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Abstract

We investigate optimal control problems governed by the elliptic partial
differential equation —Awu = f subject to Dirichlet boundary conditions on a
given domain ). The control variable in this setting is the right-hand side f,
and the objective is to minimize a cost functional that depends simultaneously
on the control f and on the associated state function wu.

We establish the existence of optimal controls and analyze their qualitative
properties by deriving necessary conditions for optimality. In particular, when
pointwise constraints of the form o < f < 8 are imposed a priori on the
control, we examine situations where a bang-bang phenomenon arises, that
is where the optimal control f assumes only the extremal values « and (.
More precisely, the control takes the form f = alg + Blg\ g, thereby placing
the problem within the framework of shape optimization. Under suitable
assumptions, we further establish certain regularity properties for the optimal
sets F.

Finally, in the last part of the paper, we present numerical simulations
that illustrate our theoretical findings through a selection of representative
examples.
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1 Introduction

In this paper, we study an optimal control problem for a partial differential equation
governed by the Laplace operator in a given bounded domain € of R?, with homoge-
neous Dirichlet boundary conditions on 0f). The control variable is the right-hand
side f, which is required to lie within a suitably chosen admissible class F. The
associated state equation reads

{—Au =f inQ (1.1)

u € HLQ).

and we denote by uy the unique weak solution corresponding to a given control f.
The cost functional to be minimized is of the form

Jﬁﬁiéﬂﬁwjmﬂ (1.2)

where j is a prescribed integrand satisfying appropriate conditions. The optimal
control problem can thus be formulated as

min {J(f) : f€F}.

We focus on the case where the admissible class J is defined via an integral constraint

of the type
F= f)d
{/Qw( ) :10<m}7

for some given m > 0 and a convex lower semicontinuous function ¢ : R — [0, oc]
satisfying the following hypotheses:

int(D(y)) # 0 with D(¢) = {s € R: ¢(s) < oo}
lim (s) = +oo.

|s]—+o0

Under these assumptions, the optimization problem we deal with takes the form

win{ [ it pyde s [ oigde<ml, (13)

A particularly interesting case arises when the control f is constrained to lie
between two prescribed constants o and (. This constraint can be expressed by
taking

P(s) = 400 if s ¢ [o, B].

Under this setting, and for suitable choices of the integrand j in the cost func-
tional, a bang-bang phenomenon may occur, meaning that the optimal control f
attains only the extreme values o and 5. More precisely, the optimal control takes
the form

f=pFlpg+alag

for some measurable subset £ C €). In this regime, the problem naturally transforms
into a shape optimization problem, where the control variable is the set F itself. We
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devote particular attention to this case, discussing several related aspects, including
the regularity properties of the optimal sources f and the structural features of the
associated optimal sets F.

Finally, in Section 6, we present a series of numerical simulations that illustrate
the theoretical phenomena described and provide concrete examples of the optimal
configurations.

2 Notation

In this section, for the convenience of the reader, we introduce and summarize the
main notation that will be consistently used throughout the paper.

e We denote by © a bounded domain in R

e Let Y : R — (—o00,00] be a convex lower semicontinuous function. We intro-
duce the following related notions:

— The domain of 1, denoted by D(v), is defined by
D) ={seR: 9(s) < oo}.
— The conjugate function ¢* : R — (—o00, o] is given by

GH(E) = sup (ts — 1(s))

s€D(¥)

— The subdifferential of ¢ at a point s € D(1)), denoted by 9(s), is defined

du(s) = {€ € R, (r) 2 v(s)+E(r—s), ¥r € R} = [d(s),dyo(s)]
where
) = () g 00 = ()
d-9(s) _11}2 r—s d-(s) _}‘\s r—s

denote, respectively, the left and right derivatives of ¢ at s.
— The recession limits of 1, denoted by ¢ (¢) and ¢*(¢)), are defined by

¢ (¢)= lim $ls) ct(y) = lim ¢(8)

S§——00 S s—+00 S

e For a bounded open set 2 C R?, we denote by M(Q) the space of bounded
Borel measures on 2.

e Given f € M(Q2), we denote by f* and f* the absolutely continuous and
singular parts of f in its Radon-Nikodym decomposition:

f=fodet £

The positive and negative parts of a measure f are denoted by f_ and f,
respectively. The support of a measure f is denoted by supp(f).
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e For s,t € R, we denote by t As and ¢Vt the minimum and maximum of s and
t, respectively.

e For any m > 0, we define the truncation function 7,,, : R — [—m, m| at height
m, by
Twn(s)=(mAs)V(—m), VseR.

3 Existence of an optimal source

In this section, we establish the existence of an optimal source term f under suitable
mild assumptions. We begin by considering the case where the function 1 is convex
and exhibits superlinear growth at infinity, that is

¥(s)

|s|—=+o0 ‘S|

= +00. (3.1)

Theorem 3.1. Suppose that the functional (1.2) is lower semicontinuous with re-
spect to the weak L*(Q2) topology, and that the integrand j(x, s, z) satisfies the growth
condition

—c|s]P —a(x) < j(x,s,2), with ¢ >0, a € LY(Q), p<d/(d—2). (3.2)

If, in addition, the function v satisfies the superlinear growth condition (3.1), then
the optimization problem (1.3) admits at least one solution fo, € L'(£2).

Proof. Assuming that v grows superlinearly, any minimizing sequence (f,) for the
optimization problem (1.3) is relatively compact in the weak topology of L!().
Thus, up to a subsequence, we may suppose that f, — f weakly in L'(Q) for some
feLY(9).

Moreover, due to the compact embedding of L'(2) into W=14(2) for every q <
d/(d — 1), the corresponding solutions u,, to the PDEs (1.1) converge strongly in
Wy 9(Q), and hence strongly in LP(Q) for all p < d/(d — 2), to the solution u
associated with the limit f.

Finally, by the lower semicontinuity of the mappings

feJ(f), and  fe /Q (f) da.

with respect to the weak L'(Q) topology, it follows that f indeed minimizes the
original functional. Consequently, f is an optimal solution. O]

Remark 3.2. A sufficient condition ensuring the weak L*(£2) lower semicontinuity of
the functional J defined in (1.2) is that the integrand j(z, -, -) is lower semicontinuous
in its arguments for almost every x, and that j(z, s, -) is convex for almost every z
and every s. For further details, we refer the reader to [5].

Remark 3.3. If we strengthen the growth assumption on ¢ by requiring that there
exists ¢ > 1 such that

cls|?—a < (s) for some ¢ > 0, a € R, (3.3)
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then the growth condition (3.2) on the integrand j can be accordingly relaxed and
allows for broader classes of nonlinearities and source terms, adapting to the growth
properties of 1. Specifically, we may assume:

—c|s|P —a(x) < j(z,s,2), withec>0, a€ LY(Q), p<

q .
f 2
y if g <d/

p : d .
—cell” —a(x) < j(x,s,2), withe>0, ae LYQ), p< 1 if g=4d/2
—an(z) < j(z,s,2) for |s| <n, witha, € L'(Q), VneN if ¢ > d/2.

We now turn our attention to the case when the function ¢ exhibits a linear
growth, that is,

cls| —a < (s) for some constants ¢ > 0, a € R. (3.4)

In this setting, the optimal source term may no longer belong to L'(Q), but may
instead be represented by a finite Radon measure. Accordingly, the integral fQ »(f)
must be interpreted in the sense of measures, namely:

[ o= [ otr@)desew [ -cw [ (3.5)

It is a classical result that functionals of the form (3.5) are lower semicontinuous
with respect to the weak® convergence of measures.

Theorem 3.4. Suppose that the functional (1.2) is weakly™ lower semicontinuous
in the space A (Y) of finite Radon measures, and that the integrand j satisfies the
growth condition

—cls|’ —a(x) < j(z, s, 2), for some ¢ >0, a € L'(Q), p<d/(d-—2).

If, in addition, the function 1 satisfies the linear growth condition (3.4), then the
optimization problem (1.3) admits at least one optimal solution f,,, which is a
measure with finite total variation.

Proof. The proof proceeds along similar lines as that of Theorem 3.1. Let (f,) be
a minimizing sequence for the optimization problem (1.3). Since (f,) is bounded in
the space of finite Radon measures, by the Banach-Alaoglu theorem, we can extract
a subsequence (still denoted by (f,,)) which converges to some measure f in the
weak™ topology of .Z (£2).

The corresponding sequence of solutions (u,,) to the PDEs (1.1) then converges
strongly in W,"?(Q) for every ¢ < d/(d — 1), and therefore also strongly in L?(Q) for
every p < d/(d — 2), to the solution u associated with the limit measure f.

Finally, the weak* lower semicontinuity of both terms involved in the optimiza-
tion problem (1.3),

fesJ(f), end feéwm,

ensures that f is indeed an optimal solution to (1.3). O
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Remark 3.5. A sufficient condition for the lower semicontinuity of the functional
J in (1.2) with respect to the weak* convergence of measures is the following (see
for example [4]). Suppose the integrand j(x, s, z) admits the decomposition in the
form

j(x,s,2z) = A(x,s) + Bz, 2),
where the functions A and B satisfy the following properties:

- for almost every x € Q) the function A(z,-) is lower semicontinuous;

there exist constants ¢ > 0, p < d/(d — 2) and a function a € L'(Q) such that

Az, s) = —cls|” + a(x);

for almost every « € € the function B(z, -) is convex and lower semicontinuous;

the associated recession function

B
B>(x,z) = tlifrn —(m,tz)
—+00

is lower semicontinuous with respect to both variables (z, z);

there exist functions ay € Cy(Q2) and a; € L*(€2) such that

B(z,z) > ag(x)z + a1 (z).

The assumptions on the function A allow to obtain the lower semicontinuity thanks
to the Fatou’s lemma, while the assumptions on the function B allow to obtain the
lower semicontinuity thanks to the results on functionals defined on measures. For
all the details we refer to [4], where more general cases, including the ones where
the functional J is not convex, are considered.

4 Necessary conditions of optimality

In this section, we derive some necessary conditions of optimality that any solution
fopt must satisfy. These conditions are presented in Theorem 4.1 below. To this
end, it is convenient to introduce the resolvent operator &, which associates to
every function f the unique solution u of the partial differential equation (1.1). It
is well known that & is a self-adjoint operator.

Theorem 4.1. Suppose that the function j appearing in the formulation of the
optimal control problem (1.3) satisfies the growth condition

l7(z, s, 2)| < a(zx)+ cls|?, with ¢ >0, a € LY(Q), p<d/(d—2).

In addition, we assume that one of the following conditions holds.



o (Case of superlinear growth): If ¢ satisfies the superlinear growth condition
(3.1), then for almost every x € Q and every (s, z) € R?, the partial derivatives
Osj(x,s,2z) and 0,j(x, s, z) exist and fulfill

{Wﬂ( ns<>+vmr+um 1)
|05, 5, 2)| <y
where v > 0, b € LY(Q) with g > d/2, 0 < 2/(d—2), and T < 2/d.

e (Case of linear growth): If 1 exhibits a linear growth, meaning ¢t () —c~(¢) >
0, then j = j(x,s,z) depends only on (x,s) and not on z. In this case, for
almost every x € Q and every s € R, the partial derivative Osj(x, s) exists and
satisfies

|0 (2, 5)] < b(x) + s, (4.2)

where again v > 0, b € LY(Q) with ¢ > d/2, 0 < 2/(d —2).

Then, if fou is an optimal solution to the problem (1.3), there exists a non-negative

scalar A > 0 such that
A (/ w<f0pt>dx - m) = 07 (43)
Q

w = %(a&](l‘, %(fopt)v fopt)) + azj(x’ ‘@<f0pt)v fopt)7 (4'4)

the following alternative holds:

and, setting

e IfA=0, then

(w >0 ae inQif sup (D)) = +o0
w <0 ae inQif inf (D(¥)) = —o0

o =min (D(¥)) a.e. in {w >0} (4.5)
for =max (D(¢)) a.e. in {w <0}
Lsupp(f3,,) € {w = 0}.

e If A\ >0, then

( w

w( opt) + ¢ ( ) = )\Opt a.e. in )
At (@) <w < )\c’(w) a.e. in € (4.6)

supp(fope,+) C {w +Act (1)) = 0}
(supp(fipr, ) € {w+ Ac™ (1)) = 0}

Moreover, if the function j(x,.,.) is convex for almost every x € ), then the condi-
tions stated above are not only necessary for optimality but also sufficient.



Proof. Since the function ¢ is convex, for any f € M({2) satisfying the constraint
Jo (f)dz < m, the mapping

ce0,1] / G0 B fopt - &(f — Fort))s font +(f — Fopr))

attains its minimum at € = 0. Thanks to the regularity assumptions (4.1) or (4.2),
combined with the fact that Z(f,,:) € L"(2) for every r € [1,d/(d — 2)|, we can
differentiate under the integral sign with respect to € at € = 0, leading to

Of{é(&J@¢@um%ﬁmﬂaf—ﬂm)+@j@¢%ﬁm%ﬁmﬂf_ﬁm»dx
— /Q (%’(&j (2, % (fopt), fopt)) + O-J (a:,,%’(fopt),fopt)>(f _ fOpt)) d
— [ ulf = fo)

where, recalling (4.4), we have set

w= %(aﬂ('x7 %(fopt>’ fopt)) + az](xv ‘%(fopt)a fopt>‘

Thus, we deduce that f,, solves the following convex minimization problem:

nM{Awa:AMﬁgm} (4.7)

Applying the Kuhn-Tucker theorem, we infer the existence of a Lagrange multiplier
A > 0 satisfying the complementary condition (4.3), such that f,, is a solution to

min /wfdx+)\/w(f)dx : fEM(Q)} ifA>0

Q 0 (4.8)
min /wfdx c feM(Q), f* e D) ae. in Q} if A =0.

Q

In particular, this shows that, almost everywhere in 2, the absolutely continuous
part fg,(r) solves the following pointwise minimization problem:

néiﬂg {w(z)s + M(s)} ifA>0

min w(z)s it A=0,
seD(Y)

thereby establishing the first four conditions in (4.5) and the first condition in (4.6).

Let us now assume that ¢*(¢0) > 0 (hence w € C°(Q)). Suppose by contradiction
that there exists # € Q such that w(x) + Ac*(¥)) < 0. Then, considering the test
measure f = nd, with n > 0, and letting n — oo, we observe that the value of the
minimization problem (4.8) would tend to —oo, contradicting the existence of an
optimal solution f,,;. Consequently, we must have w(z) + Act (1) > 0 for all z € Q.

Furthermore, noting that for any nonnegative singular measure f* it holds

0< / (w+ At () df:.
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we deduce that the support of the positive part of the singular component satisfies

supp(fopt,+) C {w + A (¢) = O}-

A similar argument, considering the case ¢~ (¢)) < 0, yields that

w4+ Ac™ (1) <0 in Q,
Supp(f) © {w -+ A (1) = 0},

Finally, when j(z, -, ) is convex for almost every = € €, the original optimization
problem (1.3) is itself convex. In this case, f,,+ solves (1.3) if and only if it solves the
equivalent convex minimization problem (4.7), and thus if and only if the necessary
optimality conditions stated in Theorem 4.1 are satisfied. O]

Remark 4.2. The first condition in (4.6) can equivalently be reformulated in either
of the following forms:

—w € AOY(fy,) a.e. in or o €0Vt (— %) a.e. in Q. (4.9)

The second formulation provides a characterization of the optimal control f7, di-
rectly in terms of the adjoint variable w.

In the present work, our primary interest is focused on the case where the optimal
control fg5, exhibits a bang-bang structure. According to the second condition in
(4.9), such a behavior arises if there exists a point s € int(D(¢*)) where the convex
conjugate ¥* fails to be differentiable. More precisely, under this assumption, we
have

O (s) = [d-¢"(s),d¢*(s)],  —oo <d_¢*(s) < dyy™(s) < oo, (4.10)

which leads to the following characterization:

{ o) > dp*(s) if w(z) < —As

@ (2) < d_y(s) if w(z) > —As. (4.11)

It is important to note that if the set {x € Q : w(z) = —As} has a positive Lebesgue
measure, then condition (4.11) does not necessarily imply that Jopt 18 discontinuous
on this set.

Assuming furthermore that the function j(x,s, z) is independent of z, and re-
calling that the function w = 2(9.j(x, Z(f.))) belongs to W29(Q), it follows that

loc
Aw = 0 almost everywhere in {w = s}, for every s € R. Consequently, we obtain:

{0:j (2, Z(fo)) =0} =0 = [{w =5} =0, VseR (4.12)

A particularly simple sufficient condition to ensure (4.12) is that the map s — j(z, s)
be either strictly increasing or strictly decreasing for each x € €.

On the other hand, it is useful to recall that condition (4.10) is equivalent to the
relation

Bty =st— 0t (s) Vit e [dg(s), (o)),

meaning that 1) must be affine on an interval of positive length. Therefore, a neces-
sary condition on the function v for the appearance of bang-bang optimal controls is
the existence of a bounded interval with nonempty interior on which v is affine, that
is, the function ¥ must fail to be strictly convex over some nontrivial subinterval.
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Remark 4.3. By an argument similar to the one of Remark 3.3, the growth condi-
tions imposed on the function j and its derivatives in Theorem 4.1 can be relaxed
when the function 1 satisfies the condition (3.3). Specifically, when ¢ > d/2, it
suffices to require that, for every n > 0,

l7(x, 8, 2)] + 10sj(x, 8, 2)| < an(x) + 2|7 for |s| < n,
where a,, € L'(Q2) and ¢, > 0 are given, and similarly,
10.5(x, 5, 2)| < bu(x) + 2]t for |s| < n,
with b, € L9/~ (Q) and v, > 0.

We are now ready to illustrate the application of Theorem 4.1 through several
important examples of the function 1.

Example 4.4. Let us now consider the case where ¥(s) = |s|. In this setting,
problem (1.3), under the assumption that j(z, s, z) is independent of z and satisfies
the growth conditions (4.2), can be rewritten as:

min{/gj(x,%’(f))dx S gm}. (4.13)

In order to apply Theorem 4.1 together with the characterization provided in Remark
4.2, we first observe the properties of the convex conjugate ¥*, namely:

o) = {0 if t € [—1,1] B (1) =

400 otherwise,

[—00,0] ift=—1

0 ift e (—1,1)

[0,00] ift=1.

If A =0 in the framework of Theorem 4.1, then, according to condition (4.5) and
the fact that D(¢) = R, the optimality system simply reduces to

w=R(0sj(x, Z(fopt)) =0 almost everywhere in €,
which is equivalent to the condition:
O0sj(x, Z(fopt)) =0 a.e. in Q.

Let us assume now that we are not in this degenerate case, so that A > 0. In this
case, Theorem 4.1 combined with the optimality conditions (4.9) yield the following
set of properties:
'—Agng a.e. in ),

Supp(fopt) C {|’LU| - )‘}7

fopt > 0in {w = —A},

fopt < 01in {w = A},

L f llae) = m.

In particular, let us consider the situation where the function s — j(x,s) is non-
decreasing for almost every x € Q. In this case, we have 0yj(z,-) > 0, which, by
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the maximum principle applied to w, implies that w > 0 almost everywhere in €.
Therefore, w satisfies 0 < w < X a.e. in §2, and the support of the optimal control
is contained in the set {w = A}, with fo,; < 0.

For instance, if €2 is a ball centered at the origin and j(z,s) = s, the solution
simplifies further, and the optimal control is given explicitly by:

fopt = _m50'

where Jy denotes the Dirac mass at the origin.
An entirely similar analysis can be carried out when j(z,-) is non-increasing,
leading to the symmetric case.

Example 4.5. In connection with problem (4.13), let us now consider the variational
problem

min{/gj(x,%(f))dx >0, /Qfdxgm}. (4.14)

In this context, the function ¢ is given by

¢(S):{S ifs>0

+oo if s <0,

Wt):{o if¢<1

oo ift > 1,

with

e 0 itt<1
% (t)_{[O,oo] if t = 1.

Let fopt be an optimal solution to problem (4.14). Then, by applying the optimality
conditions (4.5) and (4.6), we infer the existence of a Lagrange multiplier A > 0

such that
M [ ) = m) =0

w > —\a.e in
supp(fopt) C {w = —A}.

This result admits a more refined characterization under additional assumptions.
Suppose that for almost every = € 2, the function s — j(z, s) is strictly concave. In
that case, the optimal source f,,; must be an extremal point of the admissible set

{fZO : /Qfdmgm}.

Consequently, the optimal solution must be a singular measure supported at a point,
that is, a multiple of a Dirac delta. Assume furthermore that for almost every = € €,
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the function j(z,-) attains its maximum at s = 0. Since f,,; > 0, it follows that
K (fopt) > 0, and hence,

O0sj(x, Z(fopt)) < 0sj(x,0) <0 a.e. in €,

implying that the adjoint state w = Z(0sj(x, Z(fopt))) < 0 almost everywhere in €.
The case where w = 0 a.e. leads to a contradiction, as it would imply Z(fo,) = 0
a.e., which would in turn correspond to the maximum, not the minimum, of the
functional in (4.14). Thus, we conclude that the Lagrange multiplier A must be
strictly positive, and we obtain the refined optimality condition:

“A<w<0 ae. in €, fopt =My, with w(zg) = —A. (4.15)

As a concrete example, consider the maximization problem

max{/QL@(f)]pdx L f>0, /Qfdycgm}. (4.16)

It is readily seen that if p > d/(d — 2), the functional is unbounded above and the
supremum is infinite, hence no optimal solution exists. However, when p < d/(d—2),
the problem admits a solution f,,;, and it satisfies the structure described in (4.15).

Example 4.6. Let us consider the following optimization problem:

min{/j(x,%(f),f)dx [ rar<m, aéféﬁ}, (4.17)
Q Q
subject to the bounds

a|Q] <m < 5|9, (4.18)

where o and ( are real constants. Without loss of generality, and to simplify the
exposition, we assume a > 0; the treatment of other cases (e.g., when a < 0) follows
in a similar way. The admissible set is naturally associated with the function

w(s):{s if s € [a, ]

400 otherwise,

whose convex conjugate is given by

o =1 ift<i
¢(t)_{(t—1)ﬁ ift>1,

with
Q ift<1
o0t (t) =< o, B ift=1
6] ift > 1.

By Theorem 4.1, any optimal solution f,,; of problem (4.17) must satisfy the point-

wise condition
b oifw< =\
ot = 4.19
Jont {a if w>—M\, ( )
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where w is the adjoint state defined via (4.4), and A > 0 is a Lagrange multiplier
associated with the volume constraint, satisfying the complementary condition

A (/Qfdx —m) — 0. (4.20)

Since the adjoint variable w is known to vanish on the boundary 92 due to the
properties of Z, the structure of the optimal solution f,, is particularly simple
when the following conditions occur:

A >0, {w < =A} >0, [{w=-\}=0.

Under these hypotheses, the optimal control f,, is of bang-bang type; that is, it
takes only the extremal values a and  almost everywhere in €.

Let us now examine how the qualitative nature of f,,; depends on the structure
of the integrand j. Assume that the function j(z,s, z) is independent of z and is
either non-decreasing or non-increasing in the variable s. In the first case, where j
is non-decreasing in s, the adjoint state is non-negative:

w = A (0:j(x, Z(fopt))) = 0.

Then, from (4.19), it follows that f,,; = a almost everywhere in €.

In contrast, if j is non-increasing in s, then w < 0 a.e. in €. Suppose that the
measure of the set {w < —A} is zero. Then, again from (4.19), we have fo,x = «
a.e., and so

/ fopt dz = || <m,
Q

which implies, by (4.20), that A = 0. Consequently, the adjoint state w must vanish
identically, and Osj(z, Z(«)) = 0 as well. This is only possible if for a.e. x € Q
the function j(z,-) is constant in the interval [%Z(«), 0] or in the interval [0, Z(«)]
(depending on the sign of «).

If this constancy condition is not satisfied, then necessarily A > 0, and the volume
constraint fQ fdx < m is saturated. In this situation, the function f,, takes both
values a and 3, as described by (4.19). In particular, this occurs whenever j(z,-)
is strictly decreasing, in which case the condition [{w = —A}| = 0 is also satisfied,
and f,, is indeed a bang-bang control.

Example 4.7. Another interesting example corresponds to

min{/‘%(f)—uofdx : /fdxgm, Oééfﬁﬁ},
Q Q

with ug € L*(Q) prescribed and m satisfying (4.18). This case has been studied,
with &« = 0 and 8 = 1, in [12]. Since this functional is strictly convex, the solution
is unique and (4.19), (4.20) are necessary and sufficient conditions for f,,;, where
Nnow w = 2%(95(f0pt) — uo).

Since fou € [, 8], we have Z(fop) € [Z (), Z(P)]. If up < Z () a.e in 2, the
maximum principle gives Z(Z(a) — up) > 0 in Q and then f,,; = « satisfies (4.19)
with A = 0. Analogously, if uy > Z(5) a.e. in Q, then f,,; = 5.
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Assume up € [R(a), R(B)] a.e. in Q and ug # R(a), ug # R(B). If for = a ace.
in €2, the strong maximum principle gives w > 0 in ) while

/fd:p:oz|Q|<m
Q

implies A = 0. By (4.19) we conclude that f,,; = 3, in contradiction with f,,; = a.
Similarly, if fo,x = 5 a.e. in Q, we get w > 0 a.e. in §2 in contradiction with (4.19).
Taking into account (4.19) we then deduce that [{w = A}| = 0 implies that f, is
a bang-bang control.

Another case in which f,, is of bang-bang type, again deduced from the necessary
conditions of optimality (4.19), is when —Aug > 3 a.e. in Q and ug > 0 on 0f2.

Example 4.8. Let us now consider an example where 9 is strictly convex. By
Remark 4.2 the optimal controls are not of bang-bang type. We take

min{/ﬁj(w,%(f),f)dx ; /QdexSm}, m > 0.

Now,
_ t

W= =T W=y

Therefore, if f is an optimal solution and w is given by (4.4) we have the existence
of A > 0 such that

w=0 a.e. in (2 or fopt =

In the second case f,, is a continuous function by the summability assumptions on
j and their derivatives.

Example 4.9. Consider the compliance case

mm{/f%(f)dm : /fd:pZm,ang/B}, (4.21)
Q Q

and assume 0 < a < . To have a nontrivial problem we also assume || < m <
B|Q2|. Using an integration by parts we have

/Q () dz = 2 (f)

where E(f) is the energy

E(f):min{/ﬂ<%|Vu\2—fu> dr : uEH&(Q)},

and thus the optimization problem can be reformulated as

max{c‘l(f) : /Qfdxzm,agfgﬁ}.

14



Similarly to example (4.6) we have

7,0(3):{_8 if s € o, f]

400 otherwise,

Wt):{(tﬂ)a i< -1 o <l

oY (t) =1 [a, B8] ift=-1
t+1 ift > —1
(t+DF ift= -1, B ift> -1,
and that m in Theorem 4.1 must be chosen as —m.
Since j(z,s,z) = sz, we have that for a solution f,,; of (4.21), the function w
defined by (4.4) is given by w = 2% fopt), where fop € [, §] implies Z( fope) strictly
positive in 2. Thus, Theorem 4.1 proves the existence of A > 0 such that

6 if%(fopt) < /\ o
fopt - { o if,@(fopt) N )\’ /QfOptdS =m.

Moreover, as we saw in Remark 4.2 the set {Z(fopt) = A} has null measure. We are
then in the bang-bang situation fo,: = alg + Blo\g for E = {Z(fope) > A}

5 Regularity of optimal sources

We have seen in Section 4 that if the function % in (1.3) is not strictly convex,
then the optimal solutions are of bang-bang type, where the interfaces are given by
{w = s}, with w defined by (4.4) and s € R (indeed, if this set has positive measure,
then the optimal control could be continuous). The question we consider in the
present section is to get some regularity results for bang-bang optimal solutions.
Since they are discontinuous, we can ask whether they are BV functions, that is,
whether the set {w = s} has a finite perimeter.

5.1 BV regularity

As a model problem, we can consider the compliance case of Example 4.9:

wmin { [1apde - [ raezm. g [a,ﬁ]}, (5.1)
Q Q
with 0 < o < f and a|Q] < m < B|2]. We have seen that the optimal solution f,,;
is of bang-bang type, that is
fopt = alE + Blﬂ\E Wlth E = {‘@(fopt) < 5}7

for some positive constant s that has to be chosen such that the integral constraint
Jo f dz > m is saturated. The function u = %(f,u) thus solves te PDE

—Au = 51{u<5} + Otl{u>8} in Q
u=20 on 0f2.

Theorem 5.1. The optimal solution fo. of the minimization problem (5.1) is in
BV (Q), hence the optimal set E above has a finite perimeter

Proof. 1t is enough to apply Theorem 3.5 of [6]. O
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5.2 A weaker regularity

Similarly to the above example, Theorem 4.1 and Remark 4.2 with j(x, s, z) inde-
pendent of z prove that for bang-bang optimal controls, the interfaces are of the
form {u = s} with u the solution of the PDE

—Au=f in)
u=20 on 051,

where we set f = 0,j (x,%( fopt)). Some results about the regularity of the level
sets of the solution of the above problem are simple to obtain. On the one hand,
if f € LYQ), with ¢ > d then w is in C'(Q2). Thus, the implicit function theorem
proves that for every s € R the set

{u=s}N{Vu #0}
is a C'' manifold. On the other hand, for u just in BV (£2) the coarea formula ([10],

Chapter 5) gives
[ avul = [ 19110 e ds
Q R

Thus, except for s in a subset of R of null Lebesgue measure we have
Liuss) € BV(Q). (5.2)

The question is now if, adding some assumptions on f, property (5.2) holds for
every s € R. Since the difficulties appear in the set {Vu = 0}, let us assume that
f is positive in 2 (by linearity, if f is negative the argument is similar) in such way
that this set has null Lebesgue measure.

The result below is slightly weaker than (5.2). We will only prove that for any

q > 1, we have
1

log™ (5 Ve) Luuss) € BV(Q).
0g [Vl € ) Hu>s} (€2)
Observe that the factor log™ (1/|Vu| V €) vanishes on the “bad set” {Vu = 0} but
it goes to zero very slowly with respect to Vu.

In the following, for a connected bounded open set Q C R?, d > 2, we deal with
Z(f) solution of

{—Au:f in Q (53)

u=20 on 0f).
We start with the following estimates for the solution of (5.3)

Theorem 5.2. Assume Q0 of class CYY; then for every f € BV(Q), there exists
C' > 0, which only depends on € such that uw= Z(f) satisfies

1 Vu® Vuy |2
(- T .4
/Q |Vu|’ u( [Vul? > z < C| fllBve), (5.4)
| D?uVul? C
dr < ——||fllsv, Vg>1. (5.5)
/{Vu|<1/e} |Vul|3log? (ﬁ) qg—1 (@)
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Moreover, if f satisfies

da >0 such that f >« in Q. (5.6)
then, for every ¢ > 1 and every € > 0, we have
1 q° Hy-1(09)
dr < (——— + — 5.7
o G = O v + = o0
1 Vu q°
S s o v + B 00), 69
{s<u<s+e} 1Og (|v | \% 6) ( )

where Hy_1 denotes the (d — 1)-Hausdorff measure in RY .

Proof. 1t is enough to prove the result for 2 of class C* a >0, f € 0?(Q), and
then u € C**(). The general case follows by an approximation argument, recalling
that for every f € BV(Q), there exists f,, € C*°(2) such that

Ju = [ i LYVQ), IV fallo@e = [V fallwe
and that the Calderon-Zygmund theorem implies that w,, satisfies
U, — u in WAYED(Q),

In the following we define ¢ : (0,00) — R by

0 ifs=0
= 1
W=y _L1 e
log (5 Ve)

Let us prove (5.4), (5.5). We use that the derivatives of u satisfy (see [7])
Vu = —|Vulv on 0f)
—~D?>uv-v=f+h-Vu ondQ,

where v = —Vu/|Vul is the unitary outside normal to 2, and h is a function in

L>*(99)?, depending only on €. For § > 0 small enough, we take

oiu —1
— 2 (IV 5)?
v 50UVl +9)

as test function in the equation for 0;u. Summing with respect to the index ¢ and
integrating by parts, we get

: %c(wm +o)" e | yvqﬁfézufa)zg('w' +6)"do
2 2
+(q—1) /{ s |V1|ﬁ|$z|u+| ¢ (17l +0)"ds -
ST
/] %C(IWI +0)"da.
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The two first terms in the left-hand side can be written as
¢(|Vul +96)* ‘DQ ( VU@VU)‘Q S| D*uVul? p
|Vul +(5 |Vu|? [Vul?(|[Vul + §)?

where the integrand is non-negative. Thus, we can use the monotone convergence
theorem to pass to the limit as § — 0 in (5.9) to get

q 1 2 D2 2
(v ’DQ (1— vu®vu” dr + (g — 1)/ [P uVul ¢(|Vul) dx
{|Vul<1/e}

V| [Vul? [Vul®
B “— Vf-Vu
- /m(f+h-vu)<(|VU|) i (@) + [ et

Using ¢ < 1 and that v € W2¥@=1(Q) implies Vu € L'(0Q)¢ we deduce (5.5).
Inequality (5.4) follows letting ¢ — 1 in the above equality.

Let us now prove (5.7), (5.8). We multiply (5.3) by
¢!(|Vul +9)
|Vul+46
with 6 > 0 and then we integrate in {u < t}, for ¢ > 0, such that {u = ¢} is a C!

manifold (this holds for ever ¢ outside a subset of (0, c0) with null measure). We get

D?>uVu - Vu
CU(|Vu| + 6)( — 1+ qC(|Vu| + 0)1guiss<1y ) ) d
/{u<t} |Vu|(|Vu| +5)2 ( {Iv |+5<e}>>

|Vu|CI(|Vu| +0)
dH,
+[99 Vul 40 a-1(2)

|Vu|C!(|Vul + 6) / CU(|Vul +9)
_ dH, 1 (x) + pU ) g
/{u 1 [Vu| + 6 a-1(7) u<ty  |1Vul+4

Using (5.6) in the last term and Young’s inequality in the first one, this gives

[Vu[¢?(|Vul +6) a/ ¢1(|Vul +9)
dH,_ — - d
Juow s 5 [ S

C(|Vu))? .

1 | D*uVul|? )
< — A= 7Vl g . 1
2o /{u<t} (IVu] + 5)3C (IVul + 5)( L+ q¢([Vul + 5)1{|Vu|+5<;}) dr

|Vu|Ci(|Vul| +6)
dH,;_ .
+/8Q Vul 40 a-1(7)

Thanks to (5.5) we deduce that this inequality holds for every ¢ > 0. Moreover, it
allows us to pass to the limit when 6 — 0 using the Lebesgue’s dominated con-
vergence theorem in right-hand side and the monotone convergence theorem in the
left-hand side. Thus, we get

q a ¢(Vul)
/{uzt}<<|w|>dﬂd_1<x>+2 /{} T

1 | D*uVu)? )
< — 1D uVul” B
=~ 2a /{u<t} Vul? ¢ (|Vu|)< 1 +q((|Vu|)1{|W‘<%}> dx

+ [ C(IVul) dHyo (2),
[2}9]
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and then, by (5.5) and 0 < ¢ < 1, that there exists C' > 0 satisfying

9(\Vul) dH, @ Md
/{u:t}C (|Vul)dHg—1(x) + 5 /{Kt} Tl T -
Cq? '
< oo Mlleve + Haa(09)

Estimate (5.7) just follows from this inequality taking ¢ tending to infinity.
To get estimate (5.7) we recall the coarea formula for Lipschitz functions ([10],
Chapter 5) which establishes

/g|Vu| dx = // gdHy (z)dt, Vge L'YQ). (5.11)
R R J{u=t}
Using (5.11) with g = ¢9(|Vu|)L{scucstey We get (5.8) from (5.10). O

Corollary 5.3. For Q € CY! and f € BV(Q), satisfying (5.6), the function u =
Z(f) is such that
1

- log? (WLu' V e)

P

belongs to WH1(Q), for every ¢ > 0, and there exits C > 0 depending only on Q
such that

q+1
V2l < C(F =1 v + Haa(99). (5.12)
Proof. Taking into account
| D*uVul
V2] = T 1 Lul<i/ey

‘VUP Iqu (W V 6)

| D*uVu| 1 .
= 3 s 1 a+1 {IVu|<1/e}s
|Vul2 log 2 (ﬁ Ve) |Vulz log 2 (\V_lul Ve)

Using the Cauchy-Schwarz inequality the result follows from (5.5) and (5.7) with ¢
replaced by ¢ — 1. O

Our main result about the regularity of the function 1y, is given by

Theorem 5.4. Assume Q of class CH' and let f € BV(Q) satisfying (5.6). Then
the function uw = Z(f) satisfies for every s > 0 and every q > 1
1
——— 1t € BV(Q). 5.13
logq(wﬁl\/e){>} () ( )

Moreover 1

1
log? (W \% e)
and there exits C' > 0 only depending on €2 such that

Viussy € M(Q), (5.14)

2

1 q
—————— Vs C——— 4+ Hy 1(09). 5.15
Hlogq (IVlul V e) tu>s} M(Q)¢ alg—1) HfHBV(Q) d-1(092) ( )
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Proof. We fix s > 0 and ¢ > 1, then, for ¢ > 0, we define

T.(u—s)*t
Ve 1= (u—s)

~ elog? (|v_1u\ \/e)'

By the Lebesgue dominated convergence theorem, we have

1

Ve = ————5——L{ussy i LP(Q), Vp € [1,00).
log? (lv—1u|\/e)
Moreover,
Vu 1 T.(u—s)" 1
vsz_lsusa + ( ), 5.16
B Sy e Sy VA

where the right-hand side is bounded in L'(2)" by (5.8) and (5.12). This proves

(5'1Ai>s.sertion (5.14) also comes from (5.16), which gives
o)
%1{3<|u<s+s}m = V. — Ta(u(E s) (logq (Wiu v e)>
ha V(ml{u>s}> - 1{u>s}v<m)
_ mw{m} in M(Q),

taking into account that the left-hand side is bounded in L'(Q) by (5.8). Inequality
(5.15) is also a consequence of the estimate of the left-hand side by (5.8). O

Remark 5.5. As we said at the beginning of subsection 5.2, assumption (5.6) implies
that the set {VZ(f) = 0} has null measure. A further result is given by (5.7) which
proves that (|Vu|logq(1/|Vu|))_1 is integrable for ¢ > 1 and Vu close to zero.
Observe that this result does not extend to ¢ = 1. For example, taking f = 1 and
Q the annulus B(0,2) \ B(0,1) we have

1 3 x
= - —_— | — if d=2
2( |x|+210g2|x|>|x| :

3(d — 2)20-2 ) z

1
(- Tt
( o+ e et ) 4>

Vu =

Thus, using that Vu vanishes on {|z| = r} for some r € (1,2), we easily get

1
dr < — q¢>1.
/Q |Vul logq(ﬁ Ve) e 1

Estimate (5.7) allows us to prove that for every f € W'(Q), p > d, which
satisfies (5.6), the Hausdorff dimension of the set {VZ(f) = 0} is at most d — 1.
However, we are not able to prove Hy1({Vu = 0}) < oo as in the example in
Remark 5.5. In order to give a more accurate result, we introduce the following
refinement of the usual H;_;-measure.
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Definition 5.6. For ¢ > 0 and A C R?, we define

' n 7’?71 n
Hﬁ—l,q(m:mf{z:m‘ ACUB(:}:Z-,T,-), r<dp, 0<d<l,
i=1 T =1

and
Hd717q(A) = (151~I>T(1] Hgfl,q(A) = sup Hc(lsfl,q(A)'
6>0

Remark 5.7. Clearly, H;_1 , is an outer measure. It agrees with the usual (d —1)-
Hausdorff measure for ¢ = 0 and satisfies

Hy 14,(A) =0 forsome q>0= H(A)=0,Vs>d—1,

with H, the s-Hausdorff measure. Thus, every set A with H;_; ;(A) = 0 for some
q > 0 has Hausdorff dimension at most d — 1.

Theorem 5.8. Assume Q € CY! and f € W'P(Q), with p > d such that (5.6) is
satisfied. Then, for every q > 1 the solution u of (5.3) satisfies

Hy1,({Vu=0})=0. (5.17)

Proof. We take A := {Vu = 0}. By (5.7) and |A| = 0, for every ¢ > 0 there exists
an open set U C Q with A C U and

dr < €.

1
/U |Vu|log? (\V_lul Ve)

Let § € (0,1) be. Using that A is compact, we can find z; € A and 0 < r; < §,
1 <4 < m, such that

AcC UB(%,W), B(z;,r) CU, 1 <i<m. (5.18)
i=1
By the Vitali’s covering theorem we can now extract n balls B(z;;,7;,), 1 <j < n,

which are disjoint and satisfy

n

Uﬁ(xi, ri) € | Bz, 5ri)). (5.19)

j=1

On the other hand, since f € W'(Q), p > d implies that Vu is Lipschitz and
Vu(z;;) = 0, there exists L > 0 such that

\Vu(z)| < Lz — 2], VeeQ, 1<j<n.

Then, for a certain constant ¢ > 0, we have

1 i Td_2
/ 71 dr > c / ——dr,
B(Qgij ’Tij) |VU| log (W V 6) 0
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where an integration by parts gives

Ti; Td_2 fl 1 1 Tij d—2
/ q Ch’ - z + / +1 dr?
o log?(1/r) (d—1)log"(1/ry;) d—1Jy log?™'(1/r)

and then, assuming ¢ small enough and recalling that r;; <4, we get

d—1

T d—2
o log?(1/r) 2(d —1)log (1/7"ij)

Using that

c ! dr < e,
;/0 log 1/r /|Vu|log Ve)

we deduce

" (b )t 54712(d — 1)
HS (A) < . g,
— ]Zl log?(1/(57;.)) c
which by the arbitrariness of € proves (5.17). O

5.3 The case () convex

When the domain 2 is convex, in some cases we can obtain a better regularity for
the optimal right-hand side f,,. Let us return to the compliance case

mm{/fgz /fdg;>m 0<f<1}

with 0 < m < ||, and assume € convex. We have seen in Example 4.9 that the
optimal right-hand side f,,; is of bang-bang type: f, = 1g with E = {w < s} for
a suitable s such that |E| = m, where w is the solution of the PDE

Aw =1 in
{ = Husy (5.20)

w =0 on 0f).

Lemma 5.9. The set E = {w < s} above is convex.

Proof. Tt is enough to apply Theorem 1.2 of [3]. In fact this theorem applies to
solutions v of

—Av =¢(v) inQ
v=20 on 0f)

with ¢ Holder continuous such that
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(i) V@ is concave,
(ii) ®/¢ is convex on |0, M],
where ® is the primitive of ¢ with ®(0) = 0, and
M =inf{t >0 : ¢(t)=0}.
By approximating our function ¢ = 1 4 by

oult) = {1 —(t/s)" ift<s

0 ift>s

we see that ¢,, satisfies conditions (i) and (ii), hence the level sets of the functions
v, solutions of the PDE

—Av = ¢,(v) in
v=20 on 0f)

are convex. Passing to the limit as n — oo, we have that the level sets of the solution
v are convex to0o. [

Proposition 5.10. The set E is of class C*.

Proof. By Lemma 5.9 the set F is convex; assume by contradiction that it has a
corner. The solution w of (5.20) satisfies the PDE

—Aw=1inQ\E
w=0o0n0d, w=sondkE,

in addition, by (5.20) we have that w is W?%? regular near the corner for every
p, which is impossible by the well-known theory of elliptic PDEs in domains with
re-entrant corners. O

6 Numerical simulations

In this section we show some numerical examples, in the two-dimensional case, for
problem (1.3). We consider three cases:

- Problem (4.16) relative to the maximization of the L? norm of Z(f) when f
is non-negative and has a bounded mass;

- The minimization problem (4.17) in Example 4.6 in the case of a linear cost
j(x,s) = g(z) s for some suitable function g;

- The minimization problem (4.17) in Example 4.6 in the quadratic case j(z, s) =
|s — up(z)]? for some suitable function wug.

We apply a gradient descent method derived from an appropriate use of the
optimality conditions given by Theorem 4.1. We refer to [1, 2, 8] for other algorithms
related to similar problems. The algorithm is as follows.
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e Initialization: choose an admisible function fo € L'(Q).
e For n > 0, iterate until stop condition as follows.

— Compute w,, as in (4.4) for fo = fa.
— Compute fn descent direction associated as:

x Example 4.5
fa(z) = md,,
with x,, the point where the minimum of w, is attained.

x Example 4.6
¢ B if wy(x) < =\,
fn(x) = { ( )

« in other case,
where )\, is the Lagrange multiplier associated to the volume con-
straint.
— For ¢, € [0,1) small enough, update the function f,:

fn+1 = fn + 6n(fn - fn)

un_lnfll

e Stop if T

< tol, for tol > 0 small, with
b= [ GG @D + 6 do nz0
Q

The computation has been carried out using the free software FreeFem++ v4.5
([11], available in http://www.freefem.org). The picture of figures are made in
Paraview 5.10.1 (available at https://www.kitware.com/open-source/# paraview),
which is free too, except Figure 3 which is made with MATLAB. We use P1-Lagrange
finite element approximations for the control function f, the state Z(f) and costate
w. For all simulations of the Example 4.6 where the parameters a and [ appear,
we consider the normalized values a = 0 and 5 = 1.

Example 6.1. We consider the maximization problem

max{/|,%’(f)|pd$ . f>0, /fdxgm}
Q 0

in dimension two, with p = 4 and volume constraint m = 10. The domain 2 is a
ball with a non-centered hole and a sharp mesh with 87806 triangles, see Figure 1.
According to the analysis of optimality condition made in Example 4.5, the optimal
right-hand side f,,; = md,, is a Dirac mass where the point x, is explicitly computed
by (—0.429729,0.212863), see Figure 3. In Figure 2 we can observe the decreasing
cost evolution for the minimization algorithm.
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THE MESH

Figure 1: First numerical simulation: the mesh.

REALCOST

Figure 2: First numerical simulation: cost evolution.

Example 6.2. We solve numerically the problem (4.17) for € the unit ball of R?
and the linear cost given by j(x,s,2) = g(x)s with g(x,y) = 2% — y?>. We take
m = 1.25 corresponding to use, approximately, a maximum of 40% of 5. We can
observe the computed optimal right-hand side f,,; in Figure 4.

Example 6.3. In this last example we solve numerically also, the problem (4.17)
for Q the unit ball of R? and m = 1.25 as in the previous case, but we consider
j(x,s,2) = |s —upl* taking a constant function ug = 0.1. As we can expect fo; is
a bang-bang control, see Figure 5.
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Figure 3: First numerical simulation: the optimal right-hand side f,,; = mdy,.
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Figure 4: Second numerical simulation: the optimal right-hand side fop;.
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