1. Introduction

The need to solve optimization and control problems arises in many settings.
Although in some cases these problems may be easily solved, either analytically or
computationally, in many other cases substantial difficulties are encountered. For
example, candidate optimal states and controls may belong to infinite dimensional
function spaces and one may have to minimize a nonlinear functional of the state and
control variables subject to nonlinear constraints that take the form of a system of
partial differential equations whose solutions are in general not unique. In this paper,
our goal is to construct and analyze a framework for the approximate solution of
many such problems. The setting for our framework is a class of nonlinear control or
optimization problems which is general enough to be of use in numerous applications.
The major steps in the development and analysis of our framework are as follows:

e define an abstract class of nonlinear control or optimization
problems;

e show that, under certain assumptions, optimal solutions exist;

e show that, under certain additional assumptions, Lagrange mul-
tipliers exist that may be used to enforce the constraints;

e use the Lagrange multiplier technique to derive an optimality
system from which optimal states and controls may be deduced;

e define algorithms for the approximation, in finite dimensional
spaces, of optimal states and controls; and

e derive estimates for the error in the approximations to the op-
timal states and controls.

Two of the key ingredients used to carry out the above plan are a theory given in
[21] for showing the existence of Lagrange multipliers and a theory first developed in
[6] for the approximation of a class of nonlinear problems. In both of these theories,
certain properties of compact operators on Banach spaces play a central role. We
point out that the nonuniqueness of solutions of the nonlinear constraint equations
deems it appropriate to employ Lagrange multiplier principles.

After having developed and analyzed the abstract framework, we will apply it
to some specific, concrete problems. In each case, we use the abstract framework to
analyze the concrete problems by merely showing that the latter fit into the former.
The particular applications we consider are:

e control problems in structural mechanics having geometric non-
linearities that are governed by the von Karman equations;

e control problems in superconductivity that are governed by the
Ginzburg-Landau equations; and

e control problems for incompressible, viscous flows that are gov-
erned by the Navier-Stokes equations.

In considering these applications, we will purposely choose different types of controls
in order to illustrate how these can be accounted for within the abstract framework.
In all three cases, approximation will be effected through the use of finite element
methods.



2. The abstract problem and its analysis

In this section we define and analyze an abstract class of constrained nonlinear
control problems; an outline of the definitions and results of this section is as follows.

e In §2.1, the abstract class of constrained control problems that
we consider is defined.

e In §2.2, a list of assumptions about the class of abstract prob-
lems 1s given.

e In Theorem 2.1 of §2.3, some of the assumptions listed in §2.2
are used to show that optimal solutions of the abstract problem
exist.

e In §2.4, some additional assumptions of §2.2 are used to show
that Lagrange multipliers exist that may be used to enforce the
constraint; also, first-order necessary conditions are given.

e In Theorems 2.5 and 2.6 of §2.4, the first-order necessary condi-
tions for determining optimal states and controls are simplified
under additional assumptions about the control set.

e In §2.5 the optimality system from which optimal controls and
states can be determined is made more amenable to approxima-
tion by simplifying the dependence of the objective functional
on the control.

2.1. The abstract setting

We begin with the definition of the abstract class of nonlinear control or opti-
mization problems that we study.

We introduce the spaces and control set as follows. Let (G, X, and Y be reflexive
Banach spaces whose norms are denoted by ||-||¢, || -||x, and || - ||y, respectively. Dual
spaces will be denoted by (-)*. The duality pairing between X and X* is denoted
by {-,-)x; one similarly defines {-,-})y, and {-,-);. The subscripts are often omitted
whenever there is no chance for confusion. Let ©, the control set, be a closed convex
subset of G. Let Z be a subspace of Y with a compact imbedding. Note that the
compactness of the imbedding Z C Y will play an important role.

We assume that the functional to be minimized takes the form

(2.1) TJw,z2)=AF(v)+ A&(z) V(v,2) e X x 0O,

where F is a functional on X, £ a functional on ©, and A is a given parameter which
is assumed to belong to a compact interval A C R ;.

The constraint equation M (v, z) = 0 relating the state variable v and the control
variable z is defined as follow. Let N be a differentiable mapping from X to Y, K a
continuous linear operator from © to Y, and 7" a continuous linear operator from Y
to X. For any A € A, we define the mapping M from X x © to X by

(2.2) M(v,2) = v+ ATN(w)+ ATK(z) V(v,z) € X x 0.
With these definitions we now consider the constrained minimization problem:

2.3 1 bject to M =0.
(2.3) (v,zr)IéI)I(lx@j(v’Z) subject to (v,2)



In (2.3), we seek a global minimizer with respect to the set {(v,z) € X x © :
M(v,z) = 0}. Although, under suitable hypotheses, we will show that the problem
(2.3) has a solution, in practice, one can only characterize local minima, i.e., points
(u,9) € X x © such that for some ¢ > 0

54 Ju,9) < T, z) ¥V (v,z) € X x © such that
(24) M(v,2) =0 and [Ju—v||x <e.

Thus, when we consider algorithms for locating constrained minima of 7, we must be
content to find local minima in the sense of (2.4).

After showing that optimal solutions exist and that one is justified in using the
Lagrange multiplier rule, we will introduce some simplifications in order to render the
abstract problem (2.3), or (2.4), more amenable to approximation. The first is to only
consider the control set © = (. The second is to only consider Fréchet differentiable
functionals £(-) such that the Fréchet derivative £'(g) = E~1g, where E is an invertible
linear operator from G* to G

2.2. Hypotheses concerning the abstract problem

The first set of hypotheses will be invoked to prove the existence of optimal
solutions. It is given by:

(H1) infyex F(v) > —o0;

(H2) there exist constants o, 3 > 0 such that £(z) > «a||z||P V2 € ©;

(H3) there exists a (v,z) € X x O satisfying M(v,z) =0;

(H4) if u™ — w in X and g — g in G where {(u™,g"))} C X x O, then
N(u™) — N(u) in Y and K(g")) — K(g) in Y ;

(H5) T (-, ) is weakly lower semicontinuous on X x ©; and

(H6) if {(u™) g" N} C X x O is such that {F(u'™))} is a bounded set in R and

M(u(”),g(”)) =0, then {u(”)} s a bounded set in X.

The second set of assumptions will be used to justify the use of the Lagrange
multiplier rule and to derive an optimality system from which optimal states and
controls may be determined. The second set is given by:

(HT) for each z € ©, v— J(v,z) and v — M (v, z) are Fréchet differentiable;

(HB) z+— &(z) is conver, i.e.,
E(var +(1=7)22) <€) +(1=7)E(22) Vz,22€0, Yy e[0,1];

and
(H9) forve X, N'(v) maps X into 7.
In (H9), N’ denotes the Fréchet derivative of N.

A simplified optimality system may be obtained if one invokes the additional
assumption:

(H10) © = G, and the mapping z — E(z) is Fréchet differentiable on G.

Hypotheses (H7)-(H10) allow us to obtain a simplified optimality system for al-
most all values of the parameter A € A. In many cases, it 1s possible to show that
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the same optimality system holds for all values of A. The following two additional
assumptions which will only be invoked in case (1/A) is an eigenvalue of —TN'(u)
each provides a setting in which this last result is valid:

(H11) if v° € X* satisfies (I + A[N'(w)]*T*)v* = 0 and K*T*v* = 0, then
v* =0; or

(H11) the mapping (v,2) — v+ ATN' (uw)v +XTKz is onto from X x G to Y.

In order to make the optimality system more amenable to approximation and
computation, we will invoke the following additional assumption:

(H12) E'(9) = E~1lg, where E is an invertible linear operator from G* to G and
g is an optimal control for the constrained minimization problem (2.4).

2.3. Existence of an optimal solution

We first use assumptions (H1)-(H6) to establish that optimal solutions exist.

THEOREM 2.1. Assume that the functional J and mapping M defined by (2.1) and
(2.2), respectively, satisfy the hypotheses (H1)-(H6). Then, there exists a solution to
the minimization problem (2.3).

Proof: Assumption (H3) simply asserts that there is at least one element of X x© that
satisfies the constraint. Thus, we may choose a minimizing sequence {(u(®), (™)} C
X x © such that

li (n) 4(n)y = inf

n1—>Holo j(u 9 ) (v,z)ngXGJ(U’Z)

and

M(u™ gy =0,

By (H1) and (H2), the boundedness of {7 (u(™ ¢("))} implies the boundedness of
the sequences {[|g")||¢} and {F(u("))}. Then, by (H6), we deduce that {[|u(®||x} is
bounded. Thus, we may extract a subsequence {(u(™), ¢*))} such that «(*) — u in X
and ¢") — g in G. Since © is closed and convex, we have g € ©. Of course, u € X.
We next show that (u,g) satisfies the constraint equation. Using (H4), we have that

lim (TN (u™), f) = lim (N(u"™), T*f) = (N(u), T f) = (TN(u),f) VfeX"

n—oQ n—o0

and

lim (TK(g"™), f) = lim (K(¢"),T*f) = (K(9),T* f) = (TK(g), f) Y fe X"

n—oQ n—o0

so that

0= lim (M(u™, "), f) = (u+ ATN(u) + ATK(g),f) ¥V feX",

n—oQ

i.e., M(u,g) = 0. Finally, we use (H5), the weak lower semicontinuity of J(-,-), to
conclude that (u, ¢) is indeed a minimizer in X x O satisfying the constraint M (u, g) =
0. D

2.4. Existence of Lagrange multipliers

We now wish to use the additional assumptions (H7)-(H9) to show that the La-
grange multiplier rule may be used to turn the constrained minimization problem
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(2.3) into an unconstrained one. Actually, the Lagrange multiplier rule will only en-
able us to find local minima in the sense of (2.4). We first quote the following abstract
Lagrange multiplier rule whose proof can be found in [21].

THEOREM 2.2. Let Xy and X be two Banach spaces and © an arbitrary set. Suppose
J s a functional on X7 x © and M a mapping from X1 x © to Xy5. Assume that
(u,9) € X1 X © is a solution to the following constrained minimization problem:

M(u,g) =0 and there exists an € > 0 such that J(u,g) < J(v,2)

(2.5)
for all (v,z) € X1 x O such that ||u—v||x, <€ and M(v,z) =0.

Let U be an open neighborhood of uw tn X1. Assume further that the following conditions
are satisfied:

(2.6) for each z € ©, v — J(v,z) and v — M(v,z) are Fréchet-differentiable at
V= u;
(2.7) forany v €U, 21,20 € O, and v € [0, 1], there exists a z,, = zy(v, 21, 22)
such that
M(v,zy) =vMv,z1) + (1 —v)M(v, 22)
and
T, 2y) 7T (v,20) + (1 =) T (v, 22) ;
and
(2.8) Range(Mu(u,g)) is closed with a finite codimension ,

where My(u,g) denotes the Fréchet derivative of M with respect to u. Then, there
exists a k € R and a p € X3 that are not both equal to zero such that

k{Tu(u,g), vy — (t, My(u,g)v) =0 Voe Xy

and

Héi(gﬁ(u, zy k) = L(u, g, 1, k),

where L(u, g, p, k) = kT (u,9) — (4, M(u,q)) is the Lagrangian for the constrained
minimization problem (2.5) and where Jy(u,g) denotes the Fréchet derivative of J
with respect to u. Moreover, if

(2.9) the algebraic sum My (u, ¢)X1 + M(u, Q) contains 0 € X5 as an interior
point,
then we may choose k =1, 1.e., there exists a pp € X3 such that

(Tulu,g),v) = (pt, My(u,g)v) =0 VoveX,

and

miélﬁ(u, zo 1) = L(u, g, p1,1) .
z€

Proof: See [21]. O
Next, we apply Theorem 2.2 to the optimization problem (2.4). In doing so, we
will need the following result.

LEMMA 2.3. Let the spaces X, Y, and Z and operators T and N be defined as in §2.1.
For v € X, assume that N'(v) maps X into Z. Then, TN'(v) is a compact operator
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from X to X, and therefore U(—TN’(U)), the spectrum of the operator (—TN’(U)), is
at most countable with zero being the only possible limit point.

Proof: Since 7 —— Y| we see that N'(v) is a compact linear operator from X to
Y. Also, T is a bounded linear operator from ¥ to X so that TN'(v) is a compact
operator from X to X. Hence, U(—TN/(U)) 1s at most countable and consists only of
0 and the eigenvalues of (—7'N'(v)). O

Note that in the following result, the existence of at least one pair (u, ¢) satisfying
(2.4) is guaranteed by Theorem 2.1.

THEOREM 2.4. Let A € A be given. Assume that assumptions (H1)-(H9) hold. Let
(u,9) € X X © be an optimal solution satisfying (2.4). Then, there exists a k € R
and a p € X* that are not both equal to zero such that

(2.10) k{Tu(u,9), w)y — {pt, My(u,g) - w)y =0 YwelX
and
(2.11) Héi(gﬁ(u,z,u,k):E(u,g,u,k).

Furthermore, if (1/X) ¢ U(—TN’(U)), we may choose k = 1, i.e., for almost all A,
there exists a p € X* such that

(2.12) (Tu(u, ), wy — {p, My(A u,9) - w)y=0 VweX
and
(2.13) Héiélﬁ(u,z,u,l):E(u,g,u,l).

Proof: Let A € A be given. To show the existence of k and g such that (2.10) and
(2.11) are valid, we only need to verify that the hypotheses (2.6)-(2.8) of Theorem 2.2
hold with X; = X5 = X, since in this case (2.5) reduces to (2.4). Obviously, (2.6) is
merely a restatement of (H7). Since © is convex and since the mappings 7" and K are
linear, we have that if z,, = vz 4+ (1 — 7)z2, then

M(v,zy) =v+ATN(w) + ATKz,
=y (v 4+ ATN®)) + (1 =) (v + ATN(v)) + YA (TKz + (1 — y)TK 25))
=yM(v,z1)+ (1 = y)M (v, z2) .

Moreover, (H8) implies that

T, 2y) = AF(0) + AE(2y) = AF(v) + AE(vz1 + (1 —7)22)
SAF) A (1) + (1 =9) E(22)) =7 T(v,21) + (L= 7) T (v, 22) .

Thus, (2.7) holds. The operator My (u, g) from X to X is defined by
My(u,9) - w=w+ATN'(u) - w YweX

or simply,

My(u,9) =T+ AXTN'(u).
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From (H9) and Lemma 2.3, we have that T'N'(u) is a compact operator from X to X.
As a result, My(u,g) = I + ATN'(u) is a Fredholm operator so that it has a closed
range with a finite codimension, i.e., (2.8) holds. Thus, by Theorem 2.2, there exists
ak €R and a g € X* which are not both equal to zero such that (2.10) and (2.11)
hold.

To show the existence of a u such that (2.12) and (2.13) are valid, we only need
to verify that the additional hypothesis (2.9) of Theorem 2.2 holds. In fact, if, in
addition (1/X) € o(=TN’(u)), then it follows that X = Range(I + ATN'(u)) =
Range(Mu(u,g)) so that Range(Mu(u,g)) contains 0 € X as an interior point, i.e.,
(2.9) holds. Hence, by Theorem 2.2 and Lemma 2.3, we conclude that for almost all
A, there exists a g € X* such that (2.12) and (2.13) hold. O

So far © has only been assumed to be a closed and convex subset of G. No
smoothness condition on the control variable g has been assumed in the functional
or in the constraint. Thus, the necessary condition of optimality with respect to
variations in the control variable is expressed in the cumbersome relation (2.11). We
now turn to the case where © contains a neighborhood of g, where (u, g) is an optimal
solution. In particular, we assume that © = G. In this case, (2.11) can be given a
more concrete structure.

THEOREM 2.5. Let A € A be given. Assume that assumptions (H1)-(H10) hold. Let
(u,9) € X x G be a solution of the problem (2.4). Then, there exists a k € R and «a
p € X* that are not both equal to zero such that

(2.14) k(Tu(u, g),w) — (p, I+ ATN'(u))w) =0 YweX
and
(2.15) k(€ (g),z) —(u,TKz) =0 VYzed.

Furthermore, if (1/X) & U(—TN’(U)), we may choose k = 1, i.e., there exists ap € X*
such that

(2.16) (Tu(u, ), w) — (u, (I +ATN (u))w) =0 YweX
and

(2.17) (€(9),2) =, TKz)=0 YVzed.

hold.

Proof: Since the hypotheses imply that 7 (v, z) is Fréchet differentiable with respect
to z, (2.14)-(2.17) follow easily from Theorem 2.4. O
Remark. If k = 0, then there exists a p # 0 such that

—{pu, My(u,g)w)y =0 YweX

so that the optimality system necessarily has infinitely many solutions. In fact, for any
C € R, (Cp) is a solution whenever g is a solution. This creates both theoretical and
numerical difficulties. Thus, it is of great interest to try to eliminate this situation.
Fortunately, Lemma 2.3 and Theorem 2.4 tell us that we may set & = 1 # 0 for almost
all values of (1/4), i.e., except for the at most countable set of values in U(—TN’(U)).



If the control g enters the constraint in a favorable manner, then we may take
k =1 even when (1/X) € U(—TN’(U)). Specifically, we invoke one of the assumptions
(H11) and (H11)". We then have the following result.

THEOREM 2.6. Assume that the hypotheses of Theorem 2.5 hold. Assume that «f
(1/X) € o(=TN'(u)), then either (H11) or (H11)" holds. Then, for all X € A, there
exists a p € X* such that (2.16) and (2.17) hold.

Proof: Because of Theorem 2.5, we only need to examine the case (1/X) € U(—TN’(U))
and show that the algebraic sum My, (u, )) X+ M (u,G) = X. If (H11) holds, the result
is a direct application of Theorem 2.2.

If (H11) holds, let (1/A) be a nonzero eigenvalue of (—TN’(U)). Then, A is
also an eigenvalue of (—N'(u)*T*) with a finite dimensional eigenspace having the
corresponding eigenfunctions {v] }2, C X* as a basis. We claim that { K*T*v 72, C
G* is a linearly independent set. To see this, we assume > .-, a; K*T™vf = 0 with
a; € R ; this expression can be rewritten as K*7T™ (Zzn:l o v;") = 0. Because each v;
is an eigenvector, we have (I + /\N’(u)*T*) S ;v = 0. Thus, the assumption
(H11) implies that > ", a;vi = 0. Since {v}}/2, is an eigenbasis, and is therefore
a linearly independent set, we have each «; = 0. This shows that {K*T v}, is
linearly independent set in G*. Hence, we may choose an orthonormal dual basis
{7, C G such that {z;, K*T*v;‘) = 6.

Now, let w € X be given. We choose z = %Z;n:l(w,v;‘)zi. Then (w,v}) —
MTKz,v7) = (w,v]) = Az, K*T"v}) = (w,v}) =y {w, )8 =0for j=1,...,m.
Thus, by Fredholm alternatives, there exists a unique v € X that satisfies (I +
/\TN’(u))v = w—ATKz, or, (I + /\TN’(u))v + ATKz = w; thus, we have shown
that My (u, 9)X + M (u,G) = X. Hence, by Theorem 2.2, there exists a g € X* such
that (2.16) and (2.17) hold. O

2.5. The optimality system

Under the assumptions of Theorem 2.6, an optimal state u € X, an optimal con-
trol ¢ € (G, and the corresponding Lagrange multiplier yu € X* satisfy the optimality
system of equations formed by (2.2), (2.16), and (2.17). From (2.1) we have that
Ju = AF and J; = AE’, where F' denotes the obvious Fréchet derivative. Then,
(2.16)-(2.17) may be rewritten in the form

(2.18) p+H AN ()T p—AF (w) =0 in X*
and
(2.19) Eg)— K*'T"u=0 inG*.

For purposes of numerical approximations, it turns out to be convenient to make the
change of variable £ = T*u. Then, the optimality system (2.2), (2.18), and (2.19) for
u€ X, g€, and £ € Y™ takes the form

(2.20) u+ ATN(u)+ATKg=0 in X,
(2.21) EFAT N (W] E=AT*F'(u) =0 inY*,
and

(2.22) E'(g)—K*¢=0 inG".
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It will also be convenient to invoke an additional simplifying assumption concern-
ing the dependence of the objective functional on the control. Specifically, we assume
that (H12) holds. Then, (2.20)-(2.22) can be rewritten as

(2.23) u+ ATN(u)+ATKg=0 in X,
(2.24) EFAT N (W)]'¢ = AT*F'(u) =0 inY*,
and

(2.25) g—FK*¢=0 inG.

Remark. Note that the optimality systems, e.g., (2.23)-(2.25), are linear in the adjoint
variable £. Also, note that the control ¢ may be eliminated from the optimality system

(2.23)-(2.25). Indeed, the substitution of (2.25) into (2.23) yields
(2.26) U+ ATN(W) + ATKERK* € =0 in X.

Thus, (2.24) and (2.26) determine the optimal state v and adjoint state &; subse-
quently, (2.25) may be used to determine the optimal control g from £. This observa-
tion serves to emphasize the important, direct role that the adjoint state plays in the
determination of the optimal control. 0O

Remark. Given a £ € Y™, it is not always possible to evaluate g exactly from (2.25).
For example, the application of the operator F may involve the solution of a partial
differential equation. Thus, although it is often convenient to devise algorithms for
the approximation of optimal control and states based on the simplified optimality
system (2.24) and (2.26), in some other cases it is best to deal with the full form
(2.23)-(2.25). Thus, when we consider approximations of optimal controls and states,
we will deal with the latter. 0O

Remark. In many applications we have that X* = Y. Since these spaces are assumed
to be reflexive, we also have that Y* = X. In this case, we have that both u and &
belong to X. O

3. Finite dimensional approximations of the abstract problem

In this section we define and analyze algorithms for the finite dimensional approx-
imation of solutions of the optimality system (2.23)-(2.25); an outline of the definitions
and results of this section is as follows.

e In §3.1, we define the finite dimensional approximate problems
that we consider.

e In §3.2, a list of assumptions about the approximate problems
is given.
e In §3.3, we quote a result of [6] that we will use to analyze

approximations obtained as solutions of the approximate prob-

lems defined in §3.1-3.2.

e In §3.4, we provide error estimates for the approximation of
solutions of the optimality system (2.23)-(2.25)
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3.1. Formulation of finite dimensional approximate problems

A finite dimensional discretization of the optimality system (2.23)-(2.25) is de-
fined as follows. First, one chooses families of finite dimensional subspaces X”* C X,
(Y*)* C Y*, and G" C G. These families are parameterized by a parameter h that
tends to zero. (For example, this parameter can be chosen to be some measure of the
grid size in a subdivision of  into finite elements.) Next, we define approximate oper-
ators T" : Y — X" ER . G* — G* and (T*)* : X* — (Y*)". Of course, one views
Th, E" and (T*)" as approximations to the operators T, E, and T*, respectively.
Note that (7*)" is not necessarily the same as (7")*. The former is a discretization
of an adjoint operator while the later is the adjoint of a discrete operator.

Once the approximating subspaces and operators have been chosen, an approxi-
mate problem is defined as follows. We seek u* € X" ¢" € G", and ¢ € (Y*)" such
that

(3.1) ' FAT"N (™) + AT Kg" =0 in X* |

(32) "+ AT [N' (W] = MT)"F(u") =0 in (V")
and

(3.3) g" = B"K*¢" =0 in GM.

3.2. Hypotheses concerning the abstract problem and the approximate
problem

We make the following hypotheses concerning the approximate operators 7",
(T*)*, and E":

(H13) %in%)H(T—Th)yHX =0 VYyev,
(H14) lim [|(7T" — (T*Y"olly- =0 YveX™,
and

(H15) %in%)H(E—Eh)sHG =0 VseG*.

We also need the following additional hypotheses on the operators appearing in
the definition of the abstract problem (2.4):

(H16) N eC3X;Y) and F € C*(X;R);

(H17) N, N F" and F"' are locally bounded, i.c., they map bounded sets to
bounded sets;

(H18) for v € X, in addition to (H9), i.c., N'(v) € L(X;Z) where Z —— Y,

we have that [N'(v)]" € L(Y™;Z) where Z «—— X*, that forn € Y™,
[IN"(0)]* -npe L(Y*; Z), and that forw e X, F'(v)-w € L(X;7); and
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(H19) K maps G into 7.

Here, ()" and (-)"”" denote second and third Fréchet derivatives, respectively.

3.3. Quotation of results concerning the approximation of a class of non-
linear problems

The error estimate to be derived in Section 3.4 makes use of results of [6] and [10]
(see also [13]) concerning the approximation of a class of nonlinear problems. These
results imply that, under certain hypotheses, the error of approximation of solutions
of certain nonlinear problems is basically the same as the error of approximation of
solutions of related linear problems. Here, for the sake of completeness, we will state
the relevant results, specialized to our needs.

The nonlinear problems considered in [6], [10], and [13] are of the following type.
For given A € A, we seek ¥ € X such that

(3.4) HA W)=y +TG(A¥) =0,

where 7 € L(Y;X), G is a C? mapping from A x X into Y, X and Y are Banach
spaces, and A is a compact interval of IR. We say that {(A, ¥(A)) : A € A} is a branch
of solutions of (3.4) if A — ¢(A) is a continuous function from A into A’ such that
H(A, (X)) = 0. The branch is called a regular branch if we also have that Hy (A, (X))
is an isomorphism from A into X for all A € A. Here, Hy(-, ) denotes the Fréchet
derivative of H(-, -) with respect to the second argument. We assume that there exists
another Banach space Z, contained in Y, with continuous imbedding, such that

(3.5) Gy(MY) e L(X;Z2) YAeAandy e X,

where Gy (-, ) denotes the Fréchet derivative of G(-,-) with respect to the second ar-
gument.

Approximations are defined by introducing a subspace X* C X and an approxi-
mating operator 7% € £(Y; X'"). Then, given A € A, we seek ¥ € X" such that

(3.6) H' A =" + TGN ¥") = 0.

Concerning the operator 7", we assume the approximation properties

(3.7) %ir%H(’Th—’T)wHX =0 Ywe)y
and
(3.8) lim [|(7" = T)[|¢(zx) = 0.

Note that whenever the imbedding Z C Y is compact, (3.8) follows from (3.7) and,
moreover, (3.5) implies that the operator TGy (A, ) € L(X; X) is compact.

We can now state the result of [6] or [10] that will be used in the sequel. In the
statement of the theorem, D?G represents any and all second Fréchet derivatives of G.

THEOREM 3.1. Let X' and Y be Banach spaces and A a compact subset of R. Assume
that G is a C? mapping from A x X into Y and that D2G is bounded on all bounded

sets of A x X'. Assume that (3.5), (3.7), and (3.8) hold and that {(A,¢(A)); A € A}isa
branch of regular solutions of (3.4). Then, there exists a neighborhood O of the origin
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in X and, for h < hg small enough, a unique C? function A — 1/)h(/\) € X" such that
{(A, %" (X)); A € A} is a branch of regular solutions of (3.6) and ¥"(\) — ¥(A) € O for
all X € A. Moreover, there exists a constant ' > 0, independent of h and A, such that

(3.9) 1" () = w(Mllx < CNT" = THGAw(M\)llx YAeA. O

3.4. Error estimates for the approximation of solutions of the optimality
system

We now apply the result of Theorem 3.1 to study the approximation of solutions
of the optimality system. Set ¥ = X x G x Y*, Y =Y x X*, Z = Z x Z, and
Xt = X x GP x (Y*)". (Recall that Z was introduced in (H18).) By the hypotheses
on Z and Z, we have that Z is compactly imbedded into Y. Let 7 € L(Y;X) be
defined in the following manner: 7 (#,7) = (ﬁ,ﬁ,é) for (7,7) € Y and (ﬁ,ﬁ,é) e X if
and only 1f

(3.10) a4+ TFi=0,

(3.11) E+T°F=0,

and

(3.12) j—EK*¢€=0.

Similarly, the operator ’T’ZE L(Y; X" is defined as follows: 7(7,7) = (a”, ", &)
for (7,7) € Y and (4", 3" €") € A" if and only if

(3.13) "+ T =0,
(3.14) e (T =0,
and

(3.15) " —E"K e =0,

The nonlinear mapping G : A x X' — ) is defined as follows: g(A, (ﬁ,ﬁ,é)) = (7,7)

for A€ A, (4,§,8) € X, and (7,7) € Y if and only if

(3.16) F=AN(@)+AKj
and
(3.17) F= AN (W)€ = AF'(a).

It is evident that the optimality system (2.23)-(2.25) and its finite dimensional coun-
terpart (3.1)-(3.3) can be written as

(u,9,6) +TG(X, (u,9,8)) =0
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and
(W' ", "M+ TG (A, (u", g €M) =

respectively, i.e., with ¥ = (u,g,€) and ¥" = (u” ¢" ¥"), in the form of (3.4) and
(3.6), respectively.
Now we examine the approximation properties of 7%.

LEMMA 3.2. Let the operators T and T" be defined by (3.10)-(3.12) and (3.13)-(3.15),
respectively. Assume that the hypotheses (H13)-(H15) hold. Then,

(3.18) %%||(T—Th)(r,7)||x =0 V(rh,m)ey.

T(r,7), i 9:€
& (

Proof: Let (4,3, f) , (u
) satlsﬁes (3 13)-

Th(r,7),ie., (@ g"
tions yields that

) satisfies (3.10)-(3.12). Let (a”,g", &") =

3.15). Subtracting the corresponding equa-
lli—a"|lx = (T =T")rllx,

1€ = &M ly= = N(T* = (T)")7lly~

and B L
1G— 3"l = (B = EM)K*" + EK™* (£ - €")|la
< (B - EMK*e"|q + || EK” ) 1€ =EM)lla -

Thus, for some constant C' > 0,

T =T, 7l
< LT = Tyrllx + 1T = ()l + (1 = B E*€M|a -

Then, the result of the proposition follows from (H13)-(H15). O
Next, we examine the derivative of the mapping G.

LEMMA 3.3. Let the mapping G : A x X — Y be defined by (3.16)-(3.17). Assume that
the hypotheses (H9), (H16), and (H18)-(H19) hold. Then, for every A € A and every
(u,9,8) € X, the operator g(uygyg)(A, (u, g,g)) € L(X;Z2).

Proof: A simple calculation shows that g(uygyg)(A, (u, g,g)) € L(X;)Y) is given by

+ Kg_
€= Fru)-a)
Then, the result follows from (H9) and (H18)-(H19). O
A solution (u(/\), g(A), f(A)) of the optimality system (2.23)-(2.25) is called regular
if the system (for the unknowns (&, g, é))

Guger(N (w,9,6) - (8,§,6) = A ([N“(u).a] N'(u [) fz

(3.19) U+ ATN' (Wi+ATKj =%,

(3.20) E+ AT N"(w)]*@- &+ AT [N'(u)]*€ = AT* F"(w)it = 3
and

(3.21) G—EK*¢=7%.
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is uniquely solvable for any (#,Z,9) € X = X x G x Y*. (Note that the linear
operator appearing on the left hand side of (3.19)-(3.21) is obtained by linearizing the
optimality system (2.23)-(2.25) about (u, ¢,£).)

In the following theorem, we will assume that the solution (u(/\), g(A), f(A)) of the
optimality system (2.23)-(2.25) that we are trying to approximate is a regular solution.
The assumptions we have made, in particular (H9), (H18)-(H19), are sufficient to
guarantee that for almost all values of A, this is indeed the case.

LEMMA 3.4. Assume the hypotheses of Lemma 3.3. Then, for almost all X, solutions
(u(/\),g(A),g(/\)) of the optimality system (2.23)-(2.25) are regular.

Proof: The system (3.19)-(3.21) is equivalent to

(3.22) (1+ATS(u,9.9))(0.4.8) = (@.2,3).

where the linear operator S(u,¢,&) : X — Y is defined by

801,06 (1,3,8) = 1 Gag) (0, (0.0,6)) - (8,7 9
y v )
[N () - " € + [N & = F(u) -

Now, 7 € L(Y; X)), so that, by Lemma 3.3, (I—i—/\’TS(u, g,g)) is a compact perturba-
tion of the identity operator from X to X'. Thus, for almost all A, (3.22), or equivalently
(3.19)-(3.21), is uniquely solvable, i.e., for almost all A, the solution (u(/\), g(/\),g(/\))
of the optimality system (2.23)-(2.25) is regular. D

Using Theorem 3.1, we can now provide an error estimate for approximations of
solutions of the abstract problem.

THEOREM 3.5. Let (u(/\),g(A),E’(/\)) e X, for A € A, be a branch of reqular solutions
of the optimality system (2.23)-(2.25). Assume that the hypotheses (H13)-(H19) hold.
Then, there exists a 6 > 0 and an hy > 0 such that for h < hg, the discrete optimality
system (3.1)-(3.3) has a unique solution (uh(/\),gh(/\),fh(/\)) satisfying

[1(u(X), 9(2),€(N) = (1" (1), g" (1), €M) llx < 6.

Moreover,
uniformly in A € A and there exists a constant C', independent of h and X, such that

Tim [[(u(X), g(A),£(1)) = (u"(X), 4" (1), 6" (X)) |2
(3.24) < CA{II(Th = T) (N (u(A)) + Kg(V)|Ix +I(E" = E)K"¢MV)]la

+ ()" =7 (V)] E = F/ ) ) lly- |-
Proof: Assumptions (H16) and (H17) ensure that G € C?*(X,Y) and D?G maps
bounded sets of A x A’ into bounded sets of Y. By Lemma 3.3, assumptions (H18)

and (H19) imply that (3.5) holds. By Lemma 3.2, assumptions (H13)-(H15) imply
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that (3.7) holds. Then, since Z is compactly imbedded into Y, (3.7) implies that (3.8)
holds. Thus, all the hypotheses of Theorem 3.1 are verified. Then, a direct application
of Theorem 3.1 yields (3.23) and (3.24) follows from (3.9). O

It is easily seen that (3.23) and (3.24) are equivalent to:

tim {[Ju(3) = «"(W)llx + lgV) = g" Wl +1ER) = € N ly- } =0

uniformly in A € A and that there exists a constant C', independent of A and A, such
that

[u(3) = a"Mllx +1lg(A) =" Mlle + 1) = " (N)lly+
< CA{II(Th = T) (N (u(A) + Kg(V)|1x + I(E* = E)K"¢(N)]|a

(T = T*) (N ) ER) = F () lly- } -
If, in (3.9), the operator 7 is invertible, we have, using (3.4), that
162 — 6l < CIT T = D()lle YA€ A

Thus, if the operator T from Y to X is invertible, we have that (3.24) is equivalent to

lu(h) = «"Wlx + l9(0) = " Wlle + IEN) = EWlly-
(3.25) < It T~ Dullx + IE BT = DVle

I (@) = DEWIy- |-

4. Applications

We now apply the framework and analyses developed in §2 and §3 to some concrete
problems, all of which feature constraints on admissible states and controls that take
the form of a system of nonlinear partial differential equations. In each application,
we use a different control mechanism so that the discussion provided in this section
illustrates the treatment of a variety of such mechanisms. However, one could use any
of the control mechanisms discussed in any of the applications in any other application,
or in fact, use any combination of such mechanisms.

Before examining any specific application, we establish some notation. Further
notation will be established as needed when the individual applications are considered.

Throughout, C' will denote a positive constant whose meaning and value changes
with context. Also, H*(D) for s € R denotes the standard real Sobolev space of order
s with respect to the set D, where D could either be a bounded domain Q € RY,
d = 2,3, or part of the boundary I' of such a domain. Of particular interest are the
spaces H(D) = L*(D),

Hl(D):{ngLZ(D) ‘ %ELZ(D) forj:l,...,d}
j
and
2
Hz(D):{qSELz(D) ‘ %,%EL%D) forj,k:l,...,d}.
j j
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Also of interest 1s the subspace
Hy)y={oeH'D) | 6=0 on oD},

where 0D denotes the boundary of D.

Dual spaces will be denoted by (-)*. Duality pairings between spaces and their
duals will be denoted by (-, -}. Norms of functions belonging to H*(§2) and H*(T) are
denoted by || - ||s and || - ||s,r, respectively. Of particular interest are the L*(£2)-norm
Il - [lo, the H1(Q)-norm

d 2
¢ 9
lgllF = | +lello.
! ]Z:; 890]» 0 0
and the HZ(Q)—norm
d 2
5% ¢
l8ll3 = + lloll7 .
2 ],%::1 6l‘]6l‘k 0 !

Corresponding Sobolev spaces of real, vector-valued functions having r compo-
nents will be denoted by H*(D), e.g., HY(D) = [HY(D)]". Of particular interest will
be the spaces L*(D) = HY(D) = [L*(D)]",

Hl(D):{vjELZ(D) ‘ %ELZ(D) forj:1,...,randk:1,...,d},
T
and
vy 0%v;

€ LA(Q)

2 _ ) 2 2
H(D)_{v]eL(D) | S e )

forj=1,...,rand k,{= 1,...,d},
where v;, j =1,...,r, denote the components of v. Also of interest is the subspace

H!(D) = {v c HY(D)

vj:00n67),j:1,...,r}.

Norms for spaces of vector-valued functions will be denoted by the same notation as
that used for their scalar counterparts. For example,

r r
IVIIT =D llosll? and [lvlZe = llosllir-
j=1 ji=1

We denote the L%(Q) and L?(Q2) inner products by (-, ), i.e., for p, ¢ € L?(Q) and
u,v e L*(Q)

(p,q):/pqu and (u,v):/u.de.
Q Q

Similarly, we denote by (-, -)r the L#(I') and L%(T') inner products, i.e., for p, ¢ € L*(T)
and u,v € L*(I)

(p,q)p:/pqdf and (u,v)p:/u~vdf.
r r
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Since in all cases L2-spaces will be used as pivot spaces, the above inner product
notation can also be used to denote duality pairings between functions defined on
H?-spaces and their dual spaces.

For details concerning the notation employed, one may consult, e.g., [1].

4.1. Distributed controls for the von Kdrmdn plate equations

For this application we will use distributed controls, i.e., control is effected through
a source term in the governing partial differential equations. Let © be a bounded, con-
vex polygonal domain in IR? and let T denote the boundary of Q. The von Karman
equations for a clamped plate are given by (see, e.g., [9] or [18])

A%y 4 Sl =0 in®,

Ay — [1h1, 2] = Ag in Q,

and

v _
1/)1—6—71—1/)2— n =0 onl,

where

Ox? 0ri = Ox2 0x? Oxixs Ox129

2 2 2 2 2 2
Wag= 0000 000 0V U0

Here, 11 denotes the Airy stress function, 15 the deflection of the plate in the direction
normal to the plate, Ag 1s an external load normal to the plate which depends on the
loading parameter A, and J(-)/dn the normal derivative in the direction of the outer
normal to T

By introducing appropriate rescalings, i.e., by replacing 1 by A¢y, s by A,
and g by Ag, we can rewrite the von Karman equations as follows:

(41) A%y Sl ] =0 i @,
(4.2) A%y — A1, 0] = Ag in ©
and

(4.3) 1/)1:%:1/)2:%:0 onI'.

We introduce the spaces

H§(Q):{¢EH2(Q) ‘ p =0, g—f:oonr},

*

H3(Q) = [HF Q) H7*(Q) = (H3(R))", and H™*(Q) = (H}(Q))

and the bilinear form

aw,qs):/ﬂwmm Vo€ HA(Q)
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in order to define the following weak formulation of the von Karman equations (4.1)-

(4.3): find ¥ = (31, ¢2) € HZ(Q) such that

(4.4) a(t,00) + 5 ([0 0] 61) =0 ¥ b € HA(Q)
and
(4.5) a(thy, d2) — A([th1, ¥a), 62) = Mg, ¢2) Y ¢2 € HF(Q).

Using the identity

(4.6) ([v.¢],¢) = ([¥,¢)0) Vo, 0,0 € Hi(Q),

one can show that for each g € H=?(Q2), (4.4)-(4.5) possesses at least one solution
¥ = (¢1,9) € H2(Q2) and that all solutions of (4.4)-(4.5) satisfy the a priori estimate

(4.7) I1ll2 + [[¥2ll2 < Cllgll-2;

see, e.g., [18], for details. In the sequel a solution to (4.1)-(4.3) will be understood in
the sense of (4.4)-(4.5).

Given a desired state ¥, = (1/)10, 1/)20) € L%(Q), we define for any ¥ = (1, ¥») €
H2(Q2) and g € L*(Q) the functional

T, 9) =T W12, 9)

(48) = %/ﬂ((% — 10)? + (2 — 1/)20)2) ds2 + %/ﬂgz dsd.

We then consider the following optimal control problem associated with the von
Karman plate equations:

(4.9) min{ J(¥,9) | ¥ € H5(Q), g€ O} subject to (4.4)-(4.5),

where © is a subset of L%(Q).

We define the spaces X = H2(Q), Y = H™%(Q), G = L*(Q), and Z = LY(Q).
By compact imbedding results, 7 << Y. For the time being, we assume that the
admissible set © for the control ¢ is a closed, convex subset of G' = L%(Q).

Let the continuous linear operator T' € L(Y; X) be defined as follows: for f =
(f1,f2) €Y =H%(Q), Tf = ¢ € X = H(Q) is the unique solution of

a(1,¢1) = (f1,61) Vo1 € HF(Q)

and

a(a, ¢a) = (f2,¢2) ¥V ¢a € HF(Q).

It can be easily verified that 7' is self-adjoint.
We define the (differentiable) nonlinear mapping N : X — Y by

o= () veex
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or equivalently

(b2, 2], 1) — ([Yh1, 2], d2) VYV @ = (1,¢2) € X

0
Kg=- ,
o (g)

<[{ga¢>:_<ga¢2> V¢:(¢1a¢2)6X
Clearly, the constraint equations (4.4)-(4.5) can be expressed as

N | —

(N(#),¢) =

and define K : g € L*(Q) — Y by

or equivalently,

YHATN()+ ATEKg =0,
i.e., in the form (2.2). With the obvious definitions for F(-) and £(-), i.e.,

1

F¥) = ;

/ﬂ((% —10)? + (Y2 — 1/)20)2) aQ Ve Xx

and

1
5(g)=§/ﬂgzdﬁ Vged,

the functional (4.8) can be expressed as

T, 9)=AF(¥)+AE(g),

i.e., in the form (2.1). Thus, the minimization problem (4.9) is in the form of the
minimization problem (2.3).

We are now in a position to verify, for the minimization problem (4.9), all the
hypotheses of §2 and §3.

4.1.1. Verification of the hypotheses for the existence of optimal solutions.
We first verify that the hypotheses (H1)-(H6) hold in the current setting.
(H1) is obviously satisfied with a lower bound 0.

(H2) holds with &« = 1 and 3 = 2.

1s verilied with the choice g S x O, where ¢\*/ 1s an arbitrarily
H3) is verified with the choice (V) ¢(®) € X x ©, where ¢(® i bitraril
chosen element in © and 1/)(0) = (1/)50), go)) is a solution of

A

Cw e =0 in 0

A" 4

AP AT 0 =20 i,

and

’l/)go):a—— 5 = =0 onl.

In order to verify (H4), we assume {¢g")} C © is a sequence satisfying ¢(") — ¢
in L2(Q); then, we have ¢(») — ¢ in H=2(Q) so that lim,_..(¢"),2) = (g,2) for
all z € H*(Q), ie., Kg(") — Kgin Y. Assume that the sequence {t/)(n)} C HZ(Q)

0" _ o _ U
n on
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satisfies 1/)(n) — ¥ in H3(Q); then, (62¢(n)/6xi8xj) — (0*¢/0x;0x;) in L*(2) and,
by using a compact imbedding result, 1/)(”) — ¢ in L?(Q). Now, using the identity
(16),

(V). 8) = 5 (8 05 61) - ([ u . 0)

5 (7 o0 ) — (104,620,087

— ({261 ¥) — ([0, 0a], )

([, vs],61) — ([0, ), 62) = (N(9),6).

Hence, (H4) is verified.

The verification of (H5) follows directly from the observation that the mappings
61— F(8) = (1/2)]16— Yols and g — £(g) = (1/2)]gl3 are convex.

The verification of (H6) is a trivial consequence of the a priori estimate (4.7).

It is now just a matter of citing Theorem 2.1 to prove the existence of an optimal
solution that minimizes (4.8) subject to (4.4)-(4.5).

THEOREM 4.1. There exists a (¢,g) € H3(Q) x © such that (4.8) is minimized subject
o (4.4)-(45). 0O

4.1.2. Verification of the hypotheses for the existence of Lagrange multipliers.

We now assume (¥, ¢g) is an optimal solution and turn to the verification of hy-
potheses (H7)-(H9).

The validity of (HT7) is obvious.

(H8) holds since the mapping g — &(g) = (1/2)||g])? is convex.

(H9) can be verified as follows. For any ¢ € X, the operator N'(¢) : X — Y is
given by

Lo — (Y2, ¢2] _
V') ¢_<—[1/)1,¢2]—[1/)2,¢1]) Vé=(¢1,¢:) €X.

Thus, using the definition of [-, ], we obtain that N'(¢¥) - ¢ € L(Q) = Z.
The Lagrangian is given by

£0b 01K = £ T, 9) — {atwr m) + 5 (12, val,m)
+ a2, 12) = ([, val ) = Mg, m2) |

for all (¥,9,m, k) € X x G x X x R = H3(Q) x L*(2) x HZ(Q) x R. Note that in this
form of the Lagrangian, the Lagrange multiplier n € X = Y* so that we have already
introduced the change of variables indicated between (2.17)-(2.18) and (2.19)-(2.21).

Having verified the hypotheses (H7)-(H9), we may apply Theorem 2.4 to conclude
that there exists a Lagrange multiplier n € X = H2(Q) and a real number k such that

(4.10) NHAT((N'@)]" 0=k Ty(¥,9)) = 0
and
(4.11) L, g,nk) <L, z,nk) YzeO

and that for almost all values of A, we may choose k = 1.
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Recall that T is self-adjoint. Also, note that for any % € X = H3(Q),

Yo, m] — [¥1, 1]

Thus, (4.10), with £ = 1, can be rewritten as

(4.12) a(Cr,m) — A2, m2], 1) = A1 — ¥10,$1) VG € HY(Q)

[N’(¢)]*~n=<[ —[s, 72 ) V0= (pm) € X

and

a(Cz,m2) + A([th2, m], C2) — A([¥h1, m2], C2)

(4.13) 2
= At — ¥20,¢2) V(2 € Hy(Q).

Using the definition of the Lagrangian functional, (4.11), with £ = 1, can be rewritten
as

A A
§(z,2)+A(z,772)—§(g,g)—A(g,nz)20 Vz€0.

Note that, in the above expression, we have already employed hypothesis (H12) which
in the current context is trivially satisfied with E the identity operator on G* = G =
L2(2). For each ¢ € (0,1) and each t € O, set z = et +(1—¢)g € O in the last equation

to obtaln )

=g t—g)+clt—g g +elt—gn) >0 Vieo

so that, after dividing by € > 0 and then letting ¢ — 01, we obtain
(4.14) (t—g,9+m)>0 Vi€O.

We see that for almost all values of A, necessary conditions for an optimum are
that (4.4)-(4.5) and (4.12)-(4.14) are satisfied. The system formed by these equations
will be called an optimality system.

We now specialize to the case © = L?(Q). Note that the hypothesis (H10) is
satisfied. Then, using Theorem 2.5, we see that the inequality (4.14) becomes an
equality and, by letting z = ¢ — g vary arbitrarily in L?(), we now have, instead of
(4.14),

(4.15) (z,9+1m2)=0 YzeLl*Q).

Thus, according to that theorem, we have that for almost all A, an optimality system
of equations is now given by (4.4)-(4.5), (4.12)-(4.13), and (4.15). However, we can go
further and verify that the hypothesis (H11)’ is valid, which in turn will justify the
existence of a Lagrange multiplier satisfying the optimality system for all A € A. We
now assume the domain Q is a convex polygon with no angles greater than 126°.

Let A be given such that 1/) is an eigenvalue of —T'N’(#), where (¥, ¢) € H3(Q) x
L?(2) is an optimal pair that minimizes (4.8) subject to (4.4)-(4.5). We wish to show
that for each f € H~%(Q), there exists a § € L*(Q) and a = H2(2) such that

b+ATN'(§) Y+ ATKj =1,
(4.16) a(¥r, ¢1) + ([, ¥), 61) = (fi, 1) V1 € HI(Q)
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and

a(ta, $2) — A([1, ¥, ¢2) — A([¥1,¥a), 82) — A, ¢2)

(4.17) ‘
= (f2,02) Vo€ HF(Q).

To show this, we first let {b € HZ(Q) be a solution of

a1, 61) + A[Wa, V2], 61) = (fi, ¢1) ¥V é1 € HE(Q)

and

a(a, ¢a) — /\([1/:1, Po), ¢2) = (fo,00) Y ¢o € HYQ).

The existence of such a {b can be shown in a manner similar to that for showing the
existence of a solution to the von Karman equation; the key step is that by adding the
two equations with the test function ¢ replaced by ¥, we have the a priori estimate

a(,l/:la,l/jl) +Cl(’l/:2,’l/:2) = <f71a1/:1> + <f72a1/:2> .

Then, we choose § = —[¢y, 1/:2] Note that regularity results for the biharmonic equa-
tion applied to (4.4)-(4.5) yield ¢ € H*(Q) (see [3]). Hence, using imbedding theorems
we deduce that § € L?(2). It is obvious that § and ¥ satisfy (4.16)-(4.17), i.e., we have
verified (H11)". Hence we conclude that for all A, the optimality system (4.4)-(4.5),
(4.12)-(4.13), and (4.15) has a solution. Thus, we have Theorem 2.6 which, in the
present context, is given as follows.

THEOREM 4.2. Let (¢, 9) € H2(Q) x L2(Q2) denote an optimal solution that minimizes
(4.8) subject to (4.5)-(4.6). Then, for all A € A, there exists a nonzero Lagrange
multiplier n € H3(Q) satisfying the Euler equations (4.12)-(4.13) and (4.15). O

4.1.8. Verification of the hypotheses for approzimations and error estimates.

We finally verify the hypotheses (H13)-(H19) that are used in connection with
approximations and error estimates.

A finite element discretization of the optimality system (4.4)-(4.5), (4.12)-(4.13),
and (4.15) is defined in the usual manner. We first choose families of finite dimensional
subspaces X" C HZ(Q) and G" C L*(Q) parameterized by a parameter h that tends
to zero and satisfying the following approximation properties: there exists a constant
C' and an integer r such that

(4.18) inf ||¢— ¢"[la < CA™||@|lmsz, YVoeH Q) 1<m<r
¢ exr

and

(4.19) Iz = 2"lo < CA™||2||m, Y2€H™Q), 1<m<r.

inf
zheGh
One may consult, e.g., [8] for some finite element spaces satisfying (4.18) and (4.19).
For example, one may choose X" = V" x V" where V" is the piecewise quintic-C*(Q)
finite element space constrained to satisfy the given boundary conditions and defined
with respect to a family of triangulations of 2. In this case, & is a measure of the grid
size. For simplicity, one may choose G* = V",
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Once the approximating spaces have been chosen, we may formulate the approx-
imate problem for the optimality system (4.4)-(4.5), (4.12)-(4.13), and (4.15): seek
Y" e Xh ¢ eGP and 7" € X" such that

A
(4.20) a(vy, o1) + 5 ([¥s, 5] 61) =0 Ve e V",
(4.21) a(vy, 63) — M[¥1, ¥3), 05) = (9,05) ¥ o5 €V,
(4.22) a(Ctmt) = M[ve, ma] ¢f) = AWt — o, (1) V(G eV,

(4.23)  a(¢h,nb) + A([Wh,ni1,¢8) — AWl nbl, ¢8) = AWh — 00, (5) V(I €V,
and
(4.24) (g nhy=0 vV eah.

The operator T" € L£(Y; X") is defined as follows: for f € Y, T"f = Y e XN is
the unique solution of

a(yl, o) = (f1,¢7) Vol evh

and
a(vh, ¢h) = (f2,0%) Vehevh.

Since T'=T*, we define (T*)* = T".
We define the operator E” : L%(Q) — G" as the L?(Q2)-projection on G*| i.e., for
each ¢ € L%(Q),
(E"g,6") = (g,0") VYo" e

Since G = L%(Q) is reflexive, E” is in fact an operator from G* — G".
By the well-known results concerning the approximation of biharmonic equations
(see, e.g., [2] or [8]), we obtain

(T = T" )| x — 0

as h — 0, for all £ € Y. This is simply a restatement of (H13).

(H14) follows trivially from (H13) and the fact that 7" is self-adjoint and we have
chosen (T*)* = T".

(H15) follows from the best approximation property of L%*(Q)-projections and
(4.19).

(H16) and (H17) follow from the fact that N and F are polynomials. Here we
also use imbedding theorems and Cauchy inequalities.

We set Z = Z = LY(Q). For each n € HZ(Q) and ¢{ € H}(Q), Sobolev imbedding
theorems imply that

/ * _ —[¢2,U2] >
[N (¢)] = ([1/)2,771] - [1/)1,772]) €7,
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10 1= (g, o378 1) €7
and

1t _ 771C1 5
)¢ = (1) e 2.
These relations verify (H18).

From the definition of the operator K we see that K maps L*(Q) into L'(), i.e.,
K maps G into Z. Thus (H19) is verified.

Hence, we are now in a position to apply Theorem 3.5 to derive error estimates
for the approximate solutions of the optimality system (4.4)-(4.5), (4.12)-(4.13) and
(4.15). Tt should be noted that Lemma 3.4 implies that for almost all values of A, the
solutions of the optimality system are regular.

THEOREM 4.3. Assume that A is a compact interval of R and thal there exists
a branch {(A,%(X), g(A),n(X)) : A € A} of regular solutions of the optimality system
(4.4)-(4.5), (4.12)-(4.13), and (4.15). Assume that the finite element spaces X" and
G" satisfy the hypotheses (4.18)-(4.19). Then, there exists a & > 0 and an hy > 0 such
that for h < hg, the discrete optimality system (4.20)-(4.24) has a unique branch of

solutions {(/\, 1/)h(/\), g"(N), nh(/\)) : A € A} salisfying

1" () = w(N)llz + lg"(Y) = gWllo + 0" (X) = n(M)ll2} <6 for all A € A.

Moreover,
lim {]|9" (%) = $(A)llz + 1" (A) = g(WNllo + 10" (A) = n(V)]l2} =0,

untformly in A € A.

If, in addition, the solution of the optimality system satisfies (t/)(/\),g(/\),n(A)) €
H™+2(Q) x H™(Q) x H™2(Q) for X € A, then there exists a constant C, independent
of h, such that

1B(A) = " M)l + l9(3) = g" Mllo + llm(A) = 2" (A)]|2
< CR™ ([|p(M) 2 + gDl + [[0(A) lm+2) |
untformly in A € A.
Proof: All results follow from Theorem 3.5. For the last result, we also use (3.25) and
the estimates (see, e.g., [2] or [8])
I~ = 1l < CHP|[Plls for € HPH2(2)

1))~ = Dalle = 1(T"T™ = Dallz < Ch™ [[llng> for € H™H(Q),

and

I(E"E™ = Dgllo < Ch™ |lgllm  for g € H™(Q).

In these estimates, the constant C' is independent of h, %, g, 9, and A\. 0O
Remark. In fact, we obtain from (4.15) that ¢ = —n2 so that the term ||g(A)||m in the
right-hand side of the error estimate is redundant. [
Remark. By using (4.15) again, along with (4.24) and the error estimate in Theorem
4.3, we have the following improved error estimate for the approximation of the control
g

lg(0) = 8" Vll2 = 1m2(N) = 52 < CH (W s + (A o)
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Of course, we also use the fact that we have chosen G* = V" C H*(Q). O

4.2. Neumann boundary controls for the Ginzburg-Landau superconduc-
tivity equations

For this application we will use Neumann boundary controls, 1.e., control is ef-
fected through the data in a Neumann boundary condition. Let Q be a bounded open
domain in R? d =2 or 3, and let I' be its boundary. A simplified Ginzburg-Landau
model for superconductivity is given by

—AYr+ (Y7 + 93+ AP~ 1) ¢ — V- (Athy) = A - Vi =0 in Q,

—Ats+ (VT + 3 H AP 1) Yo+ V (A¥)+ A -V =0 inQ,
n- (Ve + Asy) =Ag1 on I,

and

n-(Vis—Ay) =Aga onT.

Here, ¥1 and ¥ denote the real and imaginary parts, respectively, of the complex-
valued order parameter, A is a given real magnetic potential, g; and g, are related
to the normal component of the current at the boundary, and A > 0 is a “current
loading” parameter. These equations are a special case of a more general model for
superconductivity wherein A is also unknown; see, e.g., [22] for a derivation of the
general model. It can be shown that in certain limits, e.g, high values of the applied
field, the above simpler model is valid; see [7].

By introducing appropriate rescalings, i.e, by replacing ; by Ay; and g; by Ag;,
j = 1,2, we can rewrite the above Ginzburg-Landau equations as follows:

(4.25) —A¢y + (JA]P = 1)ty =V - (Aha) — A - Viho + A (¥ +¥2) by =0 in Q,

(4.26) —A¢s+ (JAP = Dvba+ V- (A1) + A -V + A (Y] +¢3) o =0 in Q,

(4.27) n- (Vi +Ays)=Ag1 onT,
and
(4.28) n-(Vis—Ay) =Aga onT.

We introduce the bilinear forms
atv.6)= [ (V0 To+ (AP~ Dus)d2 Vo.oe (@)
Q

and

0,6 = [ A-(T6- 670 0 Vi€ HI®).
We assume that A € H'(Q2). Note that

a(y, ) = a(¢,¥) and b(¥,¢) = —b(¢,¢).
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Then, a weak formulation of the Ginzburg-Landau equations (4.25)-(4.28) is defined
as follows: seek ¥ = (¥1,v2) € H(Q) such that

(4.29)  a(wr, d1) +b(wo, 1) + A((W] +¥3)¢1, 61) = Mg, é1)r YV ¢1 € H'(Q)

and

(4.30)  a(th2, ¢2) — b1, ¢2) + A((¥F + ¥3)b2, ¢2) = Mga, ¢a)r ¥ ¢a € H'(Q).

It can be shown that, for each g = (g1, 92) € H™/*(T), (4.29) and (4.30) possess at
least one solution ¥ € H'(Q2) and that all solutions of (4.29) and (4.30) satisfy the a
priori estimate

(4.31) llalls + 2]l < C (lgall-1/2,0 + llgall=1/2,0) ;

see, e.g., [11], for details. In the sequel, a solution of (4.25)-(4.28) will be understood
in the sense of (4.29)-(4.30).

Given a desired state ¥, = (10, ¥20) € L%(Q2), we define for any ¢ = (¢1,2) €
H'(Q) and g = (g1, g2) € L%(T') the functional

(432)  J(¥,g)= % /ﬂ ((m — 10)? + (12 — ¢20>2) o+ % /F (47 +95)drl.

We then consider the following optimal control problem associated with the Ginzburg-
Landau equations for superconductivity:

(4.33) min{ J,g) | v e HY(Q), g€ O } subject to  (4.29) and (4.30),

where © is a subset of L(T).

We define the spaces X = HY(Q), Y = (HY{(Q))*, G = L*(), and Z =
[H'/2+(Q)]* where € € (0,1/2) is chosen such that H'(Q) < H/2+¢(Q) — L4(Q).
By compact imbedding results, L4/3(Q) — 7 «—<— Y. For the time being, we assume
that the admissible set © for the control g is a closed convex subset of G = L*(T).

Let the continuous linear operator T' € L(Y; X) be defined as follows: for each
f=(fi,f2) €Y = (HYQ)*, Tf =¢¥ € X = H(Q) is the unique solution of

a(r, ¢1) +b(2, ¢1) = (f1,¢1) ¥V ¢1 € H(Q)

and

a(thy, d2) — b(¥1, ¢2) = (f2,02) V¥ ¢2 € H(Q).

It can be easily verified that T is self-adjoint. Also, it can be shown that for most
choices of A the operator T' is well defined; see [11].
We define the (differentiable) nonlinear mapping N : X — Y by

_ (1/)%-1-1/)%)1/)1
N(¢)_<(¢%+¢§)¢2) veeX

or equivalently

(N(#),8) = (V7 + 0201, 61) + (W +9D)pa, ¢2) Vo = (¢1,¢2) € X
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and define K : H_l/z(F) — Y as the injection mapping:
(Kz,v) = —(z,v)r Yze H YY) VveHYQ).
Clearly, the constraint equations (4.29)-(4.30) can be expressed as
Y+ ATN(¥) +ATEKg =0,
i.e., in the form (2.2). With the obvious definitions for F(-) and £(-), i.e.,

1

Fl¥) = 3

[ (=00 + 2= o)) a2 Vg x

and

1
S(g)=§/r(gf+g§)dr Vged,

the functional (4.32) can be expressed as

J@,9) =AF[@)+rE(g),

i.e., in the form (2.1). Thus, the minimization problem (4.33) is in the form of the
minimization problem (2.3).

We are now in a position to verify, for the minimization problem (4.33), all the
hypotheses of §2 and §3.

4.2.1. Verification of the hypotheses for the existence of optimal solutions.

We first verify that the hypotheses (H1)-(H6) hold in the current setting.

(H1) is obviously satisfied with a lower bound 0.

(H2) holds with &« = 1 and 3 = 2.

(H3) is verified since ¥ = 0 and g = 0 is obviously a solution of (4.29)-(4.30).

In order to verify (H4), we assume {g" cec L*(T) is a sequence satisfying
g™ — g in L*(T); then, we have g® — g in H~Y*(T) so that lim,_ (g™, v)r =
(g,v)r for all v € HY(Q), ie, Kg® — Kg in Y. Assume that the sequence
{Iﬁ(n)} C HY(Q) satisfies 1/)(n) — ¢ in HY(Q); then, by using the compact imbed-
ding HY(Q) —— LY(Q), ") — % in LY(). Now,

V™), 8) = () + @)D" 61) + ()2 + )28, 62)
— (@ + v o0) + (W +v3)a,62) = (N(9), ).

Hence, (H4) is verified.
The verification of (H5) follows directly from the observation that the mappings

¢ — F(¢) = (1/2)[l¢ — %[5 and g — E(g) = (1/2)[|g]|§ 1 are convex.
The verification of (H6) is a trivial consequence of the a priori estimate (4.31).
It is now just a matter of citing Theorem 2.1 to prove the existence of an optimal
solution that minimizes (4.32) subject to (4.29)-(4.30).

THEOREM 4.4. There exists a (¢,g) € H' (Q) x O such that (4.32) is minimized subject
to (4.29)-(4.30). D

4.2.2. Verification of the hypotheses for the existence of Lagrange multipliers.
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We now assume (¢, g) is an optimal solution and turn to the verification of
hypotheses (H7)-(H9).

The validity of (HT7) is obvious.

(H8) holds since the mapping g — £(g) = (1/2) f;.|g|*dT is convex.

(H9) can be verified as follows. For any ¢ € X, the operator N'(¢) : X — Y is
given by

) g = BV U200+ 2oy _
v o= (G T ) ve=wueex

Thus, we obtain that N'(3) - ¢ € L*/3(Q) — [H'/?+¢(Q)]* = Z.
The Lagrangian is given by

L. g k) =kT ¥, 8)
— {alwr,m) + (s, 1) + AW+ ¥3)61,m) = Agr, )

iz, m2) = b1, 62) = A((6F + ¥3),12) = Mg, m2)r |

for all (¥,g,n, k) € X xGx X x R = HY Q) x L") x H}(Q) x R. Note that in this
form of the Lagrangian, the Lagrange multiplier n € X = Y* so that we have already
introduced the change of variables indicated between (2.17)-(2.18) and (2.19)-(2.21).

Having verified the hypotheses (H7)-(H9), we may apply Theorem 2.4 to conclude
that there exists a Lagrange multiplier n € X = H(Q) and a real number k such that

(4.34) NHAT((N'@)]" 0=k Ty(¥,9)) = 0
and
(4.35) LOp g k) < L, zmk) VzeO

and that for almost all values of A, we may choose k = 1.
Recall that T is self-adjoint. Also, note that for any ¢ € X = H'(Q),

ot BV V3)m A (29140)70 _
= (T UIER ) (g € x

Thus, N'(#) is self-adjoint as well and (4.34), with £ = 1, can be rewritten as

a(C1,m) = b(C1,m2) + AM(3F + ¥3)m, (1)

(4.36) 1
+ /\<(21/)11/)2)772,C1) = /\(1/;1 — 1/)10,C1) VG eH (Q)

and

(g MGG m)F MG + D, )

+ A((2¢192)m1, C2) = A2 — ¥a0,C2) V(2 € HY(RQ).

Using the definition of the Lagrangian functional, (4.35), with £ = 1, can be rewritten
as

A A
§(ZaZ)F+A(Zan)F_§(gag)F_A(gan)FZO VzeO.
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Note that, in the above expression, we have already employed hypothesis (H12) which
in the current context is trivially satisfied with £ the identity operator on G* = G =
L?(T'). For each ¢ € (0,1) and each t € O, set z = et + (1 — €)g € O in the last
equation to obtain

[5V)

€

5(t—g,t—g)r+€(t—g,g)r+€(t—gﬂ7)r20 Vteo

so that, after dividing by € > 0 and then letting ¢ — 01, we obtain

(4.38) (t—g,g+mMr>0 VteO.

We see that for almost all values of A, necessary conditions for an optimum are
that (4.29)-(4.30) and (4.36)-(4.38) are satisfied. Again, the system formed by these
equations will be called an optimality system.

We now specialize to the case ® = L?(I'). Note that the hypothesis (H10) is
satisfied. Then, using Theorem 2.5, we see that the inequality (4.38) becomes an
equality and, by letting z = t — g vary arbitrarily in L%(T'), we now have, instead of
(4.38),

(4.39) (z,g+mr=0 VYzeL3I).

Thus, according to that theorem, we have that for almost all A, an optimality system
of equations is now given by (4.29)-(4.30), (4.36)-(4.37), and (4.39). However, we can
go further and verify that the hypothesis (H11) is valid, which in turn will justify the
existence of a Lagrange multiplier satisfying the optimality system for all A € A.

To verify (H11), we first note that, through the change of variable & = 7T*v, that
assumption can be equivalently stated as follows:

if € € Y™ satisfies (I + AT*[N'(u)]*)€ =0 and K*¢ =0, then £ = 0.

To verify this version of (H11), we assume that £ € Y* = HY(Q) satisfies (I +
AT*[N'(#)]*)6 =0 and K*€ =0, L.e.,

a(Cr, 1) = b(Cr, &) + A ((39] +v3)é1, G
+A ((29142)€2,C1

a(C2a€2) + b(C?agl) + A ((31/)5 + 1/)%)€2a CZ
+X ((2¢1902)€1, G2

=0 VcleHl(Q),

e’ N’ e’ N’

=0 VCQEHl(Q),

and
E=0 onl.

(Note that K*€ = €|r.) Let Q' be a smooth extension of 2 such that  is a compact
subset of Q. We then define ¢, 4’ and A’ to be the extension, by zero outside §2,
of & ¥ and A, respectively. Let the forms a'(-,-), bl(~, -), and (-, )" defined over Q
be the analogues of corresponding forms defined over €. We may show from the last
three equations that

¢ ecHY(Q), ¢ eLiQ),
a(C, &) = b (G, E) + A (B4 + ¥4 )eL )
FA ()€, ¢) =0 V(e HYQ),
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and

' (Co,€5) + b (Co &) + A ((3¢4” + 0, 7)&h, &)
FA((20005)€1,¢0) =0 V¢ e HYQ).

In the sense of distribution, & satisfies

—AE —2A" VL 4+ (AP A B+ uhT) — 1€

(4.40) /
~(V-A =) =0 in ©

and

(4.41) —AL +2A7 - VE + (V- A 22 9195)8

+ (AP +ABY + ) - 1) =0 in Q.

We now quote the following unique continuation result whose proof can be found in

[17]. See also [12] and [19].

LEMMA 4.5. Let Q be an open and connected subset of R, d = 2 or 3. Let the
functions V € [LL (2)]4*? for some ¢ > 2 and W € [de_l(Q )] 9¥4Xd be given. If

loc loc
§ € HL.(Q), —A& + Y0 Yoisy Wijn(0€x/0a;) + 35—, Vij&y = 0 (in the sense of
distributions), i = 1,...,d, and £ = 0 on an open, non-empty subset of Q' then€=0
onQ. D

Since A € H'(Q) and ¢ € H'(Q), it is easy to see that the coefficients in (4.40)-
(4.41) satisfy the regularity requirements of Lemma 4.5. Also note that & = 0 on
(QI \ ) which contains an open set. Thus we obtain that & = 0 in Q' oré=0inQ,
i.e., (H11) is verified.

Hence we conclude that for all A, the optimality system (4.29)-(4.30), (4.36)-
(4.37), and (4.39) has a solution. Thus, we have Theorem 2.6 which, in the present
context, is given as follows.

THEOREM 4.6. Let (¢, g) € HY(Q) x L%(T') denote an optimal solution that minimizes
(4.32) subject to (4.29)-(4.30). Then, for all X € A, there exists a nonzero Lagrange
multiplier n € H'(Q) satisfying the Euler equations (4.36)-(4.37) and (4.39). O

4.2.8. Verification of the hypotheses for approzimations and error estimates.

We finally verify the hypotheses (H13)-(H19) that are used in connection with
approximations and to derive error estimates.

A finite element discretization of the optimality system (4.29)-(4.30), (4.36)-
(4.37), and (4.39) is defined in the usual manner. We first choose families of finite
dimensional subspaces X» C H!(Q) and G* C L%(T) parameterized by a parameter h
that tends to zero and satisfying the following approximation properties: there exists
a constant C' and an integer r such that

(442) hlIlf ||¢_ ¢h||1 < Chm||¢||m+1 . Veéc Hm+1(Q)’ 1<m<r
¢"exr

and
inf ||z —2"|lo,r < Ch™ inf Vlimt1/2

(443) zheGh || ||0,F =~ VEHm+1/2(Q)7V|F:Z || || +1/2

¥z e HPH2(Q)p, 1<m <.
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One may consult, e.g., [8] and [15], for some finite element spaces satisfying (4.42) and
(4.43). For example, one may choose X* = V" x V" where V" is the piecewise linear
or quadratic finite element space defined with respect to a family of triangulations
of Q. In this case, h is a measure of the grid size. For simplicity we may choose
G" = (XM)|r, i.e., the functions in G"* are the restrictions to the boundary T' of
functions belonging to X".

Once the approximating spaces have been chosen, we may formulate the approx-
imate problem for the optimality system (4.29)-(4.30), (4.36)-(4.37), and (4.39): seek
!/Jh € X" ghe G" and 9 € X" such that

(4.44) a(}, o1 +b(h, o7) + M (1) + (h))uf, b} = Mol ¢f)r YV éh e VP,

(4.45) a(h, ¢h) — b(yl, 68) + M (1) + (Wh))vh, 5} = Mah, o) Vb e VP,

a(Cl i) = bt n5) + AW + (¥3)*)n), ¢1)

4.46
Ao + M((2¢f vhmh () = AWt — v, () V(P eV,
(apy GG A + (0))nd )

' (Ut ch) = AWk — oo, ) Y e VT,
and
(4.48) (z",g"+9")r=0 Vz"eG".

The operator T" € L£(Y; X") is defined as follows: for f € Y, T"f = Y e XN is
the solution for

a(h, o) + (5, 61) = (f1,6)) Vel eVt
and
a(vy, ¢8) — b(p}, 68) = (f2,65) Vb e V™.

Since T'=T*, we define (T*)* = T".
We define the operator E* : L%(T) — G” as the L%(T')-projection on G*, i.e., for
each g € L%(T),
(Ehg, 2" = (g,2")r V2" e G".

Since GG = L%(T) is reflexive, E” is in fact an operator from G* — G".
By results concerning the approximation of the Ginzburg-Landau equations (see,
e.g., [11]), we obtain
(T = T")||x — 0

as h — 0, for all £ € Y. This is simply a restatement of (H13).

(H14) follows trivially from (H13) and the fact that 7" is self-adjoint and we have
chosen (T*)* = T".

(H15) follows from the best approximation property of L?(T')-projections and
(1.43).

(H16) and (H17) follow from the fact that N and F are polynomials. Here we
also use imbedding theorems and Cauchy inequalities.
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Setting Z = Z = HY?>*¢(Q), we have that Z < [H'(Q)]* = X*. For each
n € HY(Q) and ¢ € H'(Q), Sobolev imbedding theorems imply that

e o [((BUT +03)m + (2¢14)n / ;
VI = ((31/% T + <2¢1w§>nf) L@z,

i #6810+ 2020 )m + (291€2)n2 + (2C142) 02 a/3 >
@€ 0= (o e L e e ) v @ € 7,

and

(') -¢) n= (1) en@ c 7.

These relations verify (H18).

From the definition of the operator K we see that K maps L*(T') into [HY/>+¢(Q)]*,
i.e., K maps G into Z. Thus (H19) is verified.

Hence, we are now in a position to apply Theorem 3.5 to derive error estimates
for the approximate solutions of the optimality system (4.29)-(4.30), (4.36)-(4.37), and
(4.39). Tt should be noted that Lemma 3.4 implies that for almost all values of A, the
solutions of the optimality system are regular.

THEOREM 4.7. Assume that A s a compact interval of R+ and that there exisis a
branch {(A,¥(A),g(A),n(X) : A € A} of reqular solutions of the optimality system
(4.29)-(4.30), (4.36)-(4.37), and (4.39). Assume that the finite element spaces X" and
G" satisfy the hypotheses (4.42)-(4.43). Then, there exists a 6 > 0 and a hg > 0 such
that for h < hg, the discrete optimality system (4.44)-(4.48) has a unique branch of

solutions {(/\, 1/)h(/\), g"(N), nh(/\)) : A € A} salisfying

(18" () = W)l + llg"(A) = gWllor + 19" (X) =0} <6 for all A € A,

Moreover,
lim {||9" (A) = ¢V ll1 + 18" (A) = gW)llo.r + 110" () =n(M]l1} =0,

untformly in A € A.

If, in addition, the solution of the optimality system satisfies (tﬁ(/\),g(/\),n(/\)) €
H7H(Q) x H?H/2(Q)|r x H?T(Q) for A € A, then there exists a constant C,
independent of h, such that

190 = " M)l + I8(A) = 8" (MDllor + [I9(A) = 2" (V]L
< Ch™ ([[$(A) [ lmr + vermtiit ypag Vb2 + DM llm+1)

untformly in A € A.

Proof: All results follow from Theorem 3.5. For the last result, we also use (3.25) and
the estimates (see [11])

I(TMT™H = Dglly < CR[[$llmgr for ¥ € H™HH(Q),
1T (7)™ = Dally = 1(T"T™ = Dally < Ch™ [[llngy for e H™H(Q),
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and (see, e.g., [2], [8] and [15])

(BB~ = Dgllor < Ch™ Wlhotiys  for g € HPH/2Q)r.

inf
veH™+1/2(Q) v|r=g

In these estimates, the constant C' is independent of h, ¥, g, n,and A. [
Remark. In fact, we obtain from (4.39) that g = —n|r which implies

inf < <
VEHm () v]r=g IVllmt1/2 < lAllmtrsz < Ml

so that the term (infveHerl/z(Q)yvh:g IV|lm+1/2) in the right-hand side of the error
estimate 1s redundant. 0O

Remark. By using (4.39) again, along with (4.48) and the error estimate in Theorem
4.7, we have the following improved error estimate for the approximation of the control

g:
18(3) = &"(Mlliyzr < CllnA) = 0" Mlls < CE™ ([[(N)llms1 + [[9(N)]lm+1) -
Of course, we also use the fact that we have chosen G* = (X?)|r ¢ HY/*(T'). D

4.3. Dirichlet boundary control for the Navier-Stokes equations of incom-
pressible, viscous flow

For this application we will use Dirichlet boundary controls, i.e., control is effected
through the data in a Dirichlet boundary condition. Let €2 denote a bounded domain
in R¢, d = 2 or 3 with a boundary denoted by T'. Let u and p denote the velocity and
pressure fields in €. The Navier-Stokes equations for a viscous, incompressible flow
are given by (see, e.g., [13], [14], or [20])

—v V- (Vu)+(Vo)") + (u- V)u+Vp=f inQ,

V-u=0 mQ

and
u=b+4+g onl,

where f is a given body force, b and g are boundary velocity data with fF b-ndl'=0
and ng -ndl' = 0, and v denotes the (constant) kinematic viscosity. We have
absorbed the constant density into the pressure and the body force. If the variables in
these equations are nondimensionalized, then v is simply the inverse of the Reynolds
number Re.

Setting A = 1/v = Re and replacing p with p/A, b with Ab, and g with Ag, we
may write the Navier-Stokes equations in the form

(4.49) ~V-((Vu)+ (Vu)') + Vp+Au-Vu = Af inQ,
(4.50) V-u=0 inQ,

and

(4.51) u=Ab+g) onT.
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We introduce the subspaces

Lg(Q):{peLZ(Q) ‘ /ﬂde:o}

" H}L(F):{gEHl(F) ‘ /Fg~ndF:0}.

We also introduce the bilinear forms
1
a(u,v) = 3 / ((Vu) + (Vu)T) : ((Vv) + (VV)T) dQ Yu,veHY(Q)
Q

and

b(v,q):—/qV~de YveH (Q) and V p e LYQ)
Q

and the trilinear form
c(u,v,w) = /(u~V)v~wdQ Yu,v,wecH(Q).
Q

These forms are continuous over the spaces of definition indicated above. Moreover,
we have the coercivity properties

(4.52) a(v,v) > Collv|l} Vv eH;Q)
and

b(v,
(4.53) sup WQ)ZcmmovqeLam

0£vEHL () vl

for some constants C, and C, > 0. For details concerning the notation employed
and/or for (4.52)-(4.53), one may consult [13], [14], and [20].

We recast the Navier-Stokes equations (4.49)-(4.51) into the following particular
weak form (see, e.g., [15]): seek (u,p,t) € HY(Q) x L3(Q) x H~*(T) such that

(4.54) a(a,v)+b(v,p)— (t,v)r + Ac(u,u,v) = X {f,v) VveH(Q),
(4.55) b(u,q) =0 Vq€LiQ),

and

(4.56) (s,u)r — A(s,g)r = A(s,b)r VseHY4I).

Formally we have

t=[-pn+ (Vu+ (Vu)'). n]F ,

i.e., t is the stress force on the boundary. The existence of a solution (u, p,t) for the

system (4.54)-(4.56) was established in [15].

34



Given a desired velocity field ug, we define for any (u,p,t) € H(Q) x L3(Q) x
H~'/2(T') and g € H!(T) the functional

A A
(457) j(uapatag): Z/ﬂ |u—u0|4 dQ+ §A<|v5g|2+ |g|2) dFa

where V; denotes the surface gradient.

We define the spaces X = H'(Q) x LZ(Q) x H™V/2(T), Y = [HY(Q)]* x L(Q) x
H!'/*(T), G = H.(T), and Z = L¥?(Q) x {0} x H'(T). By compact imbedding results,
Z 1s compactly imbedded into Y. For the time being, we assume that the admissible
set © for the control g is a closed, convex subset of G' = HL(T).

We then consider the following optimal control problem associated with the
Navier-Stokes equations:

(4.58) min{J(u,p,t,g): (u,p,t) € X, g € O} subject to (4.54)-(4.56).

We define the continuous linear operator 7' € L(Y;X) as follows: for each

{,n,8) €Y, T, 1K) = (0,p,t) € X is the unique solution of
a(@,v)+b(v,p) — (t,v)r = ({{,v) YveH(Q),

b(a,q) = (n,q) YqeLj(Q)

and
(s,u)r = (s,k)r VseHVXT).

It can be easily verified that 7' is self-adjoint.
We define the (differentiable) nonlinear mapping N : X — Y by

f—u-Vu
N(u,p,t)=— 0
b
or equivalently

(N(u,p,t),(v,q,8)) = —(f,v)+ c(u,u,v) = (s,b)pr V(v,q,8) e X

and define K : HY/?(I') — Y by
Kg=—-10

or equivalently
(Kg,(v,q,8) = —(s,g)r YgeH*I),V(v,qs)€X.
Clearly, the constraint equations (4.54)-(4.56) can be expressed as
(u,p,t)+ ATN(u,p, t)+ ATKg =0,
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i.e., in the form (2.2). With the obvious definitions for F(-) and £(-), i.e.,
1 4
}"(u,p,t):z [u—ug|"dQ V(u,p,t)eX
0

and

1
()= 5 [ (Wl + lgP) dr

the functional (4.57) can be expressed as
J(a,p,t,8) = AF(u,p,t)+ AE(g),

i.e., in the form (2.3).
We are now in a position to verify, for the minimization problem (4.58), all the
hypotheses of §2 and §3.

4.3.1. Verification of the hypotheses for the existence of optimal solutions.

We first verify the that the hypotheses (H1)-(H6) hold in the current setting.

(H1) is obviously satisfied with a lower bound 0.

(H2) holds with &« = 1 and 3 = 2.

(H3) is verified with the choice (u(®),p(® t(?) 0) € X x © where (u(®, p(®) is
a solution to the Navier-Stokes equations with Dirichlet boundary conditions, and
t0) = [pOn 4 (Val® + (VuO)T) ~n]F; see, e.g., [13] or [20].

In order to verify (H4), we assume {g(®} C © C H}(T) is a sequence satisfying
g™ — g in HY(T); then we have g(® — g in H'/?(T') so that lim,_..(g"),v)r =
(g,v)r forallv € HY(Q), i.e., Kg(® — KginY. Assume that the sequence {u(™} C
H'!(Q) satisfies u(®) — u in HY(Q); then u®) — u in L*(Q) by the compactness of
the imbedding H!(Q) —— L*(Q). Now,

(N(u(")), v)= c(u("), ul™), v) = c(u, ul™), v)+ c(u(") —u,u®, V)
—c¢(u,u,v)+0={(N(u),v) as n — 0o
Hence, (H4) is verified.
The verification of (H5) follows directly from the observation that the mappings
(w,,8) — F(,,6) = (1/4) [la — ul[{ ) and g — E(g) = (1/2) gll?. - are convex.
To verify (H6), we combine a priori estimates obtained from the constraint equa-

tions and the functional. Let {u®) pt) () gty « HY(Q) x L2(Q) x H~*(T) x
H! (T') be a sequence such that

(4.59) J(u® gy <,

(4.60) a(u® v)+b(v, p") =t vir + A e(u® uF) vy = M (f v) VveH(Q),

(4.61) b(u) g) =0 VYqeLiQ),
and
(462) <S, u(k)>F - A(S, g(k)>r = A(S, b)F Vse H_l/z(r) .
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First, (4.59) implies that (u(k), g(k)) is uniformly bounded in L*(Q2) x H'(T'). For each
g®) | we may choose a (w(¥) r(8)) € HY(Q) x L2(Q) that satisfies the Stokes problem

(4.63) a(w®) v) 4+ b(v,r ")) = (f,v) Vv eH(Q),
(4.64) b(w), ) =0 VqeLjQ)

and

(4.65) w) = X(g®) +b) onT.

Furthermore, there holds the estimate
(4.66) Wl < CUIEllo + (1Bl 2,0 + g™l r)

By subtracting (4.63) from (4.60) with v = u*) — w(®)also using (4.61) and (4.64),
we obtain
a(u® — w®) a®) — W) = _xe(u® u® a®) - wh)

(4.67) — c(u(k)’ u®) — w®), u(k)) )

Note that

|C(u(k)’ u®) — wk), u(k))|

1

2
<€ v = w0+ (@@ w7 )

/ a®  (V(u® = w)) 4 (T = wE)T) . ul®) dQ‘

L4()
4

< H(v(um — w®)) 4 (T(a® — w7 Hz A H“(k)‘

1
4\ Lé(2)

so that, using (4.67), we have that

1 4

L@ —woy) + (g w7 <o o)

Li(Q)

Then, by (4.66) and the triangle inequality, we have that
| (7at) 4 (Fu®T | < Cllgllo + 1Bl pzr + g @ e + s )

Thus,
(V™) + (Va™) Tl + [[0®[fo,r
< Va4 (Vo) flo + [bllo,r + llg™llo,r
< C(fllo + Ibll/a,r + 118%™ e + ™)) -

Since the mapping u — ||[Vu+ (Vu)?||o + [Ju|lo,r defines a norm on H(2) equivalent
to the standard H'(Q)-norm, we have that

a1l < LIl + Iblly2e + I8 llr + [ lIfaq)}
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and, since ||u(k)||L4(Q) and ||g(k)||171“ are uniformly bounded, we conclude that ||u(k)||1
is uniformly bounded as well. One easily concludes from (4.60) that ||t(k)||_1/271“ is
uniformly bounded. Thus (H6) is verified.

It is now just a matter of citing Theorem 2.1 to conclude the existence of an
optimal solution that minimizes (4.57) subject (4.54)—(4.56).

THEOREM 4.8. There exists a (u,p,t,g) € H(Q) x L2(Q) x H™2(Q) x © such that
(4.57) is minimized subject to (4.54)-(4.56). O

4.3.2. Verification of the hypotheses for the existence of Lagrange multipliers.

We now assume (u, p, t,g) is an optimal solution and turn to the verification of
hypotheses (H7)-(H9).

The validity of (HT7) is obvious.

(H8) holds since the mapping z — &(g) = (1/2) [-(|Veg|* + |g|?) dT is convex.

(H9) can be verified as follows. For any (u,p,t) € X, the operator N'(u,p,t) :
X — Y is given by

u-Vv+v-Vu
N'(u,p,t)-(v,q,8) = — 0
0

for all (v,q,s) € HY(Q) x LZ(Q) x H=Y(T'). Thus we obtain N'(u,p,t)-(v,q,s) €
L3/2(Q) x {0} x HY(T) = Z.
The Lagrangian is given by

L(u,p, t,gv,¢,7 k)
=kJ(u,g) —{a(u,v) + Ac(u,u,v) 4+ b(¥,p) + b(u, ¢) — (T,u)r
— <t,1/>p—/\(f,l/)p—l—/\(’r,b)r—l—/\(’r,g)r}

for all (u,p,t,g,v,6,7,k) € X xGx X x R = HY(Q) x L2(Q) x H~Y/*(T) x H! (T') x
H'(Q) x L3(Q) x H"/(T') x R. Note that in this form of the Lagrangian, the
Lagrange multiplier (v, ¢,7) € X = Y™ so that we have already introduced the change
of variables indicated between (2.17)-(2.18) and (2.19)-(2.21).

Having verified the hypotheses (H7)-(H9), we may apply Theorem 2.4 to conclude
that there exists a Lagrange multiplier (v, ¢,7) € X = HY(Q) x L(Q) x H-/*(I)
and a real number k such that

(4.68) ,6,7) + AT (IN'(w, p, £)]° - (,6,7) = bk T (0,1, t,8) ) = 0
and
(4.69) L(u,p, t,z,v, 6,7, k) < L(u,p, t,gv,é,1.k) VzeEO

and that for almost all values of A, we may choose k = 1.
Recall that 7% = T'. Also, note that for (u,p, t) € X = H'(Q)x L3(Q)xH~1/2(T),
the operator [N'(u,p,t)]* : X — Y is given by

—u-Vv4v. (Vu)T
[N'(a,p, t)]" - (v,q,8) = 0 V(v,q,8) € X.
0
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Thus, (4.68), with £ = 1, can be rewritten as

a(w,v)+ Ae(w,u,v) + Ae(u,w,v) + b(w,¢) — (T, W)r

(4.70) =A ((u —u)?, w) YweHY(Q),
(4.71) bv,r)=0 YrelLiQ),

and

(4.72) (y,v)r=0 VYyeHYXT).

In the right-hand side of (4.70), we use the notation (v3, w) = Z;l:l(v]?’, wj).
Using the definition of the Lagrangian functional, (4.69), with £ = 1, can be
rewritten as

A A A
5 (VSZ, VSZ)F + 5 (ZaZ)F - 5 (Vb’ga vsg)F

A
—5 (@ 8)r—Mrzr+Mr.gr >0 Vze€0.

For each ¢ € (0,1) and each z € O, by plugging ez + (1 — €)g € O into the last
inequality we obtain

(Vg Vo )+ e (o — ) + S (Vala - 8), Vo~ ),

[5V)

—|—%(z—g,z—g)p—e(r,z—g)p20 Vze0®

so that, after dividing by € > 0 and then letting ¢ — 01, we obtain

(4.73) (Veg, Vi(z—g)) .+ (g.2—g)r— (t,z)r >0 Vz€O.

We see that for almost all values of A, necessary conditions for an optimum are
that (4.54)-(4.56), (4.70)-(4.72) and (4.73) are satisfied. Again, the system formed by
these equations will be called an optimality system.

We now specialize to the case © = HL(I'). Note that the hypothesis (H10) is
satisfied. Then using Theorem 2.5, we see that the inequality (4.73) becomes an
equality and, by letting z = k — g vary arbitrarily in H),(T'), we now have, instead of
(4.73),

(4.74) (Veg, Viz)r + (g, 2)r — (1,2)r =0 VzecO=H.T).

Thus, according to that theorem, we have that for almost all A, an optimality system
of equations is now given by (4.54)-(4.56), (4.70)-(4.72) and (4.74). However, we can
go further and verify that the hypothesis (H11) is valid, which in turn will justify the
existence of a Lagrange multiplier satisfying the optimality system for all A € A.

We now verify (H11) which we again note can be equivalently stated as follows:

if € € Y™ satisfies (I + AT*[N'(u)]*)€ =0 and K*¢ =0, then £ = 0.
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To verify this hypothesis, we assume that (§,0,0) € Y* = H'(Q) x L*(Q) x H_l/z(F)
satisfies (I + /\T*[N’(u,p,t)]*) (€,0,6)=(0,0,0) and K*(€,0,0) =0, i.e.,

a(w, &) + Ae(w,w0,&) + Ac(u,w,§) + b(w,0) — (B, w)r =0 Vwe Hl(Q),
b€ r)=0 YrelLiQ),

(y,6r=0 YyeH YD),

and
=0 onl.

(Note that K*(€,0,0) = 8.) Let Q' be a smooth extension of Q such that Q is a
compact subset of Q. We then set £, ¢/ and u’ to be the extension, by zero outside
2, of £, o and u, respectively. We may show from the last four equations that

¢ e HY(Q), o € L2(Q),

(4.75)  d'(w, &)+ A (w0 €Y+ A (0w, E) + bl(w, c)=0 Vwe Hé(QI) ,

and
(4.76) b€, r)=0 YrelLiQ),
where the forms do'(, ), bl(~, -) and ¢/(+, -, ) defined over Q' are the analogues of cor-

responding forms defined over 2. Using a unique continuation result for the system
(4.75)-(4.76) that was established in [16] or [17], we obtain ¢ = 0 and o/ = 0 in Q',
or £ =0 and o = 0in Q. Thus (H11) is verified.

Hence we conclude that for all A, the optimality system (4.54)-(4.56), (4.70)-
(4.72), and (4.74) has a solution. Thus, we have Theorem 2.6 which, in the present
context, is given as follows.

THEOREM 4.9. Let (u,p, t,g) € HY(Q) x LA(Q) x H-Y/*(T) x HL (T) denote an optimal
solution that minimizes (4.57) subject to (4.54)-(4.56). Then, for all A € A, there
exists a nonzero Lagrange multiplier (v,6,7) € HY(Q) x LZ(Q) x H~Y*(T) satisfying
the Euler equations (4.70)-(4.72) and (4.74). D

Note that, in the above expression, we have already employed hypothesis (H12)
which in the current context is easily seen to be satisfied with £ : ¢ — G* defined by

(Eg,z):/(ng~Vsz—|—g~z)dF Vze HL(I)=G.
r

We also note that for each fixed 7, (4.74) with g € HL(T') is equivalent to

(4.77) (Vig, Vik)r + (g, k)r + »y/ k-ndl' = (r,k)r YkecHYT)
r
and
(4.78) /g~ndF:0,
r
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where v € R is an additional unknown constant that accounts for the single integral
constraint of (4.78). The equivalence can be shown as follows. First, an application
of Lax-Milgram Lemma to (4.74) on the space H}(T') guarantees the existence and
uniqueness of a solution g € HL(T) to (4.74); this solution g clearly satisfies (4.77)-
(4.78) with v = fF(T ‘n—V,g:Vin—g-n)dl'. Conversely, any solution (g,7) of
(4.77)-(4.78) trivially satisfies (4.74). Although (4.74) and (4.77)-(4.78) are equivalent,

the latter is more easily discretized.

4.3.8. Verification of the hypotheses for approzimations and error estimates.

We finally verify the hypotheses (H13)-(H19) that are used in connection with
approximations and error estimates.

A finite element discretization of the optimality system (4.54)-(4.56), (4.70)-
(4.72), and (4.74) is defined as follows. First, one chooses families of finite dimensional
subspaces V* C HY(Q) and S* C L?(Q2). These families are parameterized by the pa-
rameter h that tends to zero; commonly, this parameter is chosen to be some measure
of the grid size in a subdivision of  into finite elements. We let S} = SN L2(Q2) and
Vi =VinHL(Q).

One may choose any pair of subspaces V* and S” that can be used for find-
ing finite element approximations of solutions of the Navier-Stokes equations. Thus,
concerning these subspaces, we make the following standard assumptions which are
exactly those employed in well-known finite element methods for the Navier-Stokes
equations. First, we have the approximation properties: there exist an integer k& and
a constant C, independent of &, v and ¢, such that

(4.79) Jnf v - Vi < Ch™|V|lms1 YvEH™(Q), 1<m <k
vie

and

(4.80) Al = "o <Chlgllm Vg€ HM(Q)NLHRQ), 1<m< k.

Next, we assume the inf-sup condition, or Ladyzhenskaya-Babuska-Brezzi condition:
there exists a constant ', independent of &, such that

b h . h
(4.81) inf LA N
0" €5} ozvreve [[V¥ 1 ]1g" [l

This condition assures the stability of finite element discretizations of the Navier-
Stokes equations. For thorough discussions of the approximation properties (4.79)-
(4.80), see, e.g., [2] or [8], and for like discussions of the stability condition (4.81), see,
e.g., [13] or [14]. The latter references may also be consulted for a catalogue of finite
element subspaces that meet the requirements of (4.79)-(4.81).

Next, let P* = V|, i.e., P? consists of the restriction, to the boundary I, of
functions belonging to V", For all choices of conforming finite element spaces V7 e.g.,
Lagrange type finite element spaces, we have that P* C H_l/Z(F). For the subspaces
P" = V"|r, we can show the following approximation property: there exist an integer
k and a constant C', independent of A and s, such that

hiéllf;’h ||S - ShH_l/Z’F

(1.82) .
<Cp™ inf [|v]]m Vse H"(Q)|r, 1 <m< k.
veH™(Q),v|r=s
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We also use the following inverse assumption: there exists a constant (', independent
of h and s", such that

(4.83) Is"(|s,r < CA* "1™ ||, r V" €Ph | —1/2<¢<s<1/2.
See [2] or [8] for details concerning (4.82) and (4.83). See also [15] for (4.82).

Now, let Q" = V| | i.e., Q" consists of the restriction, to the boundary T', of
functions belonging to V*. Again, for all choices of conforming finite element spaces
V" we then have that Q" C H!(T'). We can show the approximation property: there
exist an integer k£ and a constant C, independent of kA and k, such that for 1 <m <k,
0<s<1and ke H" " (Q)]r,

(4.84) inf ||k —K"||,p < CRTE inf
khEQh ’

veHm+1I(IQ),v|p:k ||V||m+1 .

This property follows from (4.79), once one notes that the same type of polynomials
are used in Q" as are used in V. We set G* = Q" nH.(T).

Once the approximating subspaces have been chosen we seek u” € V* ph € Sk
th e Ph gh e QM v eV ¢t € S 1" € PP and ¥* € R such that
(4.85) a(uh,vh) + /\c(uh,uh,vh) + b(vh,ph) — <Vh,th>1“ =A (f,vh) Vvl evh,
(4.86) b(u", ¢"y=0 V" eSh,

(4.87) (", s"pr = Mg", s")r = A(b,s")r Vs" € P",
(4.88) (Vig", V. k") + (g" K" + 4" / k" ndl = (" k")r VK" € Q",
r

(4.89) /gh~ndF:0,
r

a(wh,vh) —|—/\c(wh,uh,vh) + /\c(uh,wh,vh) —|—b(wh,¢h) — (wh,'rh)p

4.90

( ) :/\((uh —uo)?’,wh) vwhevh,
(4.91) bt Py =0 Vit esh,

and

(4.92) Wy =0 Vy"'epP".

Note that if (4.85)-(4.92) are satisfied, then necessarily g € G". Also, in the right-
hand side of (4.90), we use a notation similar to that used in the right-hand side of
(4.70).
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The operator T" € L(Y, Xh) is defined as the solution operator for
a(u® vh) 4 b(v" p") — (v M = (£,v") Vvt evh
b(u",¢") =0 V' esy,

and
<uha sh>F = <ba sh>F v Sh € Ph ;
ie foreach f €Y, T"f = ¢h € X" is the solution of the above system of equations.
Since T' = T*, we define (T*)* = T".
We define the operator E* : G* — G" as follows. For each T € G*, g’ = E"r if
and only 1f

(ngh,Vszh)p—i—(gh,zh)p—l—'yh/zh -ndl = ('rh,zh)p vz" e Q"
r
and

/gh~ndF:0.
r

The existence and uniqueness of a solution (g”,7") € Q" x R is guaranteed by the
Brezzi theory for mixed finite element methods (see [4] or [5]) and the inequalities

(4.93) (V.k", V.k")r + (k" X" )r > C|k"||; ; VK" e Q" c HY(T)
and

P ndlD
(4.94) sup 'yfr—n >Cl" YY" EeR.

ozkreqr  [IKPlir

The solution necessarily satisfies g” € G”*. Thus the operator E” is well defined.
With these definitions we see that (4.85)-(4.92) can be written in the form (3.1)-
By results concerning the approximation of the Navier-Stokes equations with
inhomogeneous boundary conditions (see [15]), we obtain

(T = T")fllx — 0

as h — 0, for all f = ({,n,&) € Y. This is simply a restatement of (H13).

(H14) follows trivially from (H13), the fact that T is self-adjoint, and the choice
(T*)h =77,

To verify (H15), we note that the nondiscretized version of (4.93)-(4.94) certainly
also holds, 1.e.,

(Vik, Vik)r + (k,k)r > C||k||iF VkeHY(T)

and Lond
ndl
sup Py“’}inzc%ﬂ VyeR.
0£keH(T) ||k||1,1“
Using the Brezzi theory for mixed finite element method (see [4] or [5]), we obtain
that
(E—EM7|lir—0 ash—0,
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which verifies (H15).

(H16) and (H17) follow from the fact that N and F are polynomials. Here we
also use imbedding theorems and Cauchy inequalities.

We set Z = L3/2(Q) x {0} x {0}. For each (v,q,8) € X = H'(Q) x L3(Q) x
H~'/2(T) and (w,r, k) € X = H'(Q) x L3(Q) x H~*(T), Sobolev imbedding theo-
rems imply that

—(u-V)v+v-(Vu)!

[N'(u,p, 6)]* - (v,q,8) = — 0 ez,
0
—(w -V)v+v- (Vw)T i
([N”(u,p,t)]* (v, q, s)) (w,r k) =— 0 ez,
0
and
3(U1 — u01)2w1v1
(F"(u,p,t)- (v,q,8)) - (w,r, k) = 3(ug — u;d)zwdvd €7,
0

0

where d (= 2 or 3) is the space dimension. These relations verify (H18).

From the definition of the operator K we see that K maps HL (T') into L3/2(Q) x
{0} x HYT), i.e., K maps G into Z. Thus (H19) is verified.

Hence, we are now in a position to apply Theorem 3.5 to derive error estimates
for the approximate solutions of the optimality system (4.54)-(4.56), (4.70)-(4.72) and
(4.74). Tt should be noted that Lemma 3.4 implies that for almost all values of A, the
solutions of the optimality system are regular.

THEOREM 4.10. Assume that A is a compact interval of R4 and that there exists
a branch {(A,u(X), p(A),t(A), g(A),¥(A),d(A), T(A)) : A € A} of regular solutions of
the optimality system (4.54)-(4.56), (4.70)-(4.72), and (4.74). Assume that the finite
element spaces X" and G" satisfy the hypotheses (4.79)-(4.84). Then, there exists a
8§ > 0 and an hy > 0 such that for h < hg, the discrete optimality system (4.85)-(4.92)
has a unique branch of solutions {(X,u” (), p"(X),t*(X), g"()),¥"(X), o"(X), " (X)) :
A € A} salisfying
(IR = " )+ 1) = " Ol + 1603) — €)=
+18(A) = g" (W)l + [#(3) = " W)l + [l6(3) = 6" (V]lo
+lIr) = T Wl|oaar) <8 forall A€ A,

Moreover,

tim (J[a(3) =" )]s + [0 = " Wlo + 60 = " W) llajor + 1) — 8" W)l x
+lw(A) = 2" Ml + [[6(A) = "Wl +[I7(}) ~ Th(A)H—l,z,r) =0

untformly in A € A.
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If, in addition, the solution satisfies (u(/\),p(/\),t(/\),g(/\), v(A), ¢(N), (A ))
H™H(Q) x H™(Q) x H™(Q)|r x H™TH(Q)|r x H™HL(Q) x H™(Q) x H™(Q)|r for
A €A, then there exists a constant C', independent of h, such that

(IIU(A) =" W+ 1lp(Y) = P Mllo + 16(A) = t"Ml= /20 + [I8(Y) = 8" (Mllr
+w() = W)l + lle(V) = 6" (Vo + [I7(V) — Th(A)II—l,z,r)

< Chm-L2 Mt + 1O + inf m
< (Ilu( Mm+1 + [lp(A)]] veHm}3>,v|F:t||V||

inf et 4 P st + 1)l + inf m),
veppetl1E ¥l O s o it ]

untformly in A € A.

Proof: All results follow from Theorem 3.5. For the last result, we also use (3.25) and
the estimates (see, e.g., [16] or [17])

W77 = D)., O)llx < CH il + il ind ¥l

forue H"TY(Q), pe H™(Q), and t € H™(Q)|r,

I(THNT) ™ = D, 6. 7)lly =TT~ = Diw, 6, 7)l|x

< ChA™(||V||my1 + m+ inf m
< OR Wl + 6l + | inf - [wll)

for v € H™TH(Q), ¢ € H™(Q), and 7 € H™(Q)]r,

and

IB ™ = Dglhe < CAmTE ke for g €@l

In these estimates, the constant C'is independent of h, u, p, t, g, v, ¢, 7, and A. 0O
Remark. Tf the control g € H™13/2(Q)|r, then the exponent of h in the error estimate
of Theorem 4.10 can be increased from (m —1/2) tom. O

5. Conclusions

We have set up an abstract framework for the analysis and approximation of
a class of nonlinear optimal control and optimization problems. Nonlinearities can
occur in both the objective functional and in the constraints. Within the framework we
have defined an abstract nonlinear optimization problem posed on infinite dimensional
spaces, defined an approximate problem posed on finite dimensional spaces, and listed
a number of hypotheses concerning the two problems. We then have shown that
optimal solutions exist and that Lagrange multipliers may be used to enforce the
constraints. We then used the Lagrange multiplier rule to derive an optimality system
from which optimal states and controls may be deduced. We then derived existence
results and error estimates for solutions of the approximate problem. The abstract
framework and the results derived from that framework were then applied to three
concrete control or optimization problems and their approximation by finite element
methods. The first involves the von Karman plate equations of nonlinear elasticity,
the second the Ginzburg-Landau equations of superconductivity, and the third the
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Navier-Stokes equations for incompressible, viscous flows. It is certainly possible to
apply the abstract results that we have derived to a variety of optimal control problems
arising in other settings.
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