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ASYMPTOTICS OF AN OPTIMAL COMPLIANCE-LOCATION PROBLEM

GIUSEPPE BUTTAZZO!, FILIPPO SANTAMBROGIO? AND NICOLAS VARCHON®

Abstract. We consider the problem of placing a Dirichlet region made by m small balls of given
radius in a given domain subject to a force f in order to minimize the compliance of the configuration.
Then we let n tend to infinity and look for the I'—limit of suitably scaled functionals, in order to get
informations on the asymptotical distribution of the centres of the balls. This problem is both linked
to optimal location and shape optimization problems.
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1. INTRODUCTION

The study of asymptotical problems in the optimal location of an increasing amount of resources has been
developed intensively, even in recent times, mainly by using an approach based on I'—convergence. In [4] the
so-called location problem (choosing a set ¥ composed by n points in a domain € in order to minimize the
average distance of the points of € from ¥) is investigated as n — +o00, finding a I'—limit of a suitable sequence
of functionals on the space of probability measures on Q. In [15] the same analysis is performed for the so-called
irrigation problem, where points are replaced by connected dimensional sets of finite length, and the constraint
£2 < n by HY(X) < I. Both the problems are linked to the Monge-Kantorovich optimal transport theory.
However, these asymptotical problems are not completely understood since explicit minimizing sequences are
not in general known, apart some simple cases, usually in dimension two. For instance, for the location problem
it is known that placing the points on a regular triangular grid, so that each one is in the middle of a cell shaped
like a regular hexagon, gives an asymptotically minimizing sequence (see [12] or [14] for stronger results).

On the other hand, many researches have been carried out on shape-optimization problems involving PDEs,
i.e. optimizing the shape of a domain where to solve a PDE (usually of elliptic type with prescribed boundary
conditions), in order to minimize the value of an objective functional depending on the solution of the PDE.
There is a wide literature on shape optimization problems, both from a theoretical and numerical point of
view. We refer for instance to the books [1,2,5,13,16], where the reader can find various approaches and
a lot of examples and details. It is well known (see for instance [6,7]) that for general cost functionals the
existence of an optimal domain may fail and a relaxation procedure, involving the use of capacitary measures,
is needed. It is also known that for cost functionals fulfilling particular additional monotonicity assumptions,
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a simple volume constraint is sufficient to imply the existence of a minimizer (see for instance [8]). Moreover,
these problems have shown to have many industrial applications in engineering and mechanics (bridges, light
structures supporting loads...) and this is the reason for their widespread study and especially for numerical
computations. One of the simplest shape optimization problem, which is also one of the most important in
applications, is compliance minimization. It consists in finding a domain  (usually under a volume contraint)
which minimizes the compliance value fQ fugq dL? where ugq is the solution of the elliptic equation —Au = f
with Dirichlet boundary conditions on 9f). Such a problem satisfies the monotonicity assumptions needed to
have the existence of minimizers.

What we consider in this paper (see Sect. 2) is a compliance minimization problem where the unknown
domain where to solve the PDE with Dirichlet boundary conditions is the complement of a finite union of balls
whose number and radius are assigned. In fact, for given n € N and r,, > 0, we look at the problem of choosing
n balls (B(x;,7))i=1,...,» in order to minimize the compliance of Q \ U, B(z;,r,) (2 C R? and f € L*(Q)
are fixed). Obviously, the problem is meaningful only under a condition like r,, < en~ 14 otherwise the total
volume of the balls may be sufficient to cover all €2, thus obtaining a vanishing compliance.

The aim of the present paper is to look at the optimal location of those balls when n — +o0o0. Using small
balls is the most natural way to approximate a point-location problem, which would not make any sense since
points have zero capacity in dimension two or more, and so they do not affect the solution of elliptic equations.
In this paper we just consider the case r, = an~/%, for a fixed small parameter a, which corresponds to a
volume constraint. Moreover, in Section 5 we deal with the one dimensional case, getting it as a particular case
of the d—dimensional, but highlighting the case of points instead of balls as well (which corresponds to taking
a=0).

The domain Q has to be considered as an elastic membrane and f stands for the forces acting on it (for
instance the different loads it has to carry). Our goal is to reinforce or support the membrane at some points
(by mechanical devices, by some kind of glue. .. ), choosing where to locate the support points, so that it bends
as less as possible, minimizing the work of the forces, given by [ fudz. The important issue here is that we let
the number of support points increase, reducing correspondingly the effect at each point, and we look at the
asymptotic density of support points.

As it happens for the location problem, placing n balls with given radii in {2 reduces to a finite dimensional
variational problem as a consequence of the severe geometric constraints imposed to the admissible domains.
Our asymptotic analysis is based on some techniques developed in [4] and mainly in [15] and so this paper, even
if dealing with a shape optimization subject, stands apart from other shape optimization papers both for the
setting of the problem and for its development.

Since we solve elliptic PDEs in open domains which are obtained by removing small holes from a fixed one,
this subject is in connection with the problem of homogenization in perforated domain (see for instance [10]).
Yet, there are some important differences. First, we have an optimization problem on the holes instead of taking
them as given. Consequently, no periodic assumptions on the holes is supposed, even if periodic structures are
used many times in the proof of the I'—limit result. Finally, homogenization on perforated domains is interesting
when the size of the holes decreases quicker than n~'/¢ otherwise, under Dirichlet boundary conditions, the
solutions trivially tend to 0. This is the reason for introducing a scaling factor which enlarge the values of the
functionals and of the solutions when n increases.

An interesting question we do not consider in the present paper is how to deal with the case r, = a,n
with «, — 0, since this could be considered as a better approximation of the case of points. Moreover, there
are further reasons to study in the future this new case. First, the case a;,, — 0 is more linked with the theory
of perforated domains developed in [10], where the radius of the ball tends to zero faster than n~d. Then, this
case seems to require better mathematical techniques involving the behaviour of the Dirichlet energy when radii
tend to 0, since it is not simply possible to build a recovery sequence by homogenizing a given configuration
(since this would let the total volume of the balls unchanged, while here it has to tend to zero). Finally, the
result we get here (Th. 2.2) involves a function € we are not able to compute explicitly, while the case o, — 0
seems to require just its asymptotic expansion near 0.

~1/d
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2. LOCATING BALLS TO OPTIMIZE COMPLIANCE

For any open set  C R?, a > 0 and n € N we define:

=1

Ala,n)(Q) = {E cQ

EZQQUB(IE@T) for xiEQT,roml/d},

where Q, stands for the 7—neighbourhood of Q. Given 2 C R? and f € L?(f2), for any compact set © C Q with
positive measure let us define the function usx o as the solution in the weak sense of the problem

—Au=f nQ\X
u=20 in ¥ U 09,

which means precisely u € H}(Q\ ¥) and

/ Vu-VedL? = / fodL? for any ¢ € H (Q\ %). (2.1)
Q Q

Notice that f > 0 implies u¢ 5 o > 0, by the maximum principle. For f > 0, we define the compliance functional
over subsets of a given domain (2 as

F(E,f,Q)Z/fo,E,QdEdZ/ |Vussol®dct.
Q 0

Remark 1. The requirement f > 0 seems to be mostly a technical assumption to simplify the proofs (it allows
us to deduce some pointwise inequality by maximum principle on the solutions of Dirichlet problems): physically
speaking it means considering only forces which have the same direction on the whole Q (for instance usual
gravity).

What we want to do now is considering such a compliance functional on the set A(a,n)(Q2) (notice that
imposing ¥ € A(a,n)(Q) implies a volume constraint given by |¥| < wga? and a geometrical constraint,
i.e. compelling ¥ to be composed by an assigned number of identical balls). This is our n—th compliance
minimization problem. The following existence result holds and can be proven by standard methods, due to
the very severe geometry the elements of A(a, n)(2) are constrained.

Theorem 2.1. For any n € N, if Q is any bounded open subset of R and f > 0 belongs to L*(Q2), the problem
min {F(S, £,9) [T € Aa,n)(Q) } (2.2)

admits a solution.

Then we would like to let n tend to infinity and look at the asymptotics of the problem, mainly at the
distribution of the centres of the balls. Let us associate to every ¥ € A(a,n)(Q2) a probability measure on 2,
given by ux =n=1 Y " | Op(a:), Where p : R? — Q is a fixed projection of the whole space to €. The role of the
projection p is simply to handle the case where the centre of the ball B(x;,r) lies outside 2. Such a measure is
an atomic measure uniformly distributed on the centres (or on their projections). Then we define a functional
F, : P(Q) — [0, +o0] by

. B n2/dF(2, 1, Q) if W= s, X e _A(a,n)(ﬂ),
n(:u) - i
+00 otherwise.
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The coefficient n?/ is a factor which is needed in order to avoid the functionals to degenerate to the trivial limit

functional which vanishes everywhere. Anyway, such a coefficient does not affect the choice of the minimizers.
We will give a I'—convergence result for the sequence (F},),, when endowing the space P(f2) with the weak*

topology of probability measures. To introduce the limit functional F' we need to define the quantity:

6(a) := inf {hm inf n2/ F(S,, 1, 1% |3, € A, n)(I%) } , (2.3)

where I? = (0,1)¢ is the unit cube in R?. This quantity will play the role of the constant appearing both in
[15] (as 6,p) and in [4] (as Cq). However, its dependence on « will be essential and, unfortunately, in general
not explicit. It is easy to see that 6 is a decreasing function on R™, which vanishes after some point. In fact if
a > +/d/2, it is possible to use n balls of radius an~/¢ to build a set ¥ € A(a, n)(I%) covering the whole cube
I?, thus getting a vanishing solution uy x4 =0and F(X, f, I%) = 0. Let us call ¢; the first vanishing point, i.e.

We denote by #~ and 6% the lower and upper semicontinuous envelopes of 8, respectively. They are given by

0~ (o)
0" ()

sup{0(8) |8 > a}
inf {0(0) |18 < a}.

It is easy to check that the following formula holds:
6~ (a) = inf {lim infn2/4F(S,,1,1%) |, € Alan, n)(I%), ay — a} : (2.4)

We may now define the candidate limit functional F' by setting, for u € P(Q)
2o
P = [ 0™ (ant/?) dct, (2.5)
Q pg

where i, denotes the density of the absolutely continuous part of u with respect to the Lebesgue measure. It is
evident from (2.5) that the whole behaviour of the function 6 affects the minimization problem for F. It is more
convenient to introduce the function g, defined by g4 (z) = z =2/ dG(axl/ ), which is a decreasing function whose
semicontinuous envelops g& and g are obtained by g (z) = 2=2/?0% (ax'/?) and g (z) = 22/40~ (ax'/?). So
we have

Fu) = [ Fax () dc”

Here is a sketch of the behaviour of g, according to what already highlighted and to what proven in Section 4
on the function #. In particular g, is a convex function.
The result we will prove is the following:

Theorem 2.2. Given any bounded open set Q C R?, a non-negative function f € L?*(Q) and o > 0, the
sequence of functional (F)n previously defined T'—converges towards F with respect to the weak™ topology on

P(Q).

The consequences of such a I'—convergence result, by means of the general theory (see [11]), are the following:
e for any sequence (X,,), of optimal sets for the minimization problem (2.2) it holds, up to subsequences,
ps, — i where p is a minimizer of F
e should F' have a unique minimizer, we would get full convergence of the whole sequence ux, to the
unique minimizer y;
e the sequence of the values inf {F/(, f,Q) |~ € A(a,n)(Q) } is asymptotical to n=2/®inf { F(n) |u € P(Q) }.
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FIGURE 1. Qualitative behaviour of the function.

It turns out that it is very important to investigate about the minimizers of the limit functional F', which is
much related to the behaviour of g. From Section 4 we know that g, = g, and that g, is a convex and strictly
decreasing function (up to the point t; where 8 = 0). If we define ¢, = t1/, it holds g, (x) = 0 for any z > t,.
We will restrict our analysis to the case where « is sufficiently small, so that it is not possible to cover the whole
Q by n balls of radius an~/¢. We summarize in the following statement what we know on the minimizers of F.

Theorem 2.3. If « is such that o < |Q|t1, any minimizer p for F is an absolutely continuous probability
measure with density g which satisfies

1 Cc
HalT S 78904 <—) )
(@) € (~00) " (
for a suitable constant ¢ > 0. In particular it holds g < tq.

Proof. Being g, strictly decreasing up to t, it is straightforward that optimality implies absolute continuity:
otherwise, just remove the singular part from p and use the same mass on the absolutely continuous part, en-
larging its density and strictly decreasing the value of F'. Moreover, by using Lagrange multipliers or performing
simple variations to p, it is easy to get the existence of a constant ¢ > 0 such that

F2(@) (~9ga(pa(2))) 3 c, (2.6)

where Jg is the, possibly multivalued, subdifferential of g. Then we get

(@) € (~0ga) " (f—()) |

where, for a multifunction G, we use the notation G=1(t) = {2z € [0,+00] : t € G(2)}. We sketch a possible
behaviour of —dg, and (—dg,)~! in Figure 2. To get p, < t, (which is suggested by Fig. 2 as well) it is
sufficient to notice that otherwise in (2.6) one should have ¢ = 0. This would imply u, > ¢, a.e. and this is not
possible by the assumption on «, since p has to be a probability measure. (I

A consequence of p, < t,, is the fact that strict convexity of g, on (0,t,) is sufficient to ensure uniqueness of
the minimizers of F'. Section 4 will also provide some qualitative property of 6, in order to guess the behaviour
of gq.

3. THE '-CONVERGENCE RESULT

We will prove Theorem 2.2 in several steps, the most important two corresponding to the I' — liminf and
I' — lim sup inequalities.
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FIGURE 2. The subdifferential g/, of g, and its inverse

Proposition 3.1. Under the same hypotheses of Theorem 2.2, denoting by F'~ the functional I' — liminf,, F),,
it holds F~ () > F(u) for any pn € P(). This means that, for any sequence (X,)n such that us, weakly-*
converges to i and £, € A(a,n)(Q), it holds liminf, n*? [ fu,dL? > F(u), where u,, stands for us s, o

Proof. First of all, let us fix € > 0 and, in analogy to what performed in [15], define the set G, , as follows: let
us assume 2 C [—a, a]? for a € N, then we set

Gen = U B(y,r), r=an" Y4 k= L(En)l/dJ .
yek—1ZN[—a,a]?
Now we define ¥ = X, UG., and we set u;, = uyyss o. Since u, > uy, it is sufficient to estimate from
below the integrals n2/dffu%d£d. The utility of the new sequence (u/,), lies in the fact that (n?/%u.),, is
L?—bounded. In fact we have 0 < u, < Uf.G. 0 and, by Lemma 3.2, it holds

lus.c. ..elliz@) < Cla,e, fn=2/4.

This implies that (n?/%u,), is bounded in L? and so, up to a subsequence, we have n?/%u/ — w. Since in this
case we have lim inf,, n?/? J fup,dl?d > I fwdL?, it is sufficient to estimate w from below. To do this, we first
estimate the average of w on a cube @) centred at point z € Q. It holds

/wdﬁdzlimn2/d/ ul, dL?.
Q " Q

We use

Un 2 U5.Q = Up(@),3,Q T Uf— 1)@ 2 Uf@),,.Q ~ Ui-f@)],Q 1 Q)
where the first inequality comes from the fact that we add Dirichlet boundary conditions on @ and the last by
maximum principle. Notice that this is the key point in the proof where we strongly use f > 0 (in fact the
other pointwise inequalities could be replaced by global integral estimates valid for general f, but here this is
not possible, since we have to estimate integrals performed on @ instead of on Q).

We will estimate separately the two terms. Let us start from the easiest, i.e. the latter. It holds u|y_ ) 21 @ <
U|f— f(2),Ge.n,@- By applying Lemma 3.2 to the domain Q) we get

luis—p@)m.0llz2 @ < n Y 9C (o) f = f(@)llL2q)-
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Then we estimate, by Holder inequality,

IN

n* QI ||uy - @), 2.0l 2@

Cla, )QIIIf = f (@)l 2. (3.1)

We now evaluate the other term. First we define the number

k(n,Q) =4 ({z : B(zj,an=Yd)NQ # (Z)} U {j : B(yj,an=Y4)NQ # (Z)}) :

d d
n?/ /quf(m)m;w@dﬁ

IN

Now mnotice that uf(,) s @ = f(¥)u1ss . Let us denote, for simplicity, the functions u1 s, o by vs. By a
change of variables, if A is the side of the cube Q and we define v,, x(z) = A™2v,,(\z), it holds v, \ = Uy \-13 fd-

‘We notice that 1
A € A <§ <—’“(”T;Q)) ,kz<n,Q)> (1%).

Moreover, it holds k(n, Q) — 400, since

b, Q) = ¢ {ji+ Blys,an 7NN Q £ 0} = enlQl. (3.2)

We may also estimate the ratio between k(n,Q) and n, by wusing (3.2) and the fact that
ﬂ{z . Bz, an=1/4)NQ # (Z)} = n(Qs,), where 6, = an~'/¢ — 0 and Qs denotes the §—neighbourhood

of Q. From p,, — p we have limsup,, 1, (Qs,) < p(Q), so that

M9 @)+ elql (5:3)

lim sup
n

Now, by using the equality in (2.4), it is not difficult to derive that

lim inf k(n, Q)*? / vy, dL4 lim inf k(n, Q)%/4\4+2 / vy 2 ALY
n Q n I

X207 (S (@ +<lQ) ). (3.4)

v

So we get

2/d
lim inf Q/d/ az? = lim ( ——"" ) liminf & Q/d/ ac?
imint n Qvn im 5, 0) im in (n,Q) Qvn

2/
e

o (oM@ ) g (Y
- ( <|Q| “) )'Q'<u@>+e|c2|> |
QI /deﬁd > — C(,)|QI ™IS = (@)l |20

. ( (1©) )) (%)“.

Y

This implies, recalling also (3.1),
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Now we let ) shrink towards x, thus obtaining, using lower semicontinuity, for a.e. x € Q

w(z) > f@)0" (a(ua(e) +2)") (ﬁ)/

where we have used the fact that a.e. point z is a Lebesgue point for f € L? to get the first term vanish, and
that for any measure p and a.e. z € €2, it holds |Q| *u(Q) — pa(z) when the cube @ shrinks at its centre z.
So we get

lim inf n?/¢ / fupdl? > / fwdl?
n Q Q

and our original aim is achieved when we let ¢ — 0, i.e., still using that 6~ is Ls.c.,

v

2
Y d / - 1/d d
hmnmfn /Q fupdL® > /Q 7ua(m)2/d0 (a,ua(x) ) dce. |

Lemma 3.2. The following facts hold.
(1) For any 0 < g9 < 1 there ezists a constant C = C(eg) such that

ve H' (I, [{v="0}|>eo|l¢ = / v2dL? < 0/ |Vo2dLe.
Id Id

(2) If we replace I? by a cube Q whose side is \ the same is true with the constant \2C' instead of C.
(3) As a consequence, for any € > 0, any n € N, any domain Q and f € L*(Q) with f > 0, the function
us,G. .0 where G., is defined as in Theorem 3.1, satisfies ||uyc. . ollr2) < n=22C(a,)||f]|12(0)-
Proof. The first assertion comes from a well-known variant of Poincaré inequality and can be proven by con-
tradiction. The second one is just a scaling of the first. To prove the last, let us consider a family of cubes
Qj, each centred at a point y; € k7'Z% N [—a,a]?, whose side is k~!. Let us extend the function uy . o to
the set Q' = j Q;, where the union is over the cubes touching (2, by defining a function v which is identical
to usg. .0 on Q and 0 outside (we recall that we have Dirichlet boundary conditions on € so that such an
extension belongs to H'(€)')). Notice that v vanishes in a whole ball of radius an~'/¢ in each of these cubes,
so that the ratio between the volume of such a ball and the volume of the cube depends only on o and ¢ and
not on n. By applying the second part of the statement of this lemma, we get

J

/ v?dL? < C(a,e)n%/d/ |Vo|? dL?.
’ Q/

v?dL? < C’(a,e)n*Q/d/ |Vol?dce,

J J

and, by summing over j, we get

Since v vanishes outside (2 we may write
[ .orat! < Claon [ [Vusa, o dc!
Q Q

- / fus6..0dCh < Cla,e)n 2 lus . . oll 2|1 llzec)-
Q

The thesis easily follows by dividing by [|uyc. ., llL2)- O
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To get also the opposite inequality, i.e. the I' — lim sup inequality, we need this crucial lemma.

Lemma 3.3. Given 3o € A(ag,n0)(I4), a domain Q C R? and f € L*(Q), we consider the sequence of sets
= | (+k'S)n
ye k=174

It happens X € A(ag, n(k,Q))(Q), where n(k, Q) =~ |Q|k%ng. Then we consider the sequence (ug)x, given by
U — kQUszle.

If we assume OI¢ C X, then it holds uy — c(3o)f where the weak convergence is in the L* sense and c¢(%) is
a constant given by fld Uy 3,74 dce.

Proof. First, we notice that the sequence (uy)y is bounded in L?(€2). This may be proven in a way very similar
to that of Lemma 3.2, but here it is even simpler. In fact we may extend as before uj to the union of the cubes
of the kind y 4+ k~'I? which intersect , with y € k~'Z%, by giving it the value 0 outside Q. Then we apply
standard Poincaré inequality to each cube @, (uy vanishes on the boundary of Q, since 9I¢ C ¥y), and here
the Poincaré constant is k~2C, where C depends only on the dimension d. Then, by putting all the inequalities
together, restricting to Q2 and integrating by parts as in Lemma 3.2, we get ||ux||z20) < C||f||2(q). Let us
now consider an arbitrary weakly convergent subsequence (not relabeled) and its limit wyy, . It is easy to
see that the pointwise value of this limit function depends only on the local behaviour of f. In fact, the key
assumption 0I¢ C Yy produces small cubes around each point 2 € € which do not affect each other. So, if
[ =2, fila, is piecewise constant (the pieces A; being disjoint open sets, for instance), it happens that for
large k the value of ui at x € A; depends only on f;. It turns out that, for a piecewise constant function f,
it holds wy s, 0 = fwi,n,,0. It is indeed clear that in this case (f = 1), since we are simply homogenizing the
function w; ) ra, the limit of the whole sequence (uy)x exists, does not depend on the global geometry of €,
but it is a constant and it is the same constant as if there was I? instead of Q. Then the constant is easy to be
computed and is the constant ¢(Xg) appearing in the statement. It remains now just to show that the equality
wrs,.0 = fe(Xo) is true for any L? function f. The convergence of the whole sequence will then follow easily
by uniqueness of the limit of subsequences. To get the result for a generic f, just take a sequence (f,), of
piecewise constant functions approaching it in L? and notice that

Kupse o = kug, seo+ kK up_g, e o

The first term here weakly converges to f,c(3g) as k — +oo, while the second is bounded in the L? norm by
Cllf = fullr2()- This means that any weak limit of subsequences of (ug), must be close in the L? norm to

fnc(EO)a i.e.
l[wsse.0 — fac(Xo)llz2@) < Clf — fallz2@),
which implies, letting n — +o00, wf 5,0 = fe(Xo). O

Now we want to build efficient sets ¥ satisfying the key assumption of our previous Lemma, that is 9I¢ C £
(we will call those sets for which such an inclusion is verified boundary-covering sets).

Lemma 3.4. For any o > 0 and any € > 0 there exists ng € N such that for any n > ng we find o’ < « and a
set & € A(a",n)(I%) which is boundary-covering, with n*? [, uy 5, jadC? < (1+ )07 ().

Proof. Let us fix § > 0 and o’ < « such that 6(a/) < (1 + 6)0"(a). By definition of (a’), we may find
¥ € A(a’,ny)(I?) such that

n?/d /Id Up x5, gd dL? < (1+6)8(a’)
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and, moreover, the number n; may be chosen as large as we want. Now we enlarge the set ¥; to get a new
set Xy which is boundary-covering: we add to 31 some m balls of radius r = a/n; ~1l/d (the same radius of the

balls composing ¥1). In order to cover dI¢ the number of balls we need does not exceed C/r?~!, so we have
m < C’(o/)ni_l/d. It is possible to choose n; so that

1/d
ny +m
! ) =d’" < a.

m < dnq and o (
ni

This is useful, since

g+ m\ M
Yo A 0/( ) ;ny+m | (I = A(o”, ng) (I?),

ni

where we set no = n1 + m. Moreover

2/d
ng/d/ Uy 5, padL? < <@) ”?/d/ Uz, e dL? < (14 5)>+2/49* ().
14 I

ni
Now, if we are given a large number n, we just need to homogenize the set 5. By homogenization of order k
of a set S C I into a domain A we mean the set AN Uye k124 ¥ + k~1S. Here we take the homogenization of
order k of 3y into I?, which is a set
¥ € Al kno)(IY) € A(e”,n)(I%),
where we choose k such that k%ny < n < (k + 1)%ny. For this set ¥ it holds (kzdng)Q/d fId ’U;l’zylddﬁd =
ng/d Jraur s, 1adL% so that

k1) 24
n2/d/ UI,Z,IddEd < (T) (1+5)2+2/d9+(a)'
Id
If n > na(1+ 6719, then it holds k¥ > 6! and 1+ 1/k < 1+ 4, so that we get
n2/d/ Uy 5 ad L < (14 6)2H4407 (o).
Id

It is now sufficient to choose d sufficiently small so that (1+46)2t4/¢ < 1+¢ and then set ng = na(1+06-1)%. O

We are now ready to start with the I' — limsup main part. We will start from a very particular class of
measures. Let us call piecewise constant those probability measures p € P(2) which are of the form

pw=p- L% withpGLl(Q),/pdEdzl,p>0,
Q

for a piecewise constant function p = ZZO pila,, the pieces ; being disjoint Lipschitz open subsets with the
possible exception of Qp = Q\ U:ll Q;. To simplify the notation, let us also define the functional F', which is
the same as F with the only difference that we replace 6~ by 0+:

. 0t (auy
F(u):/QfQ (Qﬁ/‘d act = /f2ga f1a) L.
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Proposition 3.5. Under the same hypotheses of Theorem 2.2, it holds

FH(u) < F(u), where F* =T — limsup F,,

n

for any a piecewise constant measure i € P(Q). This means that, for any such a measure i and any & > 0,
there exists a sequence of sets (X )n such that ps, weakly-* converges to u, X, € A(a,n)(2) and moreover it

holds N "
0
11msupn2/d/ fups, @dl? < (1+5)/ f2%dzd.
n Q Q p?/d

Proof. First of all, let us consider the numbers ozpzl/ d, which will appear as arguments of the function 6+.
We know by applying Lemma 3.4 to all of them that there exists a common number ng and some sets X €

A(o/’pi/d, no)(I¢), which are all boundary-covering and such that

ng/d/ Ulyzi’]ddﬁd < (14¢)0" (ap;).
Id

Now, if we are given some numbers k(n,i), we define the sets 3¢ by homogenizing into ; the set ¥; of order
k(n,i) i.e.
=0 |J vtk
YEAR i
where A, ; = {y € k(n, i)' Z(y + k(n,i) ') N Q; # 0}. We define as well

¥ = U Y+ k(n, i) 12"
yeAn,i

i.e. without intersecting the balls with €;.

Then we choose ¥,, = |, f]ﬁl U Y, where 3, is a union of balls of radius o//n~1/4 covering the union of the
boundaries 9; inside the interior of 2. The number of balls we use in %, is approximatively [€;|k(n,i)%ng in
each zone €, plus Cn'~1/4 for the set ¥, where C' depends on o’ and the total perimeter of the partition
(©;);. In each zone ; the radius of the balls is given by a”pi/dnal/d/k(n,i). This means that the sequence
Y, we are building is admissible (i.e. 3, € A(a,n)(Q) and px, — p) if we have

a//pl/d
ﬁ <an Y forn large enough and for i = 0,...,m;
N k(na Z)
m
Z Q4| k(n,7)%n + Cn*~Y? < n and is asymptotic to n;
=0
k(n,i)%ng

— p;fori=0,...,m.

The first conditions involves radii, the second one the number of balls and the third one is related to weak
convergence. All these conditions are satisfied if we set

k(n,i) = {((1 - Cn_l/d)pi%)l/dJ .

We want now to estimate the values of the functionals on this sets X,,. We have used the set f)n covering the
internal boundaries of the sets €2; in order to get a local behaviour in which different zones €2; are independent
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of each other. The quantity we want to estimate is
m m
n?/d / fups, odC® =" / gy, gdl? <> / g s o, AL
Q i=0 /< i=0 /S

In the last inequality we have used the fact that ¥,, allows adding Dirichlet boundary conditions on each €;
and %! D ¥i. The disintegration of the integral here performed allows us applying Lemma 3.3 on each €.
Notice first that n = k(n,4)%p; 'ng. Then, by Lemma 3.3, we know that k(n, i)?uy, w0 — c(3%) f, where the

convergence is weak in L2. By our choice of %* we have ¢(X%) < (1 +¢)n _2/d9+(o<p1/d) so we get
lim n2/d/ fupsi g, dC4 < (14 s)p;Q/dm(ap;/d)/ f2ace,
" @ o @

and, summing up,
9+ a 1/d
hmn2/d/ fups, odLd < / fQT”d) ac,
that is our thesis. O

We must extend our result to non piecewise constant measures and replace 67 by 6~. To simplify the
notation, we will use the function g, defined in Section 2.

Proposition 3.6. For any u € P() it holds

F* () SF(M)=/f29;(ua)dC
Q

Proof. Given u = p- L%, with p > ¢ > 0, we may choose a sequence p,, = p, - L where p,, — p a.e. and p,, are
piecewise constant with p, > c¢. This may be done by approximating p in L' first by regular functions, then by
functions which are constant on cubes, for instance. So, by lower semicontinuity of F'T (see [11]), we get

FF(p) < liminf F(u) < / %92 (p)dLe,
n Q

where we used the inequality gF (p,) < gt (c) to have dominated convergence of gl (p,) to their a.e. limit,
which is estimated by upper semicontinuity by g (p). So we have extended our inequality to any absolutely
continuous measure with positive density bounded away from 0. Now take p = p - £¢ without the assumption
p > c and take p. = (p+ ¢)l,<amr + (p — €c)1,5 0, Where e, is chosen so that fQ pedL? = 1. It is clear that
e, — 0 when ¢ — 0 and that p. = p. - £¢ converges to p. So we have

IN

FT(p) hmmfF (un) = hm /<M gt (pe dﬁd—i—hm/ Mf2 F(pe)dL?
p>

/ Pa et + [ faipdc
p>M
/ 295 (p)dcLd + g (M) / f2dce.

p>M

IN

The number M being arbitrary, we get easily F™(u) < [, 295 (p) ALY by letting M tend to +oo. We need now
only to get the result for measures of the form p = p- £? 4+ v with a singular part v. Such a measure may be
approximated by a sequence of measures p, = pla, +vlac where the v—part carries the mass of the singular
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part v and 14, — 1g in L'. We may choose v so that it is v > M with arbitrary large M, and in particular we
may have g (v) = 0 since the function 6 vanishes for large values of the argument. So we get

FH(p) < liminf F(u,) :hminf/ fPga(p)dLt < / 29 (p)dc.
n n A, Q
With this the proof is over. O

4. SOME PROPERTIES OF THE FUNCTION 0

In this section we study some properties of the function 8. We already know that it is decreasing and that
it vanishes from a certain point on. Our first goal is to show the equality 8 = 6, so that we can get rid of the
l.s.c. envelopes.

Proposition 4.1. For any o > 0 it holds 8(a) = 0~ ().

Proof. From its definition:
6(c) = inf {Hminan/dF(En, 1,Q) %, € Ala, n)(Q)}
n

= liminfn®“min {F(X,1,1%) |X € A(a,n)(I%)}.

It is then clear, by I'—convergence, that such a liminf is in fact a limit equal to the minimum of the limit
problem in I¢ with f = 1. So

0(a) =min{ [ stac?

Id

p=0,pe Ll(Id)v/
Id

pdL? = 1} ,

since the minimum will be certainly achieved on an absolutely continuous measure (as already mentioned in
Th. 2.3, as a consequence of g, being decreasing). Moreover, it is clear that p = 1 achieves the minimum: in
fact, taken an optimal p, we may homogenize it so that we get a sequence p,, weakly converging to the constant
1. Each of these measures will be a minimizer since the functional only takes into account the measure of the
level sets of p,, which are the same as in p. So, by lower semicontinuity, p = 1 will be a minimizer. We deduce
O(a) = g, (1) = 0~ («), and this yields that 6 is lower semicontinuous. O

Now we have g, = g, : our next step will be the following:
Proposition 4.2. For any a > 0, the function g, s convez.

Proof. This is a consequence of the lower semicontinuity of F', which is implied by the fact that it is a I'—limit
(see [11]). This is quite standard (by necessary conditions on functionals of this kind in order to be Ls.c., see for
instance [3]), but not immediate since we are restricted to probability measures. Let us prove it, for the sake
of completeness. In fact, given two values z, y > 0 and ¢ € [0,1] it is possible to build a probability measure u
on a domain R = (0,a) x I?~! with density = in (0,at) x I?~! and y in (at,a) x 1971 (a has to be chosen so
that a(tx 4+ (1 —¢)y) = 1). By homogenizing p on the first coordinate we get a sequence p, in which the value
of the functional F is constant and equal to F'(u) (we take f = 1). Then we notice i, — oo, Where o is the
measure with density tz 4+ (1 — t)y. By lower semicontinuity we get

ag”(tx+ (1 —t)y) < atg™ (z) +a(l —t)g™ (y),
which gives the required convexity. O

Corollary 4.3. The function 0 is locally Lipschitz continuous on (0,+00).
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Proof. This is a consequence of the equality §(x) = g;(z?)x?, where both the factors in the right hand side
product are locally Lipschitz functions of the variable z. (I

The next thing to do with # is to prove some estimate. In particular it is necessary to get estimates from
below, so that € is not identically 0, otherwise our limit functional F' would be trivial. Anyway, we start from
an estimate of 6 from above:

Proposition 4.4. There exists a constant C = C(d) such that, for any a > 0, it holds 0(a) < Ca?~%, for
d >3, or f(a) < Clog((v/2a)™1), for d = 2.

Proof. It is sufficient to consider a particular sequence (or even a subsequence) of sets ¥, € A(a,n)(I¢) and
then to compute the liminf in the definition of #(a). We choose to consider just the numbers n of the form
n = k%, and to build, for each k € N, a set ¥,, which is composed by n = k¢ balls of radius a/k, with their
centres placed at the middle points of the k¢ cubes of side 1/k of a regular lattice partitioning the cube I¢.
First, we notice that it holds u; 5, ;¢ < vy, where v, is the solution to the problem

~Av, =1 inI¥\%,
v =0 in X,
%vn =0 on OI°.

The inequality between the solutions of Dirichlet and Neumann problems comes from maximum principle. By
scaling arguments, it is clear that the energy n?/¢ fzd vp, dL% equals the energy fzd v ALY If we set rg = \/3/27
which is the radius of the smallest ball containing the cube I¢ and centred at its same centre, it holds v; < w,
where w is the solution of the Neumann problem on such a ball:

-Aw=1 in B(IQ,TQ)\B(IQ,O&)
w=0 in B(zo, @),
o

Fmw =0 on 0B(xg,r0),

where ¢ is the centre of the cube I¢. This solution may be explicitly computed, it is radially symmetric and
is given by
1
w(zr) = k(d)(a? % —r*9) — 2—d(r2 —a?) with 7 = |z — x|, if d > 3;

1
w(z) = k10g<z)71(T27a2)withr:|mf:co|, if d = 2.
(6%

It turns out that

0
—w > 0 on 9,

on
which allows using maximum principle to get v; < w. So it is sufficient to compute the integral of w on I¢,
which can be estimated by k(d)a?~? in the case d > 3, and by klog(a™') + klogre = klog((v/2a)™!) in the
case d = 2. 0

A similar estimate from the other side may be obtained, as we show in our next proposition. Here the
techniques we use are quite different and much more related to shape optimization and PDEs.
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Proposition 4.5. For o < t; the following estimates hold:

, Oélfd a
() > G275 (4.1)
a2—d .
fla) > % —Cifd=2, (4.3)

for a suitable constant C = C(d), where wy denotes the measure of the R*—unit ball.

Proof. For a fixed n € N and fixed points (z;)i=1,..n € I%, let us consider the sets ¥, = U?zl B(z;,an=1/4) €
A(a,n)(I?) and Q, = I?\ X,. The following estimate holds, by Holder inequality:

_ 9 _ ) %
Hd 1(6Qa) (/8Q |%U’1,anld|2de 1) Z ( o0 %’U;Lza’]d de 1) = |Qa|2, (44)

where the last equality comes from integrating by parts fQ —Auy x| ga dL?. Notice that it holds as well

Hdil(é)Qa) < ndwd(omfl/d)d*1 = dwga®n'/, (4.5)
Then, we recall that, by using shape derivative ([13]), it holds

d _ 9 _
,%F(Ea,l,fd):n l/d/ma |%u172m1d|2d7{d L (4.6)

since we perturbate 0, by a vector field which is normal to the boundary of the balls and proportional to n~ /<.

So we have, by putting together (4.4), (4.5) and (4.6)

d 2/d d
- F(X,,1,1% >
dan ( )

a?=10,|? - a?=1(1 — 2wya)

dwd dwd

)

where in the last inequality we have used |Q,[|? > (1 —wga?)? > 1 —2w4ad. So, by integrating over an arbitrary
interval (a1, ap) C (0,t1), we have

ag
n¥eF(S4,,1,1%) > n?F (84,1, %) + L/ (1 - 2wga?) dav. (4.7)

dwd a1

We now compute explicitly the right hand side of (4.7) in the case d > 3, getting

2—d _ _2-d 2 _ 2
n2/dF(Za1, 1,14 > nQ/dF(an, LI%)+ a(;(d — QO)éBJd - d =

2-d _ _2-d 2 _ 2
ai = ag aj — o
> 4.
O(a1) > 0(ap) + A= 2w 7 (4.8)

This gives the estimate on 6§ we were looking for, with

C(d) = t3/d+ 274 /[d(d — 2)wa).
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Anyway, from (4.8), we can also infer the estimate on ¢’: we let oy — « and divide by oy — ;. On those
points «p where 6 is differentiable (i.e. almost everywhere, since 6 is locally Lipschitz) it holds exactly

1-d
(e 2050

/
— >
7o) = diog d

In the case d = 2 it is sufficient to compute again the integral in (4.7), getting

log(a; ') —log(ag!) af —af

F(3, 1.1 >nF(S, . 1,1¢
n ( @1y )—n ( Qo )+ 2,”_ 2

Then the conclusion follows in the same way. Here C' = log(t;')/2m 4 t3/2. O
We summarize now all the results on # we have got in this section.

Theorem 4.6. The function 6 :]0,+oo[— [0,+00] is a nonincreasing function, locally Lipschitz on 0,400,
such that x +— H(ml/d)z”/d is a convez function. Moreover 0 is not identically 0 but it vanishes from a certain
point on, i.e. O(xz) =0 for any x > t; with t, < \/d/2. Finally it holds

C1227% — C < 0(x) < Cox®* ¥ ifd >3
Cillogz| — C < 0(z) < Callogz| if d = 2.

We terminate this section by stressing the interest in finding explicit minimizing sequences for the case f = 1
and Q = I since this would give the value of §. In analogy to what happens in the location problem (see
[12,14]), we may conjecture that minimizing sequences are given by placing the centres of the balls on some
kind of regular grids and, moreover, as far as d = 2, hexagonal regions with balls in the middle seem to be good
candidates. This would lead to a better knowledge of 8, thus letting us get better information on the minimizer
i for the limit functional F' by Theorem 2.3. As a weaker conjecture, we may think that the function 6, for
which we have proven upper and lower estimates in term of #2~¢ or |log(z)|, is such that there also exist the

limits
lim (=) ford > 3 or lim M for d = 2.
a0t g2=d z—0+ |log(z)]

In fact what we have already proven is just that the ratios above are bounded. For instance, in the case d > 3,
should #(x) actually behave like 22~¢ for x near 0, we could derive, for small a, a behaviour like

fa R Cf.

5. THE ONE DIMENSIONAL CASE

In the case of dimension 1 we are able to compute the function 6 explicitly.

Everything is, in fact, simpler in dimension 1, since the balls we remove are intervals which disconnect the
domain of the differential equation (an ODE in this case), and so we can compute explicitly the solution. We
have already pointed out that in dimension 1 the compliance optimization problem is well-posed also for finite
unions of points (i.e. the case a = 0), and not only for small intervals. So we will take into account also the
value of 6(0).

Theorem 5.1. For any a > 0, if d =1, it holds

9@){%0—2®3 fas

0 if a >

NN
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Proof. Given an interval J whose length is [ > 0, the solution of the problem

—u”"=1 inJ

u=0 on 0J
is given by u(z) = z(l — x)/2 (if we suppose J = (0,1)), and so its integral on J is [3/12. When we are given
a € [0,1], we take into consideration disjoint union of n intervals, for a total length of 2« (in this case it is
necessary to have disjoint intervals if we want to minimize compliance). So the energy of the configuration is

n 3 n

l
Z -~ under the condition li=1-2a.

— 12 .
i=1 =1

By convexity of [ + [3, the minimum of such a quantity is achieved by I; = n~!(1 — 2a), and so it holds

1-20)® 1
O(a) = limninf n%z% = E(l —2a)3.
The case a > 1/2 follows trivially from 6(1/2) = 0 and 6 being non negative and decreasing. O

As a consequence, the limit problem in dimension 1 is completely known. Up to inverting the resulting
function g/, it is possible to find explicitly the minimizer, thanks to the expression for y given by Theorem 2.3.
We can also consider the sequence of minimization problems with n points instead of n balls: we have to
consider
2 .
n*F (X, f,I) ifp=psand X <n
Fiy) = { (. £.1)

+00 otherwise.

Theorem 5.2. Given J = [a,b] and f € L?(J), the sequence of functionals (F,),, over P(J) T'—converges, with
respect to weak* convergence on P(J), to the functional F given by

/e

= dct.
12 J; pig

F(u)

Moreover, F' has a unique minimizer [Lopt, given by

-1
Hopt = cf2/3 LY, where ¢ = (/ f2/3 dﬁl) .
J

Proof. This statement follows by slight modifications of what proven in last section. The only point where
a > 0 was actually used was Lemma 3.2. Anyway, in the one dimensional case, the inequality holds if we
replace | {v = 0} | > &g|I?| by {v = 0} # (). This allows performing again the proof, by following the same steps.
To find explicitly the minimizer it is sufficient to use Lagrange multipliers, getting that f2/u3 is constant. [
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