We do not attempt to do
this in the article, we consider a simple problem described by the Stokes’
system.

The literature on the asymptotic analysis of problems with oscillating
boundaries is extensive and we refer to [1, 3, 5, 8, 12-15, 22, 23, 35], and
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the references therein. But little work is available for the corresponding
control problems and we refer to [17-19, 34] in that direction. We do not
pretend to be exhaustive. Some standard references in homogenization
theory are [10, 16, 24, 37]. Regarding the homogenization of optimal
control or controllability problems, some of the references are [25, 26, 32,
33]. A few references are concerned with optimal control problems and
derivation of optimality systems, one can refer to [2, 9, 14, 20, 27-29].

In this article, we study optimal control problems for models already
studied in [6]. In [7], the authors derive a wall law for the model
considered here and in [6]. The system associated to this wall law is used
to obtain errors estimates both on the velocity and pressure in )~. Here,
motivated by [4], we use suitable test functions to get error estimates for
the velocity term separately in )} and 7, which is not the case in [7].

This article is organized as follows. We describe the geometrical setting
and the control problems we want to deal with in section 2. We introduce
two types of cost functionals, namely a L? cost functional and a Dirichlet
type cost functional. The limit of the solutions for the control problem
associated with the L? cost functional, as well as correctors and asymptotic
approximations, are studied in section 3. The corresponding results for the
Dirichlet cost functional are derived in section 4.

2. SETTING OF THE PROBLEMS
2.1. Geometrical Domain

The purpose of this paper is to analyze the asymptotic behavior of
the optimality system associated with the Stokes’ system with an interior
control in a varying domain ()., where & is a positive small parameter,
tending to zero. Here we will discuss two types of cost functionals. The first
one, hereafter called the L?—cost functional, will involve the L?*—norm of
the state variable and of the interior control, whereas in the second one,
called the Dirichlet cost functional, we consider the H'—norm of the state
variable with the L?—norm of the interior control. R

To define the domain (., let us denote A = [0, ;] x [0, L»] and A =
[a1, b1] X [ag, by], where 0 < a; < b; < L;, j = 1,2, are positive real numbers.
For the future convenience in the conclusion of regularity results, let g be
a smooth function from R? to R, A-periodic. Using g, we define the lower
boundary of domain ()., namely,

[, ={(x,x5) € R*| 3 = g(x'),x" € A}.
Let us set

m = max{|g(x') |, x" € A}.
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Further, set A, :=¢&A and 28 = gA. For M'> M > m, define the
Ag-periodic function 7, from R? to R by

N M ifx e A,
Ne (X) = : ’ 1

M if ¥ € A \A,.
We consider the following domain (see Figure 1) Q,, as

Q, ={(x,x) € R?|x' € A g(x) < x5 < n(x)}.

The oscillating domain (), has a fixed region )~ (unaffected by the
oscillating boundary), defined by

QO ={(«,x)|x' €A, g(x) <x <M}

The upper and lateral boundaries I',, I, of )~ can be, respectively,
described as

I,={&,M)|x e A}
and
I ={(x, %) | &' € 0A, g(x) < x5 < M},

where 0A is the boundary of the reference cell A. Let us denote by Q7 the
upper oscillating part of the oscillating volume, that is,

QF ={(¢,%) e R*| &' € A, M < x3 < 1.(x)}.
Let I'; be the interface between Q) and Q™. Consequently, we can write
Q. =0 UlLuQ/.

Analogous to g, the graph of 5, constructs the oscillating boundary part of
domain (),, namely,

7e = (BQA\L,) U (DA\0Q).

Notice that, (1} is constituted of cylindrical periodic bumps of rectangular
cross-section, situated at the top of a fixed domain ~. We can also
visualize (), as a domain ()~ together with a large number of bumps
(O(&7?)) having cross-section of order ¢ and fixed height (M’ — M). If we
denote the boundary of €}, by d(),, then we can decompose it as

0Q, =T,UT, Uy,.
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Finally, we introduce the full domain () as,

Q={(x,x) e R*|x € A, g(x) <x <M}

We denote by (),, the periodic extension of (), in the x; and x, directions.
For this extension, we introduce the notion of I'i—periodic functions if
they take same values on both sides of I. Moreover, Hy, (Q,) is the
subspace of functions which can be extended to functions belonging to
H" (R*) and which are I',—periodic. The same type of notation is used for
other spaces, in particular for L? (Q,).

Let o CC 2~ be a subdomain of )~ in which control acts. Without
loss of generality, we assume that

w = {('x/’ Xg) | X/ € Aag(xl) < X3 < M7}9

where M > M~ > m.

2.2. Control Problems

For a control function 0 € (Lzm_(w))?’ acting in the sub-domain o, we
consider the Stokes’ system (x > 0)

_KAyS + Vﬁs =f + BXU)in Qs;
V.y. = 0in Q,,
e = 0on 7o e = won b 2.1)
[)E = 07
o
(s, Vp,) is I'; — periodic,

where f € (L2.(Q))* and u € (H,/*(I}}))? such that u - v = 0, where v is the

per

outward unit normal at I,

Theorem 2.1. For all [ € (L2 (Q))%, 0 € (L% (0))?, and u € (H,)’(T}))*

satisfying w - v = 0, Equation (QMI) admits a mzeirque solution (y:(0), p:(0)) in
(H,,(Q,))° x L}, (,), and

er ‘per

||ya||(H1(Qs))3 + ||ps||L2(Q*) <C <||f||(L2(Q))’> + ||0||(L2(w))3 + ||u||(H1/2(F,,))3) >
(2.2)

where C is a positive constant independent of &, and

ez = Co (i + 100y + 1l gyt ) s (23)

where C; > 0 depends on €.
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Proof. For 6 > 0 small enough, we first introduce the subdomain
Q; ={(«, ;) |x' € A, g(x') < x5 <M — 6},

and its upper and lateral boundaries I', ; and I'; 5 defined by

Fs={(x,M—-9):x €A}

and
I ={(x',x3) : &' € 0A, g(x') < x5 < M — 6}.

Next, we denote by y, the solution to

V.y,=0in Qy,
yw=0onTl,; y,=uonl,, (2.4)

y, is I'; 5 — periodic.

From [21], it follows that Equation (2.4) admits a solution which satisfies

”yu”(Hl(Qof))f‘ = C”u||(H1/2(Fb))3' (2.5)

We denote by y, the extension of y, by zero to Q,\Q;. We have V -y, =0
in ), and

||5)u||(H1(Qg))3 = C||u||(H1/2(Fb))3- (2.6)

We look for the solution (y.(0),p.(0)) to Equation (2.1) in the form
Y:(0) = y, + (:(0). The pair ({.(0), p.(0)) satisfies the system

—KkAl + Vp, = kAy, + f + Oy, in Q,,
V-{, = 0in Q,,

(e=0o0onvy, (=0onTl,
' (2.7)

P =0,
o-

(Le, Vpe) is Ty — periodic.
We set

(Hyr, ()" = (2 € (H,,, (2))° | 2lr, = 0},
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and we denote by H, /mFb () 1ts dual. The source term Ay, may be
identified with an element in (H, lm r, (e ))? by the formula

(A3, ¢) = _fﬂ Vi, : Vo, forall ¢ € (H,,, (Q:))".

From the variational formulation of Equation (2.7), it follows that
K |VC8|2 = _K/ V5)u : VCS + (f + XwH)Cs
Qg £ Qe

Thus, with Young’s and Poincaré’s inequalities, it follows that

16l = € (1 gz + 100 iy + 15l i)

(2.8)
< C (Il g2y + 100 iy + 120 gy y?)

This gives the following estimate for y,

el amany? = € (1 eany + 100 gy + Nl ey )

where C is independent of .

The estimate of p, in L, ({;) may be obtained with Equation (2.7) in a
classical way. But the constant in the estimate depends on the domain, and,
therefore, depends on &. Let us explain how we can obtain an estimate of

ps in L;W (27) independent of &. For that, we introduce

(M ror, (@ )) (ze (HL@ )) 2, =0 and zly, =0},

and we denote by (F,.'}, v, (Q27))° the dual of (H,, 1, r, (27))°. We identify
the restriction of Ay, to ) as an element in ( pr,,uFu(Q ))? in the
following way

(Ay,, @) = _f Vy. : V¢, forall ¢ € (H,,p,r, (Q:))°.
o

Since y, is bounded in (H'({,))® uniformly with respect to ¢, it is also
bounded uniformly in (H'(Q7))?. Thus, Ay,|q- is bounded in (H'(Q7))3.
From the equality

= f + QXU) + KAya;



Downloaded by [Universite Paul Sabatier] at 04:59 18 February 2014

330 A. K. Nandakumaran et al.

we deduce that Vp,|o- is bounded in (A, e, rburu(Q_))g’ more precisely

19 ela- N C (I 2y + 100 g2y + 1l iy ) -

per Uy (@ )) -

Estimate (2.3) may be obtained from the previous one and from the
following inequality

||p||Lz ) = C||Vp||<u . (!2—))3 for all p € LZW(Q_) obeying /Q_p = 0.

per, Iy Uy

This last inequality may be proved as in [36, Lemma 1.5.4]. O

We consider the following two cost functionals, for which we are going

45 [ Iof

to analyze optimality issues, namely,

Jie (0,0 /

and

Jos (3,0 f |V (5 yd)|2+§

with >0, y, is a given desired state. For the L?—cost functional J .,
we assume Yy, € ( M(Q))% while we assume that y,; € ( IW(Q)) for the

Dirichlet cost functional }, .. Since we are going to see that y. is of order &,
i.e. O(g) in the upper part 7, it is reasonable to assume supp (y;) C Q.

This assumption is in force throughout the article.
We now introduce the following two optimal control problems

inf{Ji., (3., 0) |0 € ( [M(a))) (Yo, Do, 0) solves (2.1)} (PL.)

and

inf{J.s (3, 0) 10 € ( M(co)) (%o, po, 0) solves (2.1)}, (Ps.)

corresponding to cost functionals J, . and } ., respectively. Our aim in this
article is to study the asymptotic analysis of the optimal solution (, pe, 0)
for each of these problems.
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3. L2-COST FUNCTIONAL

In section 3.1, we derive the optimality system for problem (P, ,) and
we introduce the limit system in section 3.2. The passage to the limit in the
optimality system for problem (P, ,), when & goes to zero, is carried out in
section 3.3. In order to obtain correctors and asymptotic approximations,
we introduce test functions in section 3.4. Precise errors estimates are

obtained in section 3.5.

3.1. Optimality System

By standard arguments, we can prove that, for each & >0,
the minimization problem (P;,) has a unique minimizer (5)8,98) €
(H. (Q,))* x (L% (0))*. Let (3., ps) be the solution of (2.1) when 0 = 0,.
We call (y, ])8,(_)8), the optimal solution of (P;,), where (_)8 is the optimal
control, ¥, the optimal state and ﬁg the corresponding pressure in the
Stokes’ system (2.1). Further, it can be characterized using the adjoint
state (co-state) z., where z, along with adjoint pressure ¢. solves the adjoint
problem

—KkAz + Vg = 5. — yq in Q,
V-z=0in Q,,
ze =0 on y, U,

/ le:()a

(2, Vge) 1s Iy — periodic.

(3.1)

Following the classical way for proving the necessary as well as sufficient
conditions for optimality and for setting up the optimality system (see, e.g.,
[27]), one can easily establish the following theorem for (P ).

Theorem 3.1. Let [ € (L,,(Q))* and (Yes Pes 05) e the optimal solution of
(Pr;). Let (%, q.) € (H[}L,,_(QS))3 X LZ (Q.) solves (3.1), then the optimal control

er

is given by
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Conversely, assume that the pairs (e, %) € (Hj}m_(Qs))3 x (H) (Q))* and
(Pe» Ge) € LEW(QE) X LZ”(QE) solve the optimality system

~ 1
—KkAYy, + Vp. = f — Eigxm m Q,,

V5 =0inQ,
Ye = 0 on Ves Ye = U 0N Fb’ (32)
298 = Oa
O-

(5)8’ Vﬁa) is Fg - p€7'i0di6

—KkAZ + Vg = 5. — ya in Q,,
V-2 =0 1inQ,,
Ze=0ony, U,

/ &8 = O’
-

(2, Vq.) is Iy — periodic.

Then, the triplet (¥, 138, —%28 Xo) is the optimal solution to (P ).

3.2. Limit System

To introduce the limit system, we need to go through a minimization
problem corresponding to the following Stokes’ system in the fixed
domain Q™. Given 0 € (L2 (w))*, let (y,p) € (H[}”(Q*))3 x L2 (Q7) be the

er ‘per
unique solution to

—KkAy 4+ Vp = f 4+ 0y, in O,
V.y=0in Q7,

y=0onl,, y=wuonl,,
(3.4)

p=0,
a-

(y, Vp) is I'y — periodic.

Let /i be the cost functional defined by

1 ) c
ﬁ@@=§AJWWA+§AWﬁ (3.5)
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The corresponding minimization problem is

inf{/; (y,0) 10 € (L, (®))*, (3, p,0) obeys (3.4)}, (P)

As in subsection 3.1, one can ensure the existence and uniqueness

of (,0) € (H;W(Q_))3 X (L[fm_(Q_))s as a minimizer of (P) and
the Correspondir_lg pressure p € L;W(Q_). The optimal control 0 is
characterized by 0 = —%Z, where z € (HI}W(Q*))?’, qe LZW(Q*) solve
—KkAz+Vg=y—y,in O,

V.z=0in Q7,

z=0on T, UT},

[

(z, Vg) is I'; — periodic.

(3.6)

Moreover, we have following result analogous to Theorem 3.1.

Theorem 3.2. [Letf € LZW(Q) and (3, p, 0) be the optimal solution of (Py). The

optimal control is given by

where (z,q) € (H. (Q7))* x L2 (Q7) solves (3.1).

‘per

Conversely, assume that the pairs (§,2) € (H. (7)) x (H[}W(Q’))S and

er

(b, §) € LZW(Q’) X Lfm_(ﬂ’) solve the optimality systems

A 1
—KAS)‘i_Vp :f_EEXw mn Q_,
V-y=0inQ",
y=0onl, j=wuonl, (3.7)

[Li=e

(3, Vp) is T, — periodic,
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—kAzZ+Vg=y—y,in Q"
V.2=0#nQ",
2=0o0nT,UT;,

(z,Vq) is Iy — periodic.

Then, the triplet (3, p, —/%ixw) is the optimal solution to (P).

3.3. Estimates and Asymptotic Analysis

We now establish convergence results for the optimal state, co-state,
pressure, adjoint pressure and optimal control corresponding to (P ) in
appropriate functional spaces.

Theorem 3.3. Let (3., p., 0.) and (3, p, 0) be, respectively, the optimal solution
of (P1z) and (Py). Suppose (Zg, c_]g) and (Z, Q) be the co-states and adjoint pressures
appeared in the discussion of problem (P, ;) and (P,), respectively. Then

y, =y strongly in (le” (Q))

pe — P strongly in L (Q7),

‘per

3
s

_ _ 3
0, — 0 strongly in <H;ﬂ(w)> ,

3
)

&
\
I

z z strongly in (HPIW (Q))

g — q strongly in L;W (Q7),

where

N

=21

zin Q.

0 QF,
:[ m and

B [O mn QF,
yin Q- B

Moreover,

Jie (3e,0.) — Ji (5,0)  when & — 0.

Note: js, ;8, denote the extension by 0 of y,, z, respectively, to (), and
thus (3, %) € (H},(Q))* x (H}, ().
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Proof. Step 1. Uniform estimates. Let (}E, Z?E, @E) be the optimal solution of
(P1.). If we denote by y.(0) the solution to Equation (2.1) corresponding
to 0 =0 in w, we have

Jie (36, 02) < Jre (9:(0),0) .

From Theorem 2.1, it follows that
- 2
180 20y = 5 e 0:(00,0) = €, (3.9)
where C is independent of &. Still with Theorem 2.1, it follows that

150 1oy = Well 10y < Co (3.10)

and

I pell 20y < C, (3.11)

where the different constants C are independent of &. Applying Theorem
2.1 to the adjoint system (3.1), we obtain

and

g1l 20 < C, (3.13)
with C > 0 is independent of &. From the characterization of 0, in
Theorem 3.1, we get

1021171y < C- (3.14)

Step 2. Passage to the limit. With the above estimates in (3.10)—(3.14),

we can deduce the existence of (y, po, 0o, 20, Q) € (HI}”(Q))?’ X L;f”(Q*) X

(le”(a)))3x(Hler(Q)):*xLlfW(Q*), the existence of subsequences still

indexed by ¢ to simplify the notation, and the following convergence when
€ tends to zero

ye = weakly in (H,, ()’ (3.15)

pe = po weakly in L (Q7), (3.16)
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0, — 0, weakly in ( ! (a))) (3.17)
% — z weakly in ( ! (Q)) (3.18)
g: = ¢o weakly in L lm Q7). (3.19)

With (3.17) and (8.18), the characterization of 0, gives

1

p
Let yo+ be the characteristic function of Qf C QF = Q\Q-, then as in
other convergence of periodic oscillatory functions, we get

Zor — K weakly* in L™ (Q%), where K = (b — a1)(by — ao).

1Lz
(3.21)

By (3.15) and compact embedding theorems, we have
y, —> Y strongly in ( M(Q)) (3.22)

Now, according to (3.21) and (3.22), passing to the limit in the equality
Y. = Y Xat» we see that yp = 0 in Q7 since K # 0. Similarly, z = 0 in Q.
Moreover, z = 0 on I},. For 0 = 0., weak formulation of (2.1) gives us

K/ VEJS-VQD—/ ZJS(V-90)=/ f-<p+/?)a‘¢>
O~ O- Q- )

for all smooth function ¢ with compact support in Q. So, with (3.15),
(3.16), and (3.17), we can prove that y,, py and 0, satisfy

—KkAyo + Vo =+ 0oy inQ7,
V. Yo = 0 in Qi,

=0 onl,, w=u onl,
) (3.23)

/ b =0,
o

(y0, Vo) is Iy — periodic.
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Similarly, we can prove that z and ¢, satisfy the system

—KkAzx+ Vg =9y —y. in Q7
Vizgy=0 in Q°,
=0 on I',UTl},

(3.24)
QO = 07
a-
(2, Vqy) is Ty — periodic.
Since 0, = —%Zolw, from the converse part of Theorem 3.2, it follows that

(0, po, Up) is the optimal solution to (P;). Thus, we get

y() = _:):)3 p() = ﬁ: 2y = %, 0() == é and q() = q
Further
Jie (96, 0:) —> Ji (5,0)  when & — 0.

In fact, we get the strong convergence of ):)8 in (lem_(Q))g, as well as of
zZs, and, hence, for the control 0,. By using . and y as test functions in
(2.1) and (3.4) respectively, and from the convergences stated in (3.15)
and (3.17), we get

. ) L6,
an/Vh-wgzmn/f.L+/ﬁ,y{k<y,ﬁ
=0 Jo ==0Jq o OV L1 (n)) (112 () )

/f y+/9 y+ <a—u>
Vo (a1 (m)) (a1 2s(n))

:vaivi
Q

Thus, 5) —>y strongly in ( /m(Q))% A similar analysis will prov1de the

strong convergence of z, in ( er ! (Q))%. The strong convergences of y_,
in (H1 (Q))? and of 0, in (H, (a)))3 will give us the strong convergence of
Des G- In L;,,(Q ). Notice

”Vl_)& - Vj_?”(H—l(Q—))?’ = CHKA (5)6 - 5)) + (éa - é) Xw||(H_1(Q_))3

< € (15 = 3l iamyy + 10 = Bll 4107
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which gives Vp, — Vp strongly in (Hl(Q_))g and p, — p strongly in
Ll%e?' (Q*). The strong convergence of ¢, in Lze,, (Q*) is obtained in a similar

way. The proof is complete. g

3.4. Test Functions and Preliminary Results

In this section, we borrow certain test functions and results from [4],
[6], which will be useful in the asymptotic approximation of the optimal
state variable y, and the corresponding pressure p. of optimal control
problem (P;.). Moreover, these test functions will also be used for the
co-state variable 2z, and the corresponding pressure ¢, appeared in the
adjoint system of optimal control problem (P, ).

Recall the domains A and A defined in the introduction. Let A*
be the domains defined by AT = A x (0,00) and A~ = A x (—00,0) (see
Figure 2), which in some sense have to be seen as an 1/¢ scaling of A, x
(M, M) and Q™ respectively, and then extended up to infinity. For i = 1,2,
consider the pairs (‘lfi’+,l_[i’+) € (H1 (AJF))3 x L2 (A*) and (\I”",Hi") €

loc

FIGURE 2 Reference domain.



Downloaded by [Universite Paul Sabatier] at 04:59 18 February 2014

Stokes’ System in a Domain With Oscillating Boundary 339

(H, (A7) x L2

loc, per

(A7) satisfying the following Stokes’ system

—KkAWE L VT =0 in A%,

VWit =0 in A%,

Wit =0 on dAH\ (A x {0}),

V- =0 on (Ax0)\(Ax {0},

Tt =¥ on (Ax(0}),

o (V") n=0c (¥, II")n+xe on (Z x {0}),

f " *dy = 0.
AL

Here, we have used the following notations: n = (0,0,1)", ¢' = (1,0,
0)", ¢=(0,1,00", ¢ (¥,I1) = —III 4+ k (V¥ + (V¥)"), A" denotes the
boundary of A* and I is the 3 x 3 identity matrix. It can be proved (see
[4, 6]) that V¥~ ¢ (L2 (A*))g. Also observe that, although A" and A~

are unbounded, the last condition in (3.25) may be satisfied, since other

(3.25)

properties in (3.25) imply that |VIT**(y, y3)| < Cexp(—c|ys|) in A%, where
C and ¢ are positive constants. We denote by f’ the mean of ¥"~ over an
horizontal section of A™:

Bi(S) = — /‘I”"(y’,—(S) dy, & e (0,400). (8.26)
Ly J,

L

In [4], it is proved that ' = (B}, B, 0), where f§; € R is independent of

d for i,j = 1,2 and the solution (W**(y, y3), II"*(y/, y5)) satisfy the property

of exponential decay as y3 — F00. As an immediate consequence of this
result, we have:

Proposition 3.4. Fori=1,2, let (V" 1I"") and (¥"~,11"") be the solution
of the problem (3.25). Then, there exists a positive constant C, independent of &,

such that
, " xg — M |2 : " oxs — M\ |2
/ Wit <ﬁ, = ) dx +/ I+ (f,—xg ) dx < Ce,
of & € of & &
and

)
dx < Ce.

J e

Wi (f B M) - B
& €

. / - M
- <£, = )
& &
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3.5. Correctors and Asymptotic Approximation

In this section, we plan to derive correctors with the help of test
functions introduced in section 3.4. To obtain error estimates, we need the
following regularity assumptions on the data:

i (0 2 ’
fe(Hy (@) n(1g, @),

Y € (H;W (Q‘))S, we (Hlff (r,,))g. (3.27)

g € Hy,(A),

Remark 3.5. To get error estimates on the optimal state variable y, and
the corresponding pressure p, of optimal control problem (P ), one will
require (3.27), though for the co-state and adjoint pressure, it is enough
to have f € (H2,(Q7))* N (L2,(Q))* and u € (H,,*(T)))*.

er

Let @~ be defined by
G~ = { (x/,XQ) e R% x' € R?, g(x/) < X < M}

This is the periodically extended domain )~ in the x;, x directions. Let
(z,q) be extended to @~ periodically, denoted again by (z,¢). Then the
pair (z, g) solves the system

3
(Z’ é) € (leer (Qi)) X LZW (Qi) ’
—KAE + Vé = 5) — yd in @_, (328)
V.z=0 in @,
2=0 onR?x {M}U({(x,g(x)) € R x" € R?}.

Since the control 0 is located in w, we only have @xw € L*(w), which is a
source term in (3.23). Therefore, we cannot deduce from the optimality
system (3.23) and (3.24) that

(5,7) € (H;’ (Q—))3 x HY (Q7) C (04 (T))S x C° (T) . (3.29)
and
(z9) e (H} (Q—))?i x Hy, (@) c (¢ (ﬁ))% x ¢ (07).  (3.30)

We, need such a regularity for the error estimates. Fortunately, we do not
need such strong smoothness in the entire domain (), it is enough to have
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the regularity in a neighborhood of the upper boundary. In this direction,

we define the band R as

R ={(x,x)|x" €A, < x3 < M}.

2

Now, using a truncation argument, we can show that

(5.9) < (Hg (B)) x 1, (B) € (C*(R))' % € (R).

and

(2, ZI) € ( o (R)) X H[Z)r (R) C (C6 (E))B o CB(E,

since the dimension is n = 3. Let, for : =1, 2,

| M
Wit (x) = lIf‘*(x acl > in O,
& &

Vi (x) = M
Vi (x) = WiT (x i > B inQ,
& &
and
. M
I (x) = H”(x B ) in QF,
X & &
IT; (x) = ) M
i (x) = II"™ (ﬁ, i ) in Q,
& E

(3.31)

(8.32)

(3.33)

(3.34)

where (W', II'*) and (¥"~,11*") denote the solution of problem (3.25).
Now we are in a position to introduce the error estimates. We need to
introduce certain test functions. Define B(x') = ) & (x', M)B' for x' €

i=1,2 (x

A, where B is given in (3.26), and let us denote by ¢, and 0, the functions

defined in Q, by

0% .
S =) AW in QF,
X3

i=1,2

Celx) = 58(96)—26—2 , M)W~ (x . M)—B in Q,

& €
112

= Z (x, M\)¥*~ in Q.

7'12

(8.35)
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and

0F(x) = Z P» in QF,
0.(x) = o 0; |
0;(x) = Z L(x, MOIT™  in Q.
= 12

(3.36)

Using these test functions, we are now in position to derive error estimates.

Theorem 3.6. Suppose the regularity assumption (3.27) holds. Let z, be the

optimal co-state as in (3.1) and g, be the corresponding pressure. Similarly, let z be

the optimal co-state as in (3.6) and q be the corresponding pressure. Assume &, as
defined in (3.35) and 0. as in (3.36). Then, there exist positive constants C;, G,

independent of &, such that

12 = 2l aryy? + 1% = 2= 88 g gamyy < G (8415 = 3l p2gamy?)

and

17 = Gll2(0-) < G («/5+ 136 — 5”@2(9—))3) :

for & small enough.

The proof of Theorem 3.6 requires another class of test functions. Let

(9., q5) € (H,

be the solution of

—kAYF + Vgt =0 in QF,

—kAY; + Vg =0 in Q7,

V-9 =-V.-& in QF,

V-4, =-V-& inQ,

| 95 ==& onyp\L, 9 =9, —B onT,\y,,
o (9, Vg ) n=0(3;,Vg)n onT.\y,

9, =-¢ onl, 9, =B ony.NIL,

&

(L (00)) x 12, (07) and (07 47) < (H, (0))

pr ()

(3.37)
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Let us also introduce 1, and p, defined by

T (x) =2z —ed —e&l in QF,
To(x) = (3.38)
T (x) =2 —z—¢&0; —&f, in O~

&

and

py (x) = ge(x) — q(x', M) — eqf (x) — 0F(x) in QF,
pe(x) = ) ) ‘ (3.39)
py (x) = g:(x) — g(x) — eq; (x) — 07 (x) in Q.

Let the pair (9, ¢) € (H..(Q7))* x L2 (Q7) solves the Stokes’ system

per
—kAY+Vg=0 in Q"
V.-9=0 in Q-,

9=0 onl,, =B onl,, (3.40)

/ g dx =0,

(%,Vq) is Iy — periodic.

Remark 3.7. Observe that as in [4], it can be seen that B-n =0 on [,.
Hence, the uniqueness of ¥ is well-defined (see [36]).

Set

0 in QF, - 0 in QF,
_{ in q:[ in (3.41)

3=
¥ in Q7 g in Q.

These test functions will be used in the error estimates and we need higher
regularity results for these test functions. The regularity assumptions
(3.27), with (3.31) and (3.40), provide the following regularity of (19, q)

(9.9) € (2, (@) x a1, @) ¢ (¢*(@)) x (@), ©42)

Now, define the space

V(Q.) = {¢> = (H; (Q;))3 V-¢=0 inQ, Pl = o}.
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Notice that (7., u.) belongs to V(Q.) x L*(Q,), and that normal
traces of their stress tensors coincide at I',\y., i.e. a(zf, Vuh)n = o(z],
Vu; )n in (H_Tl(Fu\ys))3. Moreover, fﬂ, u, dx = 0. For simplicity, we set

4F in QF, ¢&f in QF,
Y, = ¢ = (3.43)
97 in O, ¢ in Q.

&

Proposition 3.8. Suppose the regularity assumption (3.27) holds. Let T, and
Us be, respectively, defined by (3.38) and (3.39). Then, there exist positive
constants Cy, Gy, independent of €, such that

”TSH(HI(QS))S 5 Cl <83/2 + ”5)8 - 5)||(L2(Q_))3) )

lellizga-y = G (872 + 150 = 3l g2 amy)?)

Jfor € small enough.

Proof. By definition, (7., i) is a weak solution of the Stokes’ system

0% _
ey A < L ,M)) Pit

i=1,2

oz ,
+26k YV ( 5 ,M)) Vit

=1,2

_ Z (aZl M)H’*) -V (g(x',M)) +7, inQf,

i=1,2

pa(em)e

i=1,2

—xAt, + Vu, = 3

oz |
+2ek YV ( “ ,M)) Vi

=12

-2V (6% M)H’)+(§g—§) in Q.
i=1,2

(3.44)
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Notice, V-1, = 0. Using this fact after choosing 7, as a test function in
(3.44) and with integration by parts, we get

_8KZ / (SZ’( M)) vt g,

—stz f ( (azl M)) VIS) g

=12

+/ ys *Te
Iz, 12 { Jod (3.45)

(120)" 0z, -
—&K Z /Q_ (ax%( M)> v,

i=1,2

—%xZ/{_( (az‘ M)) Vrs) i

i=1,2
+/ (3 —3) -
o

Using the regularity of z mentioned in (3.31), the Cauchy-Schwarz

inequality and Proposition 3.4, one can easily prove

0z, .
‘ Pt 4
SKZ/m (ax% )) it g, (3.46)

=1,2
0z; D | v Ce™?
—QEKZ - a—xg(x, ) . Te| = GeE ||Te||(L?(Q;*))3’
=127
SKZ/ A(az‘( )) LA (3.47)
=127 Oxs ’ ’ .

0z -
—2ex Z/ (a(x M)) LA A e R L I
3

0z ; 5
‘ QSKZ/ ( (—(x M)> VTS) W) < CEIVEN (20

i=1,2

(3.48)

o Vel (12(2-))°"

(3.49)

% |
‘—2% > / (V (a—;;(x/,M)) Vrs) Wi < Ce
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By the Cauchy-Schwarz inequality, we also have

/ VeTe

of

| G-
(O

Notice that Q consists of e-strips of fixed height. Applying Poincaré
inequality in each strip, by summing up, we have

= C||5)a||(L2(Q£+))3||Ts||(L2(Qs+))3 (3.50)

and

= C||5)8_5)||(L2(Qf))3||T£”(L2(Qf))3‘ (3.51)

s < Ce||Vr, (3.52)

||Ta||(L2(Qs+)) ||(L2(Qs+))9~

Considering y, in each strip and using Poincaré’s inequality, we obtain
3“3’8”(,‘2(93))3 < Cé&*. (3.53)

In other words, the Poincaré constant is of order & (see [5], [34]).

Combining (3.45)-(3.53), we get

195 2,0y = C 15 =3l uzayye + ). (8.54)
which, by Poincaré inequality, provides that

el < € (87 4+ 150 = 3l 12ga ) (8.55)

where C a positive appropriate constant independent of €.
For the domain )™, we now use a test function in the system (3.44) as

¢. € (H, (Q*))3 satisfying such that V- ¢, = g, in Q™ and ||¢8||(H1(Q,))3 <
C||,ug||Lz(Q_), where C > 0 is a constant independent of &, we get

a_i / i,—
SKZ/_A(a—;g(x,M))‘I’E’ e

=1,2
% -
_QSKZ/ A(@ (x,M)) Vi g,
. i—10Y/0Q" X3
el 7o gy = " N (3.56)
Z; .

_ ey AP

ngi;/ (V <axg(x,M)> v¢£> i

—K/_VTS-V¢S+/Q_(&S—5))-¢S-
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Using the regularity of z mentioned in (3.31), the Cauchy-Schwarz
inequality and Proposition 3.4, one can easily prove that

&Ky / A (S—z(x/,M)) Wi, (3.57)

i=1,2
0z i 3/2
—2er ) [ A= M) )W G| < CP il iz
=127 %
and
—28KZ \Y @(x/ M) | Vo, |- ¥im| < C¥?| Vo, 0
o Jo \ w7 ¢) e | = Nuzo))”
(3.58)
With the Cauchy-Schwarz inequality, we also have
‘—K/_ Vi, - Vo, | < C||st||(L2(Q_))9||Vd)e||(L2(Q—))9 (3.59)
and
/{;_ ())a - y) ¢s| < Cllye — y”(L?(Qf))S||¢€||(L2(Qf))3' (3.60)
Combining (3.54), (3.56), and (3.60), we get our desired result
ltellziay < € [15 = 3l gaeyye + 87 (8.61)
where again C a positive appropriate constant independent of &. O

We will borrow the following proposition from [6].
Proposition 3.9.  Assume that the regularity assumption (3.27) holds true. Let

Ve, e be the functions defined in (3.43), and let O, § be defined in (3.41). Then,
there exists a positive constant C, independent of €, such that

19 = Ol 10,0y + Vel = Glli2(a-) < C.

Jor & small enough.
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Proof of Theorem 3.6.. Notice that

{28—2—8{9—868=18+8<19€—1~9> in Q,, (3.62)

Go—q—8q—0; =p:+e(g.—q) inQ.

With Propositions 3.8 and 3.9, for & small enough, we can prove that

15 =200 = ol = G (o4 15 ~Flany) g
13— 7= 20— 052y = G (VB + 15 =3 20y

where G, G, are positive constants, independent of . But
12 — 8&4 0 1 aryy? + 1% = 2= 881l amy)?
< 1% = 8l 1 gapyy? + 1% = 2= 9 = 85 amyy + 189 1 ey
=l — 2= &0 = e&ll g,y + 19 4y (3.64)
and

19 — qlli2(0-)
<Ilg—q—¢eq— 08_||L2(Qf) +lleqg + 0;”142(9*)
=% —q—29— 0, l.2(0-) + €llgllz(a-) + 10, I 2(a-)- (3.65)

Again notice that ||0 || 12(a-) is of order /e. Consequently, the proof of
the theorem follows immediately from (3.63), (3.64), and (3.65). |

To derive similar estimates for the optimal state variable y, and the
corresponding pressure p- of optimal control problem (P, .), we need to
define B(x') =) 2i(x', M), for x' € A, where f’ is same as in (3.26).

i:l,? 0363

Let us denote the function ES, defined in ), by

A 0Y; . " xa — M
B =Y 2w (ﬁ, % ) in O,
X3 &

&
i=1,2

Eo(x) =

R % X =M\ o«
=Y a—y ¥, M)W~ (% ® ) ~B inQ,

X e
i=1,2 73

(3.66)

where y, is the optimal state variable corresponding to the optimal control
problem (P;), and where, for i=1,2, (‘I’”) and (‘If“) are defined as the
solution to problem (3.25). Finally, with the same type of proof as done
for Theorem 3.6, we have the following theorem.
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Theorem 3.10.  Suppose that the regularity assumption (3.27) holds true. Let
Ye be the optimal state variable and p. be the corresponding pressure for the optimal
control problem (P, .). Again let y be the optimal state and p be the corresponding
pressure for the limit optimal control problem (Py). Then, there exist positive
constants Cy, Gy, independent of €, such that

and
17 = Plizga-y = G (Vo + 115 = 2l 2y ) »

for & small enough, where &, is the Sfunction defined in (3.66).

4. DIRICHLET COST FUNCTIONAL

In this section, we will focus on the minimization problem (P ,) which
is regarding the optimality of Dirichlet cost functional. We will first see
the optimality condition as well as optimality system corresponding to
(Ps). After that, with the help of appropriate estimates we will observe
the asymptotic behavior of the optimal solution, co-state, adjoint pressure
and optimal control of the problem (P ,). We will conclude this section by
stating results related to asymptotic approximation.

For each & 0, the minimization problem (F,) has a unique
minimizer (., 0,) € (Hl}()yr(Qs))3 X (L;m,(w))g. The corresponding pressure
in the Stokes’ system (2.1) is denoted by p., and we will say that (), pe, 0,)
is the optimal solution of (/). Further, it can be characterized using the
adjoint state (co-state) z,, where %z, along with adjoint pressure ¢., solves
the adjoint problem

—kAZ + Vg =—A (3. —y.) in Q,,
V.-z =0, inQ,,
ze =0, ony,UIy,

/ q&}:O;

(25, Vge) is I’y — periodic.

(4.1)

As in the L2cost functional case, we have the following optimality
conditions for (P,).
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3 -
Theorem 4.1. Let f belong to (LQW (Q)) and let (s, ps, 0,) be the optimal

solution of (Py,). Let (EE, és) € <le” (Q€)> X L2 (Q;) be the solution of

(4.1). Then the optimal control is given by
- 1

08 = __Zg)((/)-

p

Conversely, assume that the pairs (5)8’28) < e Q, )) ( [M(Q )) and
(ﬁs, @8) € Lzﬂ (Q,) x L lw () solve the optimality system

n 1
—KkAY. + Vp. = f — Bég}gw in Q,,
V 3. =0 in Q,,
=0 on y, ¥ =wuon [, (4.2)

[a-

(3e, Vpe) is Ty — periodic.

—KkAz, + Vg = —A (5)8 — yd) in Q,,
V-2=0 1in Q,,
zz=0 on y, Ul

| a=o

(%, Vg.) is Ty — periodic.

Then, the triplet (3., ﬁg, —%,28 L) s the optimal solution to (Ps).

Following a procedure similar to that in section 3.3, we have following
estimate

||y8||(H1(Q ))% + ||p8”Lz(Q ) + ||Z8||(H1(Q ))% + ”0 ”(Hl(w))% + ”qs”LZ(Q ) = C
(4.4)

where C > 0 is independent of &. As for Theorem 3.3, we can prove the
following theorem.

Theorem 4.2. Let (518, De> és) be the optimal solution of (Ps ) then

5)8 —>§) strongly in < er (Q))
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p. — p strongly in L;W (Q_) ,
- - 3

0, — 0 strongly in (legr(w)> ,
3

per

Ze — z strongly in (H1 (Q))

¢: — q strongly in LZ” (Q_) .

nx N

z in Q°,

_J0 in QF,
y in Q7, B

QO7), solves the system
(@) y

‘per

1
—KA5)+ Vp =f — BZXw in O,
V.j=0 inQ,

]3=0 onTl, y=wu, onT, (4.5)

=0,
N

(3, Vp) is T — periodic,
—kAz4+Vg=—-A(y—y) inQ,
V.-z=0 in O,

z=0 onl,UIl},
(4.6)

(z,Vq) is Iy — periodic,

and 0 = —%E){U,. Moreover,

where

Fe (Bes ég) — k(5 é) when ¢ — 0,

1 2 2
]2(y,9)=§/ﬂ_lv(y—yd)\ +§/w}9| : (4.7)
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If we consider the minimization problem for cost functional j as

3
inf(fe (5,0) 10 € (L2,() , (3.,0) obeys (3.4)}, (P)

then by our next theorem, the above mentioned pair (3, 0) €

(Hﬁl” (Q‘))3 X (lem (co))g is the unique solution of (P,).

Theorem 4.3. Let [ € L2, (Q) and (5,p,0) be the optimal solution of (Py).
3
Let (z, q) € (H1 (Q‘)) x L, (Q) sokes (4.6), then the optimal control is

per

given by

Conversely, assume that the pairs (3,%) € (HPIW (Q’))5 X <H[}” (Q’))% and

(p, 9) € L, (Q7) x L, (Q27) solve the optimality system

N 1
—;cA&+Vp=f—E2xw in Q,,
V-y=0 in Q",
y=0 on I, y=wuon I, (4.8)

[0

(3, Vp) is T, — periodic,

and

—kA24+Vi=-A(H—y) in Q7
V.2=0, in Q,
z=0 on I' UL,

=

(2,Vgq) is I’y — periodic.

Then, the triplet (3, p, —%2)@,) is the optimal solution to (Py).
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Define B(x') = D oicio (fil(x M)p, for x' € A, where ' is defined in

(3.26), and let us denote by fs the function defined in €, by

v 5)’1 Xg—M .

+ — M\I,Hr Q+
E.(x) - ;ﬁxz : (8 & ) e
e(X) = '

E;(x)=zayl M)W (’; B M)—B in Q-

i:lza 3 €

(4.10)

where y is the optimal state variable corresponding to the optimal control
problem (P») and where, for i =1, 2, (‘l”*) and (‘lfi’_) are the solution to
problem (3.25). We will have the following theorem, whose proof can be
derived as in the case of the L*-cost functional.

Theorem 4.4. Suppose that the regularity assumption (3.27) holds true. Let
Y. be the optimal state variable of optimal control problem (Ps.), and p. be the
corresponding pressure. Again let y be of optimal control problem (Py), and let p be
the corresponding pressure. Then, for € small enough, there exist positive constants
Ci, G, independent of &, such that

”5)8 — 8%:”([{1(0;—))5 + ”5)3 - 5) - SE;“(HI(Q—)))’ S C] (8 + ||Z£ - Z||([2(w))5) s
and
I = Plizcay = G (VE+ 15— 2 jxy)
for & small enough, where Ee is defined in (4.10).

Define B(x') = D oicio ;;‘ (x', M)p', for x' € A, and let us denote by E.,
the function

e
Esw) - - ]2 8z x xg— M
el i— 3

(x) E x, M)Ww* <8

112

y 0% X =M
HOED : L (x, M)Wt <f, X3 ) in QF,
E

)—B in 7,
€

(4.11)

where z is the co-state variable corresponding to the optimal control
problem (P), and where, for i =1,2, (¥*") and (¥"~) are the solutions
to problem (8.25). As in the case of the L?-cost functional, we have the
following theorem.
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Theorem 4.5.  Suppose that the regularity assumption (3.27) holds true. Let 7,
be the co-state variable and g, the corresponding pressure for the optimal control
problem (P, ). Again let z be the co-state variable and q the corresponding pressure
Jfor the optimal control problem (Ps). Then there exist positive constants Gy, Cs,
independent of €, such that

”28 _ 8%:”(1_11(02—))% + ”28 — 7= 8%;”(]_]1(97))3 < C1 <8+ “5)8 _5}”([_[1(97))%) P

and

1.~ Bllisgo ) < G (VE+ 15~ 3l oy )

for & small enough, where &, is defined in (4.11).
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