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Abstract. We consider optimal control problems, where the control appears
in the main part of the operator. We derive the Pontryagin maximum principle
as a necessary optimality condition. The proof uses the concept of topological
derivatives. In contrast to earlier works, we do not need continuity assump-
tions for the coefficient or gradients of solutions of partial differential equations.
Following classical proofs, we consider perturbations of optimal controls by mul-
tiples of characteristic functions of sets, whose scaling factor is send to zero. For
2d problems, we can perform an optimization over the elliptic shapes of such
sets leading to stronger optimality conditions involving a variational inequality
of a new type.
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1 Introduction

In this article, we are interested in proving the Pontryagin maximum principle
maximum principle for the following problem: Minimize

3 [0 —wte)Pas + [ glae)as (1)

over all
a€ ACL®(Q;RY), (1.2)
where y € H} () is the weak solution of
—div(aVy) = f a.e. in Q. (1.3)

Hence, the optimization variable is the coefficient in the main part of the differ-
ential operator. In this problem, Q C R? is a bounded domain, f € H~1(Q) is
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a given source term, yg € L?(Q) is the desired state, while g : R%? — RU {400}
models the cost of choosing a certain coefficient matrix. In addition, A is a
feasible set, that contains matrices with uniformly positive definite symmetric
part. For the precise statement of the assumptions, we refer to Section 2.1.

Problem (1.1)—(1.3) is a classical problem, and lead to the study of H-
convergence, [14]. One cannot prove existence of solutions, and examples with-
out solutions can be found, e.g., in [2, 13].

Here, we are interested in proving the Pontryagin maximum principle, which
is a classical necessary optimality condition in optimal control theory. Let a be
a solution of the problem above. Then we consider a perturbation of the type

ar :=a+ Xrw(b—a), (1.4)

where b € R%? is a constant matrix, w is the unit ball in R¢. And we are
interested in passing to the limit in the difference quotient

1

ﬁ(J(yrv aT) - J(ya a‘))? (15)
where y, is the solution to the elliptic equation with coefficient a,. For the
state-dependent part of the cost functional J, we have the following expansion

1 1
5“% - de%Z(Q) - 5”3/ - de%Z(Q)
=— / (ar —a)Vy - Vpdz — / (ar — a)Vy - V(p, — p)de,
Q Q

where p and p, are certain adjoint states. The first term in the expansion
represents the Fréchet derivative of the map a + y from L>®(Q) to H}(Q),
while the second term is of higher-order in ||a, — a|| = (q). Due to the choice of
the perturbation, we do not get that ||a, — al[p~q) — 0 for 7 — 0. And the
second term in the expansion does not vanish when passing to the limit in the
difference quotient (1.5).

As one would expect, we will encounter topological derivatives of solutions
of the elliptic partial differential equations. In contrast to earlier works, we
prove the corresponding results under much weaker assumptions than in the
literature:

1. The coefficient function a is assumed to belong to L>(; R%4) such that
—div(aV-) is a uniformly elliptic operator. We do not assume that a is
piecewise constant [2, 3, 6] or continuous [11],

2. We work with weak solutions in H'!. We do not assume that the weak
solutions y or their gradients Vy are continuous.

3. That is, our proof works under the same set of assumptions than the
Lax-Milgram theorem, and the proof only uses regularity of solutions as
provided by Lax-Milgram.

The assumption of piecewise constant coefficients a makes sense in material
or topology optimization. However, this assumption is too restrictive for the
optimization problem (1.1)—(1.3). Our proof follows the developments of [6, 11,
22]. The main improvement compared to these earlier works is the consequent



use of the celebrated Lebesgue differentiation theorem, which allows to dispense
with continuity assumptions. This derivation is done in Section 2 with the main
result being the asymptotic expansion of the cost functional in Theorem 2.12.

Utilizing these concepts, we obtain the following statement of the Pontryagin
maximum principle. Let a be (locally) optimal in L!(Q) with associated state y
and adjoint p. Then for almost all o € Q and all feasible perturbations b € R%?
we have

0< —(b— a(z0))Vy(xo) - <Vp<xo> + ﬁ / V. Q dm/) + g(b) - gla(zo)).

Here, Q is a solution of a certain adjoint equation on R?, which depends on a(zg),
b, and the set w, which is used in the perturbation (1.4). The precise statement
can be found in Theorem 4.1. If a would be locally optimal in L*°(2), then
one could use Fréchet derivatives, and one would obtain a similar inequality
but with Q = 0. For certain shapes w (balls in R?, ellipses in R?), explicit
formulas for @) are available. Similar results can be found in the work of Raitums
[17, 18, 19, 20], which deserves to be better known, but which seems to be only
available in Russian.

In the special case that the coefficient a is scalar and d = 2, one can optimize
the above formula for elliptic shapes w to obtain the following strengthened
version

— (b —a(x0))Vy(zo) - Vp(x0) + g(b) — g(a(o))

2

4 202 Gy ) (o) 9yl V(o)) 0.
A related result can be found in [5] for the study of a material optimization
problem, where a is allowed to take only two different values. These inequalities
are stronger than the related inequalities one gets using Fréchet derivatives in
L>(Q).

The plan of the paper is as follows. The sensitivity analysis of the cost func-
tional J with respect to perturbations of the coefficient is performed in Section 2,
where the main result is Theorem 2.12. The special cases of perturbations with
characteristic functions of balls and ellipses are considered in Section 3. These
results are applied in Section 4 to an optimal control problem with control in
the coefficients.

Notation Given v € R? we denote its Euclidean norm by |[[v||2. The set
B(z,7) C R? is the open ball centered at x with radius r. The characteristic
function of a set A C R? is denoted by y 4. The Lebesgue measure of a measur-
able set A C R? is denoted by |A|, the measure of a ball with radius r in R¢ is
denoted by |B(r)].

As is customary in the literature on partial differential equations, we will
denote the inner product in R? of gradients by dots, i.e., Vy(z) - Vp(z) :=
Vp(a) Vy(a).



2 Sensitivity analysis with respect to perturba-
tions on general sets

2.1 Setup of the problem
Throughout the paper we assume the following about the data of the problem.

Assumption 1. Let Q C R? be a bounded domain. Let o« > 0 be given. In
addition, let yq, f € L*(Q) be given.

Let us define the set of admissible coefficient functions by
A:={aec L®QR*) : a(z) e M faa. zcQ}, (2.1)

where
M :={a e R : Tag > al¢|? VE € R} (2.2)

In the sequel, we will work with coefficient functions from the set A. Note
that a(x) € A for almost all z € Q is the minimum requirement in order that
the Lax-Milgram theorem guarantees existence of weak solutions. We will not
assume more regularity of a and 2, and we will not rely on any elliptic regularity
results beyond basic H!-regularity.

Let us fix a reference coefficient a € A. We denote the corresponding solution
of the state equation by y, i.e., y € Hg () solves

/ aVy-Vudr = / fodz Vv e HY(Q). (2.3)
Q Q
Here, we used the notation
d
0 0
aVy - Vv = Z aij@ya—xiv.

ij=1

By Lax-Milgram theorem, the equation (2.3) is uniquely solvable. Given a, we
define

1
T(@) = 5l = vall3 0y

where y is the solution of (2.3) to a € A. We are interested in the sensitivity
analysis of J with respect to perturbations of a. Here, we will use perturbations
by characteristic functions, which is a well-known concept in optimal control,
inverse problems, or material optimization. To this end, let w C R? be an open
bounded set with 0 € w. Given a point z¢ € 2, a value b € M, and a radius (or
scaling parameter) r > 0, we define

ar = a4 Xzo+rw(b — a). (2.4)

The goal of this section is to compute the variation of J at a with respect to b,
w, which is defined as

0J(a;b, o, w) := lim M

r—0 T’d‘w|

Note that 7¢|w| is the Lebesgue measure of rw, and it is larger or equal to the
LO- or Ekeland distance between a, and a.



The exposition in the following subsections follows earlier work [11, 22, 6].
As one would expect, the statements of the main results are identical. However,
we do not use or assume any regularity beyond L™ for the coefficients and H*
for the weak solutions of state and adjoint equations.

2.2 Basic expansion of the functional

Recall the definition of a, in (2.4). Let y, be the corresponding solution of the
state equation, i.e.,

/ a,Vy, - Vodz = / fodx Yo € Hi(Q). (2.5)
Q Q
Note that the difference y, — y satisfies the following equation

/ ar-V(yr —y) - Vodz + / (ar —a)Vy-Vvdz =0 Yo € H}(Q). (2.6)
Q Q

We define the averaged adjoint p, € HZ (), see, e.g., [22], as the solution of

/ a,Vv - Vp, dz = %/ [(Yr — ya) + (y — ya)lvdz Vv € Hy(Q). (2.7)
Q Q

In addition, let the adjoint p € H}(£2) be given as the solution of

/ aVv - Vpdr = /(y —ya)vdr Yv e H}(Q). (2.8)
Q Q

Then we have the following result.

Lemma 2.1. Let a, as in (2.4) with the notation from Section 2.1. Then it
holds

J(a,) — J(a) = — / (ar —a)Vy - Vpdx — / (ar — a)Vy - V(p, — p) du,
Q Q
where y, pr, p solve (2.3), (2.7), (2.8).
Proof. Using the equations (2.7) and (2.6), we find
_ 1 2 1 2
Tar) = (@) = Slvr — valldacey — 21y~ valacey
1
=50 =y, (v —ya) + (v — va)
= / a-V(yr —y) - Vi, do
Q
= —/(ar —a)Vy - Vp, dz
Q
=— / (a, —a)Vy-Vpdx — / (ar —a)Vy - V(p, — p) dz,
Q Q

which is the claim. O



Here the second term in the expansion of Lemma 2.1 seems to be of second
order. In fact, it corresponds to the remainder term in a Taylor expansion of J
using the Fréchet differentiability of a — y from L>(Q) to H}(Q2). Consequently
it is of the order ||a, — a||2L°°(Q)' However, the second term is not of higher order
with respect to r (0. In fact, the second term converges with the same order
as the first for r N\ 0.

The key for the asymptotic analysis of the expansion of Lemma 2.1 is the
following coordinate transform. This well-known idea is to transform the small
set xg + rw to w. To this end, let us define the following functions:

T.(2') :=wo +r2', T, Yx):= (z —x0)/r. (2.9)

T

2.3 Lebesgue differentiation theorem

Before continuing with the analysis of the expansion, let us recall the Lebesgue
differentiation theorem in the following form.

Theorem 2.2. Let u € LY (RY) for some p € [1,00). Then

loc

1
lim ———— u(y) —u(x)|Pdy =0
P TBG ] Joy W )

for almost all x € R%. These points x are called p-Lebesgue points of 1.

Proof. See [10, Section 1.7, Corollary 1]. O

Note that the claim is slightly different from the standard formulation of the

theorem given by
1

lim ——— u(y) dy = u(x)

r—0 |B($7 T)I B(z,r)
for almost all € R%. In the sequel, the Lebesgue differentiation theorem in
the form of Theorem 2.2 will be a valuable tool. It will serve as a replacement
of continuity assumptions frequently encountered in the literature.

A well-known result says that if there is C' > 0 and « € (0, 1] such that

1
|B(:vr)|/B( )|u(y)—u(m)|dy§0r°‘

for all z, then u is Holder continuous with order . For a precise formulation,
see [16, Theorem 4.3]. This might explain the heavy use of Holder continuity
assumptions in the literature on topological derivatives for perturbations in the
coefficients of the differential operator. As we will show, convergence to zero
as in Theorem 2.2 is enough, no faster convergence with respect to r \, 0 is
needed.

It is well-known that the above theorem can be generalized to take means
on sets of bounded eccentricity. Here, we will use the following modification.

Corollary 2.3. Let w C R? be such that there are p1,p2 > 0 with
B(O’pl) CwcC B(O,pg).

Let x be a p-Lebesque point of u. Then

1
i _ — p =
gli% ] /LJFW lu(y) — u(z)|? dy = 0.



Proof. The claim follows from

1

— — u(z)[Pdy <
] L ) @ ay <

_ lu(y) — u(z)P dy — 0,
|B($7Tp1)| B(z,par)

see also [21, Section 3.1.2]. O

The interplay between the Lebesgue differentiation theorem and the coordi-
nate transform (2.9) is made precise in the next result.

Corollary 2.4. Let u € LP(Q), p € [1,00). Let g € Q be a p-Lebesque point
of u. Let T, be given by (2.9). Then

lim |uo T, —u(xg)|Pdz’ =0
r—=0 Jo,

for all s > 0.

Proof. By elementary calculations, we get
/ |uo T, —u(xg)P dz’ = r_d/ lu(z) — u(xo)|P dx — 0,
Sw xo+Ssrw
where we have used Corollary 2.3. [

2.4 Transformed linearized state equation

In this section, we will investigate the asymptotics of ﬁ(yr —1y). Let us recall
from (2.6) that the difference y, — y satisfies

/aTV(yrfy)~Vvdx+/(arfa)Vy~Vvdx:0 Yo € H} ().
Q Q

Following earlier works, e.g., [22], we define

Il
<
<
3

|
<
=
(o)
[
S~—
—~
5
\_>
H
=
]
B
=

Due to construction, it follows V. K, (2')
satisfies the transformed equation

/ a, o T,V K, Vyvdz + / (b—a)Vy)oT, -Vyvdr =0 (2.11)
71 (9)

r w

for all v € HYT,71(Q)). Note, K, € H}(T,7*()) implies that its extension
by zero belongs to H'(R?) without assumptions on the regularity of €2, see [1,
Lemma 3.22]. Hence, in the sequel we will assume K, is extended by zero to
R?. The next goal is to pass to the limit  \, 0 in (2.11). We have the following
bound of K.

Lemma 2.5. Let K, be given by (2.10). Let x¢ be a 2-Lebesgue point of |(b —
a)Vyl|. Then there is M > 0 such that

T2||Kr||%2(Rd) + ”Vm’KrH%?(Rd) <M.



Proof. Testing (2.6) with y, — y yields

Al = )2 da < — / (ar — a)Vy - V(y, —y)da

o 1
< AUV — ) 2oy + / (b — a)Vyl? da.
2 L (Q) 20{ To+rw

By Poincare inequality, we get
lyr — y||2L2(Q) + IV (yr — y)H%Z(Q) < C/ |(b— CL)V?J|2 dz
To+rw

for some ¢ > 0 only depending on 2 and «. Due to Theorem 2.2, we have that

1

]

[(b— a)Vy|2 dz

xo+rw
converges for » N\, 0. This shows that there is M > 0 such that
lyr =yl Z2(0) + IV (Wr = 917200y < Mré|w|

for all » > 0 sufficiently small. Applying the coordinate transform 7;. to this
inequality and using the definition of K, in (2.10) proves the claim. O

Corollary 2.6. Let K, be given by (2.10). Let x¢ be a 2-Lebesgue point of
|(b—a)Vy|. Then
rK, — 0 in L*(R%).

Proof. By Lemma 2.5, we have that (rK,),~¢ is uniformly bounded in H!(R?)
with 7V, K, — 0 in L2(R?) for N\, 0. Let r \ 0 such that 7K, — w in
L*(R%). Tt follows V,w = 0 in R so that w has to be equal to a constant
function. Since w € L?(R%), it follows w = 0. O

Let us define the coefficient function
a = Xwb + xwea(zo). (2.12)

It turns out that a is the limit of the transformed coefficients a,. o T}. in the
following sense.

Lemma 2.7. Let xg be a 2-Lebesgue point of a. We have the convergence
a,oT, —a
in L?(nw) for all n € N.

Proof. Observe that a, oT,. = @ on w. Then we get

/ la, o T} — a|*da’ = / |(a o T,)(z") — a(zo)|? da’,

nw\w

and the claim is a direct consequence of Corollary 2.4. O



Let us introduce the so-called homogeneous Sobolev space (or Beppo-Levi
space). Here, we define it as the space of equivalence classes under the relation
u~v < V(u—wv)=0. That is, the constant functions are quotiented out:

HY(RY) :={z € HL (RY): Vze L2(RY)} /R

It is a Hilbert space when supplied with the norm [|z]| g1 (gay := [|[V2[|2(ra). In

addition, equivalence classes of test functions from C°(R?) are dense in H'!(R%).
For the proofs, we refer [15, Section 3]. Note that [15] denotes the Beppo-Levi
space H'(R?) by H'(R?), [15, eq. (10)].

This space is the proper space to look for the weak limit of K. for r 0.

Lemma 2.8. Let v be a 2-Lebesgue point of [(b—a)Vy| and a. Then we have
K, — K in H'(R?), where K is the unique solution of

/ aVy K - Vyvdz' + (b— a(zo))Vy(zo) - / Vevds =0 Yoe HY(RY).
R4 w
(2.13)

Proof. Existence and uniqueness of the solution of (2.13) follows directly from
the Lax-Milgram theorem. For each r > 0, the function K, belongs to the
spaces HY(T7*(€)) and H'(R?), hence K, € H'(R?). By Lemma 2.5, (K,) is
bounded in H'(R%).

Let 7 \, 0 be a sequence such that K, — K in H'(R?). It remains to
pass to the limit in the equation (2.10). Let v € C2°(R?) be given. Let n € N
be such that nw O suppwv. Let p > 0 be such that pn < dist(z,d2). Then
T,(suppv) C €, and v can be used as test function in (2.11) if » < p. Due to
Lemma 2.7, we have a, o T, — @ in L?(nw). This allows us to pass to the limit
in the first integral of (2.11):

ar, 0T,V K, - Vyvda — aVy K - Vyvda
T, () R¢

"k

The convergence of the second integral follows from Corollary 2.4, and we have
/((b Q) Vy) o T, - Varvda — (b— a(wo))Vy(ao) - / V,vda

Since test functions from CZ°(R) are dense in H'(R%), it follows that K satisfies
(2.13), hence K = K. O

The convergence of K, to K is even strong. A similar result can be found
in [6, Proposition 4.1] and [11, Theorem 4.3], where they assumed continuity of
Vy at xo. In addition, the reference coefficient a was assumed to be constant,
so that (in our notation) a, o T, = a, compare also Lemma 2.7. In order to deal
with the convergence a, o T, — @, we follow an idea of [9, Theorem 3.1].

Lemma 2.9. Under the assumptions of Lemma 2.8, we have K, — K in
H'(RY).

Proof. We will use the Cholesky decomposition. Let M™ denote the set of
matrices with positive definite symmetric part, i.e.,

Mt :={AecR¥: %(A + AT) positive definite }.



Then M™ is open in R*?. We will denote the map from the symmetric part
of a matrix to its lower triangular Cholesky factor by L, i.e., L(A) is such
that (A + A7) = L(A)L(A)T for matrices A € M. The map A — L(A) is
continuous from M T to R%4. In addition, we have || L(A)||% = tr(L(A)L(A)T) =
tr(A), so that the superposition operator induced by L is nicely behaved. In
particular, it is continuous from L?(R%) to L*(R?).

Since all relevant matrices are elements of M, see (2.2), we have the fol-
lowing bound on L(A)~!. For A € M, we have that ||L(A)7![|% = tr(2(4 +
AT)~1). The eigenvalues of (A + AT) are bounded from below by «, so that
|IL(A)~% < da~?!. In addition, A — L(A)~! is continuous on M.

By extending a, o T, with zero to R, we can consider it as function on the
domain R¢. We are going to use the equality aVv - Vo = %(a +a)Vuv - Vo =
|L(a)TVu|?. Testing (2.11) with K., we get

/ |L(a, o T,)TV o K, | da’ = — / (b—a)Vy)oT, V. K,.dz'
R4 w

Due to Corollary 2.4 and the weak convergence V. K, — VK in L?(R%), the
right-hand side converges as

- / (b—a)Vy)oT, - VyK,.dz' — —(b—a(zo))Vy(zo) - / Vo K dx'

w

:/ |L(a)TV K|*da’
Rd

where we have used (2.13). Hence, L(a, o T})TV, K, is bounded in L?(R%),
and in addition ||L(ay o T,,)T Ve Ky || p2(ray converges to ||L(a)T Vo K| 12 (ga).-

Due to Lemma 2.7, L(a, o T;.)T converges in L*(nw) to L(a)T. Together
with the weak convergence V., K, — VK, we get that the weak limit of
L(a, oT,.)TV K, in L?(R?) is equal to L(@)TV, K. Due to the convergence of
the norms, it follows

L(a, o T,)"V K, — L(a)TV, K in L*(R?).

We will prove the desired convergence with the celebrated dominated conver-
gence theorem. Let r; N\, 0 be a sequence. Then after extracting a subse-
quence if necessary, we have the pointwise convergence L(ay, o Ty, )TV K, —
L(a)TV K a.e. on R%. Applying a diagonal sequence argument to the result of
Lemma 2.7, we can extract another subsequence (still denoted the same) such
that a,, o T,, — @ a.e. on R%. Using the continuity of a — L(a)~T, we get the
pointwise a.e. convergence

VoK, =La,, oT.) " Liay, o T, ) ' Vo K, — L(@) " "L(a)" Vo K = V. K.

Since the L*>-norms of L(a,, 0T}, )~ are uniformly bounded, the claim follows
with the dominated convergence theorem applied to

VoK, — VoK =Lay, oTy) " (Lla, o T,)'Vu K, — L(a)"Vu K)
+ (L(ap, o Tr)"TL(a)T — )V K.

The convergence for r — 0 follows by a standard subsequence-subsequence
argument. O

10



2.5 Transformed adjoint equations
Let us recall the definition of the averaged adjoint p,.,

1
/ a, Vv - Vprdo = o / [(yr — ya) + (y — ya)lvdz Vv € Hi(Q).
Q Q

Let us define
Qr(a") := =(pr — p) o T;("), (2.14)

where p satisfies the adjoint equation

/avv.Vpdx:/(y—yd)vdm Yo € H ().
Q Q

Lemma 2.10. Let g be a 2-Lebesque point of (b — a)Vp. Let Q, be given by
(2.14). Then there is M > 0 such that

1@ |72 gay + IVer Qrll72may < M
for all v > 0 small enough.
Proof. We proceed as in the proof of Lemma 2.5. Note that the difference p, —p

satisfies

1
/aTVv-V(ﬁT—p)dx—i—/(ar—a)Vszpdas: 5/(yr—y)vdx Vv € H}(Q).
Q Q Q

Testing this equation with p, — p, we obtain using Poincare inequality and
standard estimation procedures

15r=Pll72(0) HIVBr =) 22y < € (/ (b~ a)Vp|* da + /Q(y —yr)? dﬂf) ;

ot+rw
where c¢ is independent of . Due to Theorem 2.2 and Lemma 2.5, the right-hand
side is bounded by Mr¢|w|. The proof follows using the definition of Q,.. O

Lemma 2.11. Let 29 be a 2-Lebesgue point of (b — a)Vp and a. We have
Qr — Q in H'(RY), where Q is the unique solution of

/ aVyv-VeQdz' + (b— a(mo))/ Vevdz - Vp(ze) =0 Yo e HY(R?).
Rd w
(2.15)

Proof. The proof follows the lines of the proof of Lemma 2.8. Unique solvability
of (2.15) follows from Lax-Milgram theorem. After applying the coordinate
transform, we find that @), satisfies

/ @, 0TV vV Q, dx'+/ ((b—a)oT,. )V pv-(Vp)oT, dz’ = / rK,vdz
71 (Q) w 7 1(Q)

(2.16)
for all v € HY(T,71(2)).

Let v € C2°(R?) be given. Then for 7 > 0 small enough the above equation is
fulfilled. Passing to the limit in the integrals on the left-hand side of (2.16) can
be done exactly as in the proof of Lemma 2.8. The integral on the right-hand
side vanishes for r \, 0 due to Corollary 2.6. And the claim is proven. O

Strong convergence Q, — Q in H' (R9) can be proven similarly as in Lemma 2.9.

11



2.6 First sensitivity result

Theorem 2.12. Let w C R be an open bounded set with 0 € w. Let b € M.
Then for almost all x¢ € Q, we have

8J(a;b, xg,w) = hr% J(a;)dwi](a)
= (b a(z0))Vy(zo) - (Vp<xo> n ﬁ / V.0 dx') ,

where Q € H'(R?) is the solution of (2.15). The function Q depends solely on
(L(.’EO), b; VP(xO); and w.

Proof. Let xy be a 1-Lebesgue point of the integrable functions (b — a)Vy - Vp,

and a 2-Lebesgue point of the L?-functions (b—a)Vy, (b—a)Vp, and a. Due to

Theorem 2.2, the set of such points x( differs from {2 by a set of measure zero.
We will use the expansion from Lemma 2.1

J(a,) — J(a) = — /Q(ar —a)Vy-Vpder — /Q(ar —a)Vy -V (p, — p)da.

Due to Theorem 2.2, we have

1
}i{‘% pw] /Q(aT —a)Vy - Vpda = (b— a(x))Vy(zo) - V(o).
Using the coordinate transform 7). and the definition of @, cf., (2.9) and (2.14),
we have

1 - _
i (@ = 0¥y V6, —p e = i [ (@ = V) o T - V0
Q w
Due to Corollary 2.4, the term ((a, — a)Vy) o T, converges in L?(w) to the
constant function (b — a(z))Vy(xg). By Lemma 2.11, we have V@, — VQ
in L?(R9). Hence, it follows

li{‘% |w\71/((ar—a)Vy)oT,uVm/QT da’ = |w|71(b—a(x0))Vy(x0)-/ Ve Qdz',

and the claim is proven. O

Using the definitions of @ and K, we have the following identity
(b — a(zg))Vy(xo) - / VeoQdr' = —/ aVy K -V Qds'
w R4

— (b= a(e0) [ VK da' - Vp(ao)

which can be used to equivalently rewrite the result of Theorem 2.12.

In case that a(xg) and b are multiples of the indentity matrix, the formula in
Theorem 2.12 can be written in terms of the so-called polarization matrix M,
i.e,

1 a(x
0J(a;b,zg,w) = —m(b —a(xo)) (bO)
The scaling of the polarization matrix is not unique across the literature, here
we followed [7, Theorem 2.1]. Many details on polarization matrices can be
found in the monograph [3].

Vy(zo) - MVp(zo). (2.17)
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2.7 Sensitivity matrix

For fixed a(zo) and b, the mapping Vp(zo) — [ Vo Qdz' is a linear mapping
from RY to RY. Hence, the mapping (Vy(z¢), Vp(z0)) — (b — a(z0))Vy(zo) -
fw V. Qdz' can be written in terms of a matrix multiplication.

Given p € R? let us define Q, € H'(R?) as the solution of

/ aVyv-VeQdx' + (b— a(:co))/ Vevdr -p=0 Yve HY(RY). (2.18)
R4 w
Let us define the matrix R € R%? by
p' Ry == —(b— a(zo))y - / Vo Qpda'. (2.19)
w

Of course, R depends on the coefficients a(xg) and b. The matrix R has the
following properties.

Lemma 2.13. Suppose a(xg) and b are symmetric. Then R defined in (2.19)
is symmetric.

Proof. Let Q, € H'(R?) be the solution of
/ Vv VepQdx' + (b— a(xo))/ Vevds' -y=0 VYoe HY(RY).
R4 w

Then using the symmetry assumption and testing the equation for @, with @,
results in

TRy = —(b— a(zo))y - / V. Q,da’

- / aVayQp - Vo Qyda’
Rd
— (b~ aw)) [ VuQuds’p
= y" Rp, ’
which proves the symmetry of R. O

Lemma 2.14. Suppose b — a(xg) is symmetric. Then p™ Rp > 0 forall p, and
pT Rp = 0 if and only if (b — a(zo))p = 0.

Proof. Take p € R?. Since b — a(xg) is symmetric, it follows
—(b—a(zg))p - / Vv =—(b—a(zg)) / Vevdz' -p= /]Rd aVyv -V Qpda!
for all v € H'(R?), which implies

p' Rp = —(b— a(xo))p - / Ve Qpda'

w

= / dvm’Qp : Vw’Qp da’ > aHVﬂU'QPH%Q(Rd') >0
Rd

13



since a(z’) € M for almost all '

Clearly, p’ Rp = 0 if (b — a(zo))p = 0. Let us assume p? Rp = 0. This
implies V,Q, = 0 and (b—a(xo)) [ Vyvda'-p =0 forallv € H'(RY). Setting
v(z") = pT(b — a(xg))x’ proves (b — a(xg))p = 0, and definiteness of R is
established as claimed. O

For anisotropic variants of the polarization matrix introduced in (2.17), we
refer to [3, Section 4.12] and [12].

3 Perturbations on balls and ellipses

Here, we will work in the isotropic case, that is, a(xg) and b are assumed to be
positive multiples of the identity matrix. In this case, we get explicit expressions
for the variation dJ(a;b, xg,w). With a little abuse of notation, we will assume

GJ((E()), be Ra a(x())v b> a.

Polarization matrices for the anisotropic case and d = 2,3 were computed in
[12].

3.1 Balls

Here, we will set

w:= B(0,1).
Interestingly, in this case the solutions of (2.13) and (2.15) can be computed
explicitly.

Lemma 3.1. Let w := B(0,1). Let g € R? be given, a(xo),b € R. Then the
solution G € H'(R?) of the equation

/ de/G~V$/vdx'+g-/Vw/vda:’zo Yo € HY(RY).
Rd

w

is given by
1 -1

max(1,|#’[4) b+ a(ze)(d—1)
Proof. Note that AG(z") = 0 for all 2’ with |2'| # 1. Define

G') =g -2

1

N
Gole) =90 (L)

Let v € C2°(R?). Then

/ Zlvm/Go . VI/U d[L'/ = (L(.’Eo)vx/Go . Vx/v dl'/ + / sz/GO . Vz/'l} dx’
R4

w

a(zg)VyGo - (—2')vda’ + / bV Go - Vv da'

we w

/
/,

= /ch a(zo)(g —d(g-2")a") - (—a')vda’ +/ bg - x'vda’
/,

ow

(b+ a(zo)(d —1))g - z'vda’

14



and
g~/Vx,vdx'z/fo(g-x')-Vw/Udm’zo—&—/ g-7'vdz.
w w Ow

And G satisfies the integral equation when tested with test functions from
C>®(R%). Let us argue that G € H*(R%). For d > 1, we have VG| ~ |z|~¢ for
|z] > 1. For d = 1, it holds VG(x) = 0 for |z| > 1. Tt follows VG € L?(RY). By
density, G satisfies the equation for all test functions. O

Theorem 3.2. Let a(xg),b € M be multiples of the identity matriz. Then for
almost all xg € ), we have
a(xo)d
b+ a(xo)(d—1)
Proof. Due to Lemma 3.1 and (2.15), we have for 2/ € w
-1
b+ a(zo)(d - 1)’

0J(a;b,z9, B(0,1)) = =Vy(zo) - Vp(xo) (b — a(xo)).

Q(2") = (b — a(x0))Vp(xo) - 2" -

which implies

-1
b+ a(zo)(d - 1)’
Using this identity in the result of Theorem 2.12, we find

I 5 (7000) = T ) = (6~ ) Vi(ao) - Tian) - (1

a(xzo)d
b+ a(zo)(d—1)

/ VarQr dz = (b— a(w0)) Vp(wo) ] -

~ b—a(xo) )
b+a(xg)(d—1)

= —Vy(zo) - V(o) (b= a(wo)).

O

This result coincides with those of [4, Theorem 6.1], [8, Theorem 3.1], which
were derived under much stronger assumptions.

3.2 Ellipses
Now let H € R%2 be symmetric, positive definite with det H = 1. Then
w={reR?: THx <1} (3.1)

is an ellipse with |w| = |B(1)]. We will now study perturbations on elliptic sets
(instead of on balls). We restrict to the 2d case, where explicit formulas for
the polarization matrix are available from [7, 12]. Such explicit formulas are
available for d = 3 as well [12], but are much more technical to analyze.

Here, we have the following result for axis-aligned ellipses. It was derived
in [7] using an explicitly constructed solution to the equation (2.15) in terms of
elliptic coordinates.

Lemma 3.3. Let H = diag(A\, \~1) € R%2 with A > 0 be given, and define w as
in (3.1). Let a(xo),b € M be multiples of the identity matriz. Then for almost
all xg € 2, we have

A+1 0
dJ(a;b, zg,w) = —(b — a(xo))a(xo)Vp(xo) - a(wo)A+b A+l Vy(xo).
0 a(zo)+bA

15



Proof. From Theorem 2.12, we get
8J(a;b, g, w) = —(b— a(xg))Vy(zo) - <Vp(x0) - / V@ dx’) ,

where @ solves (2.15). Using the polarization matrix M, cf., (2.17), we can

write . (20)
a(z
0J(a;b, xp,w) = —m(b - a(xo))TOVy(xo) - MVp(xp).
The matrix M was computed in [7]. Using [7, eq. (A.4)] with k := b, v := a(x),
a:= A2 b:=\"Y2 |w| =1, we find

k(a+b) 0 b(A+1) 0
a+kK a(xg)A\+b
M_|w|<78 ’ H(a+b)>_ < (00)+ b(A+1) >v

yb+kra a(xo)+b

and the claim follows. O

Note that in the case of H = I and A = A~! = 1 this reduces to the result
of Theorem 3.2.

Corollary 3.4. Let H = RT diag(\, A"} R € R*2 with A > 0, and RTR = I,
and define w as in (3.1). Let a(xg),b € M be multiples of the identity matriz.
Then for almost all ¢ € 2, we have

0J(a;b,zp,w) =
A+1

a(@o) N b 0
— (b= a(wo))a(xo) Vp(wo) - R (a“‘g“b At ) RVy(wo).
a(zo)+bA

for almost all x.

Proof. Define w’ := {z : 2T diag(\,A\")z < 1}, which implies w = RTw’. If
M, and M, are the polarization matrices associated to w and w’, then it holds
M, = RT"M_ R by [3, Lemma 4.5]. Using the matrix M from the proof of
Lemma 3.3, the claim follows. O

We will now compute the range of
w = 0J(a; b, xg,w),

where w varies over elliptic shapes as considered in the above results. Similar
considerations are done in [5] with a different approach and different notation.

Lemma 3.5. Lety,p € R? be given. Let D = diag(\1, \2) be a diagonal matriz.
For R € R%2 define
F(R) := p" RTDRy.

Then the range of F is given by

)\1 +>\2 )\1 _>\2
T P12l g

F(0(2)) = F(S0(2)) = —5—y p+[-1,+1]

where O(2) = {R € R?>?: RTR =L}, SO(2) = {R € O(2) : det(R) = 1}.
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Proof. Wlog we can assume ||y|l2 = ||p|l2 = 1. Let R € O(2) with det(R) = —1
be given, and set S := diag(1, —1). Then SR € SO(2) and F(R) = F(SR) since
SDS = D. Now, define Ry to be the rotation matrix that rotates p onto the

first unit vector eq, i.e.,
Ry = P11 P2 .
—DP2 N

Set 7 := Roy. Then it is enough to compute the range of F(R) := F(RRy).
Given v € R? with ||v]|2 = 1, we parametrize R as follows

0 1
Rw)=[ " ) =vlh+w] J:= .
—V2 U1 -1 0

F(R(v)) = el (v115 + vo )T D(v1 Iy 4 v2J)§

. e - T
([ Mo 22 g, =:v" Mv
=o' [, R v.
52200 Al

Then we get

Hence, the range of v — F(R(v)) is equal to the interval determined by the
eigenvalues of the matrix M. A short calulation shows that the eigenvalues of
M are given by
A1+ Ao i A1 — Ag]

2 /! 2

Since §; = yTp, the claim follows. O

tl,g =

Lemma 3.6. Let y,p € R? and a,b > 0 be given. For R € R%2 and A\ > 0
define

0 A+1

A+l
G(R,\) :=p'RT (‘”‘"‘b 0 ) Ry.
a-+b\

Then
1/1 1 1/1 1
R N et _ T _ O N
AG(0(2), R >—2(a+b)y p+[1,+1] 2(a b) lyllallpll-

Proof. Wlog we can assume ||y||2 = ||p|]|]2 = 1. In addition, we can assume b > a.
In case b < a, we can consider the function G(R, A\~1), which is equal to G(R, \)
but with the roles of a, b exchanged. Define

A+ 1 A1
M = e AN = ey

Note that Ag(\) = A;(A71). Since b > a it follows that A; is monotonically
increasing, and A, is monotonically decreasing. This implies that [A;(A)—A2(N)]
is maximal at A = 0 and A — oo, with maximum % — %.

In addition, we find

(A+1)2

M)+ 2200 = (a4 b) e

17



with derivative

SO0 + 2 N) = (0 +0) (0 —)?

A -1
(@ +b)2(a + A

Hence, the minimum and maximum of A;(\) + A2(\) are attained at A = 1 and
A = 0, respectively, which means
4
A(1) + X2(1) = —— < A1 (A) + A2(N) <
1) +A2(1) = 7 S () +22(N) <

= A1(0) + X2(0).  (3.2)

S| =

SHE

+

By Lemma 3.5, we have

M)+ 2 7 T = e M) = X

GOE), N = 2 - ;

(3.3)
Let us only consider the case y“p > 0, the case y"p < 0 can be proven by
a simple change of sign. Then using that the supremum of both addends is
attained at A = 0, see (3.2), we get

AN +22(N) o [A(A) = (V)]

supsup(G(0(2), 1) = sup LA EAA) | A~
A>0 A>0
_ (0 —; )‘2(0))yTp I 1A1(0) ; A2(0)]

11y 11
“o\a )Y P\ )

To compute the infimum, we observe that the lower bound in (3.3) is invariant
under the transform A — A~!. Hence, it is sufficient to consider A > 1. Here,
we find

;\I;% inf(G(0(2), 1)) = /{gf; inf(G(0O(2),\))
inf A (N 42r AN 7 A (V) g A2(N)

= inf (Al(/\) (W'p—1)+A(N) (y"p+ 1))
—
<0 >0

= 2 lm (LT~ 1)+ MNP+ 1)

(1 o 111
72abyp2ab

due to the monotonicity properties of A\; and Ay. And the claim is proven. [

|

Using these results, we obtain the following statement about the range of
the topol derivative, if the shape of the perturbation w varies over all possible
ellipses. The infimum in the next result will be useful for necessary optimality
conditions.

Theorem 3.7. Let a(xo),b € M be multiples of the identity matriz. Let us
define

H = {H € R*? positive definite with det H = 1}
w(H):={z: 2THz <1}.

18



Then for almost all xo € Q, the closure of the range of dJ with respect to
variations of ellipses w is given by
cl{dJ(a;b,zo,w(H)) : H € H}
= — (b—a(z0))Vy(zo) - Vp(xo)

—alx 2
4 S OZ O () 1) Fy(ao) o[ Vpa)le + Vulao) - To(zo)

In particular,
inf{dJ(a;b, zo,w(H)): H € H}
= — (b —a(x0)) Vy(xo) - Vp(xo)

—alx 2
%w (Vy(0) - Vp(z0) — [Vy(0) |2/ VP(x0) ) -

Proof. First, we apply Corollary 3.4 to matrices H € H with rational eigenvalues
and eigenvectors. Such matrices are dense in H. Then for almost all x¢ € Q it
holds

cl{6J(a;b, zo,w(H)) : H € H} = —(b— a(z0))a(zo) cl G(O(2), RT, x),

where G is defined by

A+1

S 0

G(R, N\, z0) := Vp(zo)TRT (a(xoé)‘+b At ) RVy(zo).
a(xzo)+b

Due to Lemma 3.6, we get

clG(0(2), Rt zg) =

N =

(55 + ) Vo) - Vol

a(wo)

Ll 5 (o - 1) - IV el Op(ao) e

The claim follows now from elementary computations. O

4 Control in the coefficients

In this section, we will apply the results on the dJ to derive the Pontryagin
maximum principle for the following optimization problem: Minimize

1
Ta) = 5l = vallscoy + [ gfat@))da. (41)
subject to a € A, and y € Hg(2) solves
/ aVy-Vudr = / fodzr Vv e HH(Q).
Q Q

This is a classical problem, and lead to the study of H-convergence, [14]. Solu-
tions do not exist in general. The data of the problem is assumed to satisfy the
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basic Assumption 1. In addition, g : R?? — RU{+o0} is lower semi-continuous,
which implies that g(a) is measurable for all a € A.

We will formulate necessary optimality conditions in terms of the Pontryagin
maximum principle. Using the results from the previous sections, we find that
the maximum principle holds in the following form.

Theorem 4.1. Let a be a local solution of (4.1) with respect to the L*(Q2)-norm.
Let y and p be the corresponding solution of the state equation (2.3) and (2.8).
Let w C R? be open and bounded with 0 € w. Then for almost all o € Q and
allb € M (see (2.2)) it holds

(b~ ax0)) V(o) - (wxo) AL dx') T g(b) — gla(x0)) > 0.

where Q € H'(RY) is the solution of (2.15).

Proof. Fix b € M and z¢ € Q. Define a, as in (2.4) and y, as in (2.5). Then
a, = a in L*(Q) for  \, 0. Hence, J(y,,a,) — J(y,a) > 0 for all r > 0 small
enough. Using Theorem 2.12 and Theorem 2.2, we get

1
< lim ——(J(y,, a,) —
0 S TI{‘T(I) ’I"d|w| (J(yma'r) J(yva‘))

1
= (b= aleo)Vutan) - (Voteo) + 1 [ V2Q') +0) - glaln)
where the limit exists for almost all o € Q. Let G be a countable and dense
subset of gphg = {(b,g(b)) : b € M}. Then using the above arguments, the
claim follows for all (b, g(b)) € G. By continuity, the claim holds for all b €
M. O

4.1 The scalar case

Now let us investigate the case when a is a multiple of the identity. That is, we
will prove necessary optimality condition for the problem

min J (y, a) subject to a(z) € M Nspan(ly) f.a.a. . (4.2)

With little abuse of notation, we will consider now a : € — R and b € R.
Using the explicit expression from Theorem 3.2, we get the following form of
the maximum principle:

Theorem 4.2. Let a be a local solution of (4.2) with respect to the L*(Q2)-norm.
Let y and p be the corresponding solutions of the state equation (2.3) and adjoint
equation (2.8). Then for almost all o € Q and all b > o (see (2.2)) it holds

(b a(w0))Vy(ao) - Vp(ao) ——70)4 S 0(0) ~ glaleo) 20, (43

b+ a(xg)(d—1

Proof. The proof is similar to that of Theorem 4.1 and uses Theorem 3.2 for
the expression of §.J. O
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4.2 The scalar case, d =2

In the two-dimensional case, we have the following expression for the maximum
principle associated with (4.2).

Theorem 4.3. Let a be a local solution of (4.2) with respect to the L*(Q2)-norm.
Let y and p be the corresponding solutions of the state equation (2.3) and adjoint
equation (2.8). Then for almost all o € Q and all b > o (see (2.2)) it holds

— (b= a(x0))Vy(zo) - Vp(zo) + g(b) — g(a(wo))

~alza))2
M (Vy(zo) - Vp(zo) — ||Vy(zo)|l2||Vo(z0)|2) = 0. (4.4)

Proof. Follows from Theorem 3.7. O

Let us remark that the conclusion of Theorem 4.3 is stronger than that of
Theorem 4.2.

Corollary 4.4. Let a be feasible for (4.2). Let y and p be the corresponding
solutions of the state equation (2.3) and adjoint equation (2.8). Suppose that
for almost all xg € Q and all b > « (see (2.2)) the inequality (4.4) is satisfied.
Then (4.3) is true for almost all xg € Q and all b > «a.

Proof. Clearly, (4.4) implies
—(b—a(z0))Vy(zo) - Vp(zo) + 9(b) — g(a(xo)) = 0.

Since the coeffiecients of Vy(zg) - Vp(x) in this inequality and in (4.3) satisfy

a(xo)d - (b— alx —(b—a(x))
(0= ale) (ot~ 1) = 0 ala) g a O >
the inequality (4.3) follows as claimed. O

4.3 Relation to Fréchet derivative

The mapping a — y is Fréchet differentiable from L>°(2) to H}(Q). If a is a
local minimum of (4.2) and g is continuously differentiable, then a satisfies the
necessary optimality condition

(=Vy(xo) - Vp(xo) + ¢'(a))(b—a) >0 Vb> a. (4.5)

Naturally, the results of Theorem 4.2 and Theorem 4.3 are stronger: replacing
b by a(xg) 4+ t(b — a(zp)) in those inequalities, dividing by ¢, and passing to the
limit ¢ \, 0 yields (4.5).

4.4 Example with linear ¢

Let us consider the following example, which is motivated by material optimiza-
tion problems, [5]. We consider the feasible set given by

M:={aly: ac o, b},
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where 0 < « < 3 are real numbers. In addition, we chose

g(a) :=1{-a,

where £ € R, which could be used to model the cost of materials. In this simpli-
fied situation, we can analyze the optimality conditions (4.4) and (4.5). Here,
we have the following characterization of solutions of the variational inequal-
ity (4.4). This should be compared to the characterization of solutions of the
condition (4.5). which is given by

€ > Vy(zo) - Vp(zo) = a(zo) =a = £—Vy(zo) - Vp(zo)
U < Vy(zo) - Vp(zo) = alzo) =5 = €= Vy(zo) - Vp(xo)

)

0
0.

IN IV

Corollary 4.5. Let a be feasible for (4.2). Let y and p be the corresponding
solutions of the state equation (2.3) and adjoint equation (2.8).

Suppose that for almost all xg € Q and all b > « (see (2.2)) the inequality
(4.4) is satisfied. Then for almost all xqy the following implications hold:

£ =Vy(zo) - Vp(xo) = [Vy(o)ll2l|Vp(zo)ll2 = Vy(zo) - Vp(20)
t> Vy(zo) - Vp(zo) = a(zo) =«
¢ < Vy(zo) - Vp(xo) = a(xo) = p.

In addition, if a(xg) = « then
t—Vy(zo) - Vp(zo)

S 1f—a
>5 3

If a(xg) = B then

(IVy(zo)ll2lIVp(zo)ll2 = Vy(wo) - Vp(20)) = 0.

£ —Vy(xo) - Vp(xo)
cla=p
-2

(IVy(zo)ll2lIVp(zo)ll2 = Vy(ao) - Vp(a0)) < 0.
Proof. Let us define for abbreviation

s(zo) := Vy(zo) - Vp(zo), n(zo) := [[Vy(xo)|l2l|Vp(zo)l2,
which implies |s| < n. Then (4.4) is equivalent to

1(b—a(xg))?

—(b = a(zo))s(zo) + £(b — a(zo)) + 5 (s(z0) —n(z0)) 20

b
and
1(b—a(zg))?
(b —a(zg))( — s(xp)) > 5%@@0) —s(xg)) VbE[a,p]. (4.6)
Now let us assume that (4.4) is true, and hence the inequality is satisfied for
almost all zg. In case, £ — s(zg) = 0 it follows n(zg) = s(zp).
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If £ —s(xo) # 0 it follows a(xg) € {«, B} as the left-hand side of (4.6) changes

sign at b = a(zg), while the right-hand side is non-negative. Suppose a(zg) = a.
Then (4.6) implies

£~ s(an) 2 575 (o) — s(ao).
If a(zg) = B we get the reverse inequality
0 — s(ao) < %O‘ - B (n(ao) - s(0)).

5

We

Conclusion and outlook

developed the Pontryagin maximum principle for control in the coefficients

using quite elementary methods. It would be interesting to consider more com-
plicated settings using general cost functionals semilinar or quasilinear equa-
tions. Also the case b = 0 could be considered following [6]. Another interesting
question is, whether the Ekeland variational principle could be used to prove
existence of e-solutions of the Pontryagin maximum principle. The maximum
principle in the 2d case was written in terms of a variational inequality (4.4) of
a new type, whose solution theory is completely open.
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