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Abstract

We study optimal boundary control problems for the Navier-Stokes
equations in an unbounded domain. The control is of Dirichlet type, i.e.,
the boundary velocity field. The drag functional is used as an example
of control objectives. We identify the trace space for the velocity fields
possessing finite energy, we prove the existence of a solution for the Navier-
Stokes equations with boundary data belonging to the trace space, we
establish the existence of an optimal solution over the control set, and
we derive an optimality system of equations in the weak sense by using
the Lagrange multiplier principles. The strong form of the optimality
system of equations is also obtained and is described by a system of partial
differential equations with boundary values.
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1 Introduction

In this paper we consider general Dirichlet controls for the time-dependent
Navier-Stokes system in the exterior of a bounded domain. Unsteady Navier-
Stokes equations with distributed optimal control were investigated in [6],[7],
[15],[8]. Boundary controls for steady-state Navier-Stokes equations were con-
sidered in [11], [12] and [13]. Boundary controls for time-dependent Navier-
Stokes systems were considered in [3]—[5] wherein the control was assumed to
be of the separation of variable type. General boundary controls for the two-
dimensional time-dependent Navier-Stokes systems were studied in [9]. In this
paper, we present a procedure that applies to boundary controls for both the
two-dimensional and three-dimensional Navier-Stokes equations.

The basic mathematical questions related to optimal boundary control prob-
lems are the well-posedness/existence of optimal solutions and the derivation
of optimality system of equations. In order to answer these questions in the
present situation of boundary controls for the Navier-Stokes equations, we need
to resolve the inhomogeneous boundary value problems for the Navier-Stokes
equations. The reasons for this are three-fold (in addition to the fact that such
boundary value problems are important in their own right and such results were
unavailable in the literature for the Navier-Stokes equations). First, in modelling
the functional, one often needs to include a certain norm of the boundary con-
trol variable. The proper choice of such a norm depends on the knowledge of
the boundary value problem, e.g., in what function spaces the boundary value
problems are well-posed (so that the chosen norm makes sense). Second, to
show the existence of an optimal solution, one needs a strong enough norm on
the boundary control variable in the functional so as to be able to derive certain
estimates for the velocity and pressure in the interior of the flow domain. Third,
the derivation of the weak form of an optimality system by Lagrange multiplier
rule essentially can be reduced to the solvability of a boundary value problem.
We will resolve in this article inhomogeneous boundary value problems for the
Navier-Stokes equations in both two- and three-dimensions, although the proofs
are only given for the two-dimensional case. Of course, we will also answer the
basic questions for the boundary control problem. In particular, we will derive
the optimality system of equations in the weak form and also formulate the
optimality system in a strong form.

The optimal control problems we consider can be described in general man-
ner as follows: seek a boundary velocity field g and a corresponding velocity-
pressure pair (v, p) such that a functional

(1.1) J(v,g) = F(v) + NG(g)
(N is a positive constant) is minimized subject to the Navier-Stokes equations

(1.2) Ov—pAv+v-Vv+Vp=0 and V-v=0 in (0,7) x Q,
(1.3) V|t—o =vo forx €, vign=g forte (0,7),

ESAIM: Proc., VoL. 4, 1998, 97-116 99



and
(1.4) V= Ve as x| — 0.

Here, 0; = 9/0t, ) is the region exterior to a bounded body B C R¢ (d = 2,3)
and 01} is its boundary. For simplicity we assume 952 is of class C*° and is a
simple connected closed surface. Also, v, is a constant vector.

A control objective of importance in applications is the minimization of drag.
We will use this objective in this paper to present our ideas. Many other control
objectives can be handled with necessary modifications. The drag functional is
briefly derived as follows. Let 7 = —pZ + 2uD be the stress tensor, where
D = D(v) = 2(Vv + VvT) is the rate of deformation tensor for the flow. The
work needed to overcome the drag exerted on the given body B = R?\Q is
given by

= fQT dtfye,(V = Vo) - (Tm) ds
fQT dtf,(V = Veo) - {—pn + (Vv + VvT)n} ds
o Atfoq(v = Voo) - {=pn+ pu(V(v —ve) + V(V — voo ) )n} ds.

Upon setting w = v — v, and using a Green’s formula , we derive

W= //w (LAw — Vp) dxdt+2,u// v)dxdt.

The Navier-Stokes equation for v yields the equation for w = v — v:
oW —pAw +v-Vw+w-Vw+ Vp=0.
Combining the last two equations yields

w —2uf0 dtf, D(w) : D(w dx—|—2f dtf,q, Wl w—|—2voo) nds
2fQ|wa)| dx——fﬂ|w0x)| dx .

The integral 3 [, [w(t, x)|? dx is the (finite) kinetic energy of the difference flow
W =V — Vo. We can rewrite the last equation as the energy equality
F(w)=1[,|w(0,x)?dx+ %
(1.5) =1 Jo w(T,x)|? dx + ,ufo dtf, D(w) : D(w) dx
"%foT dtfye, [W[*(W + Vo) - nds.

Since the initial kinetic energy of the difference flow is given, it is quite natural to
take the right-hand side of the last equation as the cost functional F(w) in terms
of the difference flow w (for convenience, we introduce a factor of one-half).
For both physical and mathematical reasons, the size of the control should be
constrained. Physically, one cannot realize controls of arbitrary size. Moreover,
the cost of effecting control should be accounted for in the optimization process,
e.g., one would not usually want to reduce the drag by a small amount if the
cost of doing so is prohibitive. Limits on the size of the control are also needed
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in order to obtain a mathematically meaningful problem, e.g. to guarantee the
existence of an optimal solution in a certain function class such that derivation
of optimality system for considered problem should be possible.

We now discuss how we can choose a convenient functional G(g) from (1.1)
for measuring the control. In order to apply Lagrange principle to derive the op-
timality system, we need to verify that the linearization,at an optimal solution,
of the mapping defined by the constraints (i.e., the Navier-Stokes equations)
is a surjective operator. This assertion can be proved in the space of suffi-
ciently smooth functions where nonlinear term of the Navier-Stokes equations
are subordinated to the linear terms. (This same condition also garantees the
uniqueness of the Navier-Stokes solutions). It is well-known that in 2D case the
minimal level of smoothness for the velocity field w = v — v, with the afore-
mentioned properties is given by the space in which finite energy estimate holds,
i.e. the space w € L*(0,T;H(Q)) and 9w € L*(0,T; H(2)). In 3D space
it is the space w € LQ(O,T;H3/2(Q)) and Oyw € L2(O,T;H’1/2(Q)). Note
that these inclusions imply a certain behavior at infinity. (The Sobolev space
notation used here is established in §2.) The boundary control should belong to
a subset of the trace space on 9¢) of the spaces described above for the vector
field w. The norm to be used as the functional G should be not weaker than
the norm of the trace space. The precise choice of the norm will be given later.

2 Functional spaces and statement of the opti-
mal control problem.

In order to state the optimal control problem mathematically, we need to intro-
duce some functional spaces and notations. We will use the standard notations
for the Lebesgue function space L"(£2) and the Sobolev spaces H™ (), H'(952)
of sqare summarable functions for real smoothness indices m, I . For m > 0, we
introduce the subspaces of the Sobolev spaces H™ ()

H{'(Q) = the closure of C§°(2) in H™(Q)
and the dual spaces H™™(Q) = (H(’)"(Q))* The vector counterparts of these

spaces are denoted by L"(2), H™(Q), H!(09), and HJ*(Q2). For details, see [1]
. We will also use the spaces of solenoidal vector fields

Vm(ﬂ):{ueHm(Q) : v.u:o,/

u-nds:O} form>0
o0

and
V' (Q) = the closure of C3°(Q) N V°(Q2) in the H™(Q)-norm  for m >0,

where when m = 0, [,,u-nds is understood as the H~1/2(0Q)-H'/?(6%)
duality pairing between the function (u-n) € H~'/2(9Q) and the constant
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scalar function 1 € H'/2(9Q). Note that for simplicity, we have assumed 9
is a connected surface; otherwise, we need to require fF, u-nds = 0 on each

connected component I'; of 0€2. Identifying (V§ (Q))* with V() we introduce
the dual spaces
V() = V3] form >1.

The norm on V™ () and V{*(Q2) are chosen to be that of H™(Q). We also
introduce the temporal-spatial function space, defined on Qr = (0,7 x Q,

HE(Qr) = {f € L*(0,T; HX(Q)) : 8,f € L*(0,T; H*3())}

with norm

£ 1300 ry = I 172070 02y + 106 £ 20,0552y »
and the corresponding solenoidal function space
VE(Qr) = {v e L*(0,T; V() : v € L*(0,T; V°73(Q)) }

with norm

|\V||$;<s>(QT) = ||VH%2(0,T;VS(Q)) + Hatv||%2(0,T;Vs—2(Q)) :

Let us give the precise definition of a solution for the Navier-Stokes equations
(in the 2D case). Suppose that an initial condition wo € V°(Q) and a boundary
condition

be {z € L2(0,T; HY(T)) : z-n € H¥4(0,T; H- (),

(2.1) z-reH1/4(o,T;L2(F)),/ z-nds:O}
o0

are given where n is the outwards normal vector field along 9 and T is the

tangent vector field along 9. Assume that wy and b satisfy the compatibility
condition

(2.2) w-nlgga =b-nli—g in H_1/2(8Q)

The solution for the Navier-Stokes equations (1.2)-(1.4) is understood in
the following sense (note that the decay of w = v — v, at infinity follows
automatically from the requirement w(t) € V) (Qr)):

Definition 2.1. v is said to be a solution of (1.2)-(1.4) if v =W + Voo, where
w € V(Q7) satisfies

(Oew(t),2z) 4+ 2uf, D(w(t)) : D(z) dx + [, (W(t) - V)w(t) - zdx

(23) +Jo (Voo - V)W(t) - zdx =0 Vz € V§(Q), ae te(0,T),

(2.4) wlagn=b=g-— v in L*(0,T; HY2(09)),
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and
(2.5) Wli—0 = W0 = Vo — Voo inVO(Q). D

In the 3D-case, the definition of a Navier-Stokes solution will be the same except

that the space V()(Qr) is replaced by V©/2)(Qr) (for solution w), VO(f)
relaced by V/2(Q) (for initial condition wg), and space (2.1) for a boundary
condition b replaced by space (4.13) (see below).

The extremal problem we study is to minimize the drag functional F(w)
derived in Section 1. It is more convenient to use the variable w = v — v,
rather than the variable v. Also, we will simply use w| ¢ to denote the Dirichlet
control and, thus, will not introduce a separate notation b to denote the control
variable and the boundary condition (2.4) will not be explicitly imposed as a
constraint.

Thus the optimal control problem we consider can be stated as follows: seek
a velocity field w such that the functional
(2.6)

T(w) = ufy [, D(w) : D(w) dx dt
—&—%fOTfaQ (W2(W + Voo) - ndsdt + 1 [, [W(T,x)|> dx + NG (w|aq)

is minimized subject to the constraints (2.3) and (2.5).

3 Boundary value problems and the optimality
system

Our eventual goal is to derive an optimality system of partial differential equa-
tions. This is achieved by using the Lagrange multiplier principles. This opti-
mality system can serve as the basis for computing numerical approximations
to optimal solutions. We will demonstrate in this section that the justifica-
tion of the use of Lagrange multiplier rules can be reduced to the solvability of
boundary value problems for a system similar to the linearized Navier-Stokes
equations.

The abstract Lagrange multiplier rule is described as follows. Let X; and
X5 be two Banach spaces. Let f: X; — R be functional and F' : X; — X5 be
a mapping. We seek a w € X; such that

(3.1) f(w)zuel% f(u), where Wea={ueX;:F(u)=0}.

The Lagrange functional for the minimization problem (3.1) is defined by
L(w, A, q) = Af(w) + (F(w), q)

for all w € X1, A € R! and ¢ € X;. We quote a standard abstract Lagrange
principle in the following particular form (see [2]).
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Theorem 3.1 Let w be a solution of (3.1). Assume that the mappings f and F
are continuously differentiable and that the image of the operator F'(w) : X1 —
Xy is closed. Then there exists a ¢ € X5 and a A\ € R', such that the pair

(g, A) # (0,0),
(3.2) (Lo(w, A, q),h) =0 Vhe X,

where Loy(-,+,-) denotes the Fréchet derivative of L with respect to the first
argument. Furthermore, if F'(w) : X1 — X5 is an epimorphism then X # 0 and
A can be taken as 1. [

To apply the abstract Lagrange principle to the optimal control problem
stated in the previous section, we only need to verify the conditions that G is
differentiable and F’(w) is an epimorphism. The differentiability of G can be
easily met by choice (see Section 5). Thus the justification of the use of the
Lagrange multiplier rule is reduced to showing that F’(w) is an epimorphism.
To this end, we denote by Y the appropriate space for the difference flow w (a
concrete choice of Y will be given in Section 5) and set X; =Yy = {y € YV :
y|t =0} and Xy = L2(0,T; V~1(Q2)). We define the mappings f : X1 — R
and F X1 — X5 as follows:

fy)=J(w+y)
and
F(y)=0/(w+y) — uPA(W+y)+P[(W+y+ Vo) - V)(W+y)]

where P : H71(Q) — V~1(Q) is the projection operator. Then y = 0 is the
solution of the correspondent extremal problem and F’(0) : X; — X5 is defined
by

(3.3) (F'(0),y) = Oyy — uPAy + P[(y -V)w + ((w + Vo) - V)y].

To show F’(0) is an epimorphism, we first observe that this operator is contin-
uous. Next we need to show that for each £ € L?(0,T;V~(Q)) the system
(3.4)
(Ory(t),z) +,qu Vy Vzdx—i—fQ( (t) + Voo) - V)y(t) - zdx
+[o(y@) - V)w(t) -zdx = [ £(t) - zdx Vz € Vi(Q), ae t€(0,T),

and
(3.5) Y=o =0  in V°(Q)

has a solution y € Yy. We can supplement this system with a boundary condi-
tion, e.g.,

(3.6) ¥lo,r)x00 = 0.

Thus we see that the derivation of the optimality system by the Lagrange multi-
plier rule is reduced to the solvability of the boundary value problem (3.4)—(3.6).
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This system of differential equations is similar to a system of linearized Navier-
Stokes equations with coefficients w(¢). To prove the solvability of (3.4)-(3.6)
we need the optimal solution w(t) (which coincides with the coefficient w(t)
in (3.4)) to be smooth enough. To this end, we need to consider the existence
theorem for the optimal control problem in a class of sufficiently smooth func-
tions. Thus, the derivation of the optimality system is reduced to the solvabil-
ity theorem for inhomogeneous boundary value problems for the Navier-Stokes
equations in a class of sufficiently smooth vector fields. The question of the solv-
ability of this boundary value problem can be answered using the techniques
discussed in the next section (Section 4.2).

4 Trace theorems and solutions of the Navier-
Stokes equations

As has been repeatedly pointed out in this article, the study of Dirichlet bound-
ary value problems for the Navier-Stokes equations is of paramount importance
in the study of boundary controls for the Navier-Stokes equations. We devote
this section to the study of boundary value problems.

Based on the well-known results regarding the existence and uniqueness of
solutions for the Navier-Stokes equations with homogeneous Dirichlet condi-
tions, we should seek solutions of the inhomogeneous Dirichlet problem in the
spaces VI (Qr) = L2(0,T; VY(Q))NH'(0,7; V~1(Q)) in 2D and VE/2(Qr) =
L2(0,T; V¥2(Q)) N H(0,7;V~Y2(Q)) in 3D. Thus, the Dirichlet bound-
ary conditions should be imposed in the trace spaces of V() (Qr) in 2D and
Y/ 2)(QT) in 3D, respectively. We will consider the trace problems in Sec-
tion 4.1. The proofs are only given for the 2D case. Then in Section 4.2 we
discuss solutions of the Navier-Stokes equations with inhomogeneous boundary
conditions.

4.1. Trace theorems.
In the 2D case, we have the precise trace results, i.e., the trace space of
VD(Qr) = L*(0,T; VY(Q)) N H'(0,T; V™))  (in 2D)
is characterized as follows:
tr [V (Qr)] = {z € L2(0,T; HY2(0Q)) : z-n € H34(0,T; H1(0Q)),

Z-TE H1/4(O,T;L2(89)),f69z-nds = 0}.

The trace results is a local property (local to the boundary 9€2). Thus we
only need to consider the trace results for functions with support in a neigh-
borhood of 2. We first examine the necessary condition of the trace theorem.
The proofs are only given for the 2D case.
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Theorem 4.1. Assume that @ C R? and u € V) (Qr) with a compact support
in its spatial variables. Then

ulyg € {7 € L2(0, TsHY2(09)) : 2-m € HY/4(0,T5 H(60)),
z-1 € HY/4(0,T; L*(09)), [yqz nds = 0} .

Furthermore,

("“'69 120, 75101/2 90y + 0 ml o ”313/4(0,T;H—1(69))+H“"’|39H§P/4<0,T;L2(89>>> -

~< C”u”%(l)(QT)
where C' is a constant independent of u.
Proof. We first note that the well-known trace result tr(H(Q)) = HY/2(9Q)
implies
1lon 1220,z 200 < Cll220.z:211 () -
Using the divergence free condition of u, we can find a stream function ¢ €
H'(Q) such that

M
8$1

% _

(4.1) oo

Ul and = —us;

see, e.g., [10]. We denote by 7 = (11,72)T and n = (n1,n2)” the unit counter-
clockwise tangent and outward normal vectors, respectively, along Q2. We have
the following relations:

T1 = N2 and T2 = —N71.
It can be easily verified that

(4.2) (u- n)|a§2 = —(8Tw)|6Q and (u- T)‘E)Q = (8,#))‘80

where 0,1 and 9,1 are the tangential and normal derivatives of ¢, respectively.
Thus the proof of the lemma boils down to checking the regularity of (871/))‘ 29
and (8"1/))‘89' Taking the t-derivatives of (4.1) we have

oy My
B (w1)e and o (u2)e

where (-); stands for the partial derivative with respect to ¢. Using the regularity
ue L?(0,7;HY(Q)) and u; € L2(0,T; H (), we deduce that (see [10])

b e HP((0,T) x Q) = {¢ € L2(0,T; HX(Q)) : ¢ € L2(0,T; LQ(Q))}.
0N being of class C'°°, we may choose a neighborhood U of 92 and an orthonor-

mal coordinate system (zf,z5)” such that U = {x = (a},25)7 : (2],0)T €
O, ah € [0, €]} for some e > 0 and that along 92, this new coordinate system
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coincides with the tangential-normal coordinate system. The space H () ((0,T)x
U) can be rewritten in the form

HE((0,T) x U)
= {¢(ah,t,2}) € L*(0,6 L0, T; H2(89))) N L*(0,e; H(0,T; L*(052))) :
Oyt € I? (0, € L2(0,T; L2(8Q)))} .

By virtue of a trace theorem of [16], we have that the mappings vo : ¢ — w}x, 0
=
and 1 : ¥ > Oy 9|, _, are well-defined on HP)((0,T) x U); furthermore, the
L=
mapping ¢ — (Y1, 11¢) from H®((0,T) x U) to

[L2(0, T; H2(9Q)) N H'(0,T; L*(99)), L*(0,T; L2(9Q))]

x [L2(0, T; H2(99)) N H(0,T; L2(9)), L2(0, T L2(8Q))ﬁ/4

is continuous and surjective. Here we have used the intermediate spaces [X, V],
a € [0,1], of the Hilbert spaces X and Y as defined in [16]. Using the definition
of these intermediate spaces (see [16]), we obtain

[L2(0,T; H2(99)) N H (0, T; L2(99)), L2 (0, T; L2(69) )

3/4
= L*(0,T; H*/?(09)) N H3/*(0,T; L*(6%))

and

[L2(0,T; HX(R)) N H(0,T; L*(9Q)), L2(0, T; L*(9))]

1/4
= L*(0,T; HY/?(0Q)) N H/*(0,T; L*(09)) .

Hence the mapping ¥— (v, v1¢) is continuous and surjective from
HP((0,T)xU) to

[L2(0,T; H3/2(09)) N H¥(0,T; L*(09))]
x [L2(0,T; HY/2(9)) N H/*(0,T; L*(09))],

i.e., we have shown that
Plog € HY*(0,T5L%(0Q))  and 99|, € HY*(0,T; L*(09))

with the estimates
‘W|69HH3/4(0,T;L2(69)) = CH¢||H(2>((O,T)><Q) = CHuHV(l)((O,T)xQ)

Hanw}aﬂHH1/4(O,T;L2(8Q)) < CH‘/’HH@)((O,T)xQ) < CH“HV(U((O,T)XQ)
where the positive constant C' is indepndent of ¢ and u. Using relation (4.2)
we easily see that u-n € H3/4(0,T; H~1(0Q)) and u-1 € HY*(0,T; L*(09))
satisfying the desired estimate. [0

To prove the sufficient condition of the trace results, i.e., the extension the-
orem, we first prove the following lemma.
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Lemma 4.2. Assume that a pair of functions (b;, h) defined on S = (0,T)x0
satisfies

(4.3) b, € L2(0,T; HY/2(09)) N HY*(0, T; L*(9))
and
(4.4) h e L*(0,T; H¥*(09)) N H**(0,T; L*(09)) .

Then there exists an extension v € H® (Qr) satisfying

(45) (8”¢)|ST =br, (8n¢)|sT =h,

2 2 2
110y < €L 1B 1220201172000y + 155201/ 0, 712000

(4.6)
2 2
FhlZ 20,7052 00)) + 10550722000 § »
and
(4.7) Y vanishes outside a neighborhood of St = (0,T) x 98,

where C' is a constant independent of b,, h, and 1.
Proof. As was indicated in the proof of the Theorem 4.1, the mapping ¢ —
(¢|ST, (8n¢)|ST) is continuous and surjective from H(?)((0,T) x U) to

[L2((0,T); HY2(09)) N HY*((0,T); L*(09))] x [L2((0,T); H**(9%))

NH3/4((0,T); L*(09))] .

As in Theorem 4.1 proof we may choose a neighborhood U of 92 and an

tangential-normal coordinate system (z,a5)” such that U = {x = (},25)7 :

(z1,0)T € 89,24 € [0,€]} for some € > 0. Hence, by the trace theorem from

[16] given b, and h satisfying (4.3)-(4.4), there exists a v satisfying (4.5) and
the estimate

9]l (0,myxv) < C{ 10211 20, 731172 (002)) + W07l E11/74 0,722 (892))

HIRl 20,75 m2/2002)) + HhHH3/4(O,T;L2(8Q))} ;

where C is independent of ¢, b, and h. Finally, we may choose another neighbor-
hood U of (0,¢) x 99 such that the closure of U is contained in U. Well-known
extension results allow us to extend continuously the space (2 ((0,T) x U) into
the space {¢ € H(?((0,T) x Q) : ¢ vanishes outside T}} 0

We are now in a position to prove the extension result.
Theorem 4.3. Assume that b, and b, satisfy

(4.8) bpds =0 ae. tel0,T],
o0
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(4.9) b, € L2(0,T; H2(9Q)) N H¥*(0,T; H~1(89))

(4.10) b, € L*(0,T; H/*(09)) N HY*(0,T; L*(09)) -

Then, there exists a u € V) (Qr) satisfying

(4.11) ulg, =b=bn+ b7

and the estimate

(4.12)

1B @ay < CLIBIZ 2 0.2:117200) 1005730,y HIor I 30,2200}
where C is a constant independent of b, and b,, and such that u vanishes outside

a neighborhood of (0,T) x 0Q.
Proof. We define

h(t,x) = — /x b (t,x(s))ds Vx €00,

0

where the line integral on the right-hand side is taken counter-clockwise along
0N starting from a fixed point x¢ € 992. Evidently, h € L2((0, T); H3/2(8Q)) N

H3/4((0,T); L?(0%2)). Then, Lemma 4.2 implies that there exists an 1 €
H ) (Q7) which vanishes outside a neighborhood of (0,T) x 99 such that

,L/)‘ST =h and 8nw|ST=bT.

u=curly = <_8§2¢¢>

By setting

we see that

ueVW(@Qr),
(u~n)|ST = (curlw-n)‘ST =-V¢-1=-0,¢%=-0,h=b,,

and
(u-'r)‘ST = (curlw-T)‘ST =V¢Y - n=0,v=>b,.

Estimate (4.12) follows from the previous lemma. 0O
Now we formulate the restriction and extension results for the space V(3/2) (Qr)
in the 3D-case. Every vector field u(z) defined on 9Q can be decomposed as
follows:
u(@) = un(@)n(z) + ur(z)

where n(z) is the outward normal to 9%, uy, is the projection of u(x) in n(x)-
direction, and ur € 7,09 is the tangential component of u(z) along 9. These
notations will be used below.
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Theorem 4.4 Assume that
u e VO (Qr) = L*(0,T; V¥/2(Q)) n H' (0,7 V-/%(0)).
Then for every e > 0,
uloq € {2 € L2(0,T;H'(00)) : by € H'~(0,T;H ' (00)),
2r € HY2(0,T;1o(09),  [y0 2nds = 0} Ve > 0.

Furthemore,

(||u|6ﬂ||2Lz(o,T;H1(aQ)) + Hun|39H%Il*f(o,T;H*l(aQ)) + HuT|3QH?{1/2(0,T;L2(8Q)))

< CEHu||$}(3/2)(QT)
where the constant C. depends on € > 0 but does not depend on u.
Theorem 4.5 Assume that a vector field b = b, + br belongs to the space
(4.13)

{z € L2(0,T; H'(9Q)) : 2, € H' (0, T; H~1(0)),
zZr € H2/5(0,T;H1/5(8Q)), Joqznds =0 ae. te [O,T]}.
Then there exists an u € V3/2(Qr) satisfying
u|5T =b
and the estimate
||UH$;<3/2)(QT) < C{||b||2Lz(o,T;H1(aQ)+|\an%p(0,T;H4(an))"'HbT||§12/5(0,T;H1/5(ag))},

where C' does not depend on b
Remark. It is easy to show that

L2(0, T; HY(09))nH?/* (0, T; H'/*(8Q)) < L*(0, T; H'(09))NHY?(0,T; Ly (09));

thus we see that the trace space (4.13) is narrower than the corresponding space
in Theorem 4.4. [
Remark. The proof of Theorems 4.4 and 4.5 (in the 3D case) uses the system

curly =u in Q, divp =0 in €, and (% -m)|y, =0

in place of curly = u in the 2D-case. The analysis of regularity is much more
involved. Details will be published elsewhere. [

4.2. Estimates for the solutions of the Navier-Stokes equations with
nonhomogeneous Dirichlet boundary data

We now consider the boundary value problem for the Navier-Stokes equation
in the form introduced in Definition 2.1. The boundary data b is assumed to
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satisfy the compatibility condition | 90 P mds = 0. Our goal here is, with the
help of the extension theorem (Theorem 4.3), to establish the existence of a
solution for (2.2)-(2.4) and derive estimates for the solutions in the space of
critical smoothness in terms of the data wo and b.

Theorem 4.6. Let Q C R2. Assume that b and wq satisfy

(4.14)

bpds=0 ae te[0,T], b, L*0,T;HY*0Q)NHY*(0,T; H (8Q)),
N

(4.15) b, € L*(0,T; H/*(09)) N H*(0,T; L*(09))
(4.16) wo € V°(Q)

and

(4.17) (wo -n)|6(2 = b”‘t:O'

Then, there exists a unique solution w € V) (Qr) for the problem (2.1)-(2.3).
Moreover, the solution satisfies the estimate

||W||$}(1)(QT) < B<||W0||L2(Q) s 10nll 200,75 1172 (80)) + 100l 5374 (0,755 -1 (092)) »

6711 220, 73172 (892)) + 1071l 1179 0,7 L2002 > |Voo|> )

where B(+,-,-,-) is a continuous positive function defined on R x R xR x R.
Proof. Let u € V(U (Qr) be the extension of the data b into Q7 constructed in
Theorem 4.3. With the change of variable relation w = u + 7, it can be easily
checked that the existence and uniqueness of a desired w is equivalent to the
existence and uniqueness of a 7 satisfying the equation
(4.18)

(Om(t),z) + puf, VN(t) : Vzdx + [o,((n(t) +u(t) + veo) - V)(t) - zdx

+[o(n(t) - V)u(t) - zdx = (£(t), z) Vz € V§(Q), ae. te(0,T),

(4.19) nls, =0  in L?(0,T; HY2(0Q)),
and

(4.20) M=o =N = Wo — ufs—o in Vg(ﬂ) )
where

(4.21)

(£(t),2) = —p /Q Vu(t) : Vadx — (Opu(t), z) — /Q (u(t) + voo) - V]u(t) - zdx.

The existence and uniqueness of the solution n € V) (Qr) for (4.18)-(4.20) can
be proved in exactly the same way as that for the two-dimensional Navier-Stokes
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equations with homogeneous boundary conditions in exterior domains; see, e.g.,
[14] or [17]. The proof of the estimate is not difficult also. O

Remark. The proof of the 3D version of Theorem 4.6 can be realized for small
initial and boundary data, just as in the case of homogeneous boundary value
problems. There is also another case where the 3D version of the existence
theorem can be proved. That is the case where the initial condition wq is a
steady-state solution of the Navier-Stokes equation (2.2) and boundary data
are small enough. 0O

5 Formulation of optimal control problems and
optimality systems.

From the results of Section 4, we have a very clear picture of what the minimal
smoothness should be for the boundary control, i.e., the minimal smoothness
should be that of the trace space (see Theorem 4.1 and 4.3-4.5). Naturally, the
control should be measured in a norm that is not weaker than the norm for the
trace space. For computational convenience, we will strengthen the fractional
time derivatives to the first derivative 0; in the functional. Also, the particular

form of the drag functional, i.e., the term fOTfQ D(w) : D(w) dx dt, implies that
in order for w to belong to the desired trace space, it is sufficient to use the

norm .
/ / |0, w|? ds dt in 2D
0 Joq

for the controls. In 3D, we have to use the norm

T
// (|oew]* + |Vsw[*) dsdt  in 3D
0 JoQ

where V is the surface gradient operator. Also, we have to include the con-

straints connected with the term fonaQ |W + Voo |¥ ds dt for some k > 3.
Hence, the drag functional (compromized by adding the norm of the control)
is chosen to be

(5.1)
J(w) = /l’f()TfQ D(w) : D(w) dxdt + gfonaQ [W2(W + Voo) - nds dt
+£ [ Iw(T, x)|? dx
+,0N(f0TfaQ |W + Voo ¥ ds dt + fOTfaQ |Oyw|? ds dt) , in 2D
and
(5.2)
T(w) = pufy f, D(w) : D(w) dxcdt + 4§ [ [WI2(W + voo) - mls
+2 [ [w(T, x)|? dx
+pN (fOTfm W+ Voo Fdsdt + [ [oe, (10:w]2 + [Vow|?) ds dt) /in 3D

where w =v — Voo, k>3, and N >0 (N > 1 if k = 3).
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Extremal solutions are sought in the space
Y = {w ev(@r) :  (8w)|an € L? (o, T; L2(am) ;
Jon @w -nds =0, wlag € L*((0,T) x ag)} in 2D
or
Y = {w eVEDQr) + (Bew)log € L2(0, T3L2(09)) , (Vaw)log € L2(0, T3L2(09)) ,
Jpo Oew-nds =0, wlag € L¥((0,7) x ag)} in 3D

equipped with the norm

[wly = ||W||v<1>(QT) + HatWHL?(o,T;L?(aQ)) + ||W||Lk((o,:r)xan) )
or
wlly = [Iwlly@/2) (@py T 110:WlliL2(0,7,1280)) + IVsWllL2(0,7;1280)) + WLk 0,7y x89) »
respectively.
Note that w € Y necessarily implies that w(0) € W where
W = {w e VO(Q): (w-n)|sg € H/4(0Q) N L**/2(5Q)} .

Thus, the specified initial condition in the Navier-Stokes equations must satisfy
the regularity condition

Wt = Wo = Vg — Voo € W.

We are now in a position to formulate the drag minimization problem.

2D Optimal Control Problem. Suppose that wg = v — v, € W. Seek a
w € Y such that the functional (5.1) is minimized subject to the constraints
(2.3) and (2.5), where k > 3 and N > 0 with N > 1 if k = 3.

3D Optimal Control Problem. Suppose that wg = vg — v, € W. Seek a
w € Y such that the functional (5.2) is minimized subject to the constraints
(2.3) and (2.5), where k > 3 and N >0 with N > 1 if k = 3.

We now formulate the results for the 2D optimal control problem. We begin
from the existence theorem. We need the following lemma:
Lemma 5.1 There exists a constant C > 0 depending only on Q such that

(53)  |lullse(on) SC(/Q|D(u)|2dx+/m |u|2ds) Vue HY(Q).

Theorem 5.1 There exists a solution w € Y for the 2D Optimal Control
Problem.

Draft of Proof. Let w,, be a minimizing sequence of 2D Optimal Control Prob-
lem. Then J(w,) < C' < oo and by inequality (5.3) we obtain:

[0:wallL2(0,7;L209)) + [WnllLr(o,1)x00) + |WilH1/2((0,1)x00) < C < 00.
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By this inequality and Theorem 4.6 (this is the main point of proof) we have
|lwnlly <C < 0.

This estimate allows to pass to limit in w,, as n — oo and to finish the Theorem
5.1 proof. O

We now derive the weak form of an optimality system for the 2D case.
Theorem 5.2. Assume w € V) (Qr) is a solution for the optimal control
problem. Then there ezists a q € VV(Qr) N L%(0,T; V§(Q)) such that

20 Jo D(w) : D) dxdt + 2 I fo D(h) : D(q) dx dt
+Jo Jo{(h- V)W + (W - V)h + (Voo - V)h} - qdx dt
+Jo (Oeh(t, ), a(t, ) dt + N ( [ o 200w - b ds dt
+kf0Tf69 |W 4+ Voo [F72(W + Voo ) - hods dt)

+%fOTfm{(w 4+ Voo) ‘n(w-h) + 1(h-n)|w|?} dsdt
+35JqW(T,x) -h(T,x)dx =0 VheY,
where Yo ={y €Y : y|t=0 = 0}.
Proof. In the functional (5.1), the differentiability of G is clearly satisfied. We
recall from Section 3 the definitions of X; = Yy, Xo = L2 (O,T; Vfl(Q)),
f:X1i — R and F : X; — X5. We also recall that to show F’(0) is an
epimorphism, we have reduced to show that the system (3.4)-(3.6) has a so-
lution for every given right-hand side f. We may prove as well as Theorem
4.6 that (3.4)-(3.6) indeed has a (unique) solution y € VM (Qr) (the situation
now is even simpler than the case of Theorem 4.6 as the system (3.4)-(3.6) is
linear). Clearly, y € Yy. Hence, we have verified all the assumption in Theorem
3.1 and we conclude that there exists a q € X3 = L*(0,7; V§(Q2)) such that
(Ly(y,a),h)|,—o =0 for all h € Y. This equality implies (5.4). [

We may formally derive the following strong form of the optimality system:
the partial differential equations (in the sense of distributions)

oW — AW + (W+ V) - V)W +Vp =10 in (0,T) x Q,
V-w=0 in (0,7) x Q,

0,9 —pAq+q- (Vw)T —(w-V)q - (Voo - V)q + Vr = pAw — Vp,
V-q=0 in (0,7) x Q;

the initial and terminal conditions

w(0,) =wo(-) in VO(Q),
AT, ) + bwy(T,) =0 in VE(®),

where w, (T, ) is the projection of w(T,-) onto VJ(Q); the (lateral) boundary
conditions

dls; =0,
2NOE (yw) — A(w) — T(w,p)n — T(q,7)n = n(t)n,
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where

(w,p) = —pI +2uD(w) and T(q,r)=—rI+2uD(q), ]
(w) = 3 (EN|W + Vo F 2 (W Vi) + 5 (W + voo) -m)w + 4n)
n(t) = — [oq AW) - nds/ Joq ds;

and the compatibility conditions

T
A

[("YW) : Il] ‘t:O = fywo) ',
(Opyw) Tle=r =0  and  (3yws +2N9yyw - n)|i—r =0,

where T is the unit tangential along 09 and wx (¢, ) is the primitive function of
the projection of w(t,-) onto VH, determined by the condition

/ wr(t,")ds =0.
a9

The rigorous interpretations of the differential equations, boundary con-
ditions and compatibility conditions were discussed in [9]. In particular, the
boundary stresses belong to suitable Besov spaces.
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