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ABSTRACT. We consider the problem of the optimal location of a Dirichlet
region in a two-dimensional domain 2 subject to a force f in order to minimize
the compliance of the configuration. The class of admissible Dirichlet regions
among which we look for the optimum consists of all one-dimensional connected
sets (networks) of a given length L. Then we let L tend to infinity and look for
the I'-limit of suitably rescaled functionals, in order to identify the asymptotical
distribution of the optimal networks. The asymptotically optimal shapes are
discussed as well and links with average distance problems are provided.

1. Introduction. We consider the problem of finding the best location of the
Dirichlet region ¥ for a two-dimensional membrane €2 subjected to a given vertical
force f. The vertical displacement of the membrane satisfies the elliptic equation

—Au=f nQ\X
u=20 on X U 99,

and the rigidity of the membrane is measured through the compliance functional

CX¥)= | fupdz
Q
where uy, denotes the unique solution of the equation above. The maximal rigidity
is obtained by minimizing the compliance functional C(X) in the class of admissible
regions 2.

The admissible class for the control variables ¥ we consider is the class of all
closed connected subsets of {2 whose one-dimensional Hausdorff measure H! (%)
does not exceed a given number L. The existence of an optimal configuration X,
for the optimization problem described above is well known; for instance it can be
seen as a consequence of the Sverdk compactness result (see [3]).

2000 Mathematics Subject Classification. Primary: 49J45, Secondary: 49Q10,74P05.
Key words and phrases. I'—convergence, shape optimization.

761



762 G. BUTTAZZO AND F. SANTAMBROGIO

We are interested in the asymptotic behaviour of ¥, as L. — 400; more precisely
our goal is to obtain the limit distribution of X, as a limit probability measure that
minimize the I'-limit functional of the suitably rescaled compliances.

Similar results have been obtained for location problems (see [1]) and for irrigation
problems (see [7]) where the functional which has to be minimized has a much
simpler form and reduces to

/ dist(z, X) f(x) dx
Q

(this kind of minimization problems is called average distance problems). The as-
ymptotic analysis for the compliance optimization has been studied in the paper [3],
where the Dirichlet region was searched among the arrays of a finite number of balls
having prescribed total measure. Here we follow the same scheme. For capacitary
reasons, in the case of a linear equation with the Laplacian, we are restricted to the
case of dimension two. We present anyway the result in the more general case of
the p—compliance, i.e. where the state equation is given by the p-Laplacian. This
would a priori allow us to deal with the more general case of R? with p > d — 1, but
some extra difficulties arise with d > 2 and we will consequently stick to the planar
case.

2. The compliance under length constraints. In the following p > 1 is fixed
and ¢ = p/(p — 1) denotes the conjugate exponent of p. For any open set Q C R?
and L €]0, oo[ we define

AL(Q)={XCcQ : ¥ compact and connected, 0 < H"(Z) < L}.

Given Q C R? and f € L%(Q), for any compact set ¥ C Q with positive p-capacity
(any set in Ay, satisfies this assumption) we define the function uy s o (the depen-
dence on p will be neglected up to Section 5) as the solution of the problem

—“Apu=f nQ\X
u=20 on X U 09,

in the weak sense, which means u € W, *(Q\ ) and

/ |VulP~2Vu - Vo dr = / fode Yo e WP\ D). (1)
Q Q

Notice that f > 0 implies uf s o > 0, by the maximum principle. For f > 0, we
define the p-compliance functional over subsets of a given domain {2 as

Fp(E,f,Q) = (1—%)/§2fo721961517— (1—%)/Q|Vufygﬂg|pda: 2
:max{/fqbdx—l/ V[P da ¢6W01’p(§2\2)}. )
Q P Ja

The connectedness assumption on the admissible ¥ and the bound on their total
length give the necessary compactness to obtain the following existence result (see
[8] for the case p = 2 and [2] for the general case).

Theorem 1. For any L > 0, if Q is any bounded open subset of R?> and f > 0
belongs to L1(QY), the problem

min {F,(%, £,Q) : L€ AL(Q)} (3)

admits a solution.
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The goal of this paper is is to study the asymptotic behavior of optimal networks
Y, of problem (3) as L — +oo. In particular, we are interested in the asymptotic
distribution of ¥, in §, i.e. in its density of lenght per unit area. To do this it is
convenient to associate to every ¥ € A7 (Q) a probability measure on €, given by

- HILLE
My = Hix)
and to define a functional Fy, : P(Q) — [0, +oc] by

LiF, (%, f,Q) ifu=pus, X e AL(Q);
Fr(p) = ! ) (4)
400 otherwise.
The scaling factor L? 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, and comes out from the estimate

min {F,(%, ,Q) : € AL ()} ~ LY (5)

as L — 4o00. Here in this paper, we will start by simply guessing the estimate (5),
and we will prove it later as a consequence of our I'-convergence result (see below
the consequences of Theorem 2).

We will give a I'-convergence result for the sequence (Ff)r, when endowing the
space P(Q) with the weak* topology of probability measures. To introduce the
limit functional F' we need to define the quantity:

f.— inf{lLimJirnquFp(EL,l,Y) . Y€ AL(Y)}, (6)

where Y = (0,1)? is the unit square in R?. By (5) @ is a positive and finite real
number. When the dependence of 6 on p will be crucial, we will use the notation
0(p). B
We may now define the candidate limit functional F' by setting, for u € P(Q)
fa
F(p)=0 [ 7 dr, (7)
Q Ha
where 1, denotes the density of the absolutely continuous part of 1 with respect to
the Lebesgue measure. It is evident from (7) that the value of the constant 6 does
not affect the minimization problem for F'. The result we will prove is the following.

Theorem 2. Given any bounded open set Q C R? and a non-negative function
f € LYQ), the family of functionals (Fr)r in (4) T'-converges to F as L — 400
with respect to the weak* topology on P(Q).

The consequences of such a I'-convergence result, by means of the general theory
(see [4]), are the following:

e if X7, is a solution of the minimization problem (3) it holds, up to subsequences,
s, — 1 as L — 400, where p is a minimizer of F

e since F' has a unique minimizer in P(Q2), we have actually full convergence
of the whole family us, to the unique minimizer p, which is given by p =
cfd/(atl) gy (and ¢ is calculated so that p is a probability measure, i.e. ¢ =
1/]9 fa/@t) do);

e since the minimal value of F' may be calculated once we know the opti-
mal p and it equals fc¢— (@11 the sequence of the values inf {F(E, 1)
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¥ € AL(Q)} is asymptotically equivalent to L™9inf {F(u) : p € P(Q)} =
L= 90c—(a+1),

3. The I'-convergence result. We will prove Theorem 2 in several steps, the
most important two corresponding to the I'-liminf and I'-lim sup inequalities.

3.1. The T'-liminf inequality. In the following proposition we prove that the
I-liminf functional is minorized by the candidate limit F' introduced in (7).

Proposition 1. Under the same hypotheses of Theorem 2, denoting by F~ the
functional T-liminfy, Fy,, it holds F~(p) > F(u) for any p € P(Q). This means
that, for any sequence (X1,)1, such that ux, weakly™* converges to u and X1, € Ar(Q),
we have

Uminf L9 | fuys, odr > F(u).

L—+oco O
Proof. First of all, let us fix € > 0 and, in analogy to what performed in [7], define
the set G, 1, as follows: if aY is a square large enough to contain (2, the set G. r, is
a regular grid composed by n horizontal lines and n vertical lines with n = L%J,
so that the total lenght of the grid in the square aY is approximately eL and the
step size of the grid is approximately proportional to (¢L)~!; then we intersect the
grid with €.

Now we define ¥ = X1 UG, 1 and we set v} = uy sy . Since ug > ul, it is

sufficient to estimate from below the integrals L4 fQ fupdz. The utility of the new
sequence (u’ )y, lies in the fact that (L%} ) is bounded in LP(f2). In fact we have

0 <u} <uyeq, . qand, by Lemma 1, we have

lur..r.allLr@ < Cle, /)L™

This implies that (L%} ) is bounded in LP(€2) and so, up to a subsequence, we
have Liu;, — w. Hence

e,L»

lim L? | fupde= | fwdz,
L—+oo Q Q

so that it is sufficient to estimate w from below. We will prove that, for almost any
o, we have

1/(p—1)
(o) ' (8)
(Ha(z0) 4 €)1
To do this, we first estimate the average of w on a cube @ centered at point z¢ € €.
We will assume that ¢ is a Lebesgue point for f and that it satisfies the condition
Q|7 (@) — pa(xo) as |Q| shrinks around z¢. These assumptions are verified for
almost any point z¢ € 2. We also assume that f(zg) > 0, since otherwise (8) would

be trivial. We have
/ wdr = lim Lq/ u, d.
Q L—+o0o Q

L Z Uy Q 2 Upe),y.Q  lUpmy .0 — Uiz el In Q)
where the first inequality comes from the fact that we add Dirichlet boundary
conditions on (). Lemmas 2 and 3 show that

/Q lupsr @ = Us(zo),, @ldr < L7QIM(Q),

w(zo) >

We use
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where 7(Q) tends to 0 when the cube @ shrinks to zg, whenever z( is a Lebesgue
point for f.

Hence here we will only estimate the other term. We define the number [(L, Q) =
HY () N Q) and notice that

Uf(20),527,Q = f(IO)l/(pfl)Ul,E’L,Q-
Let us denote, for simplicity, the functions u; 5 ¢ by vr. By a change of variables,
if X is the side of the square @ and we define vy x(z) = A~ % (Ax) (thinking for a
while that both cubes are centered at the origin), it holds v, = up -1y y- We
notice that

AL € Ayngya(Y);
moreover, we have [(L, Q) — 400, since
WL, Q) > H'(Gen N Q) = eL|Q). 9)
We may also estimate the ratio between [(L, Q) and L, by using (9) and the fact
that L=*HY(S. N Q) = ur(Q). From puy, — p we have limsup; pz(Q) < (@), so

that
9 < @)+l (10)

Now, by using the definition of # and the change of variables y = Az, it is not
difficult to check that

liminf I(L, Q)1 / v dr = 1ij}rnf Z(L,Q)q)\QJ“I/ vpadz > 229,
Q —Tee

lim sup
L

L—+o0 v

Hence we get
juinf 2 [ vz > it () mint (.0 foeee
A2+2¢19( __ 1 )q
1(Q) +elQ|
Q| )q
- 9 S 2 B
eores

where we have used that |Q| = A\2. This implies

L wdr > —r x0) Y/ P 7|Q| !
Q) /Q dz > —r(Q) + f(z0) <M@+€|Q|>.

Now we let @ shrink towards xg, thus obtaining, if zy satisfies our previous assump-
tions

V

Y

We get thus
/(-1
lim inf Lq/fuLd:v>/fwd:v>/ —fdx,
L—too o (Ha+e)d
and our original aim is achieved when we let € — 0:
S

1iminqu/ fupdx >0
Q o M

L—+o00

Lemma 1. The following facts hold.
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1. There exists a constant C' such that, for all functions v € Wol’p(Y) we have
[y WP de < C [, |VolP da.

2. If we replace Y by a square QQ whose side is X the same is true with the constant
APC instead of C.

3. As a consequence, for any e > 0, any 0 < L < oo, any domain Q and any
function v € Wy P(Q\ Go.r) € WyP(Q) (where G..y is the grid introduced
in the proof of Proposition 1) we have |[v||Lrq) < C(E)L’lﬂvﬂwol,pm) for a
suitable constant C(g).

4. As a further consequence, if we also take f € LI(Q2) with f > 0, the function
upG. 0 satisfies ||ugc. , ollro) < LICE)| FIl 0"

Proof. The first assertion is the well-known Poincaré inequality. The second one is
obtained by just a scaling of the first. To prove the third, let us extend the function
v to a large cube aY D 2 by setting the value 0 outside 2 (we recall that we have
Dirichlet boundary conditions on §2 so that such an extension belongs to W, (aY')).
Then we consider the squares (); which come from the subdivision of aY into the
cubes given by the grid G¢ 1. Their side is of the order of L=!. Notice that the
extended function vanishes on the boundary of each square @);. By applying the
second statement of this lemma, we get

/ |v|pd:c§C(a)L7p/ |Vol? dz,
Qj Qj

J J

and, by summing over j, we get

/ [v|P dx < C(E)L_p/ [VolP dx.
aY aY

Since v vanishes outside €2 we may restrict the integrals to 2 and raise to the power
1/p, thus getting the desired inequality. Here and in the sequel, the norm ||U||W01,p(Q)

will simply denote the L” norm of the gradient ||Vvl|»(q)
We have now to prove the fourth assertion. By using the weak version of the
PDE which defines uy q. , o we get

/Q Vuyc. .ol de = /Quf,Gs,L,nf dz < |lus.c. p.ollLe@llfllLaq)-

we then get, by recalling uf.q., € Wy P(Q\ Ge.1),

lupcerolying = lurcel@lfilLe)

IN

Ce) L™ upa. v.olwrr @l flLae),
which gives the thesis. O

Lemma 2. Assume p > 2. If f, g € LY(Q) and uy and u, denote the respective
solutions of the p-Laplacian Equation with Dirichlet boundary conditions on X,
then
1 1)
Lug — ug|l Ly < CIIF = gll ey V19417,

where the constant C' only depends on p. In particular, if Q = Q (a cube centered
at xo), g = f(xo) and o is a Lebesgue point for f, we have

1f(x) = f(ao)|7 da\ /?
HWWWHMQSQ®<b Km° ) — [QIr(Q).
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Proof. The starting point is the inequality
[lug — Ug”ivol,p(ﬂ) < Clluy = ugllrr@) lf = 9llzae),
that follows from the monotonicity inequality
|z —w? < C(|2[P7%2 — [wlP~?w) - (2 — w),

which is valid for p > 2 and for any pair of vectors (z,w) (see for instance [5]).

Thanks to Lemma 1, we also know the inequality [[v||re0) < CL™v|lwre),
which is valid for any function v vanishing on ¥7. Since the function u; — u,
vanishes on X we get

g = gl gy < CL g = gl ey I = 9llzacen,

which implies |luy — ug||W1 v < CLT V=1 f — g||2/q(1;2)1) and then

lup —ugllzriy < 1QIYup — ugllLee)
< ClQIMIL™ Juy — ug”vvl P(Q)

1 1
< CIQIaL1| f - g B0,

This shows the first part of thesis; the second one is just a simple consequence. O

Lemma 3. Assume p < 2. If f, g € LYQ) and uy and u, denote the respective
solutions of the p-Laplacian equation with Dirichlet boundary conditions on X,
then

)

(2-p)/p
Lluy = ugllzi o) < OIS = gllza | (171300 + 191%a(0))

where the constant C only depends on p. In particular, if Q = @ (a cube centered
at xg), g = f(xo) and xo is a Lebesgque point for f with f(x¢) # 0, we have

1/q
. Jolf(@) = f(zo)|* dx
L|uy = ugl11(@) < CIf (20)|* P/ 1>|¢2|< E—Tr = QI Q).

Proof. Here the starting point is the inequality

”uf uq”Wlp(Q) < C”uf_ug” Q)”f gHLQ(Q

(Nl gy + a1 )
that follows from the monotonicity inequality
2 = wlP (2] + [w)P7? < C(|2P722 — [w[P2w) - (2 — w),

which is valid for p < 2 and for any pair of vectors (z,w) (see for instance [5]).
This implies, by choosing z = Vuy and w = Vug, integrating, and using the weak
formulation of the p-Laplacian equation:

/{D2 Vs — Vg P([Vug| + Vg P2 de < /{D2 (ug — ug)(f — g) da

2—p (11)

The inequality (11) comes out as a consequence of a suitable Holder inequality.
We start by estimating the term ||uf|| Since we have fQ |VuglP de =

fQ fusdz we get

Wy P ()

gy gy < Wsgllzogn 7 Loty < CL lugllygooy 1l ooy
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(we use the fact that uy vanishes on ¥/ ) and we deduce
1/(p—1
luagllypar iy < CL™YED) £l 0.

A similar estimate holds for the term ||ug||p We come back to (11), insert the

1 P
(W)
inequalities we have just proved and estimate lug —ugllLr(y by [luy — ugHWOLP(Q),

obtaining

_ 2 2
< CL2lug —ug|[})2, o I1f = sy L0077/

1-p/2
(11 oy + 191 )

This implies, by simplifying and raising to the power 2/p:

_ p
Huf ug”WOl’p(Q)

(2-p)/p
”uf ug”Wl P(Q) < CL™ 1||f g”Lq(Q)L P=2)/(p=1) (HfHLq (Q) + Hg”Lq(Q ) .

The estimate on the L(£2) norm is obtained as usual by passing first to the LP(£2)
norm (up to a factor |Q|'/) and then to the W, *(£2) norm (up to a factor L~!):

CII

3

(2=p)/p
1 = gllaa@ LO 2/ (£ L0y + 9% )
and the first part of the thesis easily follows.

For the second one it is sufficient to notice that, if x¢ is a Lebesgue point for f

and g = f(x), one gets (supposing f(zg) # 0)

Ifllzacq) —141(Q).
||9HLq(Q)

lup —ugllrr(@) <

This allows to write |Q|"/9f(xo) instead of | fllLa(q), making an error which is
negligible (and of the form |Q[r(Q)). In this way we get the inequality in the
second statement and the proof is concluded. O

3.2. The T'-limsup inequality. To get also the I'-lim sup inequality, we need this
crucial lemma.

Lemma 4. Given $g € AL, (Y), a domain Q C R? and f € L(Q), we consider
the sequence of sets
P = J wHE'S)na
ye k=122
We have $* € Ay.0) (), where 1(k,Q) ~ |Q|kLg. Then we consider the sequence
(uk)k, given by
U = kq’l,Lf)Zk7Q.
If we assume Y C Yo, then we have uy — ¢(Xo) f/P~Y as k — oo, where the weak
convergence is in the LP(Q) sense and c(Xo) is a constant given by [, uy s,y d.

Proof. First, we notice that the sequence (ug)y is bounded in LP(2), thanks to
Lemma 1. Let us now consider an arbitrary weakly convergent subsequence (not
relabeled) and its limit wy 5, o. 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
dY C ¥y produces small cubes around each point x € € which do not affect each
other. So, if f =", fila, is piecewise constant (the pieces A; being disjoint open
sets, for instance), it happens that for large k the value of uy, at 2 € A; depends only
on f;. Thanks to the rescaling properties of A, it turns out that, for a piecewise
constant function f, we have wys, o = /P YDw; 5, q. It is indeed clear that
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in the case f = 1, since we are simply homogenizing the function u;x,y, the
limit of the whole sequence (uy)) exists, does not depend on the global geometry
of Q, but it is a constant and it is the same constant as if there was Y instead
of €. Then the constant is easy to be computed and coincides with the constant
¢(Xo) appearing in the statement. It remains now just to show that the equality
wis, 0= fYP"Ye(3)) is true for any function f € L(Q). 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, take a sequence (fy, ), of piecewise constant functions
approaching it in L?(€2). Up to subsequences, we have k%us sk g — wy s, 0 and
kKlug, sk o — fé/(pfl)c(Eo) as k — oo. Moreover, thanks to Lemma 2 or Lemma 3
(depending on p), we also have

|k9up sk g — KTuy, srallpye) < RO = falla@),

where lim; .o R(t) = 0 (actually we have either R(t) ~ t'/®=1) or R(t) ~ t, de-
pending on p). If we take into account that the L(Q2)-norm is l.s.c. with respect
to the weak LP(2) convergence (actually we may express it through |[v||L1) =
sup{ [ v dx : ||@] () < 1}), we get, passing to the limit as k — oo,

[wfso,0 — 711/(1)71)0(20)||L1(Q) < R(If = fallLae))-

We pass now to the limit as n — oo, and we may assume that we have pointwise a.e.
convergence of f,, to f (up to subsequences again), so that, again by semicontinuity
(Fatou’s Lemma), we get wy s, o = f/P~Ye(Xy), which proves the claim. O

Now we want to build efficient sets ¥y satisfying the key assumption of our
previous Lemma, that is Y C 3¢ (we call boundary-covering sets those sets for
which such an inclusion holds).

Remark 1. This is the point where we strongly use the two-dimensional setting
we have chosen. In higher dimension, it is not possible to cover all the boundary
by means of a finite length. A possible strategy to overcome this difficulty could
be “almost-covering” the boundary of [0,1]¢ by means of a grid of finite length
and then estimating the difference between the solution with Dirichlet boundary
conditions on this grid and on the faces of the cubes.

Lemma 5. For any € > 0 there exists Ly > 0 such that for any L > Ly we find a
set ¥ € AL(Y) which is boundary-covering, with

Lq/ UL,3,Y dr < (1 + 5)9
Y
Proof. By definition of 6, we may find X1 € Ar, (Y) such that

L?/ U153,V dr < (1 + 6)9
Y

and, moreover, the number L; may be chosen as large as we want. Now we enlarge
the set ¥; to get a new set X9 which is boundary-covering: we add to ¥; the
boundary of Y and some segments to connect it to the original set. The new length
Loy = H!(33) does not exceed L1 + 5. It is possible to choose L; so that

<L1+5
1

q
) eres
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This implies
Lg/ UL,%,,Y dr < (1 + 5)29
Y

Now, if we are given a large length L, we just need to homogenize the set ¥s.
By homogenization of order k of a set S C Y into a domain A we mean the set
ANk=Y(Z? + S). Here we take the homogenization of order k = |L/Ly] of ¥ into
Y, which is a set

Y e A, (Y) C A(n)(Y).

For this set ¥ it holds (kL3)? [, u1 sy dx = L3 [,, u1 5,y dz, thanks to the rescal-
ing properties we have used so far. Hence

q
Lq/ ul)&ydl'g (ﬂ> (1+6)29
v k

If L> L6~ then k> 6" and 1+ 1/k < 1+ 4, so that we get
Lq/ (158 % dr < (1 + 6)2+q6‘.
y

It is now sufficient to choose § sufficiently small so that (14 6)?t¢ < 1+ ¢ and then
set Lo = Lgé_l. O

We are now ready to prove the I'-lim sup main part. We will start from a very
particular class of measures. Let us call piecewise constant those probability mea-
sures p € P(Q2) which are of the form

w=p-dr, WithpELl(Q),/pdCC:1,p>O,
Q

for a piecewise constant function p = Y"1, p;Iq,, the pieces €; being disjoint Lip-
schitz open subsets with the possible exception of Qy = Q\ U, Q.

Proposition 2. Under the same hypotheses of Theorem 2, we have

F*(u) < F(u), where Ft = T-limsup Fp,
L—~+o00

for any a piecewise constant measure p € P(Q). This means that, for any such a
measure 1 and any € > 0, there exists a family of sets (X)), such that ps, weakly-*
converges to p1, Xy, € Ar () and moreover

q
limsuqu/ furs, odr <(1+¢)f e dx.
L—+o00 Q Q P

Proof. First of all, apply Lemma 5 and take a boundary-covering set Xy € A, (Y)
such that

Lg/ U1,50,Y dx < (1 + 8)9
Y
Now define the sets 3% by homogenizing into 2; the set X of order k(L, 1) i.e.

= Q;NEk(L, )N Z% 4 X0).
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Then we choose X1, = |, ¥i U \J; 99 and set L = H! (U; 994). The family Xy, is
admissible (i.e. ¥ € Ar(Q) and px, — p) if we have, as L — o0,

Z |Q;|k(L,i) Lo+ L1 < L and is asymptotic to L;
i=0
k(L,%)Lo
L
These conditions are satisfied if we set
pi(L — Ll)J

k(L,i) = { "

We want now to estimate the values F,(X1). We have covered the internal bound-
aries of the sets 2; in order to get a local behaviour in which different zones ); are
independent on each other. The quantity we want to estimate is

— p;fori=0,...,m.

L1 dr = — k(L,i)%uy s o, dx.
o Jups, odx ;(k(L,i)) Qif (L, 1) Upsi 0 AT
The disintegration of the integral here performed gives the possibility to apply on
each (2; Lemma 4, which provides the weak convergence in L”

k(L, i) %ug st o, = c(So) f/ Y.

The factors (L/k(L,i))? out of the integrals converge to (Lo/p;)? as L — +oo. By
our choice of ¥y we have Lic(Xg) < (1 +¢)0, so that we get

limsuqu/ fupsi g de < (1 +€)9pl-_q/ fidux,
L—4o0 Qs L Q;

and, summing up,
q
limsuqu/ furs, odr <(1 —l—a)@/ f—d:zc. O
L o o i

Extending our result to non piecewise constant measures is a simple consequence
of a general result in I'-convergence theory stating that it is sufficient to verify the
lim sup inequality on a class which is dense in energy (see [4]). Hence, we only need
to prove the following

Proposition 3. For any u € P(Q) there evists a sequence (pin)n of piecewise
constant measures such that p, — p and limy, F(u,) = F(u).

Proof. First we prove the thesis in the case yp = pdx with p > ¢ > 0. Take a sequence
pn of piecewise constant functions strongly converging in L'(Q) to p, satisfying
pn > ¢, and set p, = p,dx. Since p,? is bounded and we may also suppose
convergence a.e. of p, to p, the fact that F(u,) — F(u) follows immediately.

It is now sufficient to prove that any measure ;1 may be approximated weakly™
by absolutely continuous measures p,, with densities bounded from below and with
F(pn) — F(u). Notice that in general, due to the lower semicontinuity of the
functional F', it is sufficient to check the reverse inequality

F(p) > limsup F(p).
n
In particular, the inequality above is trivial whenever F'(u) = +o0o. Assume now

F(p) < 400 and take p = pdx + p®, where p® is the singular part of p w.r.t.
the Lebesgue measure and p the density of the absolutely continuous part. Take
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iy = ((1 —1/n)p+ an + (bn) dx, where a, = n~! prda: and ¢, dxr — p® with
fQ O dx = fﬁ dp®. Notice that, since F'(u) < 400, the density p cannot vanish, so
that a,, > 0 and p, = (1 —1/n)p+ a, + ¢, is bounded from below by the positive
constant a,. With this choice of p,, we have p,, — p and

fe fe 1
F(un)=/ de < | ———F=gde=(1-—-)""F(p)
Q ((1_%)p+an+¢n)q Q ((1_%)p)q n
and the inequality on the lim sup is proved. |

4. The value of # and optimal sequences. In this section we want to estimate
the value of the constant # and prove in particular that it is neither zero nor +o0,
so that the limit problem is not trivial. From now on, we will explicitly stress the
dependence of 6 on p and we will write (p). Once again, every time we write ¢ we
mean ¢ = q(p) =p/(p —1).

To prove that 6(p) is finite for any p €]1, o[ it is sufficient to take its definition
and consider a particular sequence of sets X. Fix a set X € Ap(Y) which is
boundary-covering. Then, for each n take its homogenization of order k in the
square Y. This gives a sequence (%,,),, with H(%,,) < nL. We use the homogeneity
of A, (which is what we have done so far) to get from (6)

O(p) < liminf(nL)F,(S,,1,Y) = LYF,(S,1,Y). (12)

This is sufficient to get 0(p) < +oc.

To prove that 6(p) > 0 we make a comparison to a similar problem treated in
[7], where the functional considered is (in the simplest case, of a two-dimensional
square with f = 1):

Y—D.(X)= / d(z,X)" du.
Y
It is not difficult to prove an estimate concerning our compliance functional F}, and
this average distance functional D,., for r = q.

Lemma 6. For any set ¥ C ) the inequality
F,(3,1,Y) > ¢ @t D (2 UaY)

holds true. In particular, one has 0(p) > q_(q+1)6‘q > 0, where for each r the number
0, is the constant defined in [7] and which is proved to be equal to 1/(2"(r + 1)).

Therefore
(2¢)77
0(p) = R (13)

Proof. We have, for every real number A and for every r > 1
1
F,(%,1Y) = max{/ (v—=|VouP)dx : ve Wol’p(Y\Z)}
Y p
1
> [ (@A - A da.
Y p

where the function d is given by d(z) = d(x,X U dY) and enjoys the property
|Vd| =1 (and consequently |Vd"| = rd"~'). Take r = (r —1)p, i.e. 7 = ¢; hence we
get

Fy(5,1,Y) > (A — AP (%)p)/ydq da.
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Optimizing on A (the optimal choice is A = ¢4, as we can find by derivation) gives
the thesis.

To get the second part of the statement, it is sufficient to notice that adding oY
is asymptotically irrelevant and use the same asymptotic results of [7]. O

To get the exact value of 6(p) one should find explicitly asymptotically optimal
sequences. This is a very typical question in this kind of problems, and it has
been approached, for instance, in the case of average distance functionals, in [0]
when placing points (location problems) and in [7] when placing connected one-
dimensional sets (irrigation problems). However all the results are very limited and
typically two-dimensional.

In the compliance case for p = 2 we are unable to give a precise answer. Two
main candidates seem interesting: the case of uniform grids and the case of parallel
lines (actually, parallel lines are not connected, but it is sufficient to add a segment
on one side of the square and they become a connected comb). This second case is
proved to be optimal in the Mosconi-Tilli case. By comparing these two, we find
that in our case as well a comb configuration performs better than a square-grid
one.

It is in fact sufficient to evaluate the compliance in the following two configu-
ration: a square with Dirichlet boundary conditions, and a square with Dirichlet
conditions on two opposite sides and Neumann conditions on the remaining ones.
Obviously, the first one gives a better result, but uses twice the length. It is conse-
quently necessary to check whether its perfomance is better than the other up to a
factor 4 (i.e. the length ratio to the power of ¢). Notice that, when homogenizing,
there is a superposition of the lenghts which are contained in the boundary of the
square.

Since we want to prove that the square with Dirichlet boundary conditions on the
full boundary loses against the case of mixed conditions, we only give an estimation
of the compliance in this case. Let us call u the solution of —Au =1 on Y with zero
boundary conditions on 9Y and let us consider the function a(x,y) = zy(1—z)(1—y)
as well. We have u > @, because the two functions share the same values on 9Y,
while —Aw(z,y) = 22(1 —z) + 2y(1 — y) < 1. Hence, if ¥ = 9Y we have

16
L?Fy(%,1,Y) :—/udxdyZS/ﬂdxdy
2 Jy, Y

_8(/01x(1—:17)da:)2—§.

On the other hand, if ¥ is made of only two opposite sides, we may compute
explicitly the solution of —Awu = 1, obtaining
z(l—=
U(J,',y) = % )
so that
! 1

udx dy :/ x(l—x)de == .

Y 0 6

Therefore, we conclude that for p = 2 we may estimate 0(2) by using this parallel
lines configuration. When we homogenize it, we have to add one side of the square
to get it connected, thus obtaining a comb structure. Anyway the solution with
Dirichlet boundary conditions on ¥ U dY is less or equal than the solution with
Dirichlet on the parallel lines and Neumann on the two remaining sides of the square,
which is the homogenization of the one we computed. Taking into account that,

4
L?F(%,1,Y) = 5/
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in computing the total lenght of the comb configuration we have an asymptotically
irrelevant lenght one on the side we add for granting connectedness, and a complete
superposition of the boundary lenghts (so that the total lenght is asymptotically
half of the lenght nL which we usaullay have when homogenizing), we get a factor
1/4 = (1/2)? that gives 6(2) < 1/24. Notice that this factor 2 in the lenght
is common to the two configurations we examined and can be easily seen if one
replaces the fours-sides configuration by the two medians of the square and the
two-sides by one median only (with Neumann boundary conditions on the sides of
the square). These two new configurations homogenize exactly as the previous ones,
but have half the length.

Conjecture. In analogy to the two-dimensional result by Mosconi and Tilli, we
conjecture that the comb configuration is asymptotically optimal and, consequently,

that 0 = 1/24.

F1GURE 1. A grid is less performant than a comb structure, that
we conjecture to be the optimal one.

5. Average distance as a limit as p — oo. In this section our general presen-
tation of the problem for any p > 1 is exploited to let p — oco: this allows us to
compare it to some average distance problem. In some sense, the limit of these prob-
lems as p — oo corresponds to the minimization of the functional D; introduced in
the previous section.

The aim of this section is to complete the previous results to show a commutative
I'-convergence diagram: if we fix p and let the length constraint L tend to +oo we
get a limit functional depending on p, given by (7). We want to show that, both
at the finite level of fixed L and at the asymptotic level of the limit functional, we
have I'-convergence as p — oo to the corresponding functional arising in the average
distance theory.

The following Lemma is well-known.

Lemma 7. Let Q be a fized domain, py < oo a fized exponent with conjugate
g = po/(po — 1) and f € L®(2) a nonnegative function. Then the sequence of
functionals K, : Wol’po (Q) — [0, +00] given by

/|Vv|pd:v—/fvdac

T'-converges as p — oo, with respect to the weak convergence in Wol’po (Q), to the
functional Ko, given by

—/ fodz  if |[Vollwie <1,
Q

+00 otherwise.

KOO(U) =
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In particular we have

Jim min{K,(v) - ve Wy Q) = — [ f(x)d(z, 0Q)dz.
- Q

Remark 2. All the results of this section are provided under the assumption f €
L%(Q), even if they could make sense for f € L(Q) (since for p > 2 all functions
in WhP(Q) actually belong to L>() because they are Holder continuous). The
reason lies in the fact that in some estimates we used to prove our results in previous
sections we explicitly exploited the duality between WP and L7 functions.

Theorem 3. Fiz L > 0, an exponent pg > 2 with conjugate qo, and a nonnegative
function f € L®(Q)). Consider the functionals

Cp(X) := F, (%, f,Q) for all ¥ € Ap(2),

where Ap,(Q) is endowed with the Hausdorff convergence. As p — oo we have
I'-convergence of (Cp)p to the average distance functional D given by

D(X) = /Qd(x, U0 f(x)da.

Proof. To prove the I'-limsup inequality we will prove pointwise convergence. This
is to be done by fixing ¥, regarding the compliance as a maximum, and considering
I'-convergence on these problems, which would give as a byproduct the convergence
of the optimal values. This I'-convergence follows from Lemma 7, changing the
signs in the functionals and applying it to the domain 2\ X.

For the I'-liminf inequality take ¥, — ¥ and the corresponding potentials w,. It
is easy to see that this sequence is bounded in W0 (Q) and, since pg > 2, thanks to
the compact embedding in CY of the Sobolev space W10 (Q), we can also suppose
up, — w uniformly. If we prove, for almost any xzy € Q such that f(zo) > 0, the
inequality u(zg) > d(zg, XUON), the goal is achieved. To prove this inequality take
xo ¢ LU I and a radius r < d(zg, X UIN). Since X, converges in the Hausdorff
topology to X it will eventually hold r < d(zo, X, U 9Q) as well. Hence, if we take
the solutions v, of the p-Laplacian equation

—Apv, =f in B(xzo,r),
vp =0 on 0B(zo,r),

we have the inequality v, < u,. Hence it is sufficient to estimate the uniform limits
of v,. Since v, is bounded in W10 (B(zg,r)) we may suppose weak (and hence
uniform) convergence to a function. By the I'-convergence result of Lemma 7, we
know that such a limit must optimize the limit problem, i.e. it must realize the
maximum of [, vf dz among all the 1-Lipschitz function v vanishing on dB(zq, ).
This maximum is realized by the function z — d(z, dB(z,r)), which is the highest
among these functions, but it could be realized by other functions as well. Those
maximizing functions v should satisfy v(x) = d(z,dB(x¢,r)) a.e. on {f > 0}.
Yet, if f(zp) > 0 and z is a Lebesgue point for f, using the continuity of v and
of the distance function (which are both Lipschitz continuous) we obtain v(zg) =
d(xg,0B(xg,7)) = r. Actually, by using again the 1—Lipschitz behaviour of v, this
proves the equality v(z) = d(x, 0B(zg,r)) for any « € B(xg,r). This easily proves
that the uniform limit u of the functions wu, must satisfy u(zg) > r and, letting r
tend to d(zg, X U IN), we get the desired inequality and the T-liminf inequality we
were looking for. O
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Remark 3. Theorem 3 could have been stated replacing the Hausdorff convergence
by the weak convergence of the measures us,. In fact it is easy to prove that
ps, — px implies 3, — ¥ in the Hausdorff topology. This means that the I'-liminf
inequality we proved remains true, and the I'-limsup as well stays valid because we
only used pointwise convergence, i.e. we were not concerned with any topology on
the sets 2.

Theorem 4. Fiz a nonnegative function f € L9%(Q) and consider the sequence of
functionals Cp, oo on P(Q) (endowed with the weak topology) given, for p > 1, by

f )q P
Ch oo :z/ (— dx, where g = ——.
00 (14) 0 \1a q p—1

Consider as well the functional Cos « given by

Coo,o0(pt) 1= 2 dx.
Q Ma

As p — oo we have I'-convergence of (Cpoo)p 10 Coo 00 -

Proof. This result follows straightforward, because we are considering the L4 norms
of the same functions f/p,. This means that the inequality

[vllf0 > fJol| i |Q /@D
is sufficient to deal with the I'-lim inf inequality: if we have p, — 1 we have

aninf |‘f/(ﬂp)a|‘%q 2 limpinf £/ (p)all Lt |Q|71/(p71) >\ f/pallnrs

where the last inequality comes from the semicontinuity of the limit functional and
from the fact that |Q~1/®=1) — |Q° = 1.

On the other hand, the I'-limsup inequality will follow in this case too from
pointwise convergence, which in turn follows from the convergence of the L¢ norm
to the L' norm. O

To complete the framework of the convergence as p — oo, we just need to control
the constants 0(p).

Remark 4. As a consequence of what we have proven, it holds 0(p) — 1/4 as
p — oo. This can be seen from the estimates (12) and (13). For an upper bound,
one has to use Lemma 7 as well: in fact we have

limsup 0(p) < limsup LF,(X,1,Y) = L/ d(z, ¥ U 9Y)dy,
p—00 p—00 Y
and, by choosing a set 3 composed by m — 1 equally spaced vertical bars and the
whole perimeter of Y, we get in the right hand side a value less than or equal to
m+3 By letting m — oo we get lim Sup,,_, o, 0(p) < 1/4. For the lower bound, just

4m

use (13) to obtain

2q)71 1
liminf 6(p) > lim inf (24) =-.
p—00 p—oo  14g¢q 4

The commutative I'-convergence result we highlighted in this section is resumed
in the following diagram.
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AL(Q) 53— LY (1 - %) Jo fugf)zyﬂdx — Q)3 p—0(p) Jo ﬁ—;d:c

p—0o0 p—0oo

|

AL(Q) 32— L [, fd(z, 20 0Q)de —— P(Q)Sul—)%fﬂp‘—idaj

L—oo
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