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Abstract. This paper is concerned with the state-constrained optimal control of the two-
dimensional thermistor problem, a quasi-linear coupled system of a parabolic and elliptic PDE with
mixed boundary conditions. This system models the heating of a conducting material by means of
direct current. Existence, uniqueness and continuity for the state system are derived by employing
maximal elliptic and parabolic regularity. By similar arguments the linearized state system is dis-
cussed, while the adjoint system involving measures is investigated using a duality argument. These
results allow to derive first-order necessary conditions for the optimal control problem.

1. Introduction. In this paper we consider state-constrained optimal control of
the two dimensional thermistor problem. In detail the optimal control problem under
consideration looks as follows:

minimize J(0,u) := l/ 0(T) — 04| da + s u? ds dt
2Jp 2 Jey
subject to  (1.1)—(1.7) (P)
and O(z,t) < Omax(z,t) ae inQ
0 <u(x,t) < umax(z,t) a.e.on Xy

where (1.1)—(1.7) refer to the following coupled PDE system consisting of the insta-
tionary heat equation and the quasi-static potential equation, which is also known as
thermistor problem:

O — div(kV0) = (6(0)Vy) - Vo in Q:=Qx]0,T]| (1.1)
v-kVO+af = ab, on ¥ :=00x]0, T (1.2)
6(0) = 6y in Q (1.3)
—div(c(f)Vp) =0 in @ (1.4)
v-o(@)Vo=u on Xy :=T'nyx]0,T] (1.5)
=0 on Xp :=Ipx]0,T| (1.6)

v-o(@)Vep =0 on (OQ\I'ny UTp)x]0,T]| (1.7

Here 0 is the temperature in a conducting material covered by the two dimensional
domain 2, while ¢ refers to the electric potential. The boundary of €2 is denoted by
0N with unit normal v facing outward of €. In addition, I'p is a closed part of 012,
while I'y is an open part of 92 which is disjoint to I'p. Moreover, T is a given end
time, @ = Qx]0, T is the space-time cylinder with boundary ¥ = 9Qx]0,T[, and Xy
and ¥Xp are defined analogously. Furthermore, x and o represent heat and electric
conductivity. While & is a given, prescribed function, ¢ is allowed to depend on the
temperature. Moreover, « is the heat transfer coefficient and 6; and 6y are given
boundary and initial data, respectively. The bounds in the optimization problem (P)
as well as the desired temperature 6, are given functions and 3 is the usual Tikhonov
regularization parameter. Finally, D is an open part of {2 and u denotes the control.
The precise assumptions on the data in (P) and (1.1)—(1.7) will be specified in Section
2. In all what follows, the system (1.1)—(1.7) is frequently also called state system.

The PDE system (1.1)—(1.7) models the heating of a conducting material by means
of a direct current induced on the part I'y of the boundary. At the anode T'p,
homogeneous Dirichlet boundary conditions are given, whereas one has insulation on
O0\TnyUTp. We point out that the different boundary conditions are essential for a
realistic modeling of the process. The objective of (P) is to adjust the induced current
u to minimize the L2-distance between the desired and the induced temperature at
end time 7. Moreover, the optimization is subject to pointwise control and state
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constraints. The control constraints reflect a maximum heating power, while the
state constraints limit the temperature evolution to prevent possible damage, e.g. by
melting of the material. Similarly to the mixed boundary conditions, the inequality
constraints in (P) are essential for a realistic model as demonstrated by the numerical
example within this paper. Problem (P) underlies various applications, such as for
instance the heat treatment of steel by means of an electric current. The example,
considered in the numerical part of this paper, will deal with an application of this
type.

The state system (1.1)—(1.7) exhibits some non-standard features, in particular due to
the quasi-linear coupling of the parabolic and the elliptic PDE, the mixed boundary
conditions in (1.5)—(1.7), and the inhomogeneity in the heat equation (1.1). A slightly
different version of the thermistor problem is discussed by Chipot et al. (see [3] and
the references therein). The system considered in [3] differs from (1.1)—(1.7) since
it accounts for temperature dependent heat conductivities, but does not allow for
mixed boundary conditions and non-smooth domains. The discussion of the state
system (1.1)—(1.7) heavily rests on maximum elliptic and parabolic regularity results
as derived in Groger [16, 17]. Based on these results, it is possible to prove continuity
of the temperature as solution of (1.1)—(1.7), which is essential in the presence of
pointwise state constraints as the inequality constraints on ¢ in (P). In particular,
the application of Groger’s results implies the restriction to two dimensional domains
since comparable results for the three dimensional case are not available.

Up to the authors’ best knownledge, there are only few contributions dealing with
the optimal control of the thermistor problem. We refer to [22] and [21], where,
similarly to our setting, two dimensional problems are discussed. In [22], a complete
parabolic problem is discussed, while [21] considers the purely elliptic counterpart to
(1.1)—(1.7). Moreover, both contributions neglect the mixed boundary conditions and
do not consider pointwise state constraints and non-smooth data. Thus, (P) differs
significantly from the above mentioned papers.

Problem (P) represents a quasi-linearly coupled state-constrained optimal control
problem. Such optimization problems are known to provide particular difficulties,
especially due to the pointwise state constraints. In the semi-linear case, the analy-
sis of state-constrained optimal control problems is already quite comprehensive. We
only mention [4, 7, 25, 6] and the references therein. Concerning the state-constrained
optimal control of semi-linear elliptic PDEs with mixed boundary conditions, we re-
fer to the recent publication [19]. In contrast to the semi-linear case, less is known
for the control of quasi-linear PDEs. Concerning quasi-linear, elliptic problems with
pointwise state constraints, we refer to [8]. Hence, the discussion of optimal control
of a quasi-linearly coupled PDE system in the presence of pointwise state-constraints
and mixed boundary conditions represents a genuine contribution to the theory. Here
we focus on the first-order analysis of (P). The derivation of second-order sufficient
conditions in the case of state-constrained boundary control of instationary problems
is still an open question, even in the semi-linear case with smooth data.

The paper is organized as follows: After stating the detailled setting and assumptions
in Section 2, the state system is discussed in Section 3. The existence of an optimal
solution is shown in Section 4, while Section 5 is devoted to the analysis of the
linearized state system. In Section 6, the first-order analysis of (P) is developed,
beginning with the differentiability of the control-to-state operator in Section 6.1,
followed by the discussion of the adjoint system and the derivation of the optimality
system in Sections 6.2 and 6.3, respectively. Finally, some numerical examples for a
particular application problem covered by (P) are presented in Section 7.
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2. Notations and general assumptions. In all what follows, € always denotes
a domain in R? and T'p is a closed part of its boundary. The space C°(Q) denotes
the space of Holder continuous functions, while H*?(2) (s € [0,1]) is the space of
Bessel potentials with differential index s and summability index ¢ on the set (2.
(Please notice that H19() coincides with the Sobolev space W14(€).) Further, we
use the symbol H};?(Q) for the closure of {t|q : ¥ € C§°(R?),supp ¢y NT'p =0} in
H*9(Q). The dual of H;7() with respect to the L(Q) inner product is denoted by
H;b(Q) with 14+ L = 1. The dual of H''(Q) is denoted by Hg"(Q). Tf Q is
understood, we abbreviate H*?, HZ? and Hgl’q, respectively. The symbol S C R
always stands for an (open) interval. If X is a Banach space, its dual is denoted
by X*. Moreover, by W17 (S; X), is the set of those elements from L"(S; X) whose
distributional derivative also belongs to L"(S;X). In this spirit, % always means
the distributional derivative with respect to time, see [1, Ch. IIL.1] or [12, Ch. IV].
Furthermore, C7(S; X) denotes the space of X-valued, Holder continuous functions
on S. For all these spaces, defined on an interval S =]0,7[ the subscript ¢ denotes
the corresponding subspace of functions which vanish in ¢ = 0. All function spaces
under our consideration are real ones. For two Banach spaces X and Y we denote
the space of linear, bounded operators from X into Y by B(X;Y). The norm in a
Banach space X will be always indicated by || - ||x. If X,Y are Banach spaces which
form an interpolation couple, then we denote by [X, Y], the corresponding complex
interpolation space and by (X,Y)., the real interpolation space, see [27]. Finally ¢
denotes a generic positive constant.

Now we are in the position to state the main assumptions for the quantities in (P).
Please notice that, in order to obtain sharp results, here we just mention the assump-
tions on the quantities in (1.1)—(1.7) that are needed to to obtain existence, unique-
ness, and continuity of solutions to the state system. For the Fréchet-differentiability
of the associated solution operator one has to require more restrictive conditions which
are formulated in Assumption 5.1, see Section 5. We start with the conditions on the
domain 2:

ASSUMPTION 2.1. The domain Q C R? is a bounded Lipschitz domain (see [15]),
and Ty is an open part of 02, whereas I'p is a closed part of 0. Furthermore I N
and I'p have positive measure and are disjoint to each other. In addition, the set
N\ TpNTp is finite and no connected component of T'p consists of a single point.
Moreover, T < oo is a given end time.

REMARK 2.2. In [19], it is shown that Assumption 2.1 implies that QU (02 \ T'p)
is reqular in the sense of Groger (cf. [16]), which will be of major importance for the
discussion of the elliptic equation, see Theorem 3.7 below.

ASSUMPTION 2.3.  On the quantities in the state system we impose:

i) The function o(z,0) : Q x R — B(R?) is bounded and measureable w.r.t. x
for all 8 € R and Lipschitz continuous w.r.t. 8 for almost all x € Q, i.e.

llo(z,0) — o(x,0)||pm2y < Loy 0 —0| a.e inQ, forall0,0cR

with a constant Ly > 0. Moreover, for all 8 € R and almost all x € Q, o(x,0)
s a symmetric matriz. Finally, it satisfies

2

é&% essailglg’2 0ij(2,0) & & > 00 ||€||lre VE € R?

ij=1

sup [|o(z, )| L= (0;B(r2)) < 01
R
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with constants 0 < g < o1 < 00.
i) The function k € L>(Q; B(R?)) is symmetric for a.a. x € Q and satisfies the
usual ellipticity condition, i.e.

2
essinf Zl kij () €& > 00 |||z VE € R2
1,]=
iii) 0, € L (|0, T[; L>=(09))
i) a € L*(8Q) with [ o?dw >0 and a(x) >0 a.e. on O
U) (90 S C(Q)
ASSUMPTION 2.4. The remaining quantities in (P) fulfill:

i) D is an open (not necessary proper) subset of §).

ii) 04 € L2(D)

i) Omax € C(Q) with Oo(x) < Omax(x,0) for all x € Q

i) Umax € L]0, T[; L2(TN)), tUmax(2,t) >0 a.e. on Ty
v) >0

REMARK 2.5. We point out that the conditions in Assumption 2.1, 2.3, and 2.4 are
satisfied in many relevant cases. In particular, allowing for non-smooth domains is
important in many applications.

3. Analysis of the nonlinear state system. We start with a precise formu-
lation of the system (1.1) -(1.7) and the corresponding definition of weak solutions to
(1.1) -(1.7). To this end, define for any coefficient function p € L>(Q; B(R?))

~V - pV:HE*(Q) — Hpy*(Q) (3.1)
by

(=V - pVuw, z) := /Qpr -Vzdr; w,z¢€ HBQ(Q). (3.2)

The restriction of these operators to the spaces ng (¢ > 2) will also be denoted by
V - pV. Analogously, we define

K : HY2(Q) — H,"*(Q) (3.3)
by

(Kw, z) ::/ KVw-Vzdm+/ awzdw; w,z e HY(Q). (3.4)
Q o0

where (here and in the sequel) w is the surface measure on 5.
REMARK 3.1. The function

t0:[0,00[> t — ey € L(Q) (3.5)
is continuous on |0,00[ and admits the estimate ||e*5 0| L~ < ||0o|/1~; see Lemma
3.18 below.

REMARK 3.2. For q € [2,4] one has the embedding H“9 (Q) — L**<(dQ) for an
e = e(g) > 0 and HY2(Q) — L™(0Q) for any finite m, see [15]. Assume now
0 € L2(09). If one sets m = @, then there is a constant ¢ > 0 such that, for all
ve HY2(Q) and all € HY (Q),

| / ovpdi] < llellzzom [0l om 19l o on
a0 (3.6)

< cllollrza0) llvllmr2@) ¥ 1.0 -
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This estimate teaches two things:
a) Setting v = 1 one can associate for almost all t €]0,00[ to the L?(9Q) func-
tion a(t)8,(t) an element from Hy (), provided q € [2,4]. In this spirit we will
understand af; € L=(]0,T[; L*(99)) as an element & € L>*(10,T[; Hy (). In
the same way a function u € L*(]0,T[; L*(T'n)) will be interpreted as an element
@€ L=(]0,T[; H ") by setting

(1) ) v g = / u(t)yvds, ve H (Q)

D
I'n

for almost all t €]0, col.

b) The estimate (3.6) shows that ¢ € L*(9R) induces a (continuous) linear mapping
D, : HY2(Q) — Hy Y given by < ®,v,1 >:= Joq 0V Ydw.

Now we are in the position to give the precise definition of solutions to (1.1)—(1.7) in
a weak sense.

DEFINITION 3.3. Let u be a given function in L>(]0, T[; L*(Tn)). We consider (6, ¢)
as a solution of (1.1)—(1.7) if there are indices q €]2,4[ and r €]1, 00 such that

p € L>(0,T; Hp?) (3.7)
C:=0—1€ Wy (0, T[; Hy ") N L™ (|0, T[; H9) (3.8)

and, additionally, the operator equations

% KC=(0(C+10)Ve) Vota (3.9)

ot
V.ol +w)Ve=1a (3.10)

are satisfied.

REMARK 3.4. The reader will verify that the boundary conditions imposed on 6 and
¢ in (1.2), (1.5), (1.7) are incorporated in this definition in the spirit of [12, Ch. I1.2]
or [9, Ch. 1.2], for instance.

The main result, we will show in this section, reads as follows:

THEOREM 3.5. Suppose that u is given in L>°(]0,T[; L*(Tx)). Then under Assump-
tions 2.1, 2.8, and 2./ there holds:

i) There is a solution of (1.1)~(1.7) in the sense of Definition 3.3.
it) This solution is unique.
it1) There is an index 1 > 0 such that for every T > 0 the function ¢ even belongs
to C"(]10,T[; C"(R)).
) If 0 € HS1(Q) with ¢ > %, then vy takes its values in a Hélder space C"(()
and is Hélderian in time when considered as C"(S)-valued, what means ¢ +
Lo € C"(]0,T[; C"(R2)), if n > 0 is sufficiently small.

REMARK 3.6. Please notice that the Holder property of 6 in case iv) extends to the
boundaries, i.e. § € C"([0,T); C"(Y)), and naturally implies continuity of 0. This is
essential for the derivation of first-order necessary conditions for (P), see Section 6.

3.1. Proof of Theorem 3.5. Let us start with a brief sketch of the proof. In
contrast to [3], where Schauder’s fixed point theorem is used to analyze the thermistor
problem, we here apply Banach’s contraction principle to prove existence and unique-
ness for (1.1)—(1.7). The associated fixed point mapping is constructed as follows:
Let J : 6 — ¢ be the solution operator associated to the elliptic equation (3.10) for
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given u, while IC : f +— 6 is the solution operator of the parabolic equation (3.9) with
right hand side f (the precise definitions of J and K with their domains and ranges,
respectively, will be given later on, see Lemma 3.9, 3.11, and 3.21). Then a solution of
(1.1)—(1.7) in the sense of Definition 3.3 is equivalent to a fixed point of the equation

0=K((0)|VIO)?+a). (3.11)

To prove contractivity of this combined mapping, we apply maximal elliptic and
parabolic regularity results in the spirit of Groger [16] and [17]. These results in
particular allow to account for the mixed boundary conditions in the elliptic equation.
The contractivity will be first shown on sufficiently small time intervals. A repetition
argument then implies the assertion of Theorem 3.5 on the whole time interval.

The proof is organized as follows: we start with the discussion of the elliptic equation.
Afterwards the parabolic equation is investigated starting with a summary of some
well known results on semigroup theory and maximum parabolic regularity which
are proven in Appendix A. Finally the fixed point mapping is constructed and the
contractivity is shown. Throughout the proof, let Ty and T be fixed, but arbitrary
numbers satisfying 0 < Ty < T1 < co. The interval |Tp, T1[ is denoted by S. Moreover,
by t1,, we denote the mapping ¢(- — Tp).

For the discussion of the elliptic equation, we employ a result of Groger [16]. It covers
maximal regularity for elliptic equations.

THEOREM 3.7. Assume that QU (0Q \ T'p) is regular in the sense of Groger (see
Remark 2.2) and let p, p be two positive constants, satisfying p < p.

i) Then there is a qo > 2 such that for every q € [2,qo] and for all coefficient
functions p with ellipticity constant not smaller than p and ||p|| Lo BR2)) < P
the operator —V - pV provides a topological isomorphism between HB‘I(Q) and

—1,
Hp Q). )

it) For each q € [2,qo] the numbers ||(=V - pV) "~ ”B(H,;“’;H}D"’) are uniformly
bounded within the class of all such coefficient functions p.

Now, let ¢o now be the number gy from Theorem 3.7 which corresponds to p := g

and p := o1, where o and o7 are the constants taken from Assumption 2.3,3nd fix
a ¢ from |2, min(go, 4)].
REMARK 3.8. It is well known from the theory of mized boundary value problems that

a number qo > 4 cannot be expected in the context of Theorem 3.7.

With Theorem 3.7 at hand, we can introduce the first part of our fixed point mapping,
namely the solution operator associated to the elliptic equation.

LEMMA 3.9.

i) The mapping J which assigns to any function ¢ € L (S; L*°(QY)) the function
t — @y with @y given by

=V - o(¢(t) + 11, (t)) Vr = U(t) (3.12)

takes its image in a ball B in L>=(S; ng(Q)) the radius of which only depends
on |lull o (s;2(ry) (not on Oy € L>°(Q) and the interval S).
ii) J : L*°(S; L>(Q)) — B is Lipschitz continuous.
Proof.
i) First of all, Remark 3.1 shows that tg, has globally in time the L°°(£2)-bound
60| o< (). Moreover, for almost all ¢ € S, u(t) € L*(T'y) defines an element a(t) €
HBl’q(Q), see Remark 3.2. Thus, the first assertion follows from Theorem 3.7 and
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the uniform boundedness of o.
ii) Let ¢, ¢ € L*°(S; L*(Q)) be fixed, but arbitrary. For almost all ¢t € S, we estimate

&0 = @ell gy1sa

= [[(V- o (C(t) + ez, () V) = (V- 0 (C(1) + o3, () V) () | 57150

= [I(V - o(C() + o7, (£)) V) (V (0 () + em, (8) = o (C(8) + ey (t)))v)
(V- a(Ct) +um, (0)V) " a(t)l| 1,0

< NV a0 + e O)V) szt (V- 0 (C#) + ez, (0)V) ™ gz o iy

(o (1) + ez, (1)) = o (C(E) + w1 (0) | ow 02 |80 | g

< NV a0 +er V) szt (V- 0 (C#) + ez, 0)V) ™ Hlgars o iy

Lo € = Cllzoss;zoe@p a0 - ra

where L, denotes the Lipschitz constant of o. Thus the proof is complete. ]

REMARK 3.10. Please notice that non of these estimates depends on the interval S
nor on the initial value 6y € L ().

The next lemma incorporates the right hand side of the parabolic equation (3.9) into
the fixed point mapping.

LEMMA 3.11. The mapping
G: L™(S; L)) 3 (= 0(( +11,)VI(Q) - VI () € L>(S; LY2(Q))

is Lipschitzian and its image is contained in a ball M C L>=(S; LY/%()).

Proof. Suppose that ¢, € Hllj’q(Q) and # € R are fixed but arbitrary. Using
Minkowski’s and Holder’s inequality, we find

(/Q [(@(0)Vep) - Ve = (a(0)V) ~V@|q/2)2/q

< ([ (e®ve) V(o - Pl + 160V - ) - 75))"*) " (313)
Q

<o[([1varrae) "+ ([ 1velr an) ] ([ 19— o) "

Now let ¢, € L°°(S;L>®°()) be fixed but arbitrary. Hence J(¢), J(C) € B C
L>(S; HE?). Tn view of (3.13), we then find

1(e(¢ + 1, )VT()) - VI(C) = (0(C + t1,)VT () - VI ()l o (5. 1072

< (¢ +11,)VI(Q) - VI(Q) = (¢ + 1) VI Q) - VI (Ol = (siar2)
lo(¢+ ) = o(CH )]V T () - VT (Ol o (sizare)

< 1 (1T Ol poe(syny T 1T Ol oo (11,0 1T () = T (Ol oo (5,130,
+ Loll¢ = Cllz sz @IV T () + VI (Ol e ;2072
Thus, Lemma 3.9 gives the first assertion. 0

REMARK 3.12. An inspection of the above arquments shows that neither the radius of
M nor the Lipschitz constant depend on the initial value 8y € L () or the interval
S.



8 D. HOMBERG, C. MEYER, J. REHBERG, W. RING

For the definition of the solution operator associated to the parabolic equation, which
is the last part of our fixed point mapping (cf. (3.11)), some essential results on
semigroup theory and maximal parabolic regularity are required. For convenience of
the reader, we collect these in the sequel. The associated proofs are postponed to
Appendix A.

LEMMA 3.13. Let A be a generator of an analytic semigroup on a Banach space X
and 0 ¢ spec(A) (so that the graph norm on D induced by A is equivalent to the norm
|A-|lx). Then there holds:

i) For every x € X and every Ty, Th €]0,00[ the function
To, T[>t — e Mz eD (3.14)

is Lipschitzian.
it) If v € [X, D], and p €]0,7[, then the function

10,T[>t— e "2 € [X,D], (3.15)

is from C7~P(]0,T[; [X,D),) for any finite T > 0.

The proof of Lemma 3.13 is fairly standard and stated in Appendix A. Let us next
recall the concept of maximal regularity and point out some basic facts on this:

DEFINITION 3.14. Let X be a Banach space and A be a closed operator with dense
domain D C X and S =]Tp, T1[C R a bounded interval. Suppose r €]1,00[. Then we
say that A satisfies mazimal parabolic L"(S; X)-regularity iff for any f € L"(S; X)
there is a unique function w € W, " (S; X) N L"(S; D) which satisfies

ow

REMARK 3.15. The following things on mazimal parabolic L"(S; X)-regularity are
known:

i) If A satisfies maximal parabolic L"(S; X)-regularity, then it does so for any
other (bounded) interval (see [11]).
it) If A satisfies mazximal parabolic L"(S; X)-regularity, then it satisfies mazimal
parabolic L*(S; X)-regularity for all s €]1,00[, see [26] or [11].
i11) There is a continuous injection

E:-WH(S; X)NL"(S;D) — C(S; (X, D)17%7r),

see [1, Ch. III, Thm. 4.10.2], see also [27, Ch. 1.8].
LEMMA 3.16.

i) Assume that A satisfies mazimal parabolic L"(S; X )-regularity. Let L be the
operator which assigns to any right hand side f € L"(S;X) the solution
we Wy (8; X)NL"(S;D) of (3.16). Then the norm of L does not increase
when the interval length shrinks.

ii) Let & denote the restriction of € to the subspace {¢ : ¥(Ty) = 0}, then the
norm of & does not increase if the interval length shrinks.

As the proof of Lemma 3.13, the corresponding proof is postponed to Appendix A.
We continue with the following lemma.
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LEMMA 3.17.

i) For any n €]0,1 — L[ there is a continuous embedding
(X, D)l—%,r - [X7D]77
and, consequently, a continuous embedding
Ec : (S5 (X, D),_1,) — C(S; [X,D],).

ii) The norm of Ec&oL does not increase if the interval length shrinks.
iii) AssumeT €]0,1—21[. Then there is an index o such that W' (S; X)NL"(S; D)
even continuously embeds into C2(S;[X,D];).

The proof is based on the theory of interpolation spaces and also depicted in Appendix
A. The last auxiliary result on parabolic equations concerns an a priori estimates for
the function ¢, as defined in Remark 3.1. The associated proof is based on the theory
of semigroups and presented in Appendix A.

LEMMA 3.18. Let us (as above) denote the function [0,00[> t +— e 50y by 1, where
K is as defined in (3.4).

i) If 0 € L™, then 1 admits the estimate ||e 50|z~ < ||00]|z. Fort >0
1(t) even belongs to HY% and the restriction of v to any interval |Ty, Ty [ with
0 < Ty < Ty < oo is Lipschitz continuous if v is considered as H'9-valued.

it) If 0y € HS9(Q) with ¢ > %, then ¢ takes its values in a Hoélder space C"(2)
and is Hélderian in time when considered as C"(Q)-valued.

In order to apply the concept of maximal parabolic regularity to our situation, we
need the following result:

THEOREM 3.19. There is a q1 €]2,4] such that for every q € [2,q1] and every S C|0,T[
the operator K, defined in (3.4), satisfies maximal parabolic L"(S; Hgl’q)—regularity
with HY4 being the domain D of K.

Proof. The theorem is proved in [17] for the case r = ¢; namely it is first shown if
only A = —V - kV and afterwards extended to perturbed operators A + F provided
that F is a mapping from H“2(Q) into Hg,"%(Q), see Remark 5 of [17]. That this
is indeed the case for the a-term in (3.4) was shown in Remark 3.2 b). The case of
arbitrary r €]1, oo[ is obtained by Remark 3.15 ii). 0

REMARK 3.20. In all what follows, let q be a fized number in |2, min(go, ¢1,4)[, where
Go where Gy is the number qo from Theorem 3.7 associated to oy and oy.

Following the notation of Lemma 3.16, we denote by L the operator that assigns to a
given right hand side f € L"(S; Hg,"'%) the solution ¢ € W, (S; Hy ") N L"(S; H %)
of

a¢

5 TEC=1. (3.17)

Since K satisfies maximal parabolic L"(S; H, 1’q)—regulaurity, L is well defined and the
assertions of Lemma 3.16, and 3.17 hold with X = Hgl’q and D = H4,

LEMMA 3.21. Let F denote the mapping
L®(S,LY?) 3 f s f+a € L7(S,Hy"?).

(via the embedding LI/? — H&l’q) and define K .= EcELF. Then K is Lipschitzian
and its Lipschitz constant tends to zero as (Ty — Ty) — 0, i.e. with shrinking time
interval length.



10 D. HOMBERG, C. MEVYER, J. REHBERG, W. RING

Proof. Let f, f € L>®(S, L9/?) be given. The maximal parabolic regularity of K then
implies

IK(f) = K(Dllesix.o),) < 1€cEolllswr-s:xycs:x.o) IF ) = F(F)

Lr(S;HG ")
<c|Ty = To|"" |f = Fllpos(sinarys
with a constant ¢ independent of |S| = |T1 — Tp| because of Lemma 3.17. 0

With the above results we can now prove the contractivity of the fixed point map-
ping, as indicated at the beginning of this section. For this purpose, we consider the
combined mapping

KG : L (1 Ty, T1[; L (Q)) — L*(1To, Ty L (%))

and show that it is strictly contractive if T7 — Tj is sufficiently small. Here G is the
operator, defined in Lemma 3.11. In order to prove contractivity, let us define the
number 7 as r > qz_—qQ. Please notice that the interval |3 + %, 1— 1[is then not empty

due to ¢ > 2. Assume now 7 G]% + %, 1-— %[, then 2n — 1 > % and, hence,
[H™11, gV, = 21711 — O9(Q) — L™®(Q) (3.18)

with ¢ :=2n—-1— % > 0, see [27, Ch. 4.6.1]. Due to Lemma 3.11, Lemma 3.21, and
(3.18), KG is well defined and, for all ¢,{ € L>(S; L°°(£2)) there holds

IKG(C) — KG(O)l o= (851 (0 < ¢|Tt — Tol"" 1€ = Cllpoe (8522 (0)-

Thus KG is contractive if T} — Ty < € provided that ¢ is sufficiently small. Therefore,
the fixed point equation ¢ = KG(¢) must have a unique solution by Banach’s contrac-
tion principle if € is small enough. Please notice that ¢ does neither depend on Ty
and nor on fy. Moreover, by construction, this fixed point equation is equivalent to
the following system of operator equations on Ty, Tp + €[

d _
8—5 +K¢=(o(C+ur,)Vep) -Vo+a in H,

~V-0(C+ur,)Ve=1a in Hy"".

(3.19)

Hence, the fixed point is identical with the unique solution

@ e L®(|To, Ty +[; H)
¢ € Wy (ITo, To + e[; Hy %) N L7 ()1Ty, To + e[; H9)

of (3.19). Choosing Ty = 0, the corresponding solution coincides with the one of
Definition 3.3 with T' = ¢. The property 0 € L"(]0,[; H!9) ensures the existence of
a point t €]e/2,¢] such that 6(t) € HM(Q) — L*°(Q). Hence, we may start once
more, i.e. consider (3.19), this time with Ty = ¢t. By the contractivity of KG, we
again obtain a unique solution of (3.19) on |¢,t + e[, which together with the solution
on ]0,¢[ represents the solution of (3.9) and (3.10) on ]0,¢ + ¢[. Finally, repeating
this argument yields the unique existence of a solution according to Definition 3.3 on
10, T[. Furthermore, part iii) of Theorem 3.5 follows from Lemma 3.17 iii) and (3.18),
and part iv) is obtained from Lemma 3.18 ii).

4. Existence of an optimal control. Let us now turn to the optimal control
problem (P) and show that it admits a solution, i.e. a global optimum. Since the state
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equation is nonlinear, we can naturally not expect uniqueness of an optimal solution.
We start with the definition of the state space

DEFINITION 4.1. Let g be the real number from Section 3, hence q €]2, min{Go, ¢1},
while r satisfies 2q/(q — 2) < r < oo. Then the state space is defined by

Y = Wh(0,T[; Ho ™) N L7 (S; H)

and thus coincides with the space given in Definition 3.3.

DEFINITION 4.2. Based on Theorem 3.5, we introduce the control-to-state operators
S: L]0, T[; L>(Tn)) — Y x L°°(]O,T[;H]13’q) and Sy : L]0, T[; L*(Ty)) — Y by

Sl(“)) (0(u)>

S(u) = =

@ =(500) = (20)

where O(u) and p(u) denote the solution (1.1)—(1.7) associated to u in the sense of Def-
inition 3.3. Moreover, Sy : L>(]0,T[; L*(Tn)) — Y and Sy : L*°(]0,T[; L*(Tn)) —
L]0, T7; HBq) denote the components of S. We point out that in all what follows

S is sometimes used with different ranges, for simplicity also denoted by S. Using S1
we define the reduced objective functional j : L*(]0,T[; L*(T'x)) — R by

j(u) = J(S1(u), u),

where J is the objective functional of (P).

DEFINITION 4.3. A function u € L¥(]0,T[; L?>(T'x)) is called feasible for (P) if it
satisfied 0 < u(z,t) < Umax(z,t) a.e. in Q and Sy(u)(z,t) < Omax(z,t) a.e. in Q.
Moreover, the sets Uéz) and Uéfl) are defined by

U(EZ) ={ue L=(0,T[,L*(Tn)) : 0 < u(x,t) < Umax(2,1) a.e. in Sy}
U(EZ) ={ue U(EZ) 2 S1(u)(z,t) < Omax(z,t) a.e. in Q}.

THEOREM 4.4. Let Assumption 2.1-2.4 be fulfilled and assume that there is at least
one feasible control. Then there exists an optimal solution of problem (P).

Proof. Since there is a feasible control and the objective functional J is clearly bounded
from below, there is a minimizing sequence of feasible controls, denoted by {uy}.
Moreover, {u,} is clearly bounded in L7(]0,T], L?) due to the control constraints.
Hence there is a weakly converging subsequence, also for simplicity denoted by {u,},

i.e. u, — @in L"(]0,T[,L?). Since Ué? is weakly closed, we have @ € U(EZ).
For every u € L>(]0,T[; L>(Tn)), there is a unique solution 6 € L>(]0,T’[; L>=°(2)).
In view of the assumptions on ¢ and Theorem 3.7 ii), we have

[(e(0)Ve) 'V%D||Loo(]o,T[;La/2) <o ||<P||2Lw(]0,T[;HBq) <c ”uH%m(]O,T[;LQ(FN))'

Then the maximal parabolic regularity of K according to Theorem 3.19 immediately
implies
HS(U)HYXLoo(]o,T[;HBG) <c (HquLm(]O,T[;LQ(FN)) + HUHLOO(]O,T[;L?(FN))
+ 1100/l Lo () + labi]| L= o, 71,22 (00)) )

Hence, the sequence of solutions of (1.1)—(1.7) associated to {uy, }, denoted by {(0,, ¥n)},
is uniformly bounded in Y x L*®(]0,T[, H5?), and hence weakly converging to a
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(0,¢) € Y x L7(]0,T[, H5?). Since C(Q) is compactly embedded in Y (due to the
compactness of C"(]0,T[,C"(Q)) — C(Q)), we obtain
0, —0inC(Q) = o0, — a(@) in C(Q) (4.1)

as n — oo. Hence 0(x,t) < Oppax(z,t) for all (z,t) € Q. It remains to show that @, 0,
and @ satisfy the thermistor equations. Utilizing (4.1) once again, we can pass to the
limit in (3.12) to obtain

~V-o(0(t))Vp(t) =u(t) fa.a.tel0,T], (4.2)

where u is the element of L>(]0,7T[; H}, %) associated to @. Moreover, since the
solution to (4.2) is unique for fixed 0, it holds for the same subsequence

©n(t) — @(t) weakly in H5? and strongly in L*(Ty) for a.a. t €]0,T[.  (4.3)

Next, we observe that dy, := ¢, — @ solves
/Q 0(0,(t))Vipn(t) - Vudz
- / (un (t) — a())uds — / [0(6(1)) — 0 (B())]Vo(t) - Voda Vv e HY
I'n Q

for almost all ¢ €]0,T[. Inserting v = d¢p,,, in view of (4.3), the weak convergence of
Un, together with (4.1) and Assumption 2.3, gives

Vépn(t) — 0  strongly in [L*(Q)]?
By possibly extracting a further subsequence, we have
Von(z,t) = Vg(z,t)  ae. in Q faa.t€0,T].
Owing to the uniform bound on ¢, by Lebesgue’s convergence theorem we get
Vo, — V@ strongly in L™(]0, T, [L9()]?)

for any r € [1,00[. Now, we can also pass to the limit in the heat equation and
conclude that @, §, and @ indeed fulfill (1.1)-(1.7) in the sense of Definition 3.3. The
optimality of @ then follows by standard arguments using the lower semicontinuity of
the objective functional. ]

5. Analysis of the linearized state system. For the derivation of first-order
optimality conditions, it is essential to show the Fréchet-differentiability of the control-
to-state operator, mapping u to 6 (see Section 6.1 below). In preparation of a corre-
sponding theorem, we now consider the following linearized version of the thermistor
problem (1.1)—(1.7)

0 — div(kVE') = (o'(0)0'Vp) - Vo +2(a(0)Ve) - V' + fi inQ (5.1)

v-kV +ab = fo on 90x]0, T (5.2)
0 (To) =0, inQ (5.3)
—div(e(0)Vy') = div(a’(0)0'V) + g1 in @ (5.4)
a(0)Vy' = —v-0'(0)0'Vo+ go on 9N\ T'px]0, T (5.5)

' =0 on I'px]0, T (5.6)
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with given functions 0, ¢, 6}, f;, and g;, ¢ = 1,2, which are specified in the subsequent
section (cf. Assumption 5.1). Later on 6 and ¢ will be the solution of the nonlinear
state system (1.1)—(1.7) associated to reference control. In the following, we will show
that (5.1)—(5.6) admit a unique solution §" which is Holder continuous in space and
time. This result is then used to establish Fréchet-differentiability of the solution
operator associated to (1.1)—(1.7), see Section 6.1.

5.1. Additional assumptions and existence result. Beside Assumptions 2.1
and 2.3, we need the following assumptions for the discussion of (5.1)—(5.6), in par-
ticular an additional hypothesis on o.

ASSUMPTION 5.1. In addition to Assumptions 2.1 and 2.3, the quantities in (5.1)—
(5.6) satisfy:
i) 6 € L>=(Q).
it) 8 and @ are fized functions in L]0, T[; L°(Q)) and L>°(10, T[; H5*(2)) with
q €]2, min{go, g1 }|, where §o and g1 are the numbers from Theorems 3.19 and
3.7, respectively, (such that q €]2,4]).
ii) The functions fi, fa, g1, and ga define elements of L*(10,T[, Hy"*(R)) and
L5(10,T[, Hy"9(Q)), respectively, where s €]q/(q — 2),0c].
iw) Fach component of the matric o = o(x,0) is continuously differentiable
w.r.t. 8 for almost all x € Q and there is a constant C > 0 such that
llo’(x,0)||gwey < C. Furthermore, its derivative is locally Lipschitz continu-
ous, i.e., to every real number M > 0, there exists a constant L(M) > 0 such
that

lo" (2, 8) — o' (2, 0) | 52y < L(M)|6 — 6]

for all 6,6 € [—-M, M| and almost all z € Q.

Similarly to Remark 3.2, one verifies that Assumption 5.1 iii) is fulfilled if f1,¢91 €
L3(S; LA (), fo € L*(S;LP2(0R2)), and go € L*°(S; LP>(022 \ I'p)) hold true with
p1 = 2q/(q +2) and pa > q/2. As before, we denote the associated functionals
by f; and g;, i = 1,2, and define f := f; + fo and § := g1 + g2. Furthermore,
Assumption 5.1 implies that the Nemyzki-operator associated to ¢’ is continuous
from L°°(]0, T[; L>°(9)) to L*°(]0, T[; L>°(Q; B(R?))) and there holds

0" (0) || Lo qo, 72 (@:B@®2))) < C + L0l o< o, 71,25 (2))) 10l o= 0,71 () (57)

Similarly to Section 3.1, we set 7, (t) = e~ t=To)Kg! t > Ty, such that v, exhibits
the same properties as ¢7,, in particular Lemma 3.18.
DEFINITION 5.2. A pair (0',¢) is considered as solution of (5.1)—(5.6) if there exist

indices q and s satisfying the conditions in Assumption 5.1 i) and 4ii) such that ¢
and ' = 0" — 1, satisfy

¢ € L*(|0.T[; Hp") (5.8)
¢ e { Wor (0. ThHG ) n Lo (0, T H'), LAY
Wo P (10, T[; Hy ™) n LP(J0, T[; HY4) ¥ p < o0, if s = 00 '
and additionally the following operator equations
¢ + K = (0'(0)(¢ +1p))Ve) - Vo +20(0)Ve -V + f (5.10)

=V (0(0)Ve) =V (a"(0)( +10)Ve) + 37 (5.11)
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hold true.
Notice that, due to HY9(Q) — L>(Q), ¢ > 2, we have o’(0(t))0'(t) € L>(Q) for
almost all ¢ €]0, T[ such that V - o’ (6())¢'(t)V : Hy? — H,"% is defined as in (3.2).
THEOREM 5.3.

i) There is a solution of (5.1)—(5.6) in the sense of Definition 5.2.

i1) This solution is unique.
iii) If s > 2q/(q—2) and 0 € HS?, ¢ > %, then 0 € C"(]0,T[; C"(2)).

5.2. Proof of Theorem 5.3. The proof basically follows the lines of the analysis
for the nonlinear state system, investigated in Section 3. Again, T and T are fixed,
but arbitrary numbers satisfying 0 < Ty < 71 < oo and S =|Ty, T1[. We start with
the investigation of the elliptic equation (5.11). Similar to Lemma 3.9, we find the
following
LEMMA 5.4. Let v be defined by v := % and § be given in L*(S, HBl’q). Then, the
affine linear mapping H which assigns to every ¢’ € L*(S; L) the solution ¢ of

=V (0(0)Ve) =V ('(0)(¢ +173,)Ve) +§ (5.12)

is Lipschitz continuous from L*(S; LY) to L*(S; Hllj’z). Moreover, the associated Lip-
schitz constant neither depends on S nor on 0}).

Proof. ljirst ;)f all, we find 1/v +ool/q :1,1(1/2. such thglit L/T/vo € LOO(S;SL“’) (szf Lemma
3.18), ¢' € L*(S; L7), and ¢ € L>(S; Hp?) imply (¢’ + ¢, )V € L*(S; L?)?. Hence,
due to Theorem 3.7, (5.12) admits a unique solution in L*(S; H}D’Q) for every g €
L5(S; HpM), since o' (A) € L>°(S; L (% B(R?))) according to (5.7). Moreover, one
has

6"~ ‘P/”Ls(s;HB?)
< = (V- 0O)V) M s roaanii |V - ' O)C — )Vl

LS(HBLQ)'

For the latter norm, we find

IV - 0"(9)@(5/ _ C’)VngHgl.z = sup ‘/QO—'(@)(&/ —{"\Ve - Vvdz

HUHHB’L’Zl

< sup o' Oz llel gyl = ¢Vl Lo

[lvll ;1,2=1
Hp

< o' @)zl g ll (€ = ¢z

with [|o”(0)(| Lo := ||’ (0)]| Lo (;r2)) Which is also used in the sequel. Together with
our assumptions on o, ¢, and #, and Theorem 3.7 ii), this implies the assertion. O

Now, we turn to the right hand side of (5.10).
LeMMA 5.5. The mapping Q : L*(S; L7) — L*(S; Hg;l"q) with v as in Lemma 5.4,

given by

Q: (' (o (O)(¢ + ) V) - Ve +20(0)Ve - VH(() + f,

is Lipschitzian with a Lipschitz constant independent of S and 0}).
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Proof. Using twice Holder’s inequality yields for the first part of in the image of Q
1" (B)(C = ¢)Ve) - Vel yora < S 0" (@) | 2== | (Vo) 12 1 (" = €Yol a2/
Ullg1,e’ =y

< sup 0Ozl el = ¢ llor o]l p2asa-2
ol 1,q D

<cllo" O~ el = ¢llev,

where we used the continuous embedding H9 (Q) — L2%/(4=2)(Q) for the last esti-
mate. The second part is estimated by
1(@(@) V) - V(') = HC D 10
< sup lo@)llellel gyl VS = @ )vllLasa-n

ol 1,0,

< sup lo@)llz=llellgyalle” — @'l grellvllpze ez
[lv gl.a —1

< No@llz=llellzyallc” = ¢l
where Lemma 5.4 gives the latter estimate. Based on these estimates, we obtain

||Q(C~/) - Q(C/)| Ls(S;HYELQ)

< [ IO =)0) - Velggra +20((O)T0) - V(& = @ 00)

< (116" @l i) 1912 5.0

+ 2||U(6)||LOO(S;L°°)||(p||LOO(S;HlD,q)) ||6/ _ C/‘

Thanks to our assumptions on o, 6, and ¢, the expression in the brackets does not
depend on S or 6. 0

Ls(S;L)-

Similarly to the operator G in Section 3, we now consider the combined mapping:
W:=ELQ: L°(S; L") — L*™°(S; L),

where £ : L5(S; Hy ") — W *(S; Hy %) 0 L#(S; HY9) is defined as in Lemma 3.16.
Moreover, £, denotes the embedding of Wy*(S; Hg %) N L*(S; H“9) in L>(S; L)
which is well defined since W, *(S; Hy ")NL5 (S; HY1) < C(8; H21=14), 5 < 1-1/s,
by (3.18) and H?"~ 19 «— L7 for s > ¢/(q — 2) which is ensured by Assumption 5.1
iii). Clearly, due to the above lemmas and the results of Section 3, in particular
Lemma 3.16 and Lemma 3.17, W is Lipschitz continuous from L*(S; L") to L*>°(S; L)
with a Lipschitz constant Lyy independent of 6, and S. Furthermore, if we consider
the operator Wy = EW, where & : L>(S;L7) — L*(S;LY) denotes associated
embedding, we obtain for its Lipschitz constant:

v < [ IOV = W)@ dr
< Ty = To["* IW(C) = W)l Lo (852

< Lw Ty = To"* I = ¢l pe(siz

such that W, : L*(S; L") — L*(S; L") is contractive for sufficiently small T3 — Tp.
The rest of the proof is completely analogous to the theory in the nonlinear case: by
construction, the fixed point equation

(') = Ws ()

=W in L%(S; L")
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is equivalent to the operator equation
O + K¢ = (o' (0)(¢' + 5, )Ve) - Voo + 20 (0) V) - Vo' + f

(5.13)
=V (@(0)V¢') =V - (0" (0)(" + 3,)Ve) + 3.

on |7y, Ty[. Provided that T; — Tp is small enough, Banach’s contraction principle
again yields the existence of a unique fixed point and consequently a solution

¢ € L*(\To, T H5%)
¢ € Wy (1T, Tu[s Ho ") N L*(1To, Ta[; H'9)
of (5.13). By the same arguments as in Section 3, one can repeat the fixed point tech-
nique to obtain a solution on the whole time interval |0, 7[. As in the nonlinear case,
the additional regularity of 6’, stated in Theorem 5.3 iii), follows from Lemma 3.17

iii), (3.18), and Lemma 3.18. Notice that Lemma 5.4 just implies ¢’ € LS(S;HBQ).
However, similarly to the proof of Lemma 5.4, one obtains

'] Ls(S;HE) <=V 0(9))v)_1HLoc(s;B(HBW;ng))

IV -0’ (6) 6" Ve + g

L (")
, L (5.14)
< e (o' Ol Lo (sizo) |0l oo ;159 16+ ol e (si2)

+ gl

LS(S;HBI"’))’

where we used Theorem 3.7 ii) for the last estimate. Now, by Lemma 3.18 i), we have
th € L>=(S; L>). Moreover, due to ¢ > 2, ¢’ € L*(S; HY9) implies ¢/ € L5(S; L>)
such that ¢’ € L°(S; H?) according to Definition 5.2.

REMARK 5.6. Suppose that (0, ¢) is a solution of the nonlinear state system (1.1)—
(1.7) in the sense of Definition 3.3. Then, (0, ) € C([0,T];C(Q)) N L>(]0,T[, H5?)
such that Assumption 5.1 ii) is fulfilled. Hence, Theorem 5.3 ensures the existence
of a unique solution (¢',¢') € W1=(|0,T[; Hy" ) n L*(|0,T[; H“9) x L*(S; H5%),
s > q/(q—2), for every right hand side f € L*(]0,T[; Hy" ") and g € L*(0, T[; Hp"?).
Moreover, Theorem 5.3 guarantees 0’ € L>°(]0,T[; L) provided that s > 2q/(q — 2).
If we further suppose that g is more reqular, i.e. g € LP(]0,T]; HBl’q) with p >
s > 2q/(qg — 2), then an estimate, analogous to (5.14), immediately implies ¢’ €
1200, T} HY).

6. First-order necessary optimality conditions. We start the derivation of
first-order conditions with the Fréchet-differentiability of the control-to-state operator
S (cf. Definition 4.2) in Section 6.1, which is one of the crucial point of the first-order
analysis for (P). However, using the analysis for the linearized equation, presented
in Section 5, the implicit function theorem yields the desired differentiability of S as
well as of the Lagrange function, which is defined in a standard way, see Definition 6.4
below. Afterwards in Sections 6.2 and 6.3, we reformulate the derivative of Lagrange
function by introducing an adjoint PDE system which leads to the first-order neces-
sary optimality conditions in form of a Karush-Kuhn-Tucker (KKT) type optimality
system.

For the subsequent we redefine S by S :=]0,T[. Recall that the state space is given
by Y = WL(S; Hy %) N L7 (S; HY?) with 7 and s as defined in Definition 4.1.

DEFINITION 6.1. We define

y(u) = ( ;((3) €Y x L®(S; HY"),
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where ((u) and p(u) are the solutions of (3.9) and (3.10) associated to u. Moreover,
let A:Y x L®(S; H9) — L7(S; Hy M%) x L°(S; Hp ") be defined by

_ (¢ +EC—(0(¢C+w)Ve) - Ve
Aly) == < V- o(C+ Lo(iw ) '

Hence (1.1)—(1.7) is equivalent to

Aw=(7,) (61)

where Z : L>(S; L*(Ty)) — L“(S;Hgl’q(fl)) is defined by @ = Zu (cf. Remark
3.2). Therefore, in view of Theorem 3.5, (6.1) admits a unique solution for every
u € L>(0,T[; L*(Tn)).

6.1. Differentiability of the control-to-state mapping. As stated above,
we will utilize the implicit function theorem to prove the Fréchet-differentiability of
S. To this end let us introduce the mapping 7 : Y x L*(S; L?(T")) — L"(S; Hgl’q) X
L>°(S; Hp ) by

Tl =AW - ( 7, )

and hence, (6.1) is equivalent to 7 (y,u) = 0.

THEOREM 6.2. The control-to-state operator S is continuously Fréchet-differentiable
from L=(S; L2(Tx)) to Y x L=(S; HE?). Its derivative at the point u in the direction
h € L*°(S; L3(Ty)) is given by the solution of

00" — div(kV') = (' (0)0'V) - Vi +2(a(0)Vp) - V' in Q (6.2)

v-kV0 +ad =0 on % (6.3)
00)=0 inQ (6.4)
—div(e(8)V') = div(a’(0)0' V) inQ (6.5)
v-o@)V¢' = —v-0'(0)0'Vo+h on Xy (6.6)
v-o@)Vy¢' =—v-d'(0)0'Ve on (OQ\T'y UTp)x]0,T][ (6.7)

0 =0 on ¥p, (6.8)

where (6,¢) = S(u) and (0',¢') € Y x L>(S; H5") is a solution in the sense of
Definition 5.2.

Proof. We apply the implicit function theorem to 7 (y,u) to verify the assertion.
First, Theorem 3.5 implies that, for every u € L*®(S;L*(Ty)), there is a y(u) €
Y x L=(S; H?) such that 7 (y(u),u) = 0. Next, we show that 7 is continuously
Fréchet-differentiable with respect to y from Y x L°(S; H5?) to L™(S; Hy"?) x
LOO(S;HBL‘]). The Nemyzki-operator associated to o is Fréchet-differentiable in
L>(S; L>(2; B(R?))) because of Assumption 5.1 iv), and thus, thanks to the con-
tinuous embedding, also from W7 (S; Hy ") N L"(S; HY4) to L®(S; L=(Q; B(R?))).
Furthermore, the Nemyzki-operator ® : L>(S; L9) — L>(S; L/?), defined by

O(v)(x,t) := v(z, )2,
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is clearly continuously Fréchet-differentiable from L (S; L9) to L°°(S; L9/?). Conse-
quently, the chain rule implies the continuous Fréchet-differentiability of |V|? from
L>=(S; Hp?) to L>°(S; L9/?). Since all other constituents of 7" are linear and bounded
in their respective functions spaces, this gives the continuous Fréchet-differentiability
of T.

It remains to verify that 0,7 (y,u) is continuously invertible. Given an arbitrary
g=(g1,92) € L"(S; Hy ") x L>°(S; Hp"?), the equation 8,7 (y,u)y’ = g is equivalent
to

9+ K¢ = (0'(C+1)¢'Ve) - Vo +2(0(¢ + 1) V) - Vo' + g1
=V (0(¢+1w)Ve') =V (o' (C+10)'Vp) + g2
with ¥/ = (¢’,¢’). We observe that it coincides with (5.10) and (5.11) with ¢{ = 0,
which of course corresponds to 8 = 0. Hence, Theorem 5.3 yields the unique existence
ofy in Y x L>=(S; ng) (cf. Remark 5.6), giving in turn the invertibility of 0,7 (y, u).
Therefore, the implicit function theorem implies that y(u) is as smooth as 7 and thus

continuously Fréchet-differentiable. The particular form of S’ immediately follows
from

y/(u)h = —ayT(y(U)a u)_lauT(y(u)v u)h = ayT(y(U)v u)_l (Ioh> '

Notice that Z is linear and continuous and consequently Fréchet-differentiable. 0

REMARK 6.3. Based on Theorem 5.3, the system (6.2)—(6.8) is also uniquely solvable
if the inhomogeneity is only an element of L*(S, Hgl’q). The associated solution is
also denoted by ' and ¢, i.e.

(0, ¢') € Wy (10, T[; He ) N L0, T[; HY9) x L*()0, T[; Hy")
solves
0 + K0 = (0 (0)0'Vy) - Vo +2(a(0)Vy) - V' (6.9)
—V - (a(0)VY') =V - (a'(0)8'V) + h. (6.10)

Notice however that the above proof cannot be carried out with this notion of solutions
to (6.2)—(6.8) since the Nemyzki-operator ® is clearly not Fréchet-differentiable from
L*(S; L9) to L*(S; L9/?).

It is well known that the Lagrange multipliers associated to pointwise state constraints
are in general only regular Borel measures, see for instance Casas [5]. Hence we define
the Lagrange function associated to (P) as follows:

DEFINITION 6.4. The space of reqular Borel measures on Q is denoted by M(Q).
The Lagrange function £ : L=(S; L*(Tx)) x M(Q) — R associated to (P) is given by

L(u, p) = j(u) + (S1(1) = Omax s 1)c(Q), M)

where j is the reduced objective functional defined in Definition 4.2.

REMARK 6.5. Notice that £ is well defined since, by the Riesz representation theorem,
M(Q) can be identified with the dual space of C(Q) and Theorem 3.5 iv) implies that
S1(u) = 0(u) € C(Q).

COROLLARY 6.6. By the chain rule £ is continuously Fréchet-differentiable w.r.t. u
from L>=(S;L?(Ty)) to R, and its derivative at u € L*>(S;L*(Tn)) in direction
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h € L*°(S; L*(T'w)) is given by

OuL(u, u)h = / (O(T) — 04) 0 (T) dz + 3 whdsdt+ (0", )o@y m@) (6.11)
D e
with ' = S} (u)h = ((1,0)7, 8 (u)h)ge2, i.c. v := (0',¢") = S'(u)h is the solution of
(6.2)—(6.8).
In the next section, we will reformulate the derivative of £ by introducing an adjoint

state which is a solution of a PDE system, adjoint to (5.1)—(5.6), with measures on
the right hand side.

6.2. An adjoint equation involving measures. In the subsequent section,
we discuss the following equation, which is the formally adjoint system to (5.1)—(5.6):

—0p — div(kVY) = (¢/(0)IVe) - Vo — (6" (0)Ve) -V + f1  inQ (6.12)

v-kVI+ ad = fo on 00x]0,T[ (6.13)
WT) =7 in Q (6.14)
—div(c(9) V) = —2div(c(0)9Ve) + g1 in Q (6.15)
v-o(0)Vi =2v-0(0)IVe + go on (OO\I'p)x]0,T] (6.16)
=0 on I'px]0, 7. (6.17)

The regularity of the inhomogeneities f1, f2, g1, and g and of the terminal value ¥
will be specified in the subsequent. The analysis for (6.12)—(6.17), carried out in the
following, mainly relies on a duality argument in the spirit of Amann [2], i.e. we use
Theorem 5.3 to prove existence and uniqueness of solutions to (6.12)—(6.17).

DEFINITION 6.7. Let q and s be a real numbers that satisfy the conditions of Assump-
tion 5.1, and denote their conjugate exponents by q¢' and s’ such that

q' €]max{q, ¢}, 2[ and s €]1,q/2],

where §o and q1 are the numbers from Proposition 3.7 and Theorem 3.19.

DEFINITION 6.8. Let q,s € R satisfy the conditions of Definition 6.7, Then, we set

Wy o= W' (S; Ho™ ") n L¥ (5; H7')
W = Wys(S; Hy ") N L3(S; HY9).

The associated dual spaces are denoted by the superscript x. Moreover, given r,m > 1,
we define

Im —1,m rrl,m
Hl/r’,r . (HQ H )171/7‘77"7

where v’ satisfies 1/r' =1 —1/r.

Note that, due to the duality properties of real interpolation functors,

Le" _ =14 gl
Hl/s,s/ - (HQ H )l/s,s’

(6.18)

= (HY Ho " )1yer s = ((Hg " H)1y0) " = (HYL )

holds true. Let us now define the notion of weak and strong solutions in the spirit of
Amann [2].
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DEFINITION 6.9. Let g and s be numbers according to Definition 6.7. Suppose that the
inhomogeneities fi and fo define an element f of Ls/(S;Hgl’q ), whereas g1 and go
are identified with g € LSI(S; HBl’q ). Furthermore, let Y7 be given in Hll/qS o+ Then,
a pair (9,4) € Wo x L¥ (0, T|; HBq/) is said to be a strong solution of (6.12)—(6.17)
if it satisfies

1. the following operator equations

99+ K*9 = (o' (0)9Vy) - Vo + (o' (0)Ve) -V + f  (6.19)
(=V-(0O®)V)Y=-2V-(c(0)IVy)+§ (6.20)

2. and the terminal condition
HT) = Y. (6.21)

Clearly, since x and () are symmetric, K and —V - ¢(0)V are formally self adjoint
such that K* : H"' — Hy"" and (-V -0(f)V)* : H5Y — Hp"" are defined
analogously to (3.2) and (3.4), respectively. Notice moreover that

Ws’ N C(S, (HS;LqI,HLQI)Us,S’) — C(S’HLq/ ) (6,22)

1/s,s’

(cf. Lemma 3.15, iii)) such that (6.21) is well defined.

DEFINITION 6.10. Let f1 and f, define an element f € W, while g1 and go are
identified with § € L* (S; HBl’ql). Moreover, 91 is given in Hll}is, with vy as defined
in Assumption 6.7. Then functions ¥ € L* (S; H4') and ¢ € L (S; ng,) are said
to be a weak solution of (6.12)—(6.17) if they fulfill

/S@t@, ) p——— dt+/2a®19dwdt

+/ (kVO - VY — (o' (0)Vep) - Vo O + (¢/(0)Vp) - Vi O)da dt (6.23)
Q

=0, Nw.owz, +(OT), 97) yra 1w VO eWs

1/s',s77 " 1/s,s’
(= V- (0(O)V) ) =-2V-(c(0)9 V) +§. (6.24)

Note that the terminal condition is implicitly incorporated in this definition via the
term (©(T), d7) which is well defined because of W, o — C(S, Hllﬂ, ) and (6.18)
(cf. also [2, Section 7]).

REMARK 6.11. Since the set D := C§°([0,T[,C>=(Q)) is dense in Wy, (6.23) can
equivalently be formulated with D as test space.

THEOREM 6.12.
i) Under Assumption 6.7, for every right hand side f € Wso, g€ LS/(S; HBI’Q/)
and every Or € Hll}ils,, there exists a unique weak solution to (6.12)—(6.17)
in the sense of Definition 6.10.

i) If the f is more regular, i.e. f € LSI(S; Hgl’q/), then the weak solution is a
strong solution according to Definition 6.9.
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Proof. We mainly follow the lines of [2]. Let us start with the derivative of the operator
A as given in Definition 6.1. As shown in the proof of Theorem 6.2, A is continuously
Fréchet-differentiable from Y x L>(S; Hp?) to L"(S; Hg ™) x L>(S; Hp'9) and its
derivative at y := (0, ¢) in direction w := (0, ®) is given by
A(y)w = 00+ KO —(d'(0)0Vyp) Vo —2(c(0)Vy) - VO

yw= —V - (c(0)V®) — V - (¢/(6)© V) '
In view of Theorem 5.3 A’(y) is also well defined and, by the open mapping theorem,
continuously invertible when considered as an operator from W, o x L*(S; Hé’q) to
L5(S; Hy V) x L8(S; Hpb?) (cf. also Remark 6.3). For simplicity let us denote this
operator also by A’(y). Now, set p = (9,%) € L¥(S; Hy?) x L* (S; H5"). Then
the adjoint operator A’(y)* : L% (S; HY4') x L*'(S; ng/) — Wig x L*(S; HBI’(’/) is
given by

(A'W)p, w)=(p, Aly)w)

= /:S,<at@7 19>H§1’Q,H1"1' dt—l—/zoz@z?dwdt

(6.25)

+ / (HV@ VI — (0 (0)V) - Vo O + (07 ()0 Vi) - Vl/))dx dt (6.26)
Q

+/ ((6(0)V) - Vi) — 2(c(0) V) - VO 9) da dt.
Q

As stated above, in view of the open mapping theorem, Theorem 5.3 implies that
A’(y) is continuously invertible giving in turn
(A'(y)") " € BOWEy x L (S; Hp ), L' (S; HM) x L¥ (S; HE? ).

Hence, for every right-hand side be W % LS/(S; HBl’q/), there is a unique solution
of the equation

(A'y)p, w) = (b, w) YweWoxL(S;Hp?) (6.27)
in L*'(S; H) x L*(S; ng,)). Now suppose that b takes the form
<b7 w) = <®’ f>W.s,01W:,0 + <@(T) ) 19T>H11}2/,5’H11=/fi<5/ + <(I)7 g>LS(S;H}3’q),LS'(S;HBI"?')’

where Jr clearly defines an element of Wy, due to the above mentioned embeddings.

If one inserts this definition of b and test functions (0,0) and (0, ®), respectively,
with arbitrary © and @ in (6.27), then the definition of A’(y)* in (6.26) immediately
yields part i) of the theorem.

Next assume that f is more regular, i.e. f € LS/(S;Hgl’q/) and insert O(z,t) =
z(t)v(x) with z € C§°[0,T] and v € HY4() as test function in (6.23) such that

</ 8t219dt,v> ,
s Hg W Hba

~{ /S(—K* 0+ (0'(0)0V9) - Vo + (0'(O)V) - Vit ) 2, v)

—1,q’ '
H JH1.a

Since v was chosen arbitrary, we have for the distributional derivative of

S

_ —/S(—K*19—|—(U’(9)19Vg0)'Vgo

+ (0"(O)Vg) - Vb + fzdt Yze C0,T).
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Thus, 0,9 is a regular distribution generated by
fi= K" —(a'(0)9V) - Vo — (o' ()Ve) - VY — f.

Consequently, if we identify 9;¢ with f, (6.19) is obtained. Moreover, this immediately

implies that 0;¢ is an element of LS/(S, Hgl’q/) due to the regularity of f. Hence we
obtain ¢ € Wy, i.e. the regularity of a strong solution. Thus, with regard to [2,
Proposition 5.1], we are allowed to integrate by parts w.r.t. time and obtain

(004 K20 = (0'(0)099)- Vo= (&' 0)V¢) - T = . ©) v

+ <@(T) ) ﬁ(T) - 19T> 1.0 =0 VO e Ws,o.

1,q
Hl/s/,s’Hl/s,s/

In view of (6.19), this finally gives the terminal condition (6.21). O
Now, let s > 2¢/(q — 2) such that

HY, = (Hg " HY) s — C(Q)

(cf. Lemma 3.17 i) and (3.18)). In addition, Remark 3.15 iii) yields Wy o — C(Q).
Since both embeddings are dense, we therefore have

M(Q) = HT | and M(Q) — WZ,

1/s,s

provided that s > 2¢/(q — 2). Here, M(Q) and M(Q) denote the spaces of regular
measures on ) and @, respectively (see Definition 6.4). As in case of M(Q) ~
C(Q)*, we identify M(Q) with the dual of C'(£2) by the Riesz representation theorem.

Consequently, Theorem 6.12 implies the following

COROLLARY 6.13. Assume that p € M(Q) is given and that the restriction of u on
0% Q is zero. Moreover, denote the restrictions of p on @, ¥ := 9Qx]0,T[, and T x
by pug, s, and pr. Then the equation

—0,9 — div(kVV) = (' (0) V) - Vo — (o' (0)V) - Vo + g inQ  (6.28)

v-kVY+ ot = ps on O0x]0, T (6.29)
HT) = pr in Q (6.30)
—div(a(0)Vy) = —=2div(c(0)9V ) inQ (6.31)
v-o(@)Vy =2v-0(0)9Ve on (OQ\I'p)x]0, T (6.32)
b=0 on Tpx]0, T (6.33)

admits a unique weak solution (9,1) € L¥ (S; H»') x L¥ (S; H}j’q/), s’ <2q/(q+2),
in the sense of Definition 6.10.

REMARK 6.14. We point that, if measures appear on the right hand side of the adjoint
equation, then ¥ € L (S; HY?) such that no weak differentiability of the adjoint state
w.r.t. time can be expected in this case.

6.3. Derivation of the optimality system. Now we are in the position to
state the first-order necessary optimality conditions for (P). Let us begin with the
notion of local optimality:

DEFINITION 6.15. A function 4 € L>(S; L*(T'n)) is called locally optimal for (P), if
there is an € > 0 such that j(u) < j(u) holds for all feasible w € L*°(S;(T'y)) with
[u =l Lo (s;22(ry)) < -
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Recall that the Lagrange function is Fréchet-differentiable w.r.t. u by Corollary 6.6.
Hence we continue with the definition of Lagrange multipliers associated to the state
constraints in (P).

DEFINITION 6.16. Let @ be a locally optimal solution of (P), then u € M(Q) is said
to be a Lagrange multiplier associated to the state constraints in (P), if

O L(u, p)(u—u) >0 Vu€ Uy, (6.34)
>0, (6.35)
<9 - emax y N>C(Q),M(Q) = 07 (636)

hold true.
Here, (6.35) is equivalent to

W, Wew@ym@ =0 Yyef{yel@)ly(x,t) >0V (x,t) € Q}. (6.37)

Moreover, (6.36) is referred to as complementary slackness conditions in all what
follows. The following theorem states the first-order necessary optimality conditions
for (P), i.e. the existence of Lagrange multipliers in the sense of Definition 6.16. It is
for instance proven by Casas in [5].

THEOREM 6.17. Assume that @ is a locally optimal solution of (P) and satisfies the
following linearized Slater condition: there exists an interior point ug € U é;) and a

real number § > 0 such that
S1(@)(z,t) + Sy (@) (uo — @) (2, 1) < Omax(2,t) =6 V(z,t) € Q. (6.38)

Then, there exist a Lagrange multiplier p € M(Q) according to Definition 6.16 such
that (6.34)—(6.36) are satisfied.

It is well known that a certain constraint qualification is needed to ensure the existence
of Lagrange multipliers, as for instance the linearized Slater condition (6.38) (cf. also
Zowe and Kurcyusz [28]). Notice that this condition requires to consider the state
constraints in C(Q). Next, let us transform (6.34)—(6.36) into the optimality system
of (P) by introducing the adjoint state. To that end, let us consider a fixed, but
arbitrary local optimum % with associated state = (6, ¢). Moreover, we again denote
the derivative of S in an arbitrary direction h € L>(S; L?(T)) by v/, i.e. y = S'(@)h.
Now, consider h as an element of L*(S; HBl’q) with ¢ and s according to Definition
6.7, i.e. ¢ €]2,min{qo, ¢1 }[ and s €]q¢/(g — 2),00]. Then 3’ clearly also solves

A(g)y = (2) : (6.39)

where, as in the proof of Theorem 6.12, A’'(g) is considered as an operator from W g x
L5(S; Hp") to L*(S; Hy ") x L*(S; Hp, ") (which is well defined and continuously
invertible, cf. also Remark 6.3). Note that, according to Definition 6.8, W; ¢ is given
by Wao =Wy *(S; Hy ") N L5 (S; HY?). Now, define py = (1,%1) as solution of

—0y91 — div(kVV1) = (0 (0) 91VP) - Vo — (¢ (0)V) - Vi1 in Q (6.40)

v-kVY +ad =0 on 90x]0,T] (6.41)
0(T) =Ip(xpd(T) —0a)  inQ (6.42)
—div(a(0)Vyy) = —2div(a(0)91 V) in Q (6.43)
v-a(@)Vi =2v-0(0)9: Ve on (OO\I'p)x]0, T (6.44)

»=0 on T'px]0, T, (6.45)
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where Zp : L*(D) — H}}% () is defined by

(Zp(g), G))Hl,qz Fia ::/Dge)dx, g€ L*(D),0 ¢ H;}i’,s’

1/s,8'7771/s! s
while xp is the characteristic function on D. Notice that Zp is well defined since

g _ —1lq 1,q 2n—1,q
Hl/s’,s - (HQ ’H )1—1/s,s — H

with n = 2/¢g < 1 —1/s because of s > ¢/(q¢ — 2) such that 29 — 1 > 0 due to ¢ < 4.
Therefore Hllfs/ s L?(D). Theorem 6.12 implies that there is the strong solution

p1 € Wy x L*(S; H},’q/) to (6.40)—(6.45) that satisfies

(A@)*p1, w) = / (0(T) — 04)O(T) dx.

D

for allw = (6, ®) € W, ox L*(S; H5?). Next, assume s €]2¢/(g—2), o0] and introduce

po = (Pa,0) € L¥(S; HV') x L¥'(S; H}D’q/) as weak solution of (6.28)—(6.33), where
the inhomogeneity u is the Lagrange multiplier associated to the state constraints in
(P). Notice in this context that, due to Assumption 2.4 iii), the state constraint is
not active at ¢ = 0. Consequently, the positivity of the Lagrange multipliers and the
complementary slackness conditions yield that the restriction of y on 0 x € is indeed
zero as in case of (6.28)—(6.33). Hence, py solves

(A'(y)*p2, w) = (0, We@ym@ Ywe Weox L*(S;Hp?)

with s > 2¢/(g—2) (such that Wy o — C(Q), cf. Corollary 6.13). Thus, together with
(6.39), we obtain

/D (B(T) — 0)0/(T) dz + 0", 1)y wuc@)
— A@) D1 ¥ + (A P ) = (b1 400 A
= (p1 +p2, (2)) = /Z(wl + o) h ds dt.

Inserting this in (6.11) and (6.34) and a pointwise evaluation of the arising inequality
imply by standard arguments

1
B

where II,4 denotes the pointwise projection operator on U(E(Ci) and 7 : LSI(S; HBq/) —

u(z,t) = Had{ ——(tn1+ 7N ¢2)}7 (6.46)

LSI(S; H-Ydd (T'y)) is the trace operator on I'. In this way, we have proven the
following result stating the first-order necessary conditions for (P):

THEOREM 6.18. Let i € L°°(S; L?(T'y)) be a local optimum of (P) with associated
state

7=(0,8) € Wy (S; Hg ") N L"(S; HY) x L*®(S; Hp?)

with q €)2,min{go, ¢1}] and r > 2q/(q—2). Suppose further that a function ug € U(SZ)
exists such that the linearized Slater condition (6.38) is fulfilled. Then there exist a
Lagrange multiplier p € M(Q) and adjoint states

p1= (,461) € WH (0, T Hy ™) 0 L (0, T HYY)
p2 = (V2,40) € L (S; HYY) x L (S HEY)
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with ¢ = q/(g—1), s} < q/2, and sh < 2q/(q+ 2), such that the following conditions
are satisfied:

the state equation (1.1)~(1.7) in the sense of Definition 3.3

the first adjoint equation (6.40)—(6.45) in the sense of Definition 6.9
the second adjoint equation (6.28)—(6.33) in the sense of Definition 6.10
the positivity property (6.37) of the multipliers

the complementary slackness conditions (6.36)

the projection formula (6.46).

Notice that T,q clearly maps L* (S; H'=1/4-4(T'y)) into L' (S; H'='/4-4(T'y)) such
that the generic regularity for a local optimal control is given by

ue L=(S; LA(Ty)) N LY (S; H /94 (T )

with s < 2¢/(q+2), ¢ < gmax = min{go, q1} < 4 (see Remark 3.8), such that s’ < 4/3.
In addition, we have ¢’ € [¢;,, 2[, where ¢/, is the conjugate exponent to ¢max. Note
further that the optimality system can be simplified by introducing p = p; + p2 as
adjoint state, i.e. the weak solution of

—0y9 — div(kVY) = (¢/(0) 9V@) - Vo — (o' (0)Vp) - Vi + pug  in Q
v-kVY 4+ ad = ps on 00x]0,T[
IT) = ID(XD§<T) —04) + pr in Q

—div(a(0)Vy) = —2div(c(9)IV ) in @
v-o(0)Vi =2v-0(0)IVe on (OOQ\I'p)x]0, T
=0 on I'p x]0,T7.

7. A specific application and numerical tests. As mentioned in the intro-
duction a problem of type (P) for instance arises when optimizing the heat treatment
of steel by means of an electric current. This procedure is applied in the automotive
industry for the hardening of gear racks as part of the widely-used rack-and-pinion
steering. Here the workpiece is heated up by the direct current and then rapidly
cooled down by means of water nozzles to produce a hard martensitic outer layer.
The aim of the optimization is a uniform heating of the teeth of the gear rack which
is essential for the hardening process in order to avoid thermal stress and to guarantee
a uniform hardening of the tooth system. Thus the measurement domain D in the
objective functional of (P) is the domain which is covered by the teeth of the gear
rack. Since it is essential to prevent melting during the hardening process, the bound
Omax in the state constraint of (P) is given by the melting temperature of the material.
In addition, the control constraints in (P) reflect the maximum electrical power that
can be induced into the workpiece.

In the following, we report on two numerical tests for this particular application
problem. The respective optimality system, described in Theorem 6.18, is solved by
means of a projected gradient method fitting to the first-order analysis presented in
the preceding sections. While the control constraints are incorporated into the pro-
jected gradient method, the pointwise state constraints are regularized by means of a
quadratic penalization, see [20] and the references therein. Moreover, the partial dif-
ferential equations, arising in each step of the optimization algorithm, are discretized
by linear finite elements in combination with a semi-implicit time stepping. Fur-
thermore, the control is discretized by piecewise linear and continuous spatial ansatz
function, while piecewise constant ansatz functions are used in time.
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For the computational domain we choose the two-dimensional simplified gear rack
shown in Figure 7.1. Aside from o, the material parameters are constant and chosen

0 0.05 0.075 0.1 0.15 0.2 0.25 0.3 0.325 0.35 0.4 0.45 0.5

X

Fig. 7.1: Computational domain.

to approximate the realistic distributions. The particular values are shown in Table
7.1. Here Cp, and p refer to the specific heat capacity and the density, respectively,

Y Cp K « 90 9[ Hd

k J W A\
7900 X5 470 o 50 M 20 %% 290K 200K 1500K

Table 7.1: Material parameters within the numerical tests.

that enter the heat equation via
Cp 00 — div(kVO) = (c(0)V) - Ve,

which clearly does not influence the theory since they are assumed to be constant.
Notice that all parameters are positive constants such that the hypothesis in Assump-
tions 2.3, 2.4, and 5.1 are satisfied. Moreover, in this case, the function o is a scalar
valued function, only depending on @, i.e. o : R — R, which is given by

a(0) = (a+b0+ch?+d6%) " if 6 € [0,10000],

with a = 4.9659-1077, b = 8.4121-1071%, ¢ = —3.7246 - 1073, and d = 6.1960- 1017
(see [10] for details). On R\ [0,10000], o is smoothly extended such that 0 < gy <
o(0) < o1 < oo is satisfied for all § € R. Hence it fulfills the conditions in Assumptions
2.3 and 5.1. Finally, the end time T was set to 2.0s. The Tikhonov parameter
within the objective functional is set to 107'2 to compensate for the comparatively
high values of the control (see below).

In the following two numerical tests are presented differing concerning the inequality
constraints in (P). While there are only inequality constraints on the control but not
on the state in the first example, we choose ., = 1800 K in the second test case.
In both cases we set Umax = 7 - 107 A/mg. Note that both test cases are covered by
the above theory, since the control is uniformly bounded in L*°(]0, T'[; L?(T y)). In all
what follows we refer to the first example as free optimization since no state constraints
are present in this case. It serves as reference problem in comparison to the state-
constrained case. Figure 7.2 shows a detail of the tooth-system at end time for this
case. We observe that the desired temperature of 1500 K is nearly reached. However,
since no state constraints are imposed, the material is in danger to melt in the corners
of tooth system as Figure 7.4 illustrates. The situation changes, if the temperature
is forced to stay below the melting temperature by the additional state constraints
in (P). In the second numerical test this is approximately enforced by a quadratic
penalty term resulting in a maximum temperature of 1805.1 K in the right corner of
the tooth system at t = 0.26s. However, in this case, the temperature distribution
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Fig. 7.5: Time evolution of the control
in case of free and state-constrained op-
timization.

Fig. 7.4: Temperature at t = 0.58s for
the free optimization.

differs more significant from the desired 1500 K compared to the free optimization, as
Figure 7.3 shows. This observation appears natural since the inequality constraints
on state do not allow for the extreme temperature evolution observed in case of the
free optimization. Therefore, it seems that a time interval of 2.0s is not sufficient
for heating up the workpiece to 1500 K before cooling it down if, at the same time,
melting should be prevented.

In Figure 7.5 the time evolution of the control u in case of free and state-constrained
optimization is depicted. Here the stars refer to the state-constrained case, while
the circles represent the free optimization. The values are taken at a fixed, but
arbitrary point on I'y. One observes that the time evolution of the control differs
significantly between both cases. Moreover, the control significantly decreases in time
in both examples. An explanation for this observation is the fact that the current
does not flow directly through the teeth. Only the area straight below the tooth
system is heated up intensely by the current. Afterwards, heat conduction from this
area into the teeth increases the temperature in the tooth system. Thus, to achieve
a temperature distribution in the teeth as uniform as possible, it appears reasonable
to heat up the area below the teeth comparatively fast to ensure a uniform heat
conduction into the teeth. Finally the optimal potential ¢ in the state-constrained
case at end time T' = 2.0s is shown in Figure 7.6. We observe that the expected decay
from cathode to anode is reflected by the numerical computations.

Appendix A. Here, the basic properties of solutions to parabolic equations,
mentioned at the beginning of Section 3.1, are proven. We start with Lemma 3.13.
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Potential ¢ (in V), t=2.00

0.03 0.15
X, 0.02
0.01 0.1
0 0.05
-0.01 i i i i i i i i i i
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

X

Fig. 7.6: Potential at end time for the state-constrained optimization.

Proof of Lemma 3.13.
i) Based [24, Ch. 2.5], we estimate for s,¢ € [Ty, T1] with s < ¢
e *4z — etz p = ||Ae™ 4z — Ae*tAxHX

—(t—s)A

< [[Ae™ | e 540 — (=D A6 540

< cllAe™ E B x Izl x|t — s,

which gives the first assertion.

ii) First one notices that |[e~*||5p) < |e7*||5(x), what implies by interpolation that
le™* | 5(x,p),) < lle™|(x) for all ¢ € [0, 00[ and all 7 €]0, 1] (see [27, Ch. 1.2.2 and
Ch. 1.9.3]). Now let T' > 0 be given and s,¢ €]0, T, then we have by the reiteration
theorem (see [27, Ch. 1.9.3])

—tA —sA
le=ts — e Aallpxpy, N7 = e el
[t —s|7— - [t —s|7(1=7)
le=t4e — e Aalx\ =8 u s e
SC( It —s|7 ) ” —e ey,
—sA ( _é)
< swp e ) (7.1)
s€]0,T|
le~t4a — zflx \0-)
(sup 1202 Dy e gam,)) el
t€]0,T'[ It] 5€]0,T
_ € tAI*.T X L
<2 sup [l e ( sup LI T
$€]0,T +€]0,T] It]

By a well known theorem (see [27, Ch. 1.13.2] or [23, Prop. 2.2.4 and Rem. 2.2.5]),
one has
—tA

le™z —z||x
sup

< allzl|(x,D). o
+€]0,T[ [t el
with a positive constant ¢; (independent from x € [X, D], ) and, secondly, the contin-
uous embedding [X, D], < (X, D) o, see [27, Ch. 1.10.3]. Hence, we continue (7.1)
by

le=* 4z — e*Aa||(x,py
2 < 2¢( sup e sx) ) 2l x. o,
|t _ S|T7p s€]0.T] (X) [ ]
what proves ii) (see also [1, Ch. IL.5.3]). O

Proof of Lemma 3.16.
i) During this proof, let S, S’ denote the intervals [Ty, T1[ and Ty, T'[, respectively,
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with 77 < Tj. Associate to any function f € L"(S’; X) a function Z f which is defined

as follows

0 if teTy, Ty —T]

o= {f(t—(Tl—T’)) i eI =TT

Clearly, Z then provides isometric injections

L'(8"; X) — L"(S; X) (7.2)
Wy (S X)N L7 (S, D) — Wy (S; X) N L7 (S; D) (7.3)
Co(S"3(X,D)y_1,) = Co(S: (X, D) _1,,). (7.4)

If we indicate £ by its interval end and write L7, and L7/, then we have for any
f € L™(S"; X) the identity L, Zf = ZLp/ f. Thus, one may estimate for any f €
L7 (8" X)
”ET’fHWS'T(S’;X)mLT(S/;D) = HZﬁT’f||w01>r(s;x)er(s;D) = ||[’T11-f||WOI’T(S;X)FTLT(S;D)
SNEn T f N isix) = a1 leresix)s
which implies || Lo || < || L7, |-
ii) Denoting the embedding constant of
Wy (S5 X) N L7(S; D) — Co(S; (X, D), _1,)
by cr, we estimate
[wlleosisxm), 1 ) = ITwlleysixm), 4 )
< er [ Zwllwrsx)nrr sy = o 1wllwir s, x)nwrs,:0)-
Thus, the embedding constant which corresponds to the interval |Ty, T’[ is at most
cr. O
Proof of Lemma 3.17.
i) is obtained from well known embedding theorems, see [27, Ch. 1.3.3 and Ch. 1.10].
ii) Obviously, the norm of ¢ does not depend on the interval length. This, combined

with the Lemma 3.16, gives the assertion.
iii) First of all, the estimate

)~ wieolx =1 [ wsast < ([ o ast) ([ as) T

to to
r—1
< Nl sy 1t = tol

implies a continuous embedding from W1 (S; X) into c (S; X). Let np be a number

from |7, 1 — %[ Then, by setting § = T:—l and A\ = %, we obtain by the reiteration

theorem for complex interpolation (see [27, Ch. 1.9.3])

lw(t) —w(s)|x,p1, lw(t) —w(s)|lix,ix,01,1x
[t — s[0(1=A) - [t — s[00=%)
w(t) = w(s)|lx A
A It — 5P [w(t) —w(s)llix,py,
lw(t) —w(s)||x\1=* A
<e(MTETE) T (@ulles i)

< cllwllwir(s;x)nLr(s5D),
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which completes the proof. O

Proof of Lemma 3.18.

i) The L* estimate follows from the fact that K generates a contraction semigroup
on L, see [14]. Further, K generates an analytic semigroup on H 19 (see [11] or
[18]) and 0 belongs to its resolvent set because the resolvent is compact and 0 cannot
be an eigenvalue due to Assumption 2.3, see [12, Lemma 1.36]. Hence, the Lipschitz
continuity follows from Lemma 3.13 i).

ii) Assume 9 G}%, ¢[. We have for A = ¢ and A = ¢ the interpolation identity

HM = [Hg " H ) a0,
2

see [13, Thm. 3.5]. Thus, the supposition 6y € H*4(Q) and Lemma 3.13 ii) imply
tlo,] € c= (J0, T[; H"7). An application of the (continuous) embedding H”4(Q) —

_2 .
C?74(Q) (see [27, Ch. 4.6.1]) then proves the assertion. 0
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