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We consider optimal shapes of the functional
Ex(Q) = J(Q) + P(Q) + M| — m]|

among all the measurable subsets § of a given open bounded domain D C R? where .J(2) is some Dirichlet
energy associated with Q, P(Q2) and || being respectively the perimeter and the Lebesgue measure of
Q). We prove here that for some optimal shape, the state function associated with the Dirichlet energy
is Lipschitz-continuous. Then we deduce the same regularity properties for the boundary of the optimal
shape as in the pure isoperimetric problem (case J = 0). We also consider the minimization of & with
Lebesgue measure constraint |Q| = m.

1. Introduction

We prove here some regularity results for the optimal shape of two optimization problems
involving the Dirichlet energy of shapes together with their perimeter: the first one is
with a Lebesgue measure constraint, the other one is a penalized version.

To be more precise, let D be an open subset of R? and f € L?(D). For any measurable
subset © of D with finite Lebesgue measure ||, we denote by P(f)) its perimeter (see
Appendix E for definition) and by J(2) its "Dirichlet energy", defined as follows:

J(Q) = int{ G(v) : v e HYQ) ) (1)

where G(v) = [, 3|Vv|? — f.u. In the case where Q2 is open, it is well-known that J(Q2) =
G(ugq) where ugq is the solution to the Dirichlet problem

ug € Hy(Q), —Aug = f in Q. (2)

The definition of H}(2) may be extended to any measurable set  (see e.g. [10]) and ugq
may then be defined as the unique function ug € Hg(2) such that J(Q) = G(ugq).

Now we fix m € (0,|D|), and for A > 0, we set

E(Q) =J(Q)+ P(Q), Ex(Q) = J(Q) + P(Q) + \||Q2] —m)|. (3)

Our goal is to study the regularity of optimal shapes 2*, Q2% solutions of
E(Q") =min{&(Q) : Q measurable, 2 C D, |Q] = m} (4)
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Ex(2Y) = min{&,(Q) : Q measurable, Q@ C D, | finite }. (5)

Note that if f = 0, these problems are nothing but the classical isoperimetric problems.
The regularity of the corresponding optimal shapes is a difficult question, but now com-
pletely solved. Assuming f = 0, one has

if d <7, 00" and 012} are analytic hypersurfaces, (6)
and if d > 8, there exist singular sets 3, ¥, of s-Hausdorff
measure zero for all s > d — 8 such that 092"\ and 0Q5\X, (7)

are analytic hypersurfaces

These results are particular cases of the known facts about minimal surfaces and may be
found for instance in [7], [8], [11] and in their references.

On the other hand, if one drops the perimeter term in £(€2) and £,(£2) to consider the
pure Dirichlet problem (i.e., minimizing J(Q2) with prescribed |Q| or J(Q) + A||Q| — m]),
similar regularity results may be obtained in the case when f is bounded and nonnegative.
Complete regularity of the boundary holds if d = 2 while regularity up to a singular set
of (d — 1)-Hausdorff measure zero holds for d > 3 (see [4] and [5]). Note that, even when
d = 2, singularities like cusps may occur if f changes sign.

Here, we prove in particular the following

Theorem 1.1. Assume f is Holder continuous, bounded and nonnegative. Then, for any
optimal shape Q% of (5), the state function ugqy 18 locally Lipschitz continuous in D. As
a consequence, the reduced boundary of Q3 is at least C»* and so is the reduced boundary
of any solution 0* of (4) when both problems are equivalent. If d <7, the same regularity
applies to the measure-theoretic boundary of the optimal shape.

One knows that many shape optimization problems with Lebesgue measure constraint of
type (4) are actually equivalent to their penalized version of type (5) for A large enough.
This is also proved here too under the technical assumption that D is star-shaped and
bounded (this assumption is not optimal, but it allows us to provide a direct proof). As
a consequence, regularity results of Theorem 1.1 may also be applied to optimal shapes
of problem (4).

Before reaching the Lipschitz continuity of the state function, we provide here a rather
simple proof of the fact that it is %—Hélder continuous. Although we do it here for
simplicity only for nonnegative state functions, it may be extended to any f € L* without
sign by adding the use of the Alt-Caffarelli-Friedman Monotonicity Lemma (see [1]).

The hardest part of this paper is to reach the Lipschitz continuity of the state function.
The proof uses very much the ideas and techniques in [2]. Once this is done, we may easily
deduce that the optimal shapes are perimeter quasi-minimizers (See Definition 5.1), and
then apply known regularity results for these quasi-minimizers (see [3], [12])

Let us mention that problems of type (4) and (5) often appears in applications: the term
P(€2) generally corresponds to a surface tension energy, while J(2) is a potential energy
(like an electromagnetic energy). It is strongly related to Bernoulli type problems for
fluids. Note for instance that the Euler-Lagrange equation leads to the following equation

for (%, ug«) on OQ*
1
§|Vu|2 + C = constant
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where C is the mean curvature of 0Q2*.

To conclude, let us mention, among related topics, the work of A. Chambolle and C.J.
Larsen ([6]) where a functional with Neumann energy, perimeter and measure penalization
is studied and regularity is proved in dimension 2.

This paper is organized as follows:

e Equivalence between (4) and (5) is treated in Section 2 together with extra remarks
on existence.

e Section 3 presents a proof of %—Hélder continuity together with extra properties on
the state function and its Laplacian.

e The Lipschitz continuity of the state function is established in Section 4.

e  Then, we recall in Section 5 how the theory of quasi-minimizers leads to the regularity

of 0.

e Finally, we collect more of less known lemmas in an appendix.

2. Equivalence results
2.1. Existence of minimizers

The existence of minimizers does not always hold. Even when f is the null function, i.e.,
in the problem of minimization of the perimeter with a volume constraint, we know cases
of unbounded D where there is no minimizer. An example where D is an open connected
unbounded set is given in [10]. Nevertheless, the following proposition gives a sufficient
condition.

Proposition 2.1. If D is bounded, the problems (4) and (5) both have optimal shapes.

One can find details upon such results in [10].

2.2. The equivalence result

Theorem 2.2. Suppose D is bounded and star-shaped and f € L*(D). Then, there exists
A= X (m, f, D) such that any solution Q0* of (4) is also a solution of (5) with A = \*,
that is,

Yw C D measurable, J(Q*) + P(Q") < J(w) + P(w) + X*||w| — m]|. (8)

Moreover, for any A > X*, any solution Q% of (5) satisfies |Q%5| = m and is therefore
solution of (4).

Proof of the theorem. Let Q* be a solution of (4). To prove that it satisfies (8), it is
sufficient to prove that any solution Q5 of (5) satisfies |Q2}| = m for X large enough (i.e.,
for A > A* to be determined). Indeed, we then have

JQ) + P() = E(Q7) < () = &)
< &) =J(w) + Pw) + Allw| = m|

for any w C D measurable.
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Let us consider € = 25 a solution of (5) (which exists by Proposition 2.1). We will prove
that if || # m, then \ is necessarily lower than some A* = A*(f,m, D). This will give
the result.

The proof will be split in two parts. We will first assume that |Q2] < m: the estimate on
A will rely on the monotonicity of J and on a result from I. Tamanini [11] valid for P(2)
and providing “good” exterior perturbations of 2. Then the case |2| > m will be treated
by simple perturbations of the form €2, ¢ < 1: this is where the geometric assumption on
D is mainly needed.

Let us first note that there exists Cy = Cy(f, m, D) (independent of ) such that
max{|Q|,P(Q),—J(Q),/ |Vug|*} < Cp. (9)
Q

Indeed first |2| < D. Then, J being nonincreasing, —J(€2) < —J(D) < oo. Then, since
m < |DJ|, we may construct w C D measurable such that |w| = m and P(w) < oco. It
follows that

J(€) + P(Q) + A|Q] = m| < J(w) + P(w) < P(w)

since J(w) < G(0) = 0. And so P(2) < P(w) — J(D). The last estimate finally comes
from the equality J(Q) = —3 [, [Vugq|?.

2.3.  Proof of the equivalence: study of the case |[)] <m

Assume [©2] < m. We use the following lemma which is a simple generalisation of a lemma
from I. Tamanini ([11]).

Lemma 2.3. Assume D is a bounded, open and star-shaped set. Let us take some mea-
surable set L C D, and some constants a > 0, 3 > 0 such that

P(L) < a,

L] = 8, ID\L| = 5.

Then, there exist two positive constants b, Cy depending only on d, o and (3 such that:
for all 6 € (0,b), one may find a measurable set Gy satisfying:

L C Gs, Ga\L CcD,

|G5\L| =4,
P(G5) < P(L) + C4é.

Now since A||Q2] —m| < —J(D) + P(w) = C we can find A\;(m, D) large enough so that,
if A > A\, we have

1
min{|Q], |[D\Q|} > 3 min{m, |D| — m}.

We now assume that A > A\; and apply Lemma 2.3to L = Q, a = Cy, f = %min{m, |D|—
m}. We obtain Gy satisfying the conditions of the lemma and |Gs| < m for some ¢
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positive. Note here that the constant C given by the lemma depends only on the data
of the problem. By optimality of €2,

J(Q) + P(Q) + Mm — Q) = &(Q)
< J(Gy)

< &\(Gs)
+ P(Gs) + A\(m — |Gs)).
J

(©) and using the properties of Gy,

Since J is nonincreasing for the inclusion, J(Gs) <
we deduce
Ao = A(|Gs| —19]) < C410, and so A < (.

Thus we have proved, with A; = max{C7, \},
(19 <m) = (A< Ay).

2.4. Proof of the equivalence: study of the case | > m

Assume now |Q2] > m. To make interior variations of the minimizer, the use of scaling
works well when the open set D is star-shaped. Up to translating, we may suppose that
D is star-shaped with respect to 0.

Recall here that € is an optimal shape of (5) with the extra assumption |Q2] > m. If ¢ is
in (1 —¢,1) for e sufficiently small, we still have |€;| > m, and so, using the optimality
condition:
J(Q) + P(Q) + AX(|Q] —m) < J(tQ) + P(tQ) + A(|tQ] —m),
that is to say, since we know explicitly the expressions of the perimeter and measure of
£,
(1 —t"HPQ) + X1 —tH|Q| < J(tQ) — J(Q).
Since t < 1 and |Q| > m,
M1 = thym < J(tQ) — J(Q).

To conclude, let us divide by 1 — ¢ and make ¢ tend to 1, to obtain, using Lemma D.1

< timsup 2= < (0(a) 41| @) ) V2T

< CQ = CQ(f,TI’L, D)
Thus we have proved, with Ay =

dm’
(192] >m) = (A < Ay).
Taking \* = max{A;, Ao} concludes the proof. O

3. First results on the minimizers and Holder continuity of the state function

Until the end of the paper, we will suppose that Q is an optimal shape of the problem
(5). Since from now on, all the results will be purely local, no assumption needs to be
made upon the shape of D. In particular, D does not need to be bounded. Note that,
according to Theorem 2.2, all the regularity results attached to 2 and u carry over to the
solution of the constrained problem (4).

In the sequel, we will often denote uqn by u. We will suppose from now on that u is
nonnegative, but all the results in this section can be generalized to the case where no
sign is given. Notice that since an optimal shape is an admissible shape, €2 has a finite
measure.

Finally, let us assume in this section that f € L(D), for some ¢ > d.
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3.1. First properties of the optimal shape

Let us enumerate some properties of the optimal shape. First of all, using the well-known
inequality, P(QU B) + P(2N B) < P(2) + P(B), we have the following:

Lemma 3.1. Let B be an open ball included in D and let v belong to Hy(BUQ). Then:
J() < Gv)+ P(B)— P(2N B) + A\Q°N B.

And as a corollary:

Lemma 3.2. Let B be an open ball included in D and ¢ € C3°(B). Then
1

]<Au+f,90>|§2</\Vg0]2)2(P(B)—P(BHQ)jL)\]BﬂQC\)%.

Proof. Let t € (0, +00). From Lemma 3.1 applied with v = u + tp we have:
G(u) < G(u+tp)+ P(B) — P(BNQ) + A\BNQ.
Expanding and dividing by t leads to
<Au+ f,o>< t/ IVl + %(P(B) — P(BNQ)+ABNQY),
and finally, minimizing in ¢, we obtain the result. L

Now we can prove the regularity of u in the “interior” of €2 in the following sense

Lemma 3.3. Let B be a ball included in D such that |BNQ°| =0. Then u is a solution
of

—Au = f in B.
Proof. Since |BN Q¢ =0, we have P(2 N B) = P(B). We then apply Lemma 3.2. [

Whereas the preceding lemma gives Awu in the interior of €2, the following lemma gives
some key information about the nature of Au on the boundary of 2.

Lemma 3.4. There exist a positive measure pu such that
Aut flymg = b (10)

Proof. We define p,,,q, : R — R as

pu(@) = n.alp1)(z) + 1 ) (2), @lx) = / Pn(s)ds.
0

Let ¢ € C5°(D) and t € (0,00). Since v = u + tp,(u) € Hy(2), we have G(u) < G(v),

[ V@) + 2 [ 19w <t [ Faomu)

Dividing by ¢ and making ¢ tend to 0, we have

[otvass s [w@ilvaf - [ o =o,
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i.e., in the sense of distribution on D, (we say in D'(D)):

n|Vul*Locuctm — A(gn(uw)) — fopa(u) = 0.
But f.p,(u) tends to fly<, in L'(D), and so in D'(D). Similarly, ¢,(u) tends to u in

L*(D). If now we call " the positive measure n|Vu|*1jg<y<1/n], We have

A(gn(u)) + fpn(u) = p".

Since the left term converges in D', then so does p™. Finally, the distribution Au+ f1jg<y
is positive, and so is a positive Radon measure, that we call 4. And we have:

Au+ fligcy = .
]

Now, from the preceding lemma, we have —Au < |f| whence comes the following L
estimate:

Lemma 3.5. The function u belongs to L=(D) and ||u||pepy < C(d, q, |2, || f]Lep))-

3.2. 1/2-Hoélder continuity of u

Theorem 3.6. The state function u is locally %—Hﬁlder continuous.

This regularity result comes from the study of the measure Au on the boundary of €.
The following estimation is the key to the Holder continuity:

Lemma 3.7. There exists a constant C = C(d, f,\) such that for any ball B(xo,7) C D,
with r <1,
|Au|(B(zo,r/2)) < Cr*1-2.

Proof. In Lemma 3.2, consider the open ball B(zq,r) with radius » < 1 and ¢ €
Cse(B(xg,r)). We have:

d—1

| <Aut fip> | < ClIVell(r®™ + M)z < C||Vepllar T
We now take ¢ as follows:
¢ = 11in B(zo,7/2), ¢ =0 out of B(xg,r),

C
0< <1, |IVolle < 2,

and obtain the result. O

Remark 3.8. When u does not have sign, we can get the same conclusion by adding the
tool of the Monotonicity Lemma (Cf. [1]) but this requires more work as in the proof of
Lemma 9 in [4]. The preceding lemma is the point where the Monotonicity Lemma has
to be employed when we do not know the sign of u.

Integrating the result of the previous lemma, we find that
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Lemma 3.9. Ifr <1 and B(zo,2r) C D, we have

/ sl_d/ d(|Aul)ds < Cy/r.
0 B(zo,s)

Using now the remark to Lemma A.1, we can take the following representation of u:

Vo € D u(x) = lim u,
=0 J 8B (x,r)
where we use the notation / u to denote the average of u over dB(x,r). One verifies
OB(z,r)

that according to this particular definition, we also have

Vz € D,u(x) = lim u.
r—0 B(z,r)

In what follows, 02 will always denote the measure-theoretic boundary of €2, i.e.,
N={xeD :VYr>0,0<|B(z,r)NQ <|B(z,r)|}.

Moreover, let us define d(x) = d(z,02). First of all, we show that u is zero outside the
measure-theoretic interior of (2.

Lemma 3.10. Let us take xo in D such that |B(zo,7) N Q°| > 0 for all v > 0. Then
u(zg) = 0.

Proof. Consider r > 0 such that B(xg,4r) C D and x; € B(xg,r) such that u(z;) = 0
(such a point exists because u = 0 almost everywhere outside 2). From Lemma A.3, we
have

[l oo (Baory) < |ullLoe (B 2y < C(3r +][ )
OB(x1,2r)

but thanks to Lemmas A.1 and 3.9:

/ u:/ u—u(z) < Cyr
0B(x1,2r) 0B(x1,2r)

whence ||u| Lo (B(zo,r)) < Cy/r. Finally
0 < wu(xmg) < ligiig1f||u||Lm(B(x07T)) =0.
]

Proof of the Holder continuity. Let 6 € (0,3). Let us call Ds = { € D : d(x,0D)
> 66}.

Lemma 3.11. There exists Cs > 0 such that for any xo € Ds, u(xg) < C(;d(:vo)%.

Proof. Take z( in Ds. First suppose d(xg) > ¢. Then, since u is bounded

[lulloo

[SIE
N[

u(zg) < d(xg)2 < Csd(zo)2.

S
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Now suppose 19 = d(z) < § and take yo € 9 such that ro = d(xg,yo). In Lemma 3.10,
we saw that u(yo) = 0, so that, applying Lemma A.1, we get

0B(yo0,2r0) 0B(yo0,2r0)

2ro
— (dwd)_l/ sl_d/ Auds < C/ry.
0 B(z0,s)

and applying point (i) of Lemma A.3, we get

[[ul] 2o (Bzoro)) < Ul Loo(Byo,2re)) < C(370 +]/ u)
0B(y0,2r0)

and so u(zo) < Cd(xg)z. O
Lemma 3.12. There exists C§ such that for any xy € Ds with d(zo) > 0, we have
1

HVUHLoo(B(xo,@)) < Cymaxtl, Io)%

Proof. First suppose that |B(zg,d(x¢)) N Q| = 0. Thanks to Lemma 3.10, we know that
u =0 in B(zg,d(xp)). In particular, |Vu(xg)| = 0.

Now suppose that |B(zg, d(x¢) N Q] = 0. We have —Au = f in B(z,d(z0)) (by Lemma
3.3) so that, applying point (i7) of Lemma A.1,

1
IVl e o, 222y S C{HMHUHP"(B@O:@))]

C

]

To conclude the proof of the Holder continuity, take z and y in Ds. Denote Qi = {z €
D : 3r > 0,B(x,r) C D,|B(z,r) N Q| = 0}. Note that €, is open. Suppose z or y
belong to Q¢ .. Then Lemmas 3.10 and 3.11 show that there exists a constant C' such that

u(z) — u(y)| < Cd(z,y)?.

Now suppose both = and y belong to €. First suppose d(z,y) < d(x)/4. Using that u
is regular in B(z,d(x)), and the estimate on Vu given by Lemma 3.12, we find that

, 1
lu(z) —u(y)| < Cgmax{l,w}d(w,y)

N

< Cmax{d(x,y),d(x,y)%} < Cd(z,y)2.
If d(x,y) < d(y)/4, the result is the same by symmetry.
Now if d(x,y) > max{d(y),d(z)}/4
u(z) —u(y)] < 2max{u(z),u(y)}
< 2C max{d(x)%, d(y)%} < Cd(x, y)%.
And so there exists C' > 0 such that for any z, y in Dy, |u(z) — u(y)| < Cd(z,y)?. O
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4. Lipschitz continuity of the state function

This section is devoted to the proof of Theorem 1.1. First, we prove a density result which
will be needed at the very end of the second part of this section. Then we will prove the
local Lipschitz continuity of the state function.

4.1. A density result

The following result is true in general, i.e., no hypothesis is needed on f other than
f e L*D).
Lemma 4.1. There exist some constants C(d) and ro(d, \) such that, for all x € 0 and
r € (0, min{rg, d(x,0D)}),

1Q°N B(z,r)| > Cre.

Proof. The proof is classical and can be found for example in [7]. We consider pertur-
bations of €2 of the form Q = QU B(z,r) for balls B(z,r) included in D. Using that € is
an optimal shape of (5) and the monotonicity of J, we have

P(Q°, B(z,r)) < H"HOB(z,7) N Q) + A\|Q° N B(x,7)|.

But, since P(Q° 0B(x,r)) is null for almost any r (because {2 has finite perimeter) and
thanks to the inequality

P(Q°N B(x,r)) < P(Q°, B(z,r)) + H (0B (x,7) N Q°) + P(Q°,0B(x, 7)),
we have that for almost any r:
P(Q°N B(z,r)) < 2H"Y0B(z,7) N Q°) + A\|Q° N B(x,7)],
i.e., using an isoperimetric inequality on the left term:

C(d)|Q° N Bz, r)| ‘T — A|Q° N B(z,r)| < 2H" (0B (x, r) N Q°).

d
Note that al—|QC N B(z,r)| = HEYOB(x,7) N Q°). And so, for almost any 7,
r

. d
C(d)|Q° N B(x,r)|T — A|Q°N B(z,r)| < 2%190 N B(z, ).

We can study the function g(z) = C(d)z“@ — Az, and see that 92}, C(d), when z — 0

x d
from above. Then, for r small enough (i.e., lower than some 7¢(d, \) and than d(z,dD)),
and still for almost all r,

C(d)

T|Qcﬂ3<x7r)|d%d1§ QCQB((E7T)|7

.
dr
i.e., dividing by |2°N B(x, 7‘)|d;d1 and integrating from 0 to s < min{ro(d, A), d(x,0D)}:
C(d)s < |Q°N B(x,r)|4, ie., |Q°N Bz, s)| > C(d)s. O
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4.2. Lipschitz continuity, setting of the proof

Our main objective is to prove some regularity result on the boundary of €. In order to
do this, one may want to apply known results on the quasi-minimizers. But the regularity
already known on w is not sufficient to do this. In the study of the Hoélder-continuity,
we made variations of €2 by taking unions with balls. The following method uses another
kind of perturbations which will be described in 4.3.

From now on, we suppose that the function f is locally Holder continuous, bounded and
nonnegative. As a consequence, so is the state function u. From the previous section, we
know that the function u is continuous.

We want to study the local Lipschitz continuity of u in D, i.e., to prove that for any point
x of D, there exists a neighborhood of x in D such that u is Lipschitz continuous in this
neighborhood. For a point x that lies in the measure-theoretic interior or exterior of €2, this
property is clearly satisfied, u satisfying some Poisson’s equation in some neighborhood
of the point.

Now take T € 92 (Recall that 02 denotes the measure-theoretic boundary). We suppose

B(z,§) € D. We are going to prove the Lipschitz continuity in the ball B(ZT, %) In

particular, the property will be local and we may suppose, up to renormalizing, that
d =1 and denote B; = B(Z,1). Let ¢ be a smooth function, such that 0 < p <1, 9o =0
in B(7, ), ¢ =1in B(7, 1). Let ¢ > 0. We call
w. = [u—¢|*.
As in [2], let M. be the smallest constant such that
Vo € By, M.d(x) > w.(z)p(z),

where d(x) = d(x,00). We want to estimate M. from above independently of €. The
result then comes from the following lemma:

Lemma 4.2. We suppose the existence of a constant M < oo such that, for all € > 0,
M. < M. Then, u is Lipschitz continuous in B(T, 35).

Proof. Let y and z belong to B(T, 55).

If y or z belong to 092, we have 0 = |u(y) — u(z)| < Md(y, z).
If both d(y) and d(z) are smaller than d(y, z)/6, we find that
2M

ju(y) — u(2)] < 2 max{d(y), (=)} < 2y, ).

Finally, if, for example r = d(y) > d(y, z)/6, we have the following estimates:
!

C
IVl =z < €+ —llull=mse5)-

Let yo € 0Q be such that r = d(y) = d(y, yo). Then, B(y, 5) C B(yo, %). So [Jullr=(s@,1))
< 2M3%, whence

;M
IVulle=Bu.gy < O+ C = and uly) —u(2)] < C(M)ly — 2],
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We can easily see the two following properties of M.:

Lemma 4.3. Ve > 0, M, < co.

Lemma 4.4. If M. >0, 3z, € B(0,1), M.d(zo) = w-(z0)p(xo) > 0.

Let us fix ¢ positive (and small). Take the z, given by the previous lemma. Take now
yo on 0N such that d(zg) = d(zo,y0). Up to some rotations and translations, we can
suppose that yo = 0 and xg = d(z¢)ey, (e1,...,eq) being the standard basis of RY. Notice
that, since ¢(xo) > 0, 2o is in B(x, 3) and so d(zy) < d(zo,z) < %, whence yo is finally
in B(x,1). Our goal here is to estimate M. from above independently of €. So we will
suppose that M. > 1, for in the other case we have the good estimate.

In the sequel, we will suppose that ¢ is fixed and call M = M, and w = w.. The aim of
the following is to estimate M from above independently of ¢.

4.3. Description of the perturbations

We suppose (and we will prove later that it is indeed the case) that there exists a C*
surface S = {(z1,2') € V : 21 = ¥(2')} in some neighborhood V (included in B;) of
yo = 0 such that ¢) can be expanded in the following sense

d(a) = Q'(2') + ow—o(|2'?)
where Q' is some quadratic form, satisfying the following mean curvature condition

, 1 . Cc C
K(9)(0) € Toyd) < 37+ Sos

where the constants C' do not depend on €, nor on z(, but may depend on the uniform
norm of ¢ and of its derivates (so will be any constant denoted by C' in the following).
And we suppose that

IUNY C {(z1,2) €V 1 2 <P(a')}

We are going to perturb €2 by doing slight perturbations of the surface S:

57— { ) €V = v ) = vle) + e -

and

Si = {(z,2) €V 1 w1 = (2f) = () +t}
where ¢t > 0 and dy > 0 are both small. Notice that, in V

c C
+——.

K(‘St )(SC) < M QO(xO)

Let Z; be the domain between S, and S;, i.e.,

Zy ={(z1,2') €V 1 Yy (2') <21 < ()}
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As S; and S; intersect for |2'|* = Z%C’;(’)t, we will have Z, C V if t is small enough (dg
being fixed). Let
Qt - Q U Zta

and

Vi ={z1 > ¢ () I\Q (= Z,\Q for t small enough ).

Let u; be the solution to the following problem (with u; = u outside Z;):

—Aut = f n Zt

The set 2 being an optimal shape of (5), we have
J(Q) + P(Q) + M[Q] —m[ < J() + P(Q) + A[|€%] — m]
so that (since J(Q) = G(u) and J(2;) < G(u))
G(u) = Gu) < P() — P(Q) + AVi].

4.4. Using the perturbations

In this section, we will estimate the differences P(£2;) — P(2) from above and G(u) —G(uy)
from below with the help of |V;| and |V} /| and thus reach a bound on M.

4.4.1. Variations of the perimeter

Lemma 4.5.

C
¢(x0)

C
P(©,) = P(@) < ——[Vi| + IV

Proof. We first give an expression of both perimeters:
P(Q, By) = HTHS; — Q)+ P(Q, By — Zy)

P(QvBl) 2 P<Q7Zt) +P(QvB1 _Z)

Let now K = sup |Kj(y)| where the sup is taken w.r.t. j € {1,...,d—1} and y € By;2NSh,
and K; denotes the j-th curvature of the surface Sy at the point y. Then, if d;(.) = d(., S, ),
we have (see [9], Chapter 14.6), if di(z) = |z — y| for some y € S;, and t being small
enough,

d—1
Kj(y) ¢ C
Ady(z) = - : > - -
=" L TR i e M
We thus have, v being the exterior generalized normal on the reduced boundary of V,
(aredv;)
C C) / / d—1
——+ =]V < Ady(x)dx = < Vd;,v>dH
<<P($0) M Vi Vi o) AreaVi '
< SHTHST - Q)+ P(9,2).

which concludes the proof. ]
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4.4.2. Variations of J

Before computing the energy variation, we need some estimates on u and u; given by the
following lemmas. First of all, the next result easily follows by a straightforward scaling:

Lemma 4.6. Let v and g be functions and R be a positive real number such that
—Av =g in By
(NS H&(BR)

Then v € L™(Bg) and ||v]|p~ny) < C(d)]|g]| 1= R?.

Next we obtain an estimate on wu:

Lemma 4.7. There ezists a neighborhood ¥V of 0 in R% such that
— c(d, fyM ,
Ve eV, u(x) > —————(x1 — (a)).
(@) = S — 0(a)

Proof. For any x on S, calling n, the unit normal vector to S that points toward z(, we
consider the ball B* = B(z + @nw, d(;o)). In some neighborhood of 0 in .S, any such
ball B* is included in €.

(i) There exist two positive constants ag = ap(d, || f||r~) < 1/4 and Cy = Cy(d) such that
d
inf u > CoM (o) )
B(ao.aod(x0)) (o)
Indeed, take ov < 1/4 so that r = ad(zy) < d(xy)/4 and consider w the solution of

—Aw = f in B(xg,2r)
w=0 on 0B(xo, 2r).

Lemma 4.6 tells us that [|w||z~ < C(d)||f]|z~4r?. Now notice that u — w is a harmonic
function equal to u on OB(xg, 2r) so that, applying Harnack inequality (on u —w between

B(xg,r) and B(zg,2r))
il u> inf (u—w) > C(d)(ulzo) —wlz))
d(.ﬁlﬁo)

> C(d)(M (z0)

— 42C(d)||]]1)-

But since r < 4M Z((”iz)), we get

inf > CM (1~ 4rC@)| =),

B(zo,r) ©® ZL’Q)

and so, as r = ad(zo) and d(zo) < 1,

inf > ClM (1~ aC(d)|fl1-),

B(zo,r) 2 IQ)
which gives «y.
(ii) Now let us define rq = d(z) — apd(zo)/2. For a point z € S, we call n, the unit

normal to S in x oriented toward xo. Then there exists a neighborhood V' of 0 in S such
that for any x € V', we have
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(o)  B(z + rong,ro) C 9,
(B) @+ ron, € B(xo, apd(zo)).

Indeed, this follows from the regularity of S. Now, as in (i), we find the existence of a
positive constant C(d, f) such that

d
veeV, it w3 oMt
B(z+rong,aoro) QO(I'())
Take v the solution of
Av =0 in B(z + rong, r0)\B(x + ron,., arg)
d
v=C/M (z0) on OB(z + rong, arg)
¢(x0)
v=>0 on OB(z + 1Ny, o).

As u > v, and computing explicitly v, we get the existence of a positive constant Cy(d, f)
such that

Vo € V' ,Vh € (0,d(x)/4), u(x + hng) > CoM ——.
¢(z0)

That is to say, there exists a neighborhood V" of 0 in R? such that

M
Vo e V' N {xy > (@)} ulx) > Cy d(zx,S),
(o)

but if z is small enough, d(x,S) > C(d)(x1 — ¢ (2’)) which yields the result. O
Lemma 4.8.

: CM

inf u, > ——1.

Zi/2 ¢(xo)

Proof. We can apply Lemma 4.7 to obtain, on the surface S;;Q the estimate

. CM
inf u >

t.
S5 (o)

Now consider any point « = (z1,2) in Z/> and build the points 2~ = (¢, ,(2'), 2') and
xt = (@D;;z(x’),a:’). Consider r* =d(x%,07;) and r~ = d(z~,07;).

One has that, ¢ being small enough, v+ > t/4, r— > t/4. One shows furthermore
that d(z*,27) < t. So consider the set C defined as the smallest convex set con-
taining B(x*,t/4) U B(xz~,t/4) and C' defined as the smallest convex set containing
B(z*,t/8)UB(z~,t/8). We can apply some uniform Harnack inequality to the harmonic
replacement of u; upon these sets and prove that (u; being super-harmonic is greater than
its harmonic replacement, and we also have u; > )

w(x) > ig/fut > C(d) sglp ug > C(d)ug(z%) > C(d)u(z™),

CM

so that finally w;(z) > C(d .
vl = CD
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Lemma 4.9.
CM?

¢(o)

Proof. First recall that, thanks to the definition of u;, we have
th V. V(u — uy) fZ , and so

Glu) = Glu) =

Vi 2l

1 2
Glu) = Glur) = 5 [ 19— wo)

Now, for y in S;, let [, be the line from y and following the vector e;. Let S; be the set
of all the points y of S;” such that I, NV, is not empty. For such a point y, let I} be the
set (y,y + sye1) where s, = sup{s : y + se; € Vt/g}. Finally, let

Ve ={y +se1:0<s<s, ye€Sit

Integrating on the lines, we find that

D, (u; —u)lde > dy | D, (u; —u)ds
1 1
/ s; i,

t/2

> / dy(ue — u)(y + 5,61)
Sy
= /dyut(y+syel).
sy
But,
u(y + sye1) > CMt> M ||
W= o) T o)t
and so

CM CM
D, (uy —u)|dx > Vil > Visal.
[ 1D =l > SVl = Sy

Vija

But, thanks to Schwarz inequality,

/ Doy (1 = )| < |V (/
V/ V'/

t/2 t/2

[1v@—wP = [ D= wp

/2

2
1 CM?
> / Do —w)| | > v,
Vel \ s, o(wo)?

And so, as Vyp C ‘/;’/2, and as p(zg) < 1,

C'M2
/]Vu—ut 2 o )|Vt/2|

N

| De, (u — ut)\2>

and so
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4.4.3. Conclusion

The optimality of {2 now leads, using all the previous estimates, to:

CM?

C
V. < +CM+ )\ |V4.
Virel gy < <<,o<mo> ) Vi

But for any ¢ small enough, B(0,t/2) C Z;, and so, thanks to Lemma 4.1, [V;| > |Q°N
B(0,t/2)] > Cte. Thus, using Lemma B.1, there exist a constant C'(d) and a sequence
t; | 0 such that

Putting all the terms in the minimization inequality for t; sufficiently small, and after
dividing by |V;,|, we find that

e e, e
©(z0) ~ @(x0) M

whence we can conclude to M < C and thus to the local Lipschitz-continuity of u in D.

4.5. Construction of the surface S

Since f is locally Holder continuous and u(xy) > €, u can be expanded at the order 2
around zy. We thus have, for all y near x,

Md(y) > Md(zo) +w(y)e(y) —w(xo)p(zo) (by definition of xq) (11)

For a point 2/ € R4, one can consider the point x = (d(zy),2’) which lies in the ball
B(xg,d(xp)) if 2’ is small enough. And so, defining

b(a') = _w($)¢($) ;Ww(f’?o)d’(ivo)?

we find
d(z) > d(zo) — p(a'),

whence we deduce that the boundary of €2 is below the surface

S ={(z1,2") : 21 =¢(2")}.

The surface S is C? in some neighborhood of 0 since the function f is locally Holder
continuous.

By definition, ¢(0) = 0 so that we only have to prove that V¢ (0) = 0 and to obtain
the curvature condition. In order to obtain the desired bound on this surface’s mean
curvature, one has to study the value of the Laplacian of ¢ at 0.

(i) First, using the technical Lemma C.4 in x, with the inequality (11), we find that d is
differentiable in xy, that

V() = L0 Y0

- = €1,
|$0 —yo|

and that
MV d(z) = V(wep)(xo) = ¢(z0) Vw(zo) + w(zo) V(o). (12)
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From this equality we first find that V(wep)(z9) = Me; so that Vi (z') = 0.
(i) Before studying Aw(0), we can study A(—wep)(zo) and get

A(—wp)(z0) = —Aw(xo)p(0) — Vw(wo).Vip(z0) — w(20) Ap(20).

The function ¢ being bounded, —Aw(zg)p(zo) < C||f||r~. Then, using equation (12),
one finds that (using that Vi and u are bounded and that M > 1):

_ MVd(x) N w(zo)|Vip(xo)?

@(mo) 90(%)
M L ||u|| e C M

©(0) ©(0)

—Vw(z).V(xg) =

<

Now, since Ay is bounded, and z; lies in By, one finds that

Md(.ﬁl]g)
—A < ||A o
(,O(ZE())IU(.Q?D) = H QDHL 90(350)
so that, finally,
CM
A(—wep)(xy) < C o + —.
(-ug)(ro) € Ol + s

(iii) Now we must make the link between A(—w¢)(xg) and A(0). Let us call Q =
D?*(—wp)(xg). So that (identifying the d x d matrix ) with the quadratic form associated)

A(—wp)(zo) = AQ = Tr (Q).

Now, we have

so that in order to obtain the bound on the curvature of S, one just have to prove that
Qi1 > 0.

(iv) To do so, one uses technical Lemma C.1 at the point zy with the inequality (11) and
finds that

< —Q(z0).Vd(zy), Vd(xo) >< 0.

That is to say, using (i) that

Ql,l =< Q-€1,€1 >> 0.

(v) Finally, we proved that, in some neighborhood of 0,

1 C C
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5. Quasi-Minimizers and some consequences

First, we recall some results upon quasi-minimizers.

Definition 5.1. A measurable subset E of the open set D (C R?) is said to be a (loEal)
a-quasi-minimizers (for some o € (0, 3]) if for any subset A CC D (i.e., such that A is
bounded and included in D), there exist some R € (0,dist(A,0D)) and C' > 0 such that

P(E,B,(z)) < P(E', B,(zx)) + Cri-1+2

for every x € A, every r € (0, R) and every E’ with FAE" CC B,.(z) (taking FAE' =
(E\E') U (E'\E)).

We are going to use the following

Theorem 5.2. Suppose E is an a-quasi-minimizer (for some a € (0, %]) Then,

(1) O*END is aC" hypersurface,
(1) HP[(OE\O*E)N D] =0 for each s > d — 8.

The proof of Theorem 1.1 then comes from this result upon quasi-minimizers and from
the following Theorem:

Theorem 5.3. Suppose f is bounded and ) is an optimal shape of (5) such that u = ug

1s locally Lipschitz continuous in D. Then ) is a %—quasz’—mz’m’mizer.

Proof. Take A CC D and R € (0,dist(A, dD)). Take some Lipschitz constant L of u on
A+ Bg(0). Now take some z € A, some r € (0, R) and some measurable set ' such that
YAQ CC B, (x).

The case where B,.(z) C 2 is easy, since we have P({), B.(z)) > 0 = P(Q, B,.(x)).

Now suppose that B, (z) intersects 0§2. Then, ||u||po(p,, (z)) < 4rL. Take some smooth
function ¢ such that ¢ = 0 in B,(z), ¢ = 1 in By, (2)¢, and satisfying ||[Vel|z=~ < € (C
being universal) and ||p||~ < 1. Now we can estimate

J() = J(Q) < Glpu) — G(u)

%/(902 —1)[Vaul* + /(VU-VsO)w + /(1 —puf
< C(d[|fllz, L)

IA

And so Qis a %—quasi—minimizer in D. n

A. Technical lemmas, first part
The proofs of the following two lemmas on the Laplacian may be found in [4]. We denote

by ][ the average over the set E.
E

Lemma A.1. Let B(xg, 1) be an open ball and U € C*(B(zo,10)). Then, for all r €

(07 TO)? ,
][ U —Ul(xg) = (dwy) ™" / ds s'77 / d(AU).
OB (xo,r) 0 B(zo,s)
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This remains valid for all U € H*(B(xg,70)) such that AU is a measure satisfying

/ ds sld/ d|AU| < oo, (13)
0 B(zo,s)

and such that
U(zg) = lim U. (14)

=0 J 9B(xo,r)

Moreover, (13) is satisfied if U € L®(B(xo,r0)) and there exists g € LI(B(xo,r0)) with
q > d/2 such that AUT > —g and AU~ > —g.

Remark A.2. The proof shows furthermore that the condition (13) implies the existence

of the limit in (14) for any z, whence we can take some precise representation of U defined
thanks to (14).

Lemma A.3. Let B(xg,ro) be an open ball, ro < 1, F € LY(B(xo,70)), ¢ > d. Then,
there exists some constant C' = C(||F||La(B(zo,ro))» d) such that, for r € (0,rg),
(i) if AU = F on B(xo,719), then

VU || o (Bow/2) < CL 47 U1 (B(z0))s (15)

(i) if AU > F and U >0 on B(xg,rg), then

kuwmmmmyzcv+/‘ U] (16)
OB (z0,r)

B. Technical lemmas, part two

Lemma B.1. Take a function f : (0,r) — R such that there exist some positive con-
stants Cy and o with

Vr e (0,r), f(x) > Cox®.
Then, there exist some constant C(a) and a sequence (t,), in (0,7/2) and converging to

0 such that
vn, f(tn> < C(O‘)f(tn/Q)-

Proof. Let us take C'(a) = 2% + 1. Take some ry € (0,7) and suppose that for any ¢ €
(0,70), £(t) = C(a)F(t/2). Then f(t) = Ca)f(t/2) = C(a)*f(t/2") = Cla) Cot® /2
and this last expression goes to infinity as k goes to infinity, whence there must exist some
to € (0,70) such that f(to) < C(a)f(to/2). The same construction applied to rj, = ry/2"
gives us some t. The sequence (t,), obtained satisfies the required properties. Il

C. Technical lemmas, part three

In this part, we study the properties of the distance to the boundary of a set. In what
follows, let d(z) = d(x,09Q).

Lemma C.1. In the interior of ), the function d(.) is a super-solution of viscosity of the
equation — < V3d.Vd,Vd >= 0.
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Corollary C.2. Let xy be an interior point of Q, and f be a function of class C? in some
netghborhood of xy with

d(.) > f(.) near xy, and d(zo) = f(xo).

Then < V2 f(x0).V f(x0), Vf(20) >< 0.

Lemma C.3. Let o € RY. We suppose that d(xg) =19 > 0. Then, d(.) is differentiable
at xo if and only if the set OB(xg,10) N O is a singleton {a}. Moreover, in this case, we
have Vd(zy) = 22=2

" Jzo—al”

Lemma C.4. Let f be a function of class C' in some neighborhood of a point xo interior
to Q2 and satisfying

d(.) > f(.) near xy, and d(zo) = f(xo).
Then the function d is differentiable in xo and V f(xg) = Vd(zo).

D. Technical lemmas, part four

Lemma D.1. Assume that D is star-shaped with respect to the origin and that x — z f(x)
belongs to L*(D). Take L C D measurable with finite measure. Then

lim sup L) (L)

t—1,t<1 1—-1

< (C(d) + [If (@)l z2p)) vV =2 (L)

Proof. For v = uy, define u,(.) = u(./t). First we compute [ |Vu? = 772 [ |Vul®.
Then we derivate g : t — [ f.u; and get ¢'(1) = [ f(z)(2.Vu(z))dz. O

E. About the perimeter

We recall here the definition and the main properties of the perimeter (see for example
[7):

Definition E.1. Let D and € be (respectively) an open and a measurable subset of R%.
We define

P D) =int{ [ dive s ¢ € QYD) livllm <1}
Q
And we denote P(.) = P(.,R9).

Proposition E.2. Let us take two measurable subsets A and B of R?. Then, P(AUB)+
P(ANB) < P(A)+ P(B).

Proposition E.3. Take Q such that P(Q, D) < co. Then one can extend the function
P(£Q,.) to any measurable subset of D and the function

A€ {B C D : B measurable } — P(, A)

defined in this way is a measure.



806 N. Landais /' A Regularity Result in a Shape Optimization Problem with Perimeter

References

[1] H. W. Alt, L. A. Caffarelli, A. Friedman: Variational problems with two phases and their
free boundaries, Trans. Amer. Math. Soc. 282(2) (1984) 431-461.

[2] I. Athanasopoulos, L. A. Caffarelli, C. Kenig, S. Salsa: An area-dirichlet integral minimiza-
tion problem, Commun. Pure Appl. Math. 54(4) (2001) 479-499.

[3] F. J. Almgren: Existence and regularity almost everywhere of solutions to elliptic varia-
tionnal problems with constraints, Mem. Amer. Math. Soc. 165 (1976).

[4] T. Briangon, M. Hayouni, M. Pierre: Lipschitz continuity of state functions in some optimal
shaping, Calc. Var. Partial Differ. Equ. 23(1) (2005) 13-32.

[5] T. Briangon: Regularity of optimal shapes for the Dirichlet’s energy with volume constraint,
ESAIM, Control Optim. Calc. Var. 10 (2004) 99-122.

[6] A.Chambolle, C. J. Larsen: C* regularity of the free boundary of a two-dimensional optimal
compliance problem, Calc. Var. Partial Differ. Equ. 18 (2003) 77-94.

[7] E. Giusti: Minimal Surfaces and Functions of Bounded Variation, Birkh&user, Boston
(1984).

[8] E. Gonzalez, U. Massari, I. Tamanini: On the regularity of boundaries of sets minimizing
perimeter with a volume constraint, Indiana Univ. Math. J. 32 (1983) 25-37.

[9] D. Gilbarg, N. S. Trudinger: Elliptic Partial Differential Equations of Second Order, Second
Ed., Springer, Berlin (1983).

[10] A. Henrot, M. Pierre: Variation et Optimisation de Formes. Une Analyse Géométrique,
Springer, Berlin (2005).

[11] I. Tamanini: Variational problems of least area type with constraints, Ann. Univ. Ferrara,
Nuova Ser., Sez. VII 34 (1988) 183-217.

[12] I. Tamanini: Regularity results for almost minimal oriented hypersurface in R", Quaderni
del Dip. di Matematica dell’Universita di Lecce, 1 (1994).



