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Introduction

The optimization of the eigenvalues of the Laplace operator with respect to
the domain is one of the most developed topics in the field of the shape op-
timization. If shape optimization problems involving Dirichlet and Neumann
boundary conditions have been widely studied (and partially solved, see for
instance the textbooks [17], [58], [59] and [60]), on the other hand we still
have a great amount of open problems involving the third kind of boundary
conditions, the so-called Robin conditions. The purpose of this thesis is to
investigate some of those open problems and try to solve them.

The starting point of our analysis is the eigenvalue problem for the Robin
Laplacian on a Lipschitz domain €2, i.e.

—Au = \u in Q2

0

“u + pBu=0 on 02

on
(where 3 € R is said boundary parameter and the value of A clearly depends
on Q). Tts weak formulation in H'(f2) leads to the variational representation
for the k-th eigenvalue of the Robin-Laplacian on €2 with boundary parameter

S via the usual Courant-Fischer min-max formula (see [31])
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where Sy, denotes the family of all subspaces of H'(Q2) with dimension k. This
representation is crucial in our work, since it allows to approach the shape
optimization problems via the direct methods of the Calculus of Variations;
in addition, it allows to study some remarkable properties of the eigenvalues.
The presence of both a boundary and a volume integral at the numerator of
the Rayleigh quotient for A\ 5(2) is the reason why the approach to Robin
eigenvalues is usually technically difficult: in general, we have neither a com-
pletely controlled behaviour under rescaling of the domain (above all if the
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boundary parameter is negative, as we will see in Chapter 2), nor monotonic-
ity under set inclusions, in general. These two properties are crucial in solving
classical shape optimization problems; see for instance the main result in [29],
where a general existence result is given under the hypotheses of decreasing
monotonicity under set inclusions, or Chapter 6 (in particular Corollary 6.1.6)
in [17], where functionals involving Dirichlet eigenvalues are analysed. In our
framework, these properties are lacking; for that reason, the shape optimiza-
tion of the Robin eigenvalues turns out to be technically challenging. Indeed,
in general, it is not possible to prove for the Robin eigenvalues a result of shape
optimization just by adapting the proof of its Dirichlet or Neumann counter-
part. For instance, the isoperimetric inequality for the first Robin eigenvalue
can not be proved via the same symmetrization argument used in the classi-
cal Faber-Krahn inequality, since the behaviour of the boundary integral in
the Rayleigh quotient is not completely controlled. In view of these difficul-
ties, many authors have been encouraged to find completely new techniques
to approach the shape optimization of the Robin eigenvalues.

As already said, throughout our work we made large use of direct methods
of Calculus of Variations to obtain our existence results. Our main goal has
been to prove the existence of optimal shapes, possibly in a relaxed setting,
obtaining in some cases additional information on the structure of optimal
shapes. We focused mostly on functionals involving also higher Robin eigen-
values (not only the first one), then we did not look for Faber-Krahn (or
reversed Faber-Krahn) inequalities even for technical reasons. Indeed, isoperi-
metric inequalities for eigenvalues of higher order are generally harder to be
obtained and rarer in literature. Indeed, up to our knowledge, only for the
second Robin eigenvalue with positive boundary parameter there is a Faber-
Krahn-type inequality, due to James Kennedy, see [64]; for higher eigenvalues
no similar results are available.

The structure of the thesis is the following.

In Chapter 1, we recall some of the basic tools used in the variational
approach to the shape optimization problems; we mainly refer to classic text-
books about the different topics, e.g. [2] for a survey on measure theory and
functions of bounded variation, [60] for some properties of the Hausdorff con-
vergences and of some remarkable classes of open domains, [17] for further
properties of the Hausdorff convergences and for the convergence in the sense
of Mosco of the functional spaces.

In Chapter 2 we refer principally to [23] in order to recall the definition
and the variational formulation of the Robin eigenvalues; we point out the
most important properties, their analogies with the best-known Dirichlet or
Neumann eigenvalues and we report some well known Faber-Krahn (or reversed



Faber-Krahn) inequality for the Robin eigenvalues. We will recall above all
the surprising result of Freitas and Kreijcirik in the case of negative boundary
parameter (see [50]). As we will see in detail, it is, up to our knowledge,
the first result in literature of shape optimization of the eigenvalues of the
Laplacian whose solution is not the ball, in general. This surprising fact,
together with the almost complete lack of results for higher eigenvalues (see
[23], Open Problem 4.33), suggested us to look for some existence result for
higher eigenvalues with negative boundary conditions.

This analysis is reported in Chapter 3; here we prove, in different settings,
the existence of optimal shapes maximizing Robin eigenvalues with negative
boundary parameter. Most of results presented are contained in a recent paper
(see [18]), where we also proved some geometric controls of the spectrum that
are even crucial to prove the existence of maximizers. Our work is inspired
by the approach of Bogosel, Bucur and Giacomini for the maximization of the
Steklov eigenvalues [1 1], where they proved both existence result and geometric
control of the eigenvalues.

In Chapter 4 we present a result of existence and regularity for a shape
optimization problem on the class convex sets. More precisely, we consider
a family of functionals involving the Robin eigenvalues with positive boun-
dary parameter, with a perimeter penalization, and prove that optimal convex
shapes exist and have smooth boundary of class C*. Our main reference is [31],
in which we used a rather intuitive cutting technique to obtain the regularity
of the boundary of optimal convex shapes.

In Chapter 5 we follow two different approaches to minimize A, 5(-) + P(-)
among Lipschitz domains. As usual, we tried to relax the problem in a suitable
functional setting, in particular, inspired by [24], [25], [26] and [27], we chose
the framework of SBVY/?-functions. The well posedness itself of the problem
has not been trivial and the existence results at the moment are available only
for the principal eigenvalue and under the hypothesis of bounded design re-
gion, that ensures additional compactness; the elimination of such additional
hypothesis and the existence results for higher eigenvalues can be two perspec-
tives of research.

In Chapter 6 we reformulate in the setting of generalized polygons (recalled
from [22]) many of the results of the previous chapters. Here, we obtained a
nice surprise: the cutting technique developed in [31] to obtain the regularity
of the boundary of optimal convex shapes can be transposed on generalized
polygons to obtain a sharp estimate on the number of sides of some optimal
shapes.

For the sake of completeness, in the first chapter of the appendix we pre-
sented some (local) optimality conditions that are valid, in case of simple
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eigenvalues, for every optimal shape with sufficiently smooth boundary.

We also studied some transposition of the classical properties of the Robin
Laplacian (selfadjointness, spectral representation, etc...) and of its eigenval-
ues in the non-local setting (more precisely, in the framework of the fractional
Sobolev spaces). We provide some properties of the general Robin linear prob-
lem, we prove that the non-local Robin eigenvalues admit a variational rep-
resentation via a min-max formula and we show some basic properties of the
eigenvalues. We even prove a non-local version (for fractional Sobolev spaces)
of Chenais’ uniform extension theorem (see [30]) for classical Sobolev spaces.
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Chapter 1

Some basic tools in shape
optimization

The study of shape optimization problems can find its historical origin in Dido’s
Problem. Even though lots of the traditional problems came out by “purely ge-
ometric” ideas, this field of study has been developed mostly using techniques
of calculus of variation and geometrical analysis. In this introductory chapter,
we are going to recall some important definitions and results that will be used
throughout the thesis. We consider as known the very basic notions about
measure theory, real analysis (L? and Sobolev spaces, absolute continuity and
mutual singularity of measures, etc...), approximate continuity and differentia-
bility and functional analysis (dual spaces, weak convergences, etc...). We will
focus only on that classic results and definitions that are directly used in our
proofs, mostly if it is worth to emphasize some examples or counterexamples.
Our choice is due on one hand to recall some less known results and, on the
other hand, to remove ambiguities on some definitions.

Notation. Let us start fixing some notation.

For x € R? and and r > 0, B,(z) will denote the ball of radius r centered
in = and, for every E, F C R, we will denote the Euclidean distance between
z and F by dist(z, E) := inf{|z — y| : y € E} and the Euclidean distance
between E and F' by dist(E, F) := inf{|z —y|:x € E,y € F}. We will use
the symbol S~ to denote the unit sphere of R

For every measurable set £ C R? we will use the symbols yg for the
characteristic function of E, E° for its complement and ¢FE for the rescaled
set {tr: 2z € F} and by |E| its Lebesgue measure. We will denote by B(R?)
the o-algebra of Borel sets of RY. We will denote by LP(2; RY) the space of
R¥-valued functions that are p-summable on Q with respect to the Lebesgue
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measure on R? and by W#*?(Q; RY) the Sobolev space of RY-valued functions
that are p-summable on € together with their first & weak derivatives. For
brevity, we set H¥(Q;RY) := Wk2(Q; RY) and we omit RY in all the above
spaces if N = 1. If u is a measurable function, we will denote by S, the set
of approximate discontinuity of u and by J, its set of jump points, according
to the notion of approximate limit (for details, see Section 3.6 in |2]). For
every Lipschitz function f : R? — R¥ we will denote by Lip(f) its Lipschitz
constant.

In the field of shape optimization, problems are usually set on the class of
open Lipschitz domains. To avoid ambiguities about the meaning of Lipschitz
domain, we recall their definition (we will use the approach of [37]).

Definition 1.0.1 (Lipschitz domain). Let £ C R? be an open set. We say
that E is a Lipschitz domain if, for every p € OF, there exist » > 0 and a
bi-Lipschitz bijection T, : B,(p) — B1(0) such that

1,00 N B, (p)) = {z € B1(0) : z,, = 0}

and
T,(2N B,.(p)) = {x € By(0) : &, > 0} .

Roughly speaking, a Lipschitz domain E is an open bounded set such that
OF is locally the graph of a Lipschitz function and E lies locally only at one
side of OF. Open sets whose topological boundary is even a finite union of
Lipschitz curves are not Lipschitz domains. For instance, the set

E:={(z,y) e R*: 2y < 0}

is not a Lipschitz domain, even if OF is a finite union of Lipschitz curves: for
the point p = (0,0) € OF there is no bi-Lipschitz map T, satisfying Definition
1.0.1.

1.1 A short survey on Measure Theory and Ge-
ometric Measure Theory

In the following section we summarize some basic notions of Measure Theory
and Geometric Measure Theory. For further details, see Chapters 1 and 2 in
2]

A first important tool used throughout the thesis is the s-dimensional Haus-
dorff measure. We recall its definition and some of the main properties we are
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going to use in the following (for more details see |2|, Chapter 2, Section 8).
Throughout the section, we will set

7T.5/2
Wy 1= ————————
I'(1+4s/2)

(where I'(t) = [["s"le™* ds is the Euler I' function); if s € N, w, is the
Lebesgue measure of the unit ball of R®.

Definition 1.1.1 (Hausdorff pre-measure). Let s > 0 and £ C R?. For every
fixed 0 €]0,4+00], we define the s-dimensional -Hausdorff pre-measure

Hi(E) = 2% inf {Z[diam(m]s - diam(E;) < 6, } ,

2s ,
iel
where the infimum is computed among all finite or countable covers {£;},.; of
E and with the convention that diam(@) = 0.
Notice that the map 0 — Hj(E) is decreasing in |0, +-00].

Definition 1.1.2 (Hausdorff measure). Let s > 0 and £ C R% We define
s-dimensional Hausdorff measure of E by

HP(E) := lim H*(E).

6—0t

Here we sumimarize some of the main properties of the Hausdorff measures.

Proposition 1.1.3 (main properties of Hausdorff measures). The following
properties hold for Hausdorff measures.

(i) H? is an outer measure on RY for every s > 0 and, in particular, it is a
positive measure on B(RY).

(11) H?® is invariant under translation and s-homogeneous under homotheties,
i.€.

H(E +2)=H(E) Vo eR? HAE) = NH(E) VYA>D0.
(iii) If s > d, H*(E) =0 for any E C R%

(iv) If s > &', then
HY(E)>0 = HY(E) = +oo0.

(v) If f : R4 — R? is a Lipschitz function, then, for any E C R,

H(f(E)) < [Lip(P)H(E).
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Definition 1.1.4 (Hausdorff dimension). Let £ C R?. The Hausdorff dimen-
sion of E is given by

H —dim(E) :=inf{s > 0: H*(E) =0}.

Remark 1.1.5. In some remarkable cases, the Hausdorff s-dimensional mea-
sure coincides with well known measures and it is explicitly computable.

(i) H° is the counting measure on R%.

(ii) For every piecewise regular set E with H —dim(E) = 1 (e.g. a piecewise
regular curve), H'! is the length of F.

(iii) For every piecewise regular set F with H — dim(F) = 2, H? is the area
of F.

(iv) For every Lebesgue-measurable set £ C R? H4(E) = |E|.
(iii) For every piecewise regular hypersurface E C R? it holds
H—dim(E)=d—1
and H4Y(E) is the (d — 1)-dimensional area measure of E.

In the following we will use the term finite (real or vector valued) measure
to denote a signed measure with finite total variation (see Definition 1.4 in

21)-

Definition 1.1.6 (Borel and Radon measures on R?). A positive measure p
on B(RY) is called a Borel measure. If y is finite on the compact sets, it is
called a positive Radon measure.

More generally, a (real or vector valued) set function p defined on the
relatively compact sets in B(R?) that is also a (real or vector valued) finite
measure on B(K) for any compact set K C R? is said a Radon measure on R%;
if, in addition, y is a (real or vector valued) finite measure on B(R%), we call
@ a finite Radon measure on R

We denote by [M;.(RY)]™ (respectively [M(R?)]™) the space of the R™-
valued Radon (respectively R™-valued Radon) measures on R,
If y is a Radon measure on R? and A C R? is a p-measurable set, we

will denote by p|A the restriction of u to A, i.e. the measure defined by
(u|A)(E) := p(E N A) for every measurable set E.

Remark 1.1.7. The Hausdorff measure H? is a Borel measure on R? for every
s >0, but it is a positive Radon measure on R? only if s > d.
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Hausdorff measures allow to generalize the classical notion of rectifiable
set.

Definition 1.1.8 (H*-rectifiability). Let s € [0,d] be an integer and let E C
R? be H*-measurable. We say that F is countably H*-rectifiable if there exist
countably many Lipschitz functions f, : R® — R? such that

H? <E\ U fn(Rs)) =0.

neN

If, in addition, H*(F) < 400, we say that F is H*-rectifiable.

Now we give a useful definition of weak convergence of measures; we denote
by C.(R%) the space of continuous functions with compact support and by
Co(R?) its completion with respect to the sup-norm || - ||o.

Definition 1.1.9 (weak* convergence of Radon measures). Let (j1,), C [Mjo.(R?)]™
and p € [Mio.(R?)]™; we say that (u,), locally weakly* converges to p if

lim ud,un:/ udp
n—-+4oo Rd Rd

for every u € C.(RY). If (i) C [M(RH)]™ and pu € [M(R)]™, we say that
(tn)n weakly® converges to p if

lim u dpt, = / wdp
Rd

n—4o00 R4
for every u € Co(RY).

We recall some important results about derivation of measures which will
be used in some proofs where a measure theoretical approach is required.

Theorem 1.1.10 (Radon-Nikodym). Let p be a positive measure and v a R™-
valued measure on RY such that u is o-finite. Then, there exists a unique pair
v® v® of R™-valued measures such that v* is absolutely continuous with respect
to u, v° and p are mutually singular and v = v* 4+ v°. In addition, there exists
a unique function f € LY(R%R™) such that v* = fpu.

The function f is called the density of v with respect to  and is denoted by
v/ or by dv/du. In some situations it is useful to write explicitly the density
function; to this aim, we recall the following well known theorem.
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Theorem 1.1.11 (Besicovitch derivation Theorem). Let p be a positive Radon
measure in an open set Q C R and v a R™-valued Radon measure. Then, for
p-a.e. x in the support of u, the limit

B
f(x) = lim —V( (7))
p0t 1(B,(x)
exists in R™ and, moreover, the Radon-Nikodym decomposition v = v® + v° s

given by
Va:fljﬁ VS:VLE7

where E 1s the p-negligible set

B = (@ \sum(p) U { € supnlp) s tim D s - +ool

1.2 A short survey on functions of bounded vari-

ation

In this section, we refer to Chapters 3 (to recall the first definitions and results
about functions of bounded variation and sets of finite perimeter) and 4 (for
a short survey on special functions of bounded variation) in [2].

To begin, we recall the definition of function of bounded variation (see
Definition 3.1 in [2]).

Definition 1.2.1. Let 2 C R? be an open set and let u € L'(Q). We say that
w is a function of bounded variation if Du = (Dyu, ..., Dgu), the distributional
derivative of u, is a finite R%valued Radon measure, i.e. if

/uag da::—/ngiu Vg e C*(Q)
o Oz Q

for every ¢« = 1,...,d. The vector space of all functions of bounded variation
on (2 is denoted by BV (2); it is a normed space, endowed with the BV -norm,
defined by

[ullBv (o) == llullLr@) + [Dul(2).

for any v € BV (Q).

We recall that the Sobolev space W11(Q) is contained in BV () and that,
if u e BV(Q2) and Du = 0, u is constant in any connected component of €.

In the following result we give a more precise representation of the Radon-
Nikodym decomposition of the gradient measure Du of u € BV (). Indeed,
according to Radon-Nykodim Theorem, every Radon measure y on an open
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set () can be splitted, into an absolutely continuous part u® and a singular part
©® with respect to £%; in our case, the measure Du can be splitted into such
two measures D% and D®u, but it is interesting to investigate some suitable
splitting of the singular part D®u. To this aim, we introduce the following
measures

D’u = D%u|J,, D := D*ul(\ S,),

called respectively the jump part and the Cantor part of the measure Ju. The
following Theorem gives us a complete decomposition of Du (for our purposes).

Theorem 1.2.2 (decomposition of the gradient of a BV function). Let u €
BV (). Then the distributional derivative Du is decomposable as follows:

Du = D% + Du + D¢u,

i.e. D%u = Diu+ D%; in addition, D*u, Diu and Du are mutually singular,
then
|Du| = |D%u| + | D?u| + | Dul.

Moreover, D*u and D’u can be explicited by
D%y = Vul?,
where Vu is the approximate gradient of u and by
Diu = (u™ —u v, H7

where v, is the direction of the jump and u", u™ are the approzimate limits
on the two sides of J,. Finally, Du has the following representation

Du = Vul® + (u" —u”)v,H*" | J, + Deu.

Notice that the decomposition D%u = D’u + D% is due to the fact that
Du vanishes on the H? '-negligible set S, \ J, (see Sections 3.6 and 3.7 in [2]).

Remark 1.2.3. The three parts D%, Du, D’u of the decomposition of Du
have different interpretations. Roughly speaking, D%u is linked with volume
integrals, D7u with (d — 1)-dimensional surface integrals and Dy with “fractal
objects”. This behaviour is even clearer looking at the respective total varia-
tions. Let us consider u € C}(R?). Obviously, u € BV (R?), and its distribu-
tional derivative coincides with the classical gradient, then Du = D%u = Vu/L®.
Moreover

| Du|(RY) = | D%u|(R?) = /Rd |Vul dx.
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Let us consider now the characteristic function v := yp of a ball B C R?. It
is easy to verify that Du = D/u = vgH?!|0B and that

| Du|(RY) = | D’u|(RY) :/ dH = H*"H(OB).
oB
Finally, if we consider the well known Cantor-Vitali function wu, it belongs
to BV ((0,1)) and its distributional derivative consists only in its Cantor part
(concentrated on the Cantor middle third set), since u is continuous (D’7u = 0)
and piecewise constant (D% = 0 on any interval where u is constant).

1.2.1 The space SBV

The representation formula introduced at the end of the previous section al-
lows us to define a remarkable subspace of BV. Indeed, the Cantor part is
usually hard to handle and not very frequent to be found in shape optimization
problems; especially in our thesis, we will deal only with surface and volume
energies. According to the ideas roughly presented in Remark 1.2.3, it is con-
venient to consider functions in BV whose Cantor derivative is null. For the
results presented in this section, we refer the reader to Chapter 4 in [2].

Definition 1.2.4 (space SBV(Q2)). Let u € BV (Q2). We say that u is a special
function of bounded variation if its distributional derivative consists only in
the absolutely continuous part D% and in the jump part D'u, i.e. if

Du = VU,CdL(Q \ Ju) + (U,+ - u_)Vqu_l |_‘]ua

namely if D = 0. The set of all special functions of bounded variations is a
vector space denoted by SBV((2).

We recall that the space SBV(2) is a closed subspace of BV (Q2) with re-
spect to the BV-norm. An very useful (and used!) result in variational prob-
lems involving the SBV -spaces is due to L. Ambrosio and ensures compactness
of suitable sequences in SBV'.

Theorem 1.2.5 (compactness and lower semicontinuity). Let Q@ C R? be open
and bounded and let (uy)y be a sequence in SBV () such that, for some p €
]1, +o0l:

sup {HukHoo —|—/ |Vug|P doe + H"l(Suk)} < +o0.
keN Q
There, there exist a subsequence (ux, ) and a function uw € SBV(Q) such that

ug, — u strongly in L, .(Q),
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Vuyg, —Vu weakly in LP(£2,R")

and
n—1 < 1 : n—1 )
H(Ju) < Uminf 7" ()
Moreover, Duy,, = Du in M(Q;RY) and the absolutely continuous part and
the jump part converge separately, i.e Vug, — Vu weakly in L*(Q;R?) and
Diuy, = Diu in M(Q;R%).

Remark 1.2.6. The previous theorem holds even if you replace the L*-norm
by the BV-norm (A. Braides, Theorem 2.3 in |11]).

The inequality p > 1 is strict: if you consider p = 1 the theorem does not
hold. Indeed, considering the usual sequence (uy)r C SBV(0,1) of piecewise
linear functions converging to the Cantor Vitali function u, they converge in
the sense of Ambrosio’s Theorem to u, but u ¢ SBV(0,1).

1.2.2 Sets of finite perimeter

Among measurable sets, an important role in our work will be played by sets
of finite perimeter. We recall the results in Chapter 3, Sections 3 and 4 in [2].

Definition 1.2.7 (sets of finite perimeter). Let F C R? be measurable and
let O C R? be open. We define the perimeter of E in Q as

P5.9) = { [ avo) o € QR ol <1

and we say that F is of finite perimeter in Q if P(E,Q) < +o00. If Q = R? we
simply say that E is of finite perimeter and denote its perimeter by P(F).

Looking at the definition of perimeter, it can be easily checked that, if
two measurable sets E and F coincide in © up to a L%negligible set (i.e. if
QN \(EAF)| =0), then P(E,Q) = P(F,) (see Proposition 3.38 in [2]).

An important notion to generalize the topological boundary of a Lipschitz
domain and that is strictly linked with the perimeter of a measurable set is
the reduced boundary. This allows us to generalize the concept of normal unit
vector and, above all, will make us able to relax shape optimization problems
involving boundary terms, handling reduced boundaries of finite perimeter sets
in the same way as topological boundaries of Lipschitz domains.

Definition 1.2.8 (reduced boundary). Let £ C R? be a measurable set and
let €2 the largest open set such that E is locally of finite perimeter in ().
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The reduced boundary of E, denoted by 0*FE, is the set of the points x €
supp|Dxg| N Q such that the limit

exists in R? and satisfies |vg(z)| = 1. The function vg : 9*E — S is called
the generalized inner normal vector to E.

It can be proved that 0*F is a Borel set and that vg is a Borel function. We
can also show, via the Besicovitch derivation Theorem, that Dxg = vg|Dxg|
and that the measure |Dxg| is concentrated on 0*E. The link among perime-
ter, reduced boundary and topological boundary of smooth sets is given in the
following proposition.

Proposition 1.2.9. Let E C RY be a set of finite perimeter; then, the re-
duced boundary O*E is countably H4 1-rectifiable and |Dxg| = H4 1| 0*E. In
addition,

P(E,Q) = |Dxg|(Q) =H"HO*ENQ)

for every open set Q). If E is a Lipschitz domain, then it is a set of finite
perimeter, HY(OFE \ 0*E) = 0 and P(E) = H* ' (OF).

The choice of sets of finite perimeter is usually the most natural to relax
a variational shape optimization problem. Indeed, under suitable hypotheses,
sequences of sets of finite perimeters are compact with respect to the conver-
gence in measure and lower semicontinuity of the perimeters is guaranteed.
This good behaviour is often useful to prove the existence of optimal shapes,
at least in a relaxed setting. The following proposition will be frequently used
when dealing with sets of finite perimeter; for its statement, see Proposition
3.39 in [2]; for the proof, we refer to Proposition 3.23 and Proposition 3.38(b)
in [2].

Proposition 1.2.10 (Compactness of uniformly bounded sequences of sets of
finite perimeter). Let A C RY an open bounded set and let (E,), be a sequence
of subsets of A with finite perimeter such that

sup P(E,, A) < 4oc.

Then, there exists E C A with finite perimeter in A such that, up to subse-
quences,

XE, — XE

and
P(E,A) <liminf P(E,, A).

n—oo



Chapter 1. Some basic tools in shape optimization 11

Remark 1.2.11. The previous compactness theorem is often used under the
hypothesis that E, CC A, so that we can replace the perimeters in A with the
perimeters in the whole of RY. This will be the case of many existence results
in the thesis: in many cases our effort will be to prove that the sets of any
optimizing sequence are contained in a fixed bounded open set (e.g. a big ball)
and that the perimeters are uniformly bounded. This idea is very recurrent in
shape optimization problems; in that cases, the open bounded set A is often
said a bounded design region.

1.3 Variational representation of the eigenvalues
and other tools of Functional Analysis

The core of this PhD Thesis is the study of some shape problems involving the
eigenvalues of a well known elliptic operator: the Laplace operator with Robin
boundary conditions. The study of this shape optimization spectral problems
has its basis on a good representation of the eigenvalues of such functionals.
Fortunately, via some results of Functional Analysis, we are able to represent
the eigenvalues of an elliptic operator by a variational formula. The definitions
and spectral results presented in this section are taken from [56] and [68]." In
the following, for every linear operator T', we will denote by D(T') its domain.

Definition 1.3.1 (closed operator). Let X,Y be two complex Banach spaces
and let T': X — Y be a linear operator. We say that T is closed if its graph

Gr :={(u,v) € X xY|ue D(T), v="Tu}
is closed in X x Y.

Definition 1.3.2 (spectrum and resolvent of a Linear operator). Let X be a
complex Banach space and let T': X — X be a linear operator. We define the
resolvent set of T by

p(T) :={X € C: A\ — T is invertible} .
We define the spectrum of T" by

o(T) :=C\ p(T).

! Both references are lecture notes of two courses given at the University of Paris-Sud; an
extended version of [56] has been published as a book, see [57].
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If T is invertible, the operator 7! is often said resolvent operator of T'. Let
us recall that, in view of the previous definition, all the possible eigenvalues of
T belong to o(T). Now, we introduce a property that is strictly linked with
the variational representation of eigenvalues that we will use throughout the
thesis.

Definition 1.3.3 (operator with compact resolvent). Let X be a complex
Banach space and let T": X — X be a linear operator. We say that 7" has
compact resolvent if there exists A € p(T') such that (A —T)~! is a compact
operator.

In the following we will set lots of our problems in the functional spaces
H(Q), with Q a bounded Lipschitz domain or € = R¢. The next proposition
(see Corollary 4.10 in [68]) gives us a criterion to obtain the compactness of
the resolvent for closed operators and will be very useful in the setting of
H'-spaces.

Proposition 1.3.4 (criterion for the compact resolvent of a closed operator
on a Banach space). Let X be a Banach space, T : D(T) C X — X be a closed
operator and let X\ € p(T). Then, the operator (N[ — T)~' is compact if and
only if the embedding Dy — X s compact.

In this section we are going to set the results in Hilbert spaces; to avoid
ambiguities, we will use the symbol (-, -), to denote the scalar product in H
and the symbol || - ||y to denoted the induced norm.

Definition 1.3.5 (selfadjoint operators). Let H be an Hilbert space and let
A : H — H be a linear operator on H. We say that A is selfadjoint if

(Au,v) g = (u, Av)
for any u,v € H.

We remark that a selfadjoint operator is also a closed operator. It is worth
to emphasize that the selfadjointness is a property depending not only on
the form of the operator but also on the particular Hilbert space where the
operator is defined.

Now, we recall some definitions concerning the boundedness of linear oper-
ators and bilinear forms. We refer again to [68] (Section 2.2) and [56] (Section
4.1).

Definition 1.3.6 (bounded, coercive and semibounded forms). A bilinear
form a : H x H — R is said to be
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e bounded, if there exists C' > 0 such that |q(u,v)| < C||u||g||v||xz for
every u,v € H;

e coercive (or elliptic), if there exists C' > 0 such that |q(u,u)| > C|lul|%
for every u € H;

e semibounded from below, if there exists C' € R such that g(u,u) >
C||u|/?% for every u € H.

Definition 1.3.7 (semibounded operator). We say that a selfadjoint operator
A:D(A) C H— H is semibounded from below if the bilinear form

Q(uv U) = <AU, U)H
is semibounded from below.

The next fundamental result is the so called min-max or max-min princi-
ple (also said Poincaré principle or Courant-Fischer formulae) and gives us a
suitable representation for our purposes. We will present the same statement
as in Section 13.4 in [56], combining Theorem 13.4.1 and Remark 13.4.2. To
find more details on the ideas leading to the following formulae we refer the
reader to [34].

Theorem 1.3.8 (variational representation formula of the eigenvalues). Let
H an Hilbert space and let A: H — H be a selfadjoint operator, semibounded
from below and with compact resolvent. Then its eigenvalues consist of an
INCTEASING SEqUence

A <X <...— Ho00,

where every eigenvalue is counted with its multiplicity. Moreover, the eigen-
values can be obtained via the min-max formula

A
M= min max AW
SeS, ueS\{0} HUHH

(1.1)

or the maz-min formula

A
A\; = max min —< U ) g

: (1.2)
Stesp ues\{oy  ||ullg

where Sy (resp. Sg—1) denotes the family of all subspaces of H with dimension
k (resp. k —1). Finally, the min-maz and maz-min are attained only at the
corresponding eigenfunctions.

(Au.u)
Tullz

The quantity

2 is called Rayleigh quotient.
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Remark 1.3.9. In many spectral shape optimization problems the k-dimensional
subspaces involved in the min-max formula can be considered as subspaces of a
suitable subspace of the maximal domain D(A). Indeed, if A is not selfadjoint
on the whole of D(A), we restrict A in such a way that all the hypotheses of
Proposition 1.3.8 are satisfied. For instance, as we will see in the next chapter,
we will set in H'(€) the min-max formula for the eigenvalues the Robin Lapla-
cian —Ap on a Lipschitz domain : the maximal domain D(—Ay) is a proper
subspace of L*(Q), but —Aj is selfadjoint only if we are allowed to integrate
by part the expression (—Agu, v), namely if we consider u,v € H ().

Remark 1.3.10 (weak formulation of spectral functionals). Proposition 1.3.8
has a double utility. On one hand, it represents a very good tool to write
explicitly the spectral functional to optimize. On the other hand, it allows us
to relax the functional to minimize (resp. maximize), i.e. to find the larger
(resp. smaller) lower (resp. upper) semicontinuos functional that is smaller
(resp. larger) than the given functional. In other words, one can enlarge
the Hilbert space where the operator is defined, possibly obtaining a problem
having some optimizers. We will often make use of a sort of “formal” relaxation,
i.e. a weak formulation of the given problem where we will consider a formally
similar functional. Such a functional will be defined on a wider class of domains
or on some suitable functional spaces. This will help us if the problem is not
(apparently) solvable directly, possibly concluding that the solution found in
this relaxed framework is in fact a solution to the original problem (or it has a
one-to-one correspondence). It is worth to emphasize that lots of the “relaxed”
functionals we are going to introduce are not proper relaxations of the given
functionals; for many details about a rigorous approach to relaxation see, for
instance, Chapter 3 in [17], where the authors link relaxation with Optimal
Control Problems.

Another important tool in Functional Analysis is the Krein-Rutman The-
orem. In spite of its abstract nature, one of its most remarkable applications
is to prove the simplicity of the principal eigenvalues of the Laplace operator
—Agq with suitable boundary conditions on a bounded connected Lipschitz
domain Q. We report the same statement as in Theorem 1.2.6 in [58].

Theorem 1.3.11 (Krein-Rutman). Let X be a Banach space and C C X a
closed cone vertezed in 0 such that C # 0 and Cﬂ( C)={0}. LetT: X - X
be a compact operator such that T(C\{0}) € C. Then, the greatest eigenvalue
of T' is simple and the corresponding eigenvectors are in Cu (— C).

To prove the above cited simplicity of the first eigenvalue, one applies
previous theorem taking as T the resolvent operator of —Agq, once it is proved
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that T is compact on a suitable Banach space and that for some cone of
functions C' it holds T(C \ {0}) c C (it is often done via some maximum
principle). Then, since the eigenvalues of T" are the reciprocal of the eigenvalues
of —Agq, we can conclude that the principal eigenvalue of —Aq is simple. A
sketch of that kind of argument, applied to Dirichlet-Laplacian eigenvalues,
can be found in |58, Theorem 1.2.5.; in Chapter 2 we will apply an analogous
argument to the Robin-Laplacian operator on a connected Lipschitz domain.

1.4 Hausdorff convergences

In this section we introduce a very useful notion of distance among closed sets,
the so-called Hausdorff distance, and we will introduce some topologies on
open and closed sets induced by that distance; we refer mostly to Chapter 2 in
[60] and Section 2.4 and 4.6 in [17]. Indeed, the class of sets of finite perime-
ter enjoys good properties in terms of compactness and lower semicontinuity
under suitable topologies, which are fundamental when one works with direct
methods of calculus of variation. The only disadvantage is that no topological
properties of converging sequences can be a priori ensured for the limit set in
this framework. We can only deduce measure theoretical properties: in general
we are not able to say if a convergent sequence of open (or connected, compact,
etc...) sets of finite perimeter converges to an open (or connected, compact,
etc...) set. This difficulty may be overcome choosing a priori a suitable class
of sets satisfying some topological property and a compact topology on this
class of sets. The idea is to choose such a compact topology so that also the
functional involved in our minimization problem turns out to be semicontinuos.

1.4.1 Hausdorff distance, H-convergence of compact sets,
H¢convergence of bounded open sets

Definition 1.4.1 (Hausdorff topology on closed sets). Let A,B C R¢ be
closed. We define the Hausdorff distance between A and B by

dy(A, B) := max {sup dist(x, B), sup dist(z, A)} .
€A z€B
The topology induced by this distance is called Hausdorff topology (or simply
H-topology) on closed sets.

This topology turns out to be good for our purposes since, under not so
restrictive hypotheses on the functional, it guarantees compactness and semi-
continuity required to apply direct methods of calculus of variation. Moreover,
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it preserves some topological properties when we consider the limit set of a se-
quence of sets enjoying that property. In the next proposition are summarized
some remarkable properties of the H-convergence presented in Section 2.2.3 of

[60].

Proposition 1.4.2 (Properties of the H-convergence).

(i) A decreasing sequence of non-empty compact sets H-converges to ils in-
tersection.

(ii) An increasing sequence of non-empty compact sets contained in a compact
B H-converges to the closure of its union.

(iii) If (K,), is a sequence of compact sets contained in a compact B and
H
K, — K, then

K = ﬂ (UKP> :{xEB:EIanEKnp,xanH—O;)x}

neN \p>n

:{xEBzﬂanKn,xnw:t}

(iv) The inclusion is stable for the Hausdorff convergence: if K, A K, G, A
G and K, C G, for everyn € N, then K C G.

It is worth emphasizing an important compactness result involving the
Hausdorff convergence (see Theorem 2.2.23 in [60]).

Proposition 1.4.3. Let B C R? a fized compact set. Then, the class of the
closed sets contained in B is compact in the Hausdorff topology.

In the following, we will use some corollaries of this result, adding some
topological constraints and showing that the obtained class of sets are still
compact with respect to Hausdorff convergence.

Remark 1.4.4. Let us consider A C R? and A, C R? for every n € N. We
say that A, — A uniformly if, for every € > 0, there exists n. € N such that

ACA,+BA(0), A,CA+B.(0) ¥n>n..

The remarkable fact is that, for closed sets, uniform convergence and Haus-
dorff convergence coincide (see Remark 2.4.2 in [17]); more precisely

dy(A,B) =inf{e¢ >0: AC B+ B.(0), BC A+ B.(0)}.
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This is an immediate consequence of the straightforward equivalence

AC B+ B.(0) < supdist(z, A) <e.

reB

This equivalence will be useful when we will try to get compactness results in
the Hausdorff convergence in some particular classes of domains with topolog-
ical constraints.

In shape optimization problems we often have to work with particular
classes of open sets and we will would like to endow this classes with a suitable
topology recalling the good properties of the Hausdorff topology on closed sets.
The counterpart for open sets of the Hausdorff topology is defined below.

Definition 1.4.5 (Hausdorff topology on open sets). Let D C R? be compact
and let A, B C D be open. We define the Hausdorff-complementary distance
between A and B by

dpe(A, B) := dy(D\ A, D\ B).

The topology induced by this distance is called Hausdorff-complementary topol-
ogy (or simply HC-topology) on open sets.

The previous definition is independent of the choice of the fixed compact
“box” Dj; in view of this, many authors adopt the notation dy(A¢, B¢) instead
of dg(D\ A, D\ B).

Now let us state some remarkable properties of the H¢-convergence (see
Section 2.2.3 of [60] for their proofs).

Proposition 1.4.6 (Properties of the Hconvergence).

(i) An increasing sequence of open sets contained in a compact B H¢-converges
to its union.

1) A decreasz'ng sequerce of opern sets H¢-converges to the interior of its
g
intersection.

(111) Let (A,)n be a sequence of open sets and A an open set such that A, RN
A. Then, for every x € 0A, there exists a sequence of points x,, € 0A,
such that z,, — x.

(iv) The inclusion is stable for the H-convergence for open sets: if A, K A,
V., 2V oand A, CV, for everyn € N, then AC V.

Similarly to the case of H-topology for compact sets, under reasonable
hypotheses we have a compactness result for open sets in the Htopology
(See Corollary 2.2.24 in [60]).
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Proposition 1.4.7. Let D C R? a fized compact set. Then, the class of the
open sets contained in D is compact in the Hausdorff-complementary topology.

Remark 1.4.8. It holds that, if (£2,), is a sequence of open sets that H°-
converges to ) and if K is a compact contained in €2, then K C €2, for n
sufficiently large (see Proposition 2.2.15 in [60]). This assertion is straightfor-
wardly verified observing that inf,cx dist(xz, Q) > 0 and that dist(x,Q°) <
dist(x, Q%) + dpge(£2,, ), and so also inf,cx dist(z, Q2F) > 0 for n large enough.

This result will be useful to prove the convexity of a H°limit set of open
convex sets.

The preservation of topological properties sometimes is not enough to guar-
antee the compactness of an optimizing sequence in a variational problem; in
fact, if we have some constraints on the Lebesgue measure or on the perime-
ter, we would like that the limit sets of an optimizing sequence satisfies the
same constraint. In other words, we require some kind of (semi)continuity of
the Lebesgue measure or of the perimeters with respect the Hausdorff con-
vergences. We will immediately see that the results are not always positive:
this bad behaviour in general can also affect the semicontinuity of the shape
functionals in the problem. For the following results and counterexamples, we
refer to Section 2.2.3 in [60].

Remark 1.4.9 (Semicontinuity of the Lebesgue measure). The Lebesgue mea-
sure is lower semicontinuos with respect to the H°-convergence (see pag. 34 or
Proposition 2.2.21 in [60]), but not continuous, in general. Take, for instance

0, :=}o,1[\;q {2}

we have Q, 2 (), || = 1 for every n € N, but [§] = 0 < liminf,, [Q,| = 1.

On the other hand, the Lebesgue measure is upper semicontinuos for the
H-topology (it is enough to apply the H¢-lower semicontinuity of the Lebesgue
measure to the sets K¢ and K¢), but it is not lower semicontinuos in general.
Take for instance an enumeration {x,}  of the rational points in [0, 1] and set
K, :=xp : k < n. All this compact sets have null Lebesgue measure, but they
H-converge to K := [0, 1], whose Lebesgue measure is 1.

Remark 1.4.10 (Semicontinuity of the perimeter). In the H¢complementary
topology, the perimeter is neither upper nor lower semicontinuos, in general.
As a counterexample for the upper semicontinuity, it is enough to take a se-
quence of saw-toothed squares 2,,, with side length 1 and n isosceles right
triangular teeth per side. All their perimeters are equal to 4v/2, but they
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He¢-converge to the open square 2 with side length 1 and perimeter equal to
4.

To show the lack of lower semicontinuity, we consider in R? the annulus

Q= B1((0,0)) \ B1/2((0,0))

and the sequence of open sets (€,), C R? defined as follows. For every fixed
n € N, let us consider all the points of the form

n J k
2 == =
ok n'n

with j,k € Z. Let us denote by z7,... ,x;}(n) all the points a7, such that
2, € Biy2((0,0)). Then, we set

p(n)
Q1= Bi(0,0)\ | U {5}

It is easily verifiable that €2,, H¢converges to (2. But
P(Q,) =21 <31 =P(Q)
so we do not have lower semicontinuity of the perimeters, in general.

The previous examples shows that, in general, we only have upper (resp.
lower) semicontinuity of the Lebesgue measure in the H-convergence (resp.
He¢-convergence), but we do not have continuity of the measures nor semicon-
tinuity of the perimeters in general. One can obtain the required properties
only adding some other hypotheses, e.g. on the number of the connected com-
ponents of the topological boundary of the involved sets, as the following result
shows (for a proof, we refer the reader to Theorem 4.4.17 in [3] or Theorem
3.18 in [17]).

Theorem 1.4.11 (Golab). Let (K,), be a sequence of compact connected sets
in R? such that K, — K in the Hausdorff metric. Then, K is connected and

HY(K) < liminf HY(K,,).

n—-+oo
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Notice that the previous result involves only the one dimensional Hausdorff
measure, and so it is really useful only when the sets K,, and K are curves
in R?; in particular, we will use Theorem 1.4.11 when dealing with classes of
open bounded sets in R? whose boundaries are compact curves of R2.

Once seen that both H and Htopology are compact on uniformly bounded
sets (respectively compact and open), a natural question arises: which topo-
logical properties are preserved to the limit set? A first answer has already
been given: if all sets are in a big (compact) box, compact sets H-converge
to compact sets, open sets H°converge to open sets. We are interested in
knowing if other properties are maintained. For the following subsections we
refer principally to Chapter 2 in [60].

1.4.2 Convexity and Hausdorff convergence

In this subsection we study how convexity and Hausdorff convergence are
linked. We start this with an important remark (see Item 8 in section 2.2.3 of

[60])-

Remark 1.4.12. If we consider a Hconvergent sequence (£2,), of convex
open sets, then also the limit set (2 is convex. In fact, for every z,y € €, the
compact set {z,y} is contained in  and so, as remarked in 1.4.8, {z,y} C Q,
for n sufficiently large. Then, as €2, is convex, [z,y] C Q,, and thanks to the
stability of the Hconvergence with respect to inclusions, [z,y] C © and so 2
is convex.

Using the same argument, it can be proved that, if a sequence (K,), of
convex compact sets H-converge to K, then K is a convex compact set.

Notice that in the previous remark we assume a priori that the sequences
are convergent, so it is not a compactness theorem. Under the hypotheses of
bounded design region (see Remark 1.2.11) we gain the following compactness
result (combining Theorem 2.2.23 and Corollary 2.2.24 in [60] with the previous
remark).

Theorem 1.4.13. The class of closed (resp. open) conver sets contained in
a bounded design region is compact with respect to the H-convergence (resp
He¢-convergence).

Next proposition shows that, for convex sets, we have continuity for Lebesgue
measure and perimeters, which in general is not true, as seen in the previous
section. For a proof see Proposition 2.4.3 in [17].

Proposition 1.4.14. The following results hold for convex sets:
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(i) If A C B, then H*Y(0A) < H Y (OB);

(i1) If A,, A are closed (respectively open) and A, — A with respect to the
H-topology (respectively H¢-topology), then xa, — xa in L'; moreover,
if H — dim(A) = H — dim(A,), then H1(0A,) — HIL(DA).

(iii) |A| < pHY(DA), where p is the radius of the biggest ball contained in
A.

We close this short section recalling an important result due to F. John (see
[61]), involving convex sets; this result allows, under some suitable hypotheses,
the compactness of a sequence of convex sets with non-empty interior to a
convex set with non-empty interior.

Theorem 1.4.15 (John’s ellipsoid Theorem). Let K C RY a compact convex
set with non-empty interior. Then, there exists an ellipsoid E C R? centered
mn xo € F such that

ECK Cuaxy+d(E —x)

(where the ellipsoid xo + d(E — x) is obtained by a dilation of E of a factor
of d and with center c).

The ellipsoid E is often said John’s ellipsoid and it is the ellipsoid of max-
imal volume contained in K.

1.4.3 Connectedness and Hausdorff convergence

If convexity is preserved by Hausdorff convergences for both open and closed
sets, we do not have the same result for the connectedness (see Item 9 in section
2.2.3 of [60]).

Remark 1.4.16. The H¢convergence does not preserve the connectedness of
the open sets, unless you are in dimension one (in R convexity and connection
coincide). As counterexamples, we can take in R?

Q! 210, 2[x]0, 1[\ {1} x E 1}

or

Qi::Bg(O)\{eikTw :O§k<n}
(see [60], pag. 33, fig. 2.2), which converge respectively to
Q' =)0, 1[x]0, 1[U]1, 2[x]0, 1]

and
0? = By(0) \ 0B4(0).
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On the other hand, connection is preserved by the H-convergence of com-
pact sets. In fact, the following proposition holds (see Proposition 2.2.17 in
[60]).

Proposition 1.4.17. Let (K,), a sequence of compact connected sets con-
verging to a compact set K. Then K is connected. More generally, if K,
has at most p > 1 connected components, then K has at most p connected
components.

Remark 1.4.18 (see Remark 2.2.18 in [60]). The previous proposition does
not have a counterpart for the H¢topology (as seen in the counterexample
1.4.16). The only result that we can gain is an application of Proposition
1.4.17 to the complements (in a fixed compact box) of the open sets of a H*-
converging sequence. Precisely, if €2, % Q) into a fixed compact B, then
#(2°N B) < liminf, #(Q N B).

In dimension d = 2 this remark allows us to obtain some important topo-
logical information; we remark that if a bounded open set in R? is disjoint
union of simply connected open sets, then its complement (in the compact B)
is a compact connected set. This allow us to prove that the H°limit of unions
of simply connected set is union of simply connected set. Indeed, let €2,, C R?
be a bounded disjoint union of simply connected open sets for every n € N; if
Q, 2% Q. then

1 <#(Q°NB) <liminf #(Q5 N B) =1

and so € is union of simply connected open sets.

Figure 1.1: The open set  is simply connected, its complement Q¢ is connected (the
interior small disk and the complement, of the bigger disk are connected by the
point of tangency).
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1.4.4 Uniform cone properties and Hausdorff convergence

In this section we focus on a class of opens sets satisfying some uniform regu-
larity conditions. For the proofs of this section and for some other references,
see Section 2.4 in [60].

In particular, we require that the cones have uniform direction. We intro-
duce the following notation. For every y € R? ¢ unit vector and ¢ > 0, we
define open cone with vertex y, direction £ and size ¢ the open set:

Cly,{e)={z€R?: (z—y)-{>cos(e)z—y|, 0<|z—y|<e}.

Notice that such cones have height and opening depending on the same pa-
rameter €.

Definition 1.4.19 (e-cone property). Let Q C R? be open. We say that
has the e-cone property if, for every x € 0, there exists a unit vector &, such
that, for every y € QN B.(x), one has C(y,&,,¢) C Q. We denote by C. the
family of all sets in R? satisfying the e-property.

Figure 1.2: e-cone property in R2.

It is worth to emphasize that in the previous definition the direction of the
cone is uniform for all the cone vertexed in B, (z) NS

Remark 1.4.20. If Q € C., then Q° € C..

Indeed, let us consider z € 02 and let us prove that C(y, —&,,e) C Q°
for every y € Q N B.(z). Let us fix y € Q N B.(z), z € C(y, —&,, ) and
let us suppose that z € Q. Since Q2 € C., then C(z,&,,¢) C Q; moreover, by
construction, y € C(z,&;,¢) C Q and this is in contradiction with y € Q°.
Then, even Q) satisfies the e-cone property.
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The following proposition links the e-cone property with the Lipschitz do-
mains (see Proposition 2.4.7 in [60]).

Proposition 1.4.21. Let Q@ C R? be an open set such that O is bounded.
Then, Q is a Lipschitz domain if and only if there exists € > 0 such that
Qel..

In other words, Lipschitz domains satisfy some e-cone property and vice
versa.

Remark 1.4.22 (see Remark 2.4.8 in [60]). The sets in C. are equilipschitz,
i.e. the Lipschitz constants in Definition 1.0.1 are the same for all sets in C.
and depend only on ¢.

Remark 1.4.23. The fact that the direction of the axes of the cones are locally
uniform is necessary in order to have the equivalence stated in 1.4.21. Indeed,
the open set

E={(z,y) e R? : 2y > 0}

satisfy a uniform interior and exterior 7/2-cone property if we allow the cones
to rotate even locally, but it is not a Lipschitz domain. Then, E ¢ C. for any
e: the point (0,0) does not satisfy the property in Definition 1.4.19 for any
choice of € > 0.

Remark 1.4.24. All the previous properties remain valid even if the uniform
height of the cone or the uniform size of the neighbourhood of the boundary
point in Definition 1.4.19 are chosen not equal to e, but still uniformly, see
[30]. In other words, if we choose cones of opening € in Definition 1.4.19, we
can choose a suitable uniform height h for the cones and a suitable uniform
radius r for the neighbourhoods instead of ¢ itself. Since this does not modify
the validity of the results above, in the following, once chosen the uniform

bhl

opening ¢ of the cones, we will only speak of “uniform cone property” or “e-

cone property”, without specifying the uniform height and radius chosen.

Since the natural setting for many shape optimization problems is the fam-
ily of Lipschitz domains of R?, possibly satisfying some constraints (e.g., the
family of Lipschitz domain with fixed measure or perimeter), we ask ourselves
if the class C. is compact under some suitable topology. In the next result (see
Proposition 2.4.10 in [60]) we give a positive answer to that question.

Proposition 1.4.25 (compactness and semicontinuity under Hausdorff con-
vergences). For any € > 0, the class C. is H°-compact, i.e., for every equi-
bounded sequence (S2,), C Ce, there exists Q € C. such that, up to subsequences,
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Q,, He-converges to Q). Moreover, xq, — Xq in L'(R?) (i.e. the convergence
is also in measure) and, up to the same subsequence above, the compact sets
Q,, and 0%, H-converge respectively to Q and 0.

Remark 1.4.26. Let (A,,), be a uniformly bounded sequence of open sets of
R? satisfying a e-cone property with |A,| > m > 0 for every n € N; it is easy
to show that
A, LA & A, 5 A

The implication “<=" follows by the previous proposition. The converse impli-
cation follows by the definition of uniform convergence of sets and its equiv-
alence with the H-topology on compact sets. Let us fix § > 0. Since A4,, A
are contained in a compact set B C R?, we have that there exists ns € N such
that, for every n > ns

A, CA+Bs, ACA,+ Bs.
Since A,,, A have regular boundaries, we deduce that
D\ A,c (D\A)+B;s, D\ Ac (D\A,)+ B;s.

Then D\ A, H-converges to D\ A and so A, H¢converges to A.

In view of the previous equivalence, in lots of problems involving uniformly
regular sets, we will speak only of Hausdorff convergence, specifying if the
involved sets are open or closed only where necessary.

A very important result is the following uniform extension theorem for
H*-spaces on C.. It has been proved by D. Chenais in 1975, see [30)].

Theorem 1.4.27 (uniform extension theorem for H*(Q)). Let ¢ > 0 and
D C R? be a bounded design region. Then, there exist a positive constant C
depending on €, D and k such that, for every Q2 C D, Q € C., there exists an
extension operator

Eq : H*(Q) — HFRY)

such that
| Eal < C.

Roughly speaking, the previous theorem ensures that H*-functions of uni-
formly regular sets can be extended to the whole of R? with the same constant.
This theorem turns out to be very useful in the case of H°-converging sequences
of uniformly regular open sets. For instance, we will use this result in Theorem
4.1.3, where the uniformly regular sets are bounded convex sets. It is worth
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to emphasize that the result is still valid for fractional Sobolev spaces H®: we
will give a proof of the result in Theorem B.3.4 in Appendix?.

Even though lots of shape optimization problems are set in the class of
Lipschitz domains (possibly satisfying some constraint), it is not possible to
use the previous compactness result in such a general class. When we study
that problems using direct methods of Calculus of Variations, one of the main
difficulty is to prove that any optimizing sequence of Lipschitz domains con-
verge to a Lipschitz set; one way could be to show that all the set in the
sequence enjoy some e-cone property, but it is usually hard, a priori. For that
reason, two different approaches are used: either the e-cone regularity is a
priori inferred to obtain existence in some subclasses of C., or the problem is
relaxed in a more general setting (open sets, finite perimeter sets,...) to obtain
compactness with respect to other topologies.

1.5 Continuity under deformations: Mosco con-
vergence

In this section we will summarize some necessary tools to study the so-called
shape continuity, i.e. the continuity (or, at least, the semicontinuity) of a shape
functional when the admissible domains vary in a class of sets endowed with a
suitable topology; we refer principally to Sections 4.5 and 7.2 in [17]. Indeed, in
many shape optimization problems solved via direct methods of the Calculus of
Variation, the most challenging part in proving existence of optimal shapes is to
prove that there is (semi)continuity of the functional with respect to the chosen
topology, at least for an optimizing sequence (£2,),, and that such sequence
is compact with respect to the same topology. This problem, as we will see
in the following chapters, is often linked with the behaviour of the functional
spaces X(-) (e.g. H'(-) or H}(-)) involved in the variational formulation of
the problem. In other words, we need to study how the functional spaces
X (Q,) vary and whether they converge to X (), whenever €, converge to {2
in some sense. The idea is to deduce that information directly working on
some convergence (in the sense of Hausdorff, in measure, etc.) on the class of
admissible domains.

The key point in this setting is to look for some topology that is weak
enough to guarantee the compactness of optimizing sequences but strong enough
to ensure at least semicontinuity of the shape functional. Moreover, such a
topology has to entail the convergence of the functional spaces described above.

2The result is proved with a slightly different statement.
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A good idea is to look at an important notion of convergence of functionals
introduced by E. De Giorgi and T. Franzoni in [15].

Definition 1.5.1 (I-convergence). Let X be a topological space and let
F,: X —[0,400]

be a functional on X for every n € N. We say that the sequence (F,), I'-
converges to a functional F': X — [0, +oo] if the following two conditions are
satisfied:

(i) for every sequence (z,), C X converging to some x € X it holds

F(z) <liminf F,(x,);

n—-+o0o

(ii) for every x € X, there exists a sequence (x,), C X converging to = such
that
F(x) > limsup F,(z,).

n—-+00

In this case, F' is said the I'-limit of F,.

In terms of minimization, ['-convergence is very useful. Indeed, it has been
proved that the I'-limit functional F' is lower semicontinuos; moreover, if x,, is a
minimizer for F),, every cluster point of the sequence (z,,),, is a minimizer for F'
(roughly speaking, as some authors say, “minimizers converge to minimizers”).

Now, our aim is to find a convergence of functional spaces that recalls the
good variational properties of the I'-convergence and that is strongly linked
to some convergence of domains. The following notion of convergence of Ba-
nach spaces is very useful in shape optimization problems. In particular, in
our research work, it will be used to obtain convergence of H! spaces of H*-
converging domains. For the following definition and further details we refer
the reader to Section 4.5 in |1 7], where the general case and some applications
to the H} spaces are treated.

Definition 1.5.2 (convergence in the sense of Mosco). Let X be a Banach
space and (G, )n a sequence of closed subsets of X. We define weak upper and
strong lower limits in the sense of Kuratowski the spaces

w—limsup G, :=={u € X : I (ng)r, Jun, € Gy, s.t. u,, — u weakly in X},

n—-+00

s —liminf G, :={u € X : Ju,, € G, s.t. u, — u strongly in X} .

n—-+o0o
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We say that G,, converges to the closed subspace G in the sense of Mosco (or
briefly: G,, Mosco-converges to G) if

w— limsup G, C G

n—-+o0o
and
G Cs—liminf G,
n—-+oo
ie. if

w—limsupG,, = G = s — liminf G,,.
n—+00 n—r+00
The convergence in the sense of Mosco is really useful to handle the H*
spaces on moving domains: under suitable topological constraints, Mosco con-
vergence is equivalent to convergence in measure and Hausdorff convergence.
An important result is the following theorem holding in R? (see [17], Theorem
7.2.1).

Proposition 1.5.3. Let (2,,), be a sequence of open domains in R? such that
#Q° <1 such that Q,, H°-converges to some 2. Then H'(S,,) converges in the
sense of Mosco to H'(QY) if and only if |0,| converges to |Q|. In particular, the
Mosco convergence holds if sup,, (#Q,) < +oo and sup,, H4"1(0Q,) < +oo.

Recalling the results in previous sections linking Hausdorff convergences to
convergence in measure, the previous proposition turns out to be very useful
when dealing with some classes of planar domains where some extra topological
constraint is a priori inferred and guarantees the convergence in measure. For
instance, taking into account a sequence (£2,), of disjoint unions of simply
connected open sets of R? that H¢-converge to an open set €, if the convergence
is also in measure, then we also have H'(Q,) — H'(Q). If we require some
regularity of the boundary, we have a Mosco convergence result holding in any
dimension d (see Proposition 7.2.7 in [17]).

Proposition 1.5.4. Let Q,,€Q) be open domains in a bounded design region
B C RY satisfying a uniform cone condition. If Q,, H¢-converges to Q, then
H(Q,,) converges in the sense of Mosco to H' ().

Remark 1.5.5. Let us take Q,,Q as in Proposition 1.5.4 and u, € H'(£,)
such that |[u,| g (q,) < C, with C' > 0 independent on n. Using Definition
1.5.2, it is possible to prove that there exists u € H'(Q) such that, up to
subsequences, ii,, — @ strongly in L?(R%) and Vu,, — Vu weakly in L?(R%; R%),
where we denoted by f the zero extension of the function f outside its domain
(@, and Q for u,, Vu, and u, Vu, respectively).
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So far, we recalled some important tools used in many shape optimization
problems solved via direct methods of Calculus of Variations. In the next
chapter, we start focusing on the Robin eigenvalues and their properties, the
main topic of the thesis.
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Chapter 2

The Robin Laplacian and its
eigenvalues

In this chapter we summarize the main properties of the eigenvalues of the
Robin Laplacian and we recall some remarkable results in shape optimization
problems involving such eigenvalues. We will principally refer to [23], were one
can find most of the results stated about Robin eigenvalues, their proofs (here
omitted or only sketched) and further references to get acquainted about the
topic. In the first section, we recall the properties of the operator that allow
us to use the variational formula (1.1) and we highlight some properties of
the eigenfunctions. In Section 2, we focus on some remarkable properties of
the eigenvalues, mostly that properties that are related to the variation of the
domains (monotonicity under inclusions, behaviour under dilatations, etc.).
Finally, in Section 3, we recall some well known results in shape optimization,
introducing the problems studied in the next chapters.

2.1 Definition of the eigenvalues, variational for-
mula and some properties of the eigenfunc-
tions

Definition 2.1.1. Let 3 € R be a fixed real number and Q C R? be a bounded
Lipschitz domain. A number A € R is an eigenvalue of the Robin problem for
the Laplace operator (or, briefly, a Robin eigenvalue) with boundary parameter
3 if there exists a non-zero function u € H'(2) solving the problem

—Au = \u in

2.1
a—u%—ﬁu:0 on OS2 (21)
on
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(here n is the outer normal on 012), i.e., in the weak sense:

/Vu~Vvdx+ﬁ/ uvd%d_IZ/\/uvdx Vv e HY(Q).
Q o0 Q

To handle the Robin eigenvalues in shape optimization problems via di-
rect methods of Calculus of Variations, it is very useful to use a variational
representation based on the bilinear form associated to weak formulation of
problem (2.1) above. To this aim, let us consider the symmetric bilinear form
a: HY(Q) x H(Q) — R defined by

a(u,v) == / Vu-Vvdr + ﬁ/ uv dHL
Q )

It is the bilinear form associated to problem (2.1) in H'(). Due to the
trace inequality in H'(Q), the corresponding quadratic form a(u) := a(u,u)
is bounded from above and semibounded from below: there exist two positive
constants ¢y, co, depending only on 2 and 3, such that, for all u € H'(Q),

a(u) + ciflull 22y = e2llullin gy,

i.e. ais L?(Q)-elliptic. If we consider the operator on L?(Q) associated with
a, given by

D(~Ag) = {u € L2(Q) : Au € L}(9),
3 Ou (in the sense of distributions) and = —fu in L2(0Q)},

on
—Agu = —Au,

it is selfadjoint and bounded from below in H'(£2) and its resolvent is compact,
as the embedding H'(Q)) — L*(Q) is compact. By the spectral theorem for
selfadjoint operators with compact resolvent (Proposition 1.3.8), its eigenvalues
form an increasing sequence

)\1’5§)\275§...—>+OO

(where each eigenvalue is repeated according to its multiplicity, which is finite).
Moreover, since —Ag is self-adjoint, for every k& € N the k-th eigenvalue, that
we will denote by the symbol A\; 5(€2), is given by the usual min-max formula

(1.1)

—A
Ak,p(€2) = min max Hﬂ = min max CL(2U)
sesyues\{0} |ull72( sesk ues\{0} [|ullzz2 ()
0 [219)

= min max

SES), uesS\{0} / o2 d
Q

)
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or by the max-min formula (1.2)

o (=Agu,u) : a(u)
Meg(2) = max min ————+ = max min —s"—
ea() SLeSk_y ues\{0} HuH%Q(Q) SLeS,_ ues\{0} HuH%g(Q)
/|Vu|2dx+ﬁ u? dHI! (2.3)
— max min %% 00 ,
SLes, ueS\{0} /ug de
Q

where Sy, (resp.Sy_1) denotes the family of all subspaces of H'(€2) with dimen-
sion k (resp. k—1). Notice that \; 3(€2) is achieved only at the corresponding
eigenfunctions. For technical simplicity, throughout the thesis we will always
use the min-max formula (2.2) to handle A\, 5(€2). It is worth to emphasize
that Problem (2.1) (and then the eigenvalues) are invariant under rotations
and translations of the set ().

Remark 2.1.2 (regularity of eigenfunctions, see Proposition 4.1 in [23]). Let
us observe that, as the eigenfunctions solve the Helmholtz equation —Au = Au
in €2, then they are analytic in {2; moreover, the eigenfunctions are continuous
on the whole of Q. To prove that assertion in the case of positive boundary
parameter 5 > 0 we refer to Corollary 5.5 in [36], where it has been proved
that every eigenfunction ¢ is in L*(Q2), and to Corollary 2.9 in [71], where
it is proved that weak solutions of the inhomogeneous Robin problem are
continuous on . An alternative proof of this fact is given in Lemma 2.1 in [19],
where it is proved that every eigenfunction v of a more general problem belongs
to C'(Q)NCY(£2). The case of negative boundary parameter is a particular case
of Corollary 4.2 in [38], where it has been proved that eigenfunctions are in

O (@) N C=(Q).

As the eigenfunctions are continuous on €2, we ask ourselves if it is possible
to know some a priori estimates on the maximal and minimal value, or at
least some information on the sign of the eigenfunctions. We will see in the
following chapters that above all the second request is technically important in
some problems involving particular classes of Lipschitz domains. Even if the
previous two request are not solvable, in general, it is worth to emphasize a
very useful result in that direction. It provides a strictly positive lower bound
for an eigenfunction for the first Robin eigenvalue of a connected Lipschitz
domain when the boundary parameter [ is positive. A proof of this result is
contained in [6], Theorem 6.11(j), where the authors use a technique based on
Co-semigroups.
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Proposition 2.1.3 (Strictly positive first eigenfunctions). Let Q be a con-
nected Lipschitz domain and let 5 > 0. Then there exist « > 0 and a first

Robin eigenfunction u € C(S2) such that u > .

If we consider a Lipschitz domain consisting in more than one connected
component, the previous result holds for the restriction of u on each of the
connected components where u is not identically zero.

2.2 Properties of the eigenvalues

In this section we will summarize some remarkable properties of A, 5(£2), refer-
ring mainly to Sections 4.2, 4.3 and 4.4 in |23]. We will emphasize the analogies
and the differences between the Robin-Laplacian eigenvalues and the eigenval-
ues of the Laplacian with other well known boundary conditions (e.g. Dirichlet
or Neumann). It will be highlighted that some good properties, for instance
non-negativity or monotonicity, cannot be a priori inferred, unlike it happens
for other problems.

The technical interest in studying the Robin problems is that, in lots of
cases, the presence of the boundary term in the variational representation
(2.2) does not allow to simplify some arguments in the proofs or to remove
the dependence of some estimates on the boundary parameter 8 (or other
parameters of the problem). In view of these peculiarities, authors looked
(and still look!) for approaches that are different from the standard ideas
(used mostly in Dirichlet or Neumann problems).

In the following we will use the notation R(u, (2, 5) to denote the Rayleigh
quotient in (2.2) and (2.3). If one or two variables are omitted, it means that
they are a priori fixed. Moreover, we will denote by Ag(€2), 1 (2) and 04 (92)
respectively the k-th Dirichlet eigenvalue, the k-th Neumann eigenvalue and
the k-th Steklov eigenvalue for the Laplacian.

To begin, we summarize some properties of the map 8 — A, ().

Remark 2.2.1 (dependence the boundary parameter). Let us fix a bounded
Lipschitz domain Q C R? and a function u € H*($2), u # 0; then, the function

p = R(u, €, 5)

is increasing in R. Consequently, passing to the min-max formula (2.2), even
the function

B Aep(Q)
is increasing in R. More precisely, it is a piecewise analytic function of
(the points of non analyticity given by the intersections of the eigencurves
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when g ;(€2) is not simple); if A x(€2) is simple, its derivative is given by the

d . faQ @ij do
%Ak,ﬂ((n - fng dz’

where v is an eigenfunction for A\g, (a proof of this fact is given in [1] for
£ > 0, but the poof holds also for § < 0). In particular, in 5 = 0, for the first
eigenvalue it holds

formula

d HL(09)
——ZMpQ)) = (2:4)
R PR Y

(see, for instance, [52],|51] and [66]). The asymptotic behaviour of the map is

described by the following equalities (see [23], resp. Prop. 4.5 and Prop. 4.8):

lim Aﬁ,k(Q) = sup {)\ﬁ’k(Q) P E R} = )\k(Q),

B——+o0

lim Agx(02) = —o0.

f——o0

Moreover, the map 8 — R(u,Q, ) is linear in /3, then the function f +—
A1 5(€2), as infimum of linear functions, is concave.

Remark 2.2.2 (link with Dirichlet, Neumann and Steklov eigenvalues). Let
us observe that ug(Q2) = A\po(Q2), ie., if 8 = 0, the Robin eigenvalue coincide
with the k-th Neumann eigenvalue. Moreover, if we replace H'(Q2) by the
smaller space Hj(€2) in (2.2), we obtain A\, 5(Q) < M\(Q) for every 8 € R.
Then, for every 5 > 0, it holds

1 (2) < A g (2) < Ap(Q),

where the lower estimate is a consequence of the increasing monotonicity of the
map 5 — Mg 5(£2). Notice that the upper estimate could be even found heuris-
tically letting 5 go to +oo in (2.1) and using again the fact that 8 — A 5(Q2)
is increasing (see also the asymptotic behaviour of Ay 5(£2) at the bottom of
Remark 2.2.1).

Finally, if = —0,(Q2) <0, then A, 5(2) = 0.

Before studying the positivity of the Robin eigenvalues, we recall that
Dirichlet eigenvalues A\, (£2) and Neumann eigenvalues p;(€2) are non-negative
for every possible choice of the Lipschitz domain . In particular, Dirichlet
eigenvalues are all strictly positive, Neumann eigenvalues are strictly positive
if K > N + 1, where #Q (the number of connected components of ) equals
N. We ask ourselves if some information on the sign of the Robin eigenvalues
can be found.
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Remark 2.2.3 (sign of the Robin eigenvalues). If § > 0, it is clear that every
eigenvalue of every bounded, Lipschitz, connected, domain is non negative.
Let us focus on the case of § < 0. By (2.2), for the first eigenvalue we have
that
/|Vu|2d:p+ﬁ u? dH*!
A () = min & o0

T e @)\ oy / 2

Q

If we consider a constant non-zero function, for instance yq € H*(f2), we have

HE1(9)

Ap(Q) < Q)

< 0. (2.5)

In the same way, if we take a Lipschitz domain {2 consisting at least in k > 1

connected components €2,...,€, we can consider as a test space for the

computation of A\ 5(€2) the k-dimensional subspace V' := span{xq,, ..., Xxq,}

and obtain again

HIL(0N0)
9]

By the previous estimates we deduce that we can not say if A\ 3(£2) is non-

Mep(Q) < < 0.1

negative, in general, when the boundary parameter is negative. It is obvious
that, for every fixed Lipschitz domain {2 and boundary parameter, there exists
a maximal order £ € N such that we have \;3(2) < 0 for every j < k and
A 3(2) > 0 for every 7 > k. In the same way, fixed k£ € N and the domain
Q, letting g vary in R_, in view of the increasing monotonicity of the map
B Ap(€2), we obtain that A, 5(€2) > 0 if and only if —o¢(2) < 8 < 0 and
the equality holds if and only if § = —0(Q).

Once we studied some information about the sign of the eigenvalues, we are
interested in understanding some information about simplicity of eigenvalues.
An important tool in that direction is the Krein-Rutman Theorem 1.3.11.

Remark 2.2.4 (simplicity of the first eigenvalue). If Q is connected, then the
first eigenvalue is simple: this is a consequence of the Krein-Rutman Theorem
1.3.11, applied taking as 7" the resolvent operator of —Ag on 2, C the closed
cone C := {u e C(Q):u>0} and the condition T(C \ {0}) C C satisfied
in view of the strong maximum principle. Passing to the reciprocal of the
eigenvalues of T, i.e. to the eigenvalues of —Ag, we conclude that Ay 5(€2) is
simple. We can highlight that simplicity of the first eigenvalue occurs only if
Q) is connected. If 2 has £ > 1 connected components, say €2,...,€), one

LA sharper estimate will be presented in Chapter 3.
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can consider an eigenfunction u € H'(Q2) for A\ g(Q2) and, for every j < k, the
j-dimensional subspace

V; = span {uxa,, UXay: - - - UXQ,_1, UXa,u..u0 } C H'(Q)

as a test space to compute \;3(€2) via the min-max formula (2.2). Then, we
easily obtain
Mp() = ..o = A p(2).

Let us emphasize another difference of Robin eigenvalues with Dirichlet
and Neumann eigenvalues. Let 2 C R be a Lipschitz domain; let us fix ¢t > 0
and consider the set tQ2 := {tz : x € Q}. It is well known that, for every k > 1,
Dirichlet eigenvalue A\, and Neumann eigenvalue p;, rescale as follows:

1 1
M(I9) = (), 1) = sl
How do Robin eigenvalues rescale?

Remark 2.2.5 (scaling property and behaviour under dilations). To perform
the rescaling of the Robin eigenvalues, we consider the standard change of
variables

tQ>z 2 =x/t €.

Hence, for every u € H'(tQ), we obtain

/Q \Vu(z) | do + B w?(x) dH ()

t A(tQ)

/m u?(z) dx

=2 / (Vu(tz')|? do' + 1B u?(ta") d?—[d_l(x’)
Q o9

d 2 / d/
t /Qu(ta:) x

R (u(-), 12, 5) =

Then, apply the min-max formula (2.2) and observe that all the functions of
H'(2) can be expressed as u (tz), where u € H'(tQ) and = € §; even the vice
versa holds. Then, the previous equality leads, for every £ € N and for every
t > 0, to the following scaling formula

1
e (1Q) = t—Q)\k,tﬁ(Q)a (2.6)
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holding for every real value of the boundary parameter 5. In particular, if
8 >0and t > 1, we obtain

-2 / (Vu(ta')|* da’ + 7713 w?(ta') dH ()
Q o0

td/u2(tx') dx’
Q

t_2/ \Vu(te) > da’ +t7'8 [ u?(ta’) dH (o)
Q o9

/ u?(tz') da’
0

/ \Vu(ta)]* da’' + 8 | w?(ta’) dH ' ()
0

o0

/ u?(tz') da’
0

—Ru(t),0p).

R (u(-), 19, ) =

IN

IA

Passing to the min-max formula (2.2), we obtain the inequality
Ak, (tQ2) < App(€2), (2.7)

i.e. the Robin eigenvalues with positive boundary parameter are monotonically
decreasing under dilatations.

To conclude this remark, we emphasize that we do not have any scale invari-
ance property in general (differently from Dirichlet or Neumann eigenvalues)
nor any rescaling of the eigenvalues if we let ¢ vary, since also the boundary pa-
rameter is rescaled (see (2.6)). Moreover, the monotonicity under dilatations
(2.7) holds only for eigenvalues with positive boundary parameter; no general
results are known in the case of negative boundary parameter.

Let us recall that, for Dirichlet eigenvalues, it holds A\g(21) < Ak () if Qs C
1, but for Neumann eigenvalues there is no monotonicity under inclusions, in
general (for some example see Section 1.3.2 in [58]). In Remark 2.2.5 there is a
result of decreasing monotonicity under inclusions; is there any general result
in that direction” The answer is negative; some counterexamples for the first
eigenvalue are presented in [69], for both positive and negative 5. If one takes
a disk D C R? and a set T C R? obtained by the disk D and the union of
“tentacles” (i.e. rapidly oscillating smooth boundary, see figure below), it holds
D C T and, for a suitable choice of the parameters describing the boundary,
one has A\ g(D) < A\ 5(T) for B> 0 (see [39]).

On the other hand, if D and D, are concentric disks with Dy C D, it holds
M g(D1) > A1 g(Ds) in view of the monotonicity under dilatations. Then, no
general results of monotonicity under inclusions can be stated for g > 0.
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In an analogous way, for § < 0, taking the same sets D C T above, one
can choose the parameters in such a way that one has A\ g(D) > A\ 35(T).
On the contrary, if D; and Dy are concentric disk with D; C D, it holds
M g(D1) < A g(Dsg) (see, e.g., Theorem 1 or Corollary 4 in [52]). Then, also
for § < 0, there is no monotonicity under inclusions, in general.

Both previous examples are based on the fact that a rapid oscillation of
the boundary, in general, causes the eigenvalues to increase if 5 > 0 and to
decrease if B < 0 (in view of the large increase of the term [, u® dH*!, see
[39]).

We ask ourselves if there exist some result of monotonicity under inclusion,
holding at least for some classes of sets or for some particular value of the
boundary parameter. Next result is one of the most general ones involving
domain monotonicity for the principal Robin eigenvalue (see [52], Theorem 1).
From now on, in this section, we will always consider the dimension d > 2.

Theorem 2.2.6. Let B C R¢ a ball and let Q C R? be a Lipschitz domain
contained in B. Then, for every 5 > 0, we have

A s(B) < Aip(Q)

and, for every [ <0,
Ap(€2) < Ag(B).

We ask ourselves if the previous result holds also for higher eigenvalues.
The answer, in general, is negative, as we can see by the following proposition
(see [23], Proposition 4.2).

Theorem 2.2.7. Let k > 2 and let Q@ C R? be a bounded Lipschitz domain
with at most k connected components. Then, for every ball B C RY, there
exists B > 0 such that

Meg(B) > A 5(£2).

In particular, for any ball B containing §), there exists > 0 such that the
previous inequality is satisfied.
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2.3 Isoperimetric inequalities

In this section we summarize some of the most important isoperimetric re-
sults concerning the Robin eigenvalues. We first recall two of the best-known
isoperimetric inequalities for spectral problems of the Laplace operator (see
[17] for a complete discussion):

e Faber-Krahn inequality for the first Dirichlet eigenvalue: A;(B) < A\1(9),
i.e. among smooth sets of prescribed measure, the ball is the only mini-
mizer of Ay;

e Szégo- Weinberger inequality for the second Neumann eigenvalue: ps(B) >
12(€2), i.e. among smooth sets of prescribed measure, the ball is the only
maximizer of js.

Notice that for the Dirichlet eigenvalues one deals with a minimization problem
and for the Neumann eigenvalues, on the contrary, one deals with a maximiza-
tion problem. Also for the Robin problem we have two possible behaviours,
depending on the sign of 3; for that reason we split the discussion in two parts.

2.3.1 The case of positive boundary parameter

When 5 > 0, Robin eigenvalues are bounded from below (by zero), then it is
reasonable to loon for minimizers of A\ 3 among sets of prescribed measure.
The first important result in that direction is the Faber-Krahn inequality for
M. It is due to Bossel and Daners; a prove was given in [13] for smooth
domains in two dimensions and, in higher dimension, in [37].

Theorem 2.3.1 (Bossel-Daners). Let Q C R? be a bounded Lipschitz domain
and let B C R? be a ball such that |B| = |Q|. Then, for any 3 > 0,

Ap(B) < A p() (2.8)
and the equality holds if and only if €2 is a ball.

In 2010 it has been proved by Bucur and Giacomini that the previous
result remains valid in the class of measurable sets of prescribed measure m
(see [21]); more precisely, defining the eigenvalues in a weaker sense involving
S BV -functions, they proved that the principal eigenvalue is still minimized
by the ball of measure m (more precisely, by the zero extension of the first
eigenfunction of a ball of measure m).
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Theorem 2.3.2 (Bucur-Giacomini). Let m > 0 be given and let u: R — R,
u € SBV(RY) N L2(RY). Assume that |{u # 0} | = m. Then, if B is the ball
of measure m, it holds

[(uh)? + (u)?] dH"' > )\175(3)/ u? dz.

Rd

/ \Vul* dz + f3
RY T
The equality holds if and only if u is the first Robin eigenfunction of a ball of
measure m, extended by zero outside the ball.

This variational formulation suggested to the same authors a free disconti-
nuity approach to prove the existence of minimizers for higher eigenvalues with
measure constraint (see [27]). The techniques and the tools used to obtain that
result are reprise in Chapter 5, where we replace the measure constraint with
the penalization of the perimeter. For that reason, we refer to Chapter 5 for
the weak formulation of the functional and for a short survey on the existence
results in the setting.

In the following, when referring to Theorem 2.3.1 or Theorem 2.3.2, we
will often write “Faber-Krahn inequality”, in view of the analogous result in
the Dirichlet case.

Remark 2.3.3 (global estimates on \; 3(B,)). It is worth to highlight the
following estimates on the first eigenvalue on a ball of radius r (see e.g. [65]);
for every 8 > 0 it holds

b < \ip(B,) < Caff

ar(L+ pr) = P S (Ut By (2:9)

where Cy > 0 is a dimensional constant. This implies that A\ g(B,) is infinites-
imal as the radius r explodes and explodes as the radius r tends to zero. The
same estimates hold replacing B, by a bounded convex domain €2 and r by the
inradius rq of €.

For higher eigenvalues, some results go in the same direction of the Dirichlet
case. In the following theorem is proved that Ay g is minimized by the disjoint
union of two equal balls (for a proof we refer to [64] and [63]).

Theorem 2.3.4 (Kennedy). Let Q C R? be a bounded Lipschitz domain and
let By C R? be any disjoint union of two equal balls each of volume |Q]/2.
Then, for any B > 0,

/\275<Bg) < )\2,5(9) (210)

and the equality holds if and only if Q) is a disjoint union of two equal balls.
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For higher eigenvalues, the situation is more involved, due to the different
behavior of the eigenvalues as > 0 becomes larger (A, 5(Q2) is close to its
Dirichlet counterpart A\¢(€2)) and as § > 0 becomes smaller (A 5(€2) is close to
its Neumann counterpart 1(£2)), see Remark 2.2.2. Some results depending
on the value of 3 are expected, and the following theorem, proved in [64], goes
in that direction.

Theorem 2.3.5 (Kennedy). Let Q C R? be a bounded Lipschitz domain and
let B, C R? be any disjoint union of k equal balls each of volume |Q|/k. Then,
there exists By(§2) > 0 such that

/\k”g(Bk) < /\k,,B(Q> (211)

for every 5 € [0, 5o(Y)) and the equality holds if and only if Q is a disjoint
unton of k equal balls.

Notice that the threshold 5y(€2) depends on the set €; it would be inter-
esting to remove that dependence, proving that the threshold Sy in Theorem
2.3.5 depends only on k, on the fixed measure m > 0 of the admissible domains
and on the dimension d.

2.3.2 The case of negative boundary parameter: the con-
jecture of Bareket and the result of Freitas and
Kreijcirik

In the following section we summarize some well known facts about optimal

shapes in the case of negative boundary parameter. We start noticing that

for § < 0, the principal Robin eigenvalues are bounded from above but un-
bounded from below. Indeed, it is possible to consider a sequence (€2,), of

Lipschitz domains having the same measure m and such that H4~1(99,,) posi-

tively diverges (e.g., Lipschitz domains having rapidly oscillating boundaries).

Then, by (2.5), we have Ay 5(£2,) — —oo and we conclude that )\, 3 cannot

have minimizers among sets of given measure. This behaviour suggests to look

for maximizers of A\, 3 in suitable classes of admissible sets.
Let us recall the longstanding Conjecture of Bareket (1977, see [9]):

Let Q C R? be a bounded and sufficiently smooth domain and denote by B
a ball of R with |B| = |Q|. Then, for every 8 < 0, A\ 5(Q2) < A\ 5(B).2

2This version of the statement is due to F. Brock and D. Daners, see [15]. The original
conjecture of M. Bareket was stated in dimension 2.
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In other words, M. Bareket conjectured that a reversed Faber-Krahn inequal-
ities holds for any negative value of the boundary parameter. For many years
the conjecture has been supported. Indeed, recalling the derivation formula
of the principal eigenvalue with respect to (§ in zero, see (2.4), one can notice
that the derivative attains its smallest value on the ball B, among Lipschitz
domains of measure m. Moreover, since

Ao(2) = () =0 = (B) = A o(B),

in view of the smoothness of the eigencurves, this yields that the inequality
conjectured by Bareket holds for every 8 in a small neighbourhood of 0, a
priori depending on €:

As(Q) < Aig(B) VB € [Bo(Q),0). (2.12)

Further evidences of the conjecture are provided by Bareket herself in [9]. More
recently, in 2015, V. Ferone, C. Nitsch and C. Trombetti proved in[18] the local
maximality of the ball in any space dimension, a result that seemed to support
Bareket’s conjecture.

It was thus surprising when, again in 2015, P. Freitas and D. Kreijcirik
disproved the general validity of the conjecture in [50]. More precisely they
proved that the ball is not a maximizer among sets of given measure, in general,
even in R?. They showed that there exists a spherical shell of the same measure
of the ball whose principal eigenvalue is strictly larger than A, g(B) for large
values of 5 (depending on the shell). The result is the following (for a proof
see the Theorem 1 in [50] or Theorem 4.31 in [23]).

Theorem 2.3.6. Let B, C R? be a ball of radius v > 0. Then, there exist a
spherical shell
Ay oy 1= {3: cRY:r < |z| < 7“2} ,

with the same volume as B,, such that

Ag(Br) < Avp(Ar )
for every sufficiently large negative value of 3.

The previous theorem is very important in literature, since it is the first
well known result of optimization of the principal eigenvalue of the Laplace
operator where the optimizer is not a ball, in general. The proof is based on
an asymptotic expansion of A\ g(B,) and A 3(4,,,,) as § — —oo and on a
comparison of the expansions. More precisely, one has (see Theorem 3 in [50])

Ma(B) =~ + T8 4 o(p),
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d—
ro

Lo 1 o(p),

as [ — —oo; subtracting side by side we have that, for large negative values
of 3, the difference A\ 3(B,) — A1 (A, r,) has to be negative.
On the other hand, for smooth domains in the plane, a reverse Faber-Krahn

>‘175<AT17T2) = _62 +

inequality holds for small negative values of 3 (see Theorem 2 in [50]).

Theorem 2.3.7. Let m > 0 and let B,, C R? the disk of measure m. Then,
there exist a negative constant By depending only on m such that

)\17,3(9) S )\17,3(Bm)
Jor every B € [Bo, 0] and every Q of measure m with C* boundary.

In other words, the estimate in the previous theorem improves (2.12) in
the plane, removing the dependence of by on 2 and then making the estimate
uniform.

In addition to the previous result, several aspects of the problem to max-
imize \; 3 have been investigated by Antunes, Freitas and Krejcirik in an in-
teresting work of 2017 (see [5]). One of the most remarkable ones is that the
ball maximizes \; g among smooth sets of fixed perimeter (see Theorem 2 in

[5])-

Theorem 2.3.8. For every 3 < 0 and for every bounded domain Q0 C R? with
C? boundary, we have

Ap(€) < Ag(B),

where B s a disk having the same perimeter as 2.

For higher eigenvalues, there are very few results; some of those are based
again on the asymptotic expansion of the eigenvalues of balls and spherical
shells (see Section 4.5.2, Theorem 4.21 and the following Proposition 4.42 in

[23])-

Proposition 2.3.9 ([23], Proposition 4.42). Let k > 1 and let B C R? a ball.
There exist a spherical shell

Ay i ={z €RY iy < |z] <1},
with the same volume as B and a constant By(k) < 0 such that
)‘kﬁ(B) < )‘kﬁ(Am,rz)

for B < Bo(k).
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We can notice that a general existence result for maximizers of \; g for any
k € N and f < 0 has been an open problem for some years (see [23], Open
Problem 4.33). In the next chapter we give some answers to that question, at
least in a relaxed setting or inferring some extra topological information. More
precisely, we will prove existence of maximizers for \; g among measurable
sets with either fixed measure or perimeter and we will study also particular
cases, when we restrict ourselves to simply connected sets of R? or to domains
satisfying some geometric constraint.
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Chapter 3

Shape optimization problems for
the k-th eigenvalue of the Robin
Laplacian with negative boundary
parameter

3.1 Introduction

In this chapter it will be given a first answer to the question set at the end
of Chapter 2: we will prove that, for every 5 < 0, maximizers for \; g exist
among suitable classes of measurable sets of given volume (or given perimeter,
or satisfying some topological constraints). An approach via direct methods
of Calculus of Variations to this problem is new, up to our knowledge, even if
some important results have been found, above all for the principal eigenvalue.
As seen in Chapter 2, M. Bareket conjectured in 1977 that for £ = 1 the ball
maximizes A g. In 2015, Freitas and Krejcirik proved in [50] that even in R?
the solution is, in general, not the disc. Precisely, if the boundary parameter
§ is larger than a fixed threshold f; (depending on the area m), then the
first eigenvalue of a suitably chosen annulus is strictly greater than the same
eigenvalue computed for the disk of the same measure. On the opposite sense,
if g is smaller than another threshold s, then the ball is the only maximizer.

We are interested in studying the following problem

max { F(A15(Q),..., \es(2)) : @ C R? bounded and Lipschitz, [Q =m},
(3.1)
where F : R¥ — R is non-decreasing in each variable and upper semicontinuos
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and || the Lebesgue measure of . Notice that the motivating problem
max {)\k,ﬁ(Q) : Q € R? bounded and Lipschitz, |Q| = m} ,

is a particular case of (3.1).

The core of this Chapter are the results in [18], where we give the proof
of the existence of an optimal solution to problem (3.1) (independent of the
precise knowledge of its shape) and to the two dimensional problem in the
class of simply connected sets. Precisely, we will prove an existence result for
(3.1) in a relaxed sense, obtaining also some information about the structure of
the optimal sets. To this aim, we extend the variational definition of Ay (€2)
to measurable sets with finite perimeter and to arbitrary simply connected
sets in R? having a topological boundary of finite length in the spirit of the
relaxation of the Steklov eigenvalues in [11]. At the moment, we are not able
to prove any regularity of those optimal sets, but we prove some properties of
the optimal sets: they are bounded with a controlled diameter, they have a
controlled perimeter and not more than a number of "connected" components
depending on m, k,d and . Surprisingly, one could expect that this number is
not larger than k&, but we are not able to prove it, since a strange phenomenon
due to the uncontrolled behaviour of the eigenvalues to rescaling occurs. In
two dimensions of the space, we prove also existence of a solution in the class
of unions of pairwise disjoint open, simply connected sets. As expected for
Robin boundary conditions, the geometry of optimal sets will depend on the
mass m.

We will gain the existence of maximizers as a consequence of some geometric
control of the spectrum. For the Steklov spectrum, such results have been
proved by Colbois, Girouard and El Soufi [32] where they get upper bounds
for the eigenvalues by a quantity involving the isoperimetric ratio of the set and
by Bogosel, Bucur and Giacomini |1 1] where such bounds are obtained in terms
of diameter. The case of Robin boundary conditions is more tricky. Contrary
to the Steklov problem, we have simultaneously both negative and positive
eigenvalues and they do not obey any homogeneity law. Consequently, the
control of the spectrum by homogeneous geometric quantities is more involved
and less explicit. Nevertheless, roughly speaking, both results state that larger
is either the isoperimetric ratio or the diameter of a connected set, then lower is
its k-th Robin eigenvalue. We point out that, for positive boundary parameter,
the isoperimetric ratio and the diameter do not play any role on the control of
the spectrum.

Throughout the chapter, to emphasize that the boundary parameter is
negative, we will denote by —f3 < 0 the boundary parameter and we still write
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A instead of A\; _g. Then, for every k € N, the k-th eigenvalue is given by
the min-max formula

/ \Vul?de — 5 | u? dH!
Mes(€2) = min max 2 o0

, (3.2)
5SSy, ueS\{0} / 2 d
Q

where S, denotes the family of all k-dimensional subspaces of H'(Q).

3.2 Some preliminary tools and properties

In the following, an important role will be played by the spherical shells of R
as in the two dimensional case, we will use often the term annulus to denote
a spherical shell of R? for any dimension d. To simplify the notation, we will
denote the annulus centred in x and of radii » < R with the symbol A, g(z).

A first important result concerning spherical shells is the following relative
isoperimetric inequality, proved in [I1], Lemma 2.2. In this inequality, the
isoperimetric constant depends neither on the measure of the set, nor on the
annulus involved, but depends only on the dimension of the space.

Lemma 3.2.1 (Uniform relative isoperimetric inequality in annuli). Let m > 0
be given. Then there ezist two positive constants ¢ = ¢(d) and w = w(m,d)
such that, for every r >0, I > w and every measurable set E C A, ,4,(0) with
|E| < m, we have

|E|T < ¢P(E, Ay (0)).

Remark 3.2.2. Looking at the proof of the previous lemma (see the proof of
Lemma 2.2 in [11], in particular the Steps 2 and 3), we notice a consequence
of the choice of w: this constant is chosen in such a way that, if we consider a
measurable set £ containing the spherical shell A, ,.;(0) for some r > 0, then
we necessarily have |E| > m. This remark will allow us to understand the
structure of possible optimal sets in the crucial Lemma 3.4.1.

In order to use the direct methods of the Calculus of Variation to maximize
(3.1), we need some upper semicontinuity properties. The following proposi-
tion, proved in [11], Proposition 2.3, gives us a lower semicontinuity result
which will be useful in Section 3.6 to gain an existence result in dimension d.

Proposition 3.2.3. Let (E,).en be a sequence of sets of finite perimeter of
R? and let E C RY of finite perimeter such that

1(pd
limsup H*H(0*E,,) < +o0 and XE, IR XE-

n—oo
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Let (up)neny € HY(RY) and u € HY(RY) such that u,, — u weakly in H'(R?).
Then
/ u? dH! < lim inf/ ufl dH4 L.
*E oo JorEn

The fact that we can use neither non-negativity nor monotonicity or rescal-
ing properties to get the existence of maximizers is the one of the greatest diffi-
culties in solving the problem; indeed, in many well known proofs of existence
for spectral shape optimization problems, we can rescale optimizing sequences
or make topological assumptions thanks to some properties here lacking. As
we will see in the further sections, we will overcome this obstacle, at least in a
relaxed setting.

Remark 3.2.4. Using the strict negativity of the first eigenvalue, we can
emphasize another difference between the Robin-negative and the Dirichlet
case. We focus on the optimal shapes for the second eigenvalue in both cases
and we remark that optimal shapes are different, in general. Indeed, we know
that the union of two and equal disjoint balls of measure m/2 minimizes the
second eigenvalue of the Dirichlet Laplacian among all shapes of prescribed
Lebesgue measure m. Moreover, if we compute the second eigenvalue of the
Robin Laplacian with any negative boundary parameter —( for the union of
two disjoint equal balls of measure m/2, this eigenvalue is necessarily strictly
negative, as it coincides with the first Robin eigenvalue of each ball. On
the other hand, the second eigenvalue of a ball of measure m can be strictly
positive, if 3 is below a certain threshold. More precisely, for any admissible €2,
when (3 equals the second Steklov eigenvalue 05(€2), it holds A2 5(€2) = 0 (see
[11] for details). Then, as the Robin eigenvalues are increasing functions of
the boundary parameter, As 5(2) > 0 if and only § < 02(Q2) (i.e. the negative
boundary parameter —/ takes values in | — 09(€2), 0[). Then, we can conclude
that it is not possible, in general, that the union of two equals balls maximizes

A28

3.3 The relaxed Robin eigenvalues

In order to get an existence result, we need to extend the notion of Robin eigen-
values. In the classical setting, in facts, it turns out to be hard to find directly
an existence result in the class of Lipschitz domain, as neither compactness
nor upper semicontinuity of the Rayleigh quotient are preserved (unless you
do not add some topological constraints, see Section 3.8). A natural way to
proceed is to consider a larger class of sets which includes Lipschitz domains
and which is endowed of a topology which guarantees upper semicontinuity of
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the relaxed eigenvalues and compactness of the maximizing sequences. To this
aim, it is useful the choice of sets of finite perimeter.

Definition 3.3.1 (Relaxed Robin eigenvalues). Let Q C R? a set of finite
perimeter and let £ € N. We define the k-th relaxed eigenvalue for the Robin
problem with parameter —f3 the quantity

[1vapde—p [ wan

; 0 0 9*Q

alQ) = inf e [as |
Q

where Sy denotes the class of all k-dimensional subspaces of H'(R?) which are
also k-dimensional subspaces of L%(Q).

We compute A 5(Q) considering the above defined class S, since we want
that, if Q is bounded and Lipschitz, then A\ 5(Q) = A\(). Indeed, if we
do not require that the admissible k-dimensional subspaces of H'(R?) are also
k-dimensional subspaces of L?(Q2), we could find a k-dimensional subspace
generated by k functions uy,...,u; which are linearly independent in H'(Q)
and such that there exists j € {1,...,k} for which u; restricted on € is null.
In this case we would find a subspace of H'(€) with dimension less than or
equal to k — 1, and it is not admissible in the min-max formula to compute
)\kﬁ(Q).

It is useful to recall the following definition by Section 2.1 in [11].

Definition 3.3.2 (well separated sets). Let A, B C RY. We say that A and
B are well separated if there exist two open sets E4, Ep such that, up to
negligible sets, A C F4, B C Ep and dist(E4, Ep) > 0.

In other words, if you have two sufficiently regular finite perimeter sets
A and B which are well separated, you can extend any uy € H'(A) and
up € H'(B) in such a way that their supports lie at positive distance.

Remark 3.3.3. If a V;, = span{py,...,¢x} is an admissible k-dimensional
subspace of H'(R%) for the computation of A\ 3(Q) and @1, . .., @ have disjoint
support, then we can assume that there exists an index 1 < j < k such that
the Rayleigh quotient attains its maximum in Vj on ;.
This follows from the inequalities
a; ar+ ...+ ag

a;
min — < — < max —, 3.3
i=1,....k bl - b1 + ...+ bk - i=1,..).fk bz ( )
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where ay,...,ag,by,...,bp € R with by,...,by > 0. To prove (3.3) let us
suppose by contradiction that either

a+ ...+ ag . a;

< - 3.4
b1+ ...+ by z:Hlllnk b; (3.4)
or . .
a e a ai
. > max —. (3.5)

bl + ...+ bk i=1,...,k bz

Let us see the first inequality; it can be written equivalently as

a + ...+ ag a1
—<_
by +...+ by by

a1+...+ak<%
by +...+bxy b

Then, multiplying both sides of each inequality by the product of the denom-
inators we have

(al—i—...—i—ak)bl<a1(b1—|—...+bk)

(a1+...+ak)bk<ak(b1+...+bk)

Summing the inequalities side by side we obtain
(a1 +...+ap)(by+ ... +bp) < (a1 + ... +ag)(by + ...+ ),

which is false, then (3.4) is not true. Reasoning in the same way, we prove
that (3.5) is not true, then we can conclude that (3.3) holds.
Now, let Vi, and ¢, ..., ¢ be as above and let

k

Y= Z a;Q;

=1

attaining the maximum for the Rayleigh quotient in V). Since the functions
@; have disjoint supports, we have

k 2 k
(za@-%) Y
=1 =1

and
k

Z a;Vp;

=1

2 k
= a[Veil.
=1
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Then,

/ \Vul* de— 3 [ u®dH / Vol de—B [ ¢* dH*?
max Q 0*Q Q 0*Q)

ueVi\{0} /U2 dr /902 dr
Q Q

Z/ a; ol d

/ Vol2de—8 [ 2 dmt
Q

0*Q)

T i=1,...k
/ at? da
Q

We can straightforwardly verify that relaxed eigenvalues enjoy some prop-

erties which recall those of classical eigenvalues.

Proposition 3.3.4 (properties of the relaxed eigenvalues). Let Q@ C R? be a
set of finite perimeter and > 0 be fized.

(a) If Q2 is open, bounded and Lipschitz, then for every k € N it holds
M (€) = Mes(Q)
(classical setting).

(b) For every k € N and for every t > 0 one has
. 1-
Ak,p(1€2) = t—Q/\k,tB(m

(scaling property).
(c) For every Q of finite perimeter and for every 5 > 0 one has

H(0°Q)

<0
12

Aip(Q) < =8

(strict negativity of the first relazed eigenvalue).

(d) For every Q0 of finite perimeter given by a disjoint union of N > k well
separated sets with positive Lebesque measure and for every 5 > 0 one

~ N —k 1/d
)\kﬂ(Q) < —ﬁ ( |Q| ) < 0.

has
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Proof. Item (a) is a consequence of the choice of the admissible subspaces for
the computation of A\ 3(Q). Ttem (b) and item (c) follow by the same compu-
tations made in the classical setting in (2.5) and (2.6), replacing the topological
boundary with the reduced one. To prove item (d), we start remarking that
there exist k of the N well separated parts of €2, say 24, ..., Q, with measure
less than |Q)|/(N — k). Then, we consider the k-dimensional test space V' for
At spanned by the k characteristic functions xq,, ..., Xq, € H'(R?). Since
we can suppose that the maximum is attained on one of these functions, say
Xg, (see 3.3.3), we have

/ \Vul* dz — 3 u? dH!
Me.5(€) < max 22 9782

ueV
/ u? dx
Q

k
> aHT 07 )
= max —pg= =0

(c1yeeyc ) ERFE k 5 ’Q]|
Z c; €]
=1

b1 ﬁ(N_—k)”d,
12

= w| VT wy

HI(9°Y)

[]

Observe that we are not able to say what is the lowest non negative relaxed
eigenvalue; it is neither possible to deduce any monotonicity with respect to
the domain or scale invariance property in general for Ay 5(+), as remarked for

Akg(0)-

3.4 A fundamental lemma and some properties
of good candidates

In this section we will prove Lemma 3.4.1, which involves well separated sets
and will be crucial in our analysis. This lemma will give us an important
alternative to distinguish “good” and “bad” sets in terms of maximization of
Ars(€). We refer to Lemma 4.1 in [11], where a similar kind of result has been
proved for the Steklov eigenvalues. The main difference (and difficulty) with
respect to the Steklov case is that, in our situation, we do not have mono-
tonicity under homotheties; then our result is valid for sets of finite perimeter
whose measure is smaller than a fixed value depending on the parameters of
the problem.
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Lemma 3.4.1. Let 5 >0, A > 0, ¢ = c(d) > 0 the isoperimetric constant for
the uniform relative isoperimetric inequality in annuli, m € }0, (%)d21*2d}
and w = w(m,d) > 0 the width constant in the uniform relative isoperimetric
inequality in annuli. Then, there exists L = L(m,d, 3, A) > w such that, for
every v > 0, I > L and for every measurable set E C A, ,(0) with finite
perimeter and with |E| < m, we have at least one of the following possibilities.

(a) There exists o € Hy (A,,41(0)) such that

/ ©? dHT! >0, /(,02d$>0
O*E E

/ Vel? do - / o A
E o*E

/302 dz
E

’E A Ar+%,r+l+T“J(O)‘ =0,

and

< -A.

(b) We have

€., up to negligible sets, E lies outside an annulus of width w.

Proof. Let L > 0 such that

L—w [2¢ 1 & 1
Jj=1 (2 2d>

Letr > 0,1l > L and E C A,,,;(0) measurable, with finite perimeter and such
that |FE| < m. Moreover, let us assume that |E| > 0, otherwise situation (b)
would occur trivially.

Let us suppose that assertion (a) does not hold and let us show that sit-
uation (b) occurs. Let us consider the functions my and p; defined, for every

te [0,52], by

my (t) = ’E N (Ar,rth(O) U Ar+lft,r+l<0))‘
and
b1 (t) =P (Ea Ar+t,r+lft(0>> :

If p1(t) = 0 for some ¢, situation (b) takes place trivially. Then, we can assume
p1(t) > 0 and consider, for every ¢ > 0, the function ¢y, € H} (A, ,1(0))
defined by

1.,
o14(z) == ;dlst (z, AS,(0) | AL
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Notice that [, @3, dz >0 (|E| > 0 and ¢, is not the zero function) and that

/ 1y AHTT > pa(t) > 0
O°E
for any t. Then, since situation (a) cannot occur, we have that

_ 1
/ Vol de—p [ @Eant Lo s
—A< YE oL <!

/@it dx /@%,t dx
E E

Observe that there exists t; € ]0,5%] such that 0 < m(t;) = @
that ¢; < Z’Tw To prove this fact, consider ¢ := ¢14,; we obtain

We claim

1|E|
L Byt
t% 9 ﬁpl( 1)

/gpf dz
E

If the numerator is non negative we have

—A<

1|E|
2 2
where we used the uniform relative isoperimetric inequality in annuli and the

fact that both F N (AT‘,T+t1 (0) U Ar+l—t1,r+l(0)) and F N AT+t1,T+l—t1 (O) have

measure @ Last inequality yields the estimate

b < C|E|2171 - 2c %1 <l—w
— —m B
FEVB T e VBT 2w 2

On the other hand, if Ll — gp, (t1) < 0, it holds

2
22

By an easy computation we have

Im B /mN\% B /m\%
L e L N A 0 R T

22 20(2) 2c<2> ="
since m < (Aﬂc)d 2124 Thus we obtain the estimate

1 [ —w
m2d—— < ———

t <
! 234 2

| ®
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and this completely proves the claim on ¢;.

We now proceed as above, reasoning on the annulus A, 4, 4,4, (0) and the
|E]
2

set £ N Apit, r11-1, (0), whose measure is 5. For every t € [0, Z’Tw — tl} we

define the quantities

ma(t) == |E N (Arsty rat144(0) U Ay —t41-4,(0)) ]

and
p2(t) == P(E, Arsty vt 41-1,-(0)) .

As a test function, we consider
1. .
par(T) == ZdlSt (2, Ay o (0)) | AL

Using the same arguments as above, we can find t, € }0, Z_Tw — tl[ such that

E
20 (At rotr0) U Arictr i O] = 1B N Ay iy 0] = 21

and such that the following estimate is satisfied:

1 l—w

1
ty < —m?2d 5 < — 1.

)

Thanks to the choice of L, we can carry out the argument infinitely many

times, obtaining a sequence (), C |0, 5% such that

|E|
’E N Ar+t1+"'+tn77“+l*tl*mft’ﬂ| = 2_n
and

EnN Ar+l*Tw,r+l+Tw C ENAritytoottnrtl—ti—..—tn

for every n € N. Letting n go to infinity, we obtain that situation (b) occurs,
completing the proof. O

Remark 3.4.2. Let us notice that the bound a priori on the measure of E is
not restrictive in the general application of the previous lemma (we will use
a trick to overcome this restriction on the admissible volumes in Proposition
3.4.3). In particular, the “critical measure” depends decreasingly on the mod-
ulus A of the threshold for the Rayleigh quotients. We do not know if it is
possible to prove an analogous result removing this bound (as in Lemma 4.1
in [11]), since, as mentioned before, the problem is not scale invariant and it
is not known if there is any monotonicity property, in general. Notice that, as
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A decreases to 0, the bound on the volumes goes to 400 and then the lemma
is applicable with a wider range of volumes.

Nevertheless, the meaning of Lemma 3.4.1 is that, within a certain range
of measures, if the Rayleigh quotient for a set E is greater than a fixed bound
(and reasonably better for the maximization), then, up to negligible sets, E
must lie in a small annulus or in two well separated small annuli at distance
greater than a constant depending only on the measure and on the dimension
of the space.

The following proposition allows us to understand some properties that
good candidates to be maximizers for Ay 5(€2) have to satisfy. We will follow
the ideas of Proposition 5.4 in [11]; in that proof, authors apply Lemma 4.1
of [11] (whose counterpart for Robin eigenvalues is the previous Lemma 3.4.1)
relatively to the measure m of the given set. In our context, there is a crucial
difference: we can not apply Lemma 3.4.1 directly with the measure m of the
given set €2, since such measure does not satisfy the bound in the statement of
Lemma 3.4.1, in general. The idea to overcome the difficulty is rather natural:
we thought to cut €2 by intersection with a suitable family of annuli, in such a
way that at least k “slices” of {2 have volume less than the fixed threshold.

Proposition 3.4.3 (a priori bound on the diameter). Let Q C R? of finite
perimeter, |2 =m and let A > 0 such that A\ 5(2) > —A. Then, up to negli-
gible sets, € is union of N well separated and bounded sets of finite perimeter

Q=0,U...UQp,

with N < mézwd + k, with w = w(d) > 0 isoperimetric constant in R? and
diam(Q2;) < D(m, B,d,k, A), i.e. the diameters of the well separated sets are
uniformly bounded.

Proof. Without loss of generality, we can consider the origin as a point of
density one for Q. Let ¢ = ¢(d) > 0 be the dimensional constant in the relative

isoperimetric inequality for annuli and set m* := (Aﬁc) 21724 Tet us consider

the constants w = w(m*,d) = w(A, 8,d) and L = L(m*,d, 3, A) = L(d, 3, A)
of Lemma 3.4.1 applied to m* and define the annuli

Aji=Ajpinr(0) = {z e R*: jL < |2| < (j + 1)L}

for j =0,..., Lmﬂj + k. By construction, there exist k£ of this annuli, say
Ay Ay, such that QN A, | < m*. Foreach h = 1,...,k, let us apply
Lemma 3.4.1 to each set QN A, : either there exist ¢, € Hj(A,,) such that

/ @7 dH >0, / o7 dx >0
9*(2NAn,) QNA,,
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and
| wala-g o M
QNAn, 0*(QNAn,) <_4
/ wh, da
QNA,,
or
2N A0, N A, L e | =0,

Observe that there exists one of the sets 2N A, in which the first case is not
satisfied. In fact, if the first situation occurred in all 2N A,,, there would
exist ¢1,..., ¢ as above, with trivial extension to the whole space belonging
to H'(R?) and disjoint supports. Moreover, such ¢, would be supported in
A,, and would have null trace on 0A,,, then

/ IVn|? do = / |Vn|? d,
ONAn, Q

/ h dH = / wp dHT
0* (2N Ar,) *Q

/ ©r dr = / 02 da.
QNA,, Q

Hence, for each h =1, ...k, we would have

and

/ Venl? de—5 [ o2 dai?
Q 90 < _A

/gpi dx
Q

In view of the Remark 3.3.3, we could assume that the maximum of the

Rayleigh in span{¢i,...,¢x} is attained in some ;. Then, by the usual
minimax formula, we would obtain that A, () < —A, in contradiction with
the hypotheses.
Let now be p € {1,...,k} such that A, does not satisfy the first alternative
and let us set
QO :=0nN BanJr%(O).

Observe that €); is bounded, with finite perimeter and well separated from
O\ 4, with
diSt(Qh Q \ Ql) Z w.

Moreover
diam(Q1) < 2 QEJ Ny 1) L,

m*
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] 3
X £
s
\~ t
5
.

with the right hand side depending on A, m, 3, d, k.

Let us now consider the set 2\ 21, whose measure is less than m, translate
the set in such a way that the origin is a point of density one for Q \ €; and
repeat the same arguments as above to build §25; with the same bound on the
diameter.

The argument could be carried on to build the following well separated
parts of 2, whose diameters are still uniformly bounded by 2 ([ o J +k+ 1) L.

m*

Notice that we cannot repeat the argument infinitely many times. In fact, if

this was the case, up to negligible sets we would have

Q=J% m=101=> ]

neN neN

and, for each well separated set €2, we consider its characteristic function whose
Rayleigh quotient is less than or equals —w%mn]_%. Notice that |€2,,| — 0; so,
if we take k of these well separated sets, say Q... QF with measure smaller
than a threshold, we obtain 5\k5(Q) < —A (taking span {XQ}L, o ,XQEL} as a
test space for Ay 5(Q)).

Moreover, the number N of the well separated parts is controlled by a
constant depending on m, 3,d, k, A. Indeed, we can assume that (2 = Q; U
... UQy with N > k (possibly counting also €2; which are negligible). Then,
we can order the sets {); in such a way that || < "¢
consider k test functions o1, ..., ¢r € HY(RY) with disjoint supports and such
that 0 < ¢; <1, p; =1 o0n Q; and p; =0 on Q\ ;. Let us consider V :=

span {¢1, ..., ¢k} and, without loss of generality, assume that the Rayleigh

for every 7 < k and
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quotient attains in ¢; its maximum for the space V. Then we have

/ \Vul|* dz — 3 u? dH!
Q 0*Q

—A< 5\k,6<Q) < max

~ uev\{0} / 2 d
0
[wala—s [ cant
< Q 0*Q
/gp% dx
0
d—1/9* _1
C_ M) g B m )
14| w w \N—k
and this yields
Ad d
N < mﬁ—dw Tk,
completing the proof. O

Remark 3.4.4. Notice that, as A decreases to 0, the bound on the number of
well separated components goes to k: this fact suggests that, if S\kﬁ(ﬂ) is non
negative, it is union of at most k well separated parts (up to negligible sets).

Observe that we have again a result depending on the measure of the set
: both diameters and number of connected components are bounded by a
quantity depending on |2|. We would have expected this behaviour, since, as
already said, the problem is not scale invariant.

3.5 Isoperimetric and isodiametric control of the
spectrum

The next step for our purposes is to have some uniform control on the perime-
ters to ensure compactness of maximizing sequences. For our approach, we
have been inspired by [32], where authors proved several results for the isoperi-
metric control of the Steklov spectrum of Riemannian manifolds satisfying
some additional hypotheses. A crucial tool in this setting is the following
Lemma 3.5.1, proved in [55], Corollary 3.12, in a more general setting.

We will use the following notation: if A is the annulus A, g(z), we will
denote with 2-A the annulus Ar o (7).

Lemma 3.5.1. Let v be a finite, non negative, non atomic Radon measure on
R?. Then, for every k € N, there exist a family A of k annuli in R? such that
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(a) there exists a positive constant vq depending only on the dimension d
such that

J(RY
v(A) > 4 (15 );

(b) the annuli {2-A} 4 4 are disjoint.

Lemma 3.5.2 (Isoperimetric control of the relaxed spectrum). Let Q C R?
of finite perimeter and let || = m. Then, there exist two a positive constants

Cy = C1(d), Cy = Cy(d) such that

) kilQ| T — Cﬁfﬂdl(a*ﬂ)
Arp(2) < —Ch Ql
Clk ( 2 d—2 ﬁ d—1 )
Nl | KQIT — SHTN(07
2|Q|EX}O’+ [ ’ ’ Cl ( )

Remark 3.5.3. Lemma 3.5.2 could be equivalently stated in the following
way: under the hypotheses above, there exists two positive constants C and
(5, depending only on d, such that if

Cy

HIL9*Q) > Ek%ym%

then o
] Cokd|Q T — 525’}#"1(8*9)
Mep(2) < |Q\1 ;

otherwise, if

HI(0°Q) < %kimﬁﬁ,

then
Cik

210a

Aes(Q) <

Proof of Lemma 3.5.2. Let us consider 2 as in the hypotheses and apply Lemma
3.5.1 to the finite non atomic measure v := HY1[9*Q: there exist 2k annuli
Ay,..., Ay, in R? and a positive constant 7; depending only on the d such
that, for every 1 = 1,...,2k

HI-1(9°Q)

CHoraN Ay >
HITHOOANA) > g ok

(3.7)

and, if 7 # j,
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In particular, we can order the 2k annuli in such a way that
2N24; < % (3.9)
Now let us write each annulus as
A ={r, <|r—x;| <ry}

and consider the functions h; defined as follows

1
dist(xz, R\ 2-4;) if x ¢ B, (z;),
T2 '
hi(z) == 41 if z € A, (3.10)
1

dist(z, R\ 2-A4;) if z € B, ().

1

Observe that h; € HY(R?), h; = 0 on R?\ 2-A; and

in BQT‘z,i(xi) \ B7'2,i<xi>7
T2
’ 2

14

Denoting by R(u) the Rayleigh quotient for any admissible function u, we
estimate for every ¢ = 1,..., k the quantity R(h;) as follows:

/|Vhi|2dx B h? dH!
Q 0*Q

/h? dx
Q

% d—2
(/ V| dx) QN 24T — BHEHO* QN Ay)
2:A;

/h? dx
Q

where we used the Holder inequality. Observe that the quantity

( / VR da:)

is a positive constant depending only on d. So, using estimates (3.7) and (3.8),
we obtain by (3.11)

R(hi) =

(3.11)

<

d—2

([ onar) (B) 7 -
_ Vo, k 2k (3.12)

- /h? dz
Q

R(h;)
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Let us consider now the positive constants

20,
=

which depend only on the dimension d. Observe that, if

I (0Q) > %k3|§2|d§2,

then the numerator of the right hand side of (3.12) is negative, then we can
continue the estimate using again (3.9):

ON\T O, W90
o(8)" g
1

k k
) <
B(hs) < QN 2:-Ay
d—2
QI @ Cy HI(0Q)
“C\%) &%
< 1 (3.13)
- it
k
Cok3 105 — Lapt1 (o)
< Gy
B 2]
Since hq, ..., hj have disjoint supports in view of (3.8), we achieve the thesis

in the first case by considering the space Sy := span {hq, ..., h}.
Now, let H™1(9*Q) < %k%]m% In view of Lemma 3.5.1 applied to the

finite non atomic measure £, there exists a family of k annuli By, ..., By
such that
IR Lt
and, if 7 # 7,
2-B;N2-B; = 0. (3.15)
Consider the test functions [y, ..., I for the annuli By, ..., By, constructed in

the same way as the h; in (3.10), and observe that their supports are disjoint,
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thanks to (3.15). Now, let us estimate R(l;):

/|Vll-|2d:c—ﬁ 17 dH!
Q 0*Q

/li2 dz
Q (3.16)
. Co|Q T — BHYHO* QN By)

N /13 dz
Q

If the numerator of the last fraction is negative, then R(l;) < 0. Otherwise we
can estimate R(l;) using (3.14):

R(l;) =

. Co|Q T — BHHO* QN By)
- 12N B,
- Co|Q T — BHYH(0* QN By)

R(l;)

Tk
Cok Chk
Tl 209
In both cases R(l;) < %fg; reasoning as above on span {l,...,[;}, we com-
2 d
plete the proof. O

Remark 3.5.4. Let us observe that we have two different situations (then two
different estimates) depending again on the measure of Q. Fortunately, as we
will see in the existence theorem 3.6.1, this will not prevent us to prove that
maximizing sequences of admissible sets have uniformly bounded perimeters.
In other words, Lemma 3.5.2 will give us the needed isoperimetric control of
the spectrum that ensures the compactness of maximizing sequences.

Furthermore, we point out that Lemma 3.4.1, Proposition 3.4.3 and Lemma
3.5.2 hold also for Lipschitz domains, replacing the reduced boundary with
the topological boundary: this allows us to have the same results also in the
classical setting.

Now, recalling the ideas in Proposition 4.3 in [1 1], we would like to obtain
also an isodiametric control of the Robin spectrum. This will be done in the fol-
lowing Proposition 3.5.5, where we give an upper estimate for g 5(£2)diam((2)
for every open, bounded, Lipschitz and connected set ) of prescribed measure
m. This estimate depends only on the dimension d of the space, the measure
m of €, the index £ and the boundary parameter S and it is valid both for
Ai,3(€2) > 0 and for A\, 5(€2) < 0.
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Proposition 3.5.5 (isodiametric control of the spectrum). Let m > 0 and
A >0, Q C R? be an open, bounded, Lipschilz and connected set of measure
m, let Cy = C1(d),Cy = Cy(d) > 0 the dimensional constants in Lemma 3.5.2,
w = w(d) the Lebesgue measure of the unit ball in R, ¢ = ¢(d) the dimensional
constant in the isoperimetric inequality in annuli 3.2.1, m* and L as in Lemma

3.4.1. Then, if
diam($2) > 2 (b + {mﬂJ +1) L,

it holds
Aep() < —A (3.17)
otherwise,
)\k’g(Q>dlam<Q)
205 54 2058d de1 Cy a2,
< — 0) — — /d
_w<(wm)1/dk Oy )Xol | 00 = etk
CL 22dcdm + 234 d Cr a2 4y
S (EE) - )]
(3.18)

Proof. The proof is obtained following the same arguments as in Proposition
4.3 in |11], recalling the “slicing trick by annuli” in Proposition 3.4.3 and treat-
ing separately the two different situations of Lemma 3.5.2 (see Remark 3.5.3).
Without loss of generality, let us consider the origin as a point of density
1 for €. Let us suppose that
diam(Q) > 2 (k+ | = | +1) L

m*

and define the k£ + L’”J + 1 concentric annuli

m*

. q y m
Aj = A gane(0) ={z e R": jL < |z| < (j+ 1)L}, j=0,..., { J+k'

m*
By construction, there exist & of this annuli, say A,,,..., A4,,, such that |2 N
A, | <m*. Foreachh=1,... k, let us apply Lemma 3.4.1 to each set 2NA4,,
and observe that, as () is connected, in each annulus the first alternative takes
place. Then, there exist k functions ¢y, ..., ¢, € H'(Q2) such that supp(y,) C

A, and
[vefa—s [ oo
0 o

/gp? dx
Q

for every j = 1,... k. Then, the space S := span{¢1,...,@x} is admissible
for the computation of A\ 3(§2) and, in view of the Remark 3.3.3, we could

<-A
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assume that the maximum of the Rayleigh quotient in S is attained in some
@;. Then we have

Q) < — R(p) < —A
Ak )_ug;%} R(pj) <

i.e., passing to the minimum among admissible subspaces, (3.17).
Let now be

diam(Q) < 2 <k + {EJ + 1) L

m*
and suppose that the first case of Lemma 3.5.2 (see Remark 3.5.3) holds true,
SO

HH0Q) < %mdfkwd.
Then, again by Lemma 3.5.2,
Coka QT — %m{d—l(am
1

Aep(82) <
g Q]

< 0,

i.e. Ay (Q) is necessarily strictly negative. Using the isoperimetric inequality
and the isodiametric inequality

19 < wy (dla%m))d

we obtain

2 d—2 CZ d—1
Coka|Q] " — a/BH (39)2‘Q‘1/d
Q] wl/d

Cok310) 5 — L2 gt 5
¢y

1" il
20, L, 205Bd
(wm)1/d Cy

Let us suppose now that the second case of Lemma 3.5.2 holds true, i.e.
HI(00) > %m‘ifk?/d.

In that case, if A, 5(Q2) < 0, we trivially have A\, 5(Q)diam(Q2) < 0; otherwise,
if A 5(€2) > 0, using the upper bound on diam(2) we have

) CiL 22dcdyy 4 234
)\kﬁ(Q)dlam(Q) < m;/d [2]{;2 + (T) k} ,

getting (3.18) and completing the proof of the proposition. O]
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Remark 3.5.6. In Proposition 3.4.3 we proved that, if a set €2 is a good
candidate to maximize ) g, it must have controlled diameter (notice that
3.4.3 still holds in the classical setting). Another evidence of this behaviour
of good candidates is given by Proposition 3.5.5: we proved that if the di-
ameter of a Lipschitz connected domain €2 is not controlled by the constant
2(k+ 2| +1) L, then Q is not a good candidate to maximize A ().

m*

3.6 Existence of optimal shapes in the class of
measurable sets

In this section, following Section 5 of [11], we will get an existence result for a
relaxed version of the problem (3.1), involving the relaxed Robin eigenvalues.
We focus ourselves on the maximization problem

max {F(S\f(Q), 5 Aks(9)) - Q € R has finite perimeter and |Q] = m} ,
(3.19)
where I : R¥ — R non decreasing in each variable and upper semicontinuos
(as in (3.1)). To avoid trivial situations, we will infer another reasonable
hypothesis on F.} Our existence result is based on an adaptation of Theorem
5.6 in [1 1] to our setting, with an important difference: in our case, the uniform
bound on the perimeters of a maximizing sequence have to be deduced treating
separately the two situation in Lemma 3.5.2. Nevertheless, in both situation,
we are able to get such a uniform bound and then to gain the compactness of
a maximizing sequence.
In this context, we will denote with B,,, the ball of measure m > 0.

Theorem 3.6.1 (Existence of optimal domains). Let F' : R* — R non de-

creasing in each variable and upper semicontinuos. Moreover, assume that
there exist Qo admissible, A >0 and Ay, ..., A, €]0, A[ such that

F(S\l’ﬁ(Q()), cee S\kﬂ(Qo)) > F(—Al, Cee —Ak> (320)

Then, Problem (3.19) has at least a solution. Moreover, up to negligible
sets, each optimal set is bounded and can be written as the union of at most
m dwd . . .

% + k equibounded well separated sets of finite perimeter.

Proof. Let (Q,), be a maximizing sequence for F(A5(-),..., \es(-)). In
view of the assumption, we observe that any admissible domain F such that

In 18] the additional hypothesis is given in a smarter form, involving the coercivity
of the function F'; here, the further hypothesis is given in a slightly weaker form in the
statement of Theorem 3.6.1.
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thﬁ(E) < —Ay for every 7 = 1,...,k can not be optimal. Then, it is not
restrictive to assume that S\h,g(Qn) > — Ay, for every h = 1,..., k. Moreover,
without loss of generality, we can assume that A, 5(Q2,) > M3(Bm) = Mg(Bm)
for every n € N.2 By Lemma 3.5.2 we have that either the perimeter of Q,, is
less than a constant depending on m, d, 3,k or

Cohim T — %ﬁ%d-l(a*ﬂn)

Ms(Bo) < Mus(,) <
g (Bm) < Ang(Q2n) < -

Via a straightforward computation, we obtain that also in this second case it
holds H?1(9*Q,,) < C = C(m,d, B, k). Hence, we deduce that

sup HH(0*Q,) < +o0. (3.21)

neN

Thanks to proposition 3.4.3, we can write
M| A5 (Bin) |
;3

with QL. ... QN equibounded and well separated. Up to translations, we can
assume that the €2, are contained in a fixed ball of R? so, by (3.21) and
Proposition 1.2.10, we deduce that there exists  C R? of finite perimeter

+ k,

Q= u..uQ N, <

such that, up to subsequences, that yo, — Yq strongly in L', || = m and
P(Q) < liminf, P(£2,).

Using the same arguments as in Theorem 5.6 in [1 1], let us show that such
admissible set € is a solution of the problem (3.19). We claim that

lim sup ;\hﬂ(Qn) S S\hﬁ(Q). (322)

n—oo

To prove it, let us fix € > 0 and let Vj, := span {uy,...,up} C H'(RY) be an
admissible subspace for the computation of A, 5(€2) such that

M o5(0) € max Ru) — e.
(@) < max R(u)

For each n € N, let

h
Up, = E oy
i=1

2If Ang(Bm) < —Ap, the assumption comes trivially from the previous remark on opti-
mal sets; if Ay g(By,) > —Ap, we can assume again A\, g(Q,) > A g(By,) since F is non

decreasing and (£2,), is a maximizing sequence.
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attaining the maximum

/ |Vo|* dx — 3 v? dH!
Qn 0*Q
max

veV,\{0} / o2 d
Qn

We can also assume that ,
> (o) =1
j=1

(it is not restrictive). So, up to subsequences, there exist aq, ..., a; such that
aj converges to a; as n goes to infinity. Hence, set

h
U = E Uy,
J=1

we have that u, — u strongly in H'(R?). By the convergence of xq, to Yo
and Proposition 3.2.3 we obtain that

lim (Vu,|? dr = / |Vul? do
Qn 0

n—oo

lim u? dx = / u? dw (3.23)
Qn Q

n—o0
lim inf / uZ dH > / u? dH
oo Jorqy, 9 Q
We finally have

/ |Vu,|* dv — 3 uZ dH!

0*Qyp

lim sup A 5(€2,,) < lim sup

/ |Vul? dz — 8 u? dH?
< Jo 2*Q

/u2 dx
Q

Letting ¢ — 0 we get the required upper semicontinuity (3.22).
Thanks to the assumptions on F' we deduce that

< S\hﬁ(Q) + €.

F(S\Lﬁ(Q), ey S\kﬁ(Q)) Z hm sup F(S\lwg(Qn), ey S\k,ﬁ(Qn))
n—oo
= ‘zl‘l_p FOg(E), ..., \s(E)).
del(a*_En)l<+oo
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Then €2 is optimal. Finally, the bound on the number of well separated

parts €y,...,Qy and the uniform bound on the diameters of the sets €2,
j=1,..., N, can be achieved reasoning as in Proposition 3.4.3, replacing A,
with |\, 5(Bp)| for each h =1,... k. O

As said above, the assumption (3.20) has been made to avoid trivial sit-
uation such as F constant on R*, for which every admissible © would be a
solution.

Remark 3.6.2 (Isoperimetric control for the first eigenvalue). Observe that,
if & = 1, the uniform bound on the perimeters of a maximizing sequence
would be straightforwardly achieved. In fact, considering a maximizing se-
quence (Q,)nen such that, without loss of generality, A 5(€2,) > Ay 5(Bnm), by
computing the Rayleigh quotient on a test function constant on ) we have
HIH0,)

) (50,
—[A(Bm)| < A1p(2) < —B\Q—TJ = _BT)'

It implies that
HIL(0°Q,) < %Mm(Bm)L

which gives us the required equiboundedness of the perimeters.

To conclude this section, we state a straightforward corollary to Theorem
3.6.1.

Corollary 3.6.3. The problem
max { A 5(€2) : @ C R? has finite perimeter and |Q = m}

has at least a solution € for every k € N. Moreover, up to negligible sets, de%ch
m| Ak, 5 (Bm)|w

optimal set is bounded and can be written as the union of at most 5

k equibounded and well separated sets of finite perimeter.

Proof. 1t is straightforward consequence of Theorem 3.6.1 applied with

F(;Ul,...,l’k) = Tk.
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3.7 Existence among (union of) simply connected
open sets in R?

A natural idea in shape optimization problems is to look for optimal domains
belonging to classes of open sets of R?, possibly relaxing the functional in-
volved. In the case of the Robin eigenvalues with negative boundary parame-
ter, it is interesting to consider the class of open, bounded sets Q C R? that are
and union of simply connected sets, with H41(9Q) < +oo. In the following,
for the sake of brevity, as habitual in the field of shape optimization, we will
say that an open set (2 is “simply connected” if it is union of simply connected
sets, even if 2 is not connected by arcs. For instance, a disjoint union of two
balls will be considered simply connected.

In the framework of simply connected sets, it is convenient to define the
relaxed eigenvalues by using the topological boundary and not the reduced
one. We will work in H!(Q), extending the function by zero in Q¢ and defining
the traces on the boundary as in the SBV setting.

The idea to restrict ourselves on the class of unions of simply connected
open sets has been inspired by the existence results in Section 6 of [11]. In that
case, authors proved that in the class of open sets with fixed measure and whose
topological boundaries have finite length, maximizers for the (relaxed) Steklov
eigenvalues exist and are union of at most k simply connected sets (Theorem
6.4). Their argument is based on the fact that, for Steklov eigenvalues, starting
from an admissible domain €2 of measure m, with possible holes, one can always
build a simply connected competitor Q whose Steklov eigenvalues are larger
than the respective eigenvalues of Q (see Lemma 6.5 and Lemma 6.6 in [11]).
More precisely,  is built by filling in the possible holes of €, obtaining a set
Q) whose relaxed Steklov eigenvalues are larger than the Steklov eigenvalues
of €; then, rescaling Q (by a scaling factor less than 1) in order to satisfy
the measure constraint, we obtain the simply connected competitor 2 whose
eigenvalues are still larger (since the scaling factor is less than 1, see Item (b)
in Lemma 6.2 of [11]). In our framework, it is not possible to proceed in the
same way, since we are not able to compare the Robin eigenvalues of €2 and Q
(built as above) and we do not have any good scaling property. So, the simply
connectedness of admissible domains will be a priori required.

We first give a suitable definition of relaxed eigenvalues.

Definition 3.7.1 (relaxed eigenvalues for simply connected open sets in R?).
Let Q C R? be open, bounded and simply connected such that H!(9Q) < +oo.
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For every k € N we set

/ Valde =8 [ [(w")?+ ()?] an’
Mep(Q) := inf sup =2 Py

SE€Sk ues\{0} / u do ’
Q

(3.24)

where Sy, denotes the space of all k-dimensional subspaces of H'(Q) N L> ().

Remark 3.7.2. Let us observe that the definition above is correct. Indeed,
as 0N is H'-rectifiable and u € H'(Q) N L>(Q), if we consider the extension
by zero on (), we obtain a function in SBV(R?) N L>(R?) (still denoted by
u) which has the jumps on 9. In other words, we can speak about ut and
u~ on 0, the upper and lower approximate limits of u pointwisely H!-a.e.
on 0. In general, u™(x) and u™ (x) are not different, since 9 can be larger
than the jump set J, of u. For smooth domains, {u™(z),u (z)} = {u(z),0},
where u(z) is the value of the boundary trace of u from the inside and 0 is th
trace of the zero function outside the domain. We remark that it is necessary
to work with the whole topological boundary, not only with the reduced one,
to consider also simply connected sets with fractures where some functions in
H'(Q) have different traces on the two sides of the fracture: this behavior is
possible when dealing with the H°-topology on this class of sets.

Figure 3.1: The sequence of open annular sectors (2,), HC¢-converges to the set 2, an
annulus cut on a radial segment. The function given by the polar coordinate
(counted counter-clockwise starting from the cut) is H*(£2), but it has traces
0 and 27 respectively on the left side and the right side of the segment.

Moreover, in terms of the application of the min-max formula, the H!
spaces of simply connected open sets having the same connected components
with a different placement in the space, are equivalent, even if the connected
components lie at null distance.

In view of this, we can assume that the connected components of the ad-
missible sets are well separated.
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diam(Q) = 4

A
Y

dialm((l3) = f/z

diam(Q;) = 1

diam(0)) =2

Figure 3.2: Two sets  and Q' given by different disjoint unions of the open sets €, :=
Bijan (n € N). Both unions are simply connected according to our definition
and the two spaces H'(2) N L>°(Q) and H(Q') N L>(Y') are equivalent for
the computation of A g.

The problem we are going to study is the following:

max{ F(A5(Q), .., Mes(©)

Q C R? open, bounded, simply connected, H'(99) < 400, |Q] = m},
(3.25)

where F': R¥ — R as in the hypotheses of Theorem 3.6.1.

It is a well known fact (see 1.4.18) that the class of sets of R? which are
contained in a box and are union simply connected open sets is compact with
respect to the Htopology. Then, we need some conditions that ensure us
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that the limit set is still admissible for our problem. Moreover, we need some
upper semicontinuity result for 5\]676; to this aim it is necessary to gain the lower
semicontinuity of the curvilinear integral [, [(u™)?+ (u™)?] dH'. The next
theorem provides us the required semicontinuity of the boundary integral and
is based on the ideas in Proposition 2.6 in [11], but there are some technical
differences that it is worth to emphasize. The main difference is that in next
theorem we consider functions with possible jumps, while in the above cited
proposition authors proved the lower semicontinuity result for functions in
H'(R?), then without jumps.

Theorem 3.7.3. Let Q C R? be open, k € N, and (K,),, K C Q be compact
sets with at most k connected components, such that limsup, H'(K,) < +o0
and K, — K in the Hausdorff metric. Let u, € H'(Q\ K,,) be such that

lim sup ||un || g1 0\ k) +/ [(wh)? + (u,)?] dH' < +o0. (3.26)
Ky

n—-+0o

Then, there exists u € H'(Q\ K) such that, up to subsequences, we have
U, —u  strongly in L, (),

Vu, = Vu  weakly in L*(;R?),

and

[l @] e <timint [ @D+ )] o @20)
K n=too Jk,

Proof. Our proof is based on the same ideas as in Proposition 2.6 in [1 1], with
some technical differences that will be highlighted step by step.

Without loss of generality we can assume u,, > 0 and k =1 (i.e. K, K are
connected). In view of the weak compactness in L?(Q) (||un| 12(q) is uniformly
bounded), of the convergence in the sense of Hausdorff and in measure of the
open set Q\ K, to Q\ K and then of the convergence in the sense of Mosco
of HY(Q\ K,) to H'(Q\ K), there exists u € H'(Q\ K) such that, up to
subsequences,

u, — u  weakly in L?(2; R?),

Vu, — Vu weakly in L*(£; R?).

Moreover, by (3.26), since lim sup,, H'(K,,) < +o0, each function u? belongs to
SBV(Q2) and then, by Proposition 5.1.4 (see Theorem 3.3 in [21]), we get that
u, — u strongly in L2 (Q). Notice that Proposition 5.1.4 is not sufficient to

obtain (3.27), as in general K, and K are larger than J,, and J,, respectively.
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Notice that we can not use directly Proposition 2.6 in |[11] as there authors
consider functions u, € H'(R?), then without jumps on K.
Without loss of generality, we can assume, by truncation, that there exists
M > 0 such that, for every n € N, u,, < M a.e.; moreover, we can assume that
Q2 is bounded and smooth in order to work in a smooth neighbourhood of K.
We divide the proof of (3.27) in several steps.

Step 1. In view of the hypotheses on u,, u, we deduce that u,,u,u2, u? €
SBV(Q),

Ju% = Jun - Kn7 Jp2=J, CK

and that the SBV-traces u, u™ are well defined, as the functions are in L> and
K, K are H!-countably rectifiable. Following the measure theoretic approach
in Step 1 of the proof of Proposition 2.6 in|[l1], let us define the sequence of
positive Radon measures (p,,), C M;(£2) by setting, for any Borel set A C 2

)= [ [+ ()

(in the above cited result the measure p, is defined considering the boundary
integral of a function w,, that has no jumps on K,,; here, we consider both SBV -
traces ul). In view of the previous assumptions, the sequence (|u,|(2)), is
equibounded, then we can assume that there exists y € M,(R?) such that
fhn — p1. Let now be v := H'| K. Since u € SBV(Q) and K is H'-countably

rectifiable, for H!-a.e. point # € K the following facts hold true:

(a) K admits an approximate tangent line [, at z, since K is H'-countably
rectifiable;

(b) z is either an approximate jump point or a an approximate continuity
point for u;

(c) the Radon-Nikodym derivative du/dv is given by

d—'u(x) = lim ! <m>

dv =0+, (m) '

Let us prove that

2—5(1:) >ut(2)? +u (2)2 (3.28)
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for H'-a.e. z € K. Indeed, if (3.28) holds, denoting by u®* and p* respectively
the absolutely continuous and the singular part of p with respect to v we have

J Lt @] dnt < [ St = @) < (@) + @

K av

n—-+o0o n—-+o00

= () < liminf , () = lim inf/ [(wh)? + (uy)?] dH'
i.e. the required lower semicontinuity in (3.27).

Step 2. Let x € K satisfying the previous properties (a), (b), (¢) and show
some geometric properties of K near x, using the same blow up argument
as in Step 2 of Proposition 2.6 in [I1] (the only difference is that, since we
could have two different traces of the function u across K, a further rotation
could be needed to associate u™ and u~ respectively to the upper and lower
halfplanes determined by [,). Without loss of generality, we can suppose that
x = 0 (we will then prove (3.28) in the form 2(0) > u*(0)?+u~(0)?) and that
the approximate tangent line to K at the point 0, say [ := [y, is horizontal
(i.e. [ C {zy = 0}). Moreover, possibly rotating by 7, we can assume that the
approximate limit associated to the upper halfplane {x5 > 0} is u*. For every

e > 0, let us set

1
K, =-K;
€

by the definition of approximate tangent line, we obtain that
H K. > HI (3.29)

weakly* in My(R?) as € goes to 0. Let us prove that, for every r > 0

KN Q2 (0) = 1N Qa0 (0) (3.30)

in the Hausdorff topology as € goes to 0.

Let (e,,), C Ry with €, — 0. Since the Hausdorff topology is compact on
the class of compact connected sets, for every fixed m € N, the sequence of
compact connected sets

(Ksn N sz(0)>n

converge to a compact connected set K" up to a subsequence (possibly de-
pending on m). In particular, we can choose, via a diagonal argument, a
subsequence (g,,)n C (£,)n that realizes the above H-convergence for every
m € N, i.e.

K., NQom(0) T K VYmeN

m
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in the Hausdorff topology. Let us remark that, for every m € N, it holds

K™ C Kt
and
K3 0 Qun(0) = K5 0 Q2 (0).
Let us set
Ko:= | J Ky
meN

and prove that Ky = 1.

e Ky C I. Let us assume by contradiction that there exists £ € K \ [.
Since [ is closed, there exists n > 0 such that B,(§) N1 = 0. Since
HY K., = H'|l weakly* in My(R?), then

np

0= (H![1)(B,(€)) > limsup(H! | K., ) (By(&) = lim H'(K.,, N5,(©))

h—4-00
(3.31)
K., is connected and H'-rectifiable; hence, it is also connected by arcs.
Let us consider a sequence (&, )n, converging to &, with &, € K., .

For sufficiently large h € N, every point §e,,, 1s connected to 0 € K., by

an arc of positive length contained in K., N B,(¢), against (3.31).

e [ C Ky. If we assume by contradiction that there exists £ € [\ Ky, then,

for some 1 > 0, we have B,(§) N K, = 0 for sufficiently large h € N,

against the weak* convergence H'| K. = H'|l.

Then Ky =1 and this implies (3.30).

Step 3. Now, we follow the same ideas as in Step 3 of Proposition 2.6 in
[11] and look for a sufficient estimate to get 3.28 and conclude the proof of
the theorem via a slicing argument. Such a sufficient estimate (see (3.34)) will
be obtained with the same blow up argument in [I1]. The main difference
with our proof is that the limit function of our blow up is a piecewise constant
function, with a possible jump on the line {z5 = 0}, while the limit function
in [11] is a constant function.

Let us observe that

y H'(Q2:(0) N K)
im
e—0t 2¢e e=0t H(Qq:(0) N 1) 2¢e
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Then, for every positive, decreasing, infinitesimal sequence (€,,),, it holds

gy = qim N gy (@2 0)
m—too <Q2em(0)> m—F00 41 (m A K)

(@2 0)

m——+00 2€m

*
Moreover, by the weak™ convergence u, — u we have

H (Q25m(0)> > lim sup g, (anm(0)> .

m——+00

Hence, there exists a sequence of index (n,,),, such that

er 1 (stm(o)) 2 Hn,, (stm(0)>

and that, setting

- 1
K, = —K,, NQ20),

we have the convergence

in the Hausdorff metric.
Let us define the function v,, by

Vi (Y) = Un,, (my) (¥ € Q2(0)).

Observe that, in view of the strong L?-convergence u,, — u, we can choose the
sequence (n,,)m, in such a way that

Uy — u® strongly in L?(Q2(0)) (3.32)

where u* is the piecewise constant function given by

n ut(0) ifaxe >0
ur(xy, x0) =
Uf(()) if 29 <0

(instead, in Step 3 of Proposition [I1], the limit function of the blow up is
the constant function «(0)). Moreover, the absolutely continuous part of the
gradients of the functions v,, satisfy the convergence

Vo, — 0 strongly in L*(Q2(0)) (3.33)
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Indeed, (3.32) is a consequence of the strong L*-convergence u, — u and of
the convergence of K, to I N Q2(0). Convergence (3.33) is due to the strong
L?-convergence Vu,, — Vu and to the equality

/ Vom(y)2 dy = / 1V (1, (£m)) ? dy = / Yt ()] d;
Q2(0) Q2(0) Q2¢, (0)

in addition, (3.33) implies that (Vu,,),, is uniformly bounded in L?*(Q2(0); R?).
In view of the choice of (n,,).,, we obtain

du , ..
-~ — >
dv <0) m1—1>I-I‘rloo 2em o glgi{g‘ 2em
1
= lim inf -— [(ury, )2 + (g, )?] dH!

Mmoo gm K’ﬂm mQQETVL (0)

m—-+00

1
= —liminf/ [(vh)? + (v,,)?] dH.
2 K,
Hence, if we prove that

1

L iminf / () + ()] dHE > u (0 +u (0%, (3.34)
2 m—-+oo Km

we will get estimate (3.28), concluding the proof of the theorem. We point out

that all the arguments to perform the previous extractions of subsequences are

the same as in Step 3 of Proposition 2.6 in [11].

Step 4. To prove (3.34), we consider the one-dimensional sections of the
functions v, and u. We follow again the approach of Proposition 2.6 in [11],
more precisely of the Step 4; the main difference is that now we have to consider
“piecewise Sobolev” functions with a finite number of jumps. So, an impor-
tant difficulty is that we have to gain some convergence of the traces of that
functions across their jump sets. The key point of that approach is to prove
that, up to subsequences, the piecewise Sobolev functions weakly converge in
their intervals of approximate continuity. In such a way, since the weak H'
convergence entails the uniform convergence, we gain the required continuity
of the traces.

Now, in view of the countably H!-rectifiability of f(m, we can apply the
area formula (Theorem 2.71 in [2]) to the left hand side below, obtaining the
inequality

1
liminf/ / [0 (21, 8)* 4 vy, (21, 8)°] dHO(s) dy
-1 ( Am)~1

m——+00

< liminf/ [(v5) + (v,)?] dH,
Km

m—-+00
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where

~

(Kp)z, = {s € [-1,1]: (xq,8) € Km}

Let us consider a sequence (my)g realizing the liminf in the left hand side
above, i.e.

1
lim / / (o, (21, 8)* + v, (21, 5)7] dHO(s) day
-1 (Kmk)-ﬁ

k——+o0

(3.35)
< lim inf /K [+ )]
Notice that we can assume
lim sup / [(vh)? + (v,,)?] dH' < +o00 (3.36)
m—+oo JK,,

and that, for a.e. 21 € [—1,1], HO((Kpn)a,) < 400. We deduce that, for a.e.
ry € [-1,1], v7, (x1,-) is a SBV(—1,1) function, with a finite number of jumps
(in (Kp)a,) (so that it is piecewise H! in (—1,1)) and it holds

U, (71, ) = u™  strongly in L*(—1,1) (3.37)

where we denoted for brevity again by u® the one dimensional section of the
piecewise constant function u*. Now, let us assume that, for every z; €]—1,1],

~

the slices (K, )., are definitely non-empty, i.e. there exists N(x;) € N such
that

(K )z, 70 (3.38)
for every k > N(z1). Then, it makes sense to consider the convergence

(K )ay = (21,0) (3.39)

in the Hausdorff metric (it is a consequence of the fact that Kmk — 1N Q2(0)).
Now, let us define

i(x1, k) = inf {y ye (f(mk)m} ,

s(x1, k) := sup {y RS (f(mk)zl} )

Notice that v,,, (z1,-) € H* (] -1, 1[\(Kmk>z1>= then, in particular, the func-
tion is in both in H'(]—1,i(zy, k)[) and H*(]s(z1, k), 1[). Moreover, since both
points i(x, k) and s(z1, k) converge to 0, the open interval |i(zy, k), s(z1, k)|
converges to the empty set and the intervals | —1,i(xq, k)[ and ]s(zq, k), 1] con-
verge respectively to |—1,0[ and |0, 1[. Combining all this facts, we deduce that
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it is sufficient to prove that v,,, (z1,-) converges weakly in H*(] — 1,i(x1, k)])
and H'(]s(z1,k), 1[) respectively to u~(0) and u~(0), then uniformly. More
precisely, we apply the same arguments as in Step 4 of Proposition 2.6 in [11]
on each one of the intervals | — 1,i(zq, k)[ and |s(z1, k), 1[, possibly rescaling
all the moving domains in such a way that all the intervals have length 1.

Let us fix e > 0. In view of and of the equiboundedness of (|| Vv, £2(,(0)) )m-
we observe that the absolutely continuous parts of the derivatives of vy,
are equibounded in L?(—1,1); then, applying estimates (3.35), (3.36) Fatou’s
Lemma we have

/ liminf |e
k——+oco

/ |Oavm,, (21, S |ds>

+/ [v;k(xl,s)g + vy, (21, 3)2} d?—[o(s)] dxy
(Kmy,)

5</Q (0)|82vmk|2d9:>

1
+/ / (o, (21, 8)* + v, (21, 5)%] d?—lo(s)] dr, < +o0.
-1 (Kmk T

< lim inf
k—+o0

The integrand function on the left hand side is finite for a.e. x; €] —1, 1[; then,
there exists a subsequence (Umkh )n (possibly depending on z) that realizes the
above liminf and so

8(/11 |321)mkh (x1,8)|2d8)

—|—/ [v;k (x1,3)2+v;1k (xl,s)g} dH(s)
(K h h

Mkp, )zl

lim
h——+o00

(3.40)
< +00.

We deduce that (vy, (21,-))s is uniformly bounded in H' ((—1, 1)\ (]A(mk)m)
and then that the sequences

(o, (1, -)||H1<}—1,i(m1,k>[>>h (o, G, ')||H1<Js<z1,k>,1[)>h

are uniformly bounded. In view of the previous remarks, we deduce that we
have the required convergence of the traces.

Now, we can conclude the proof recalling again the same arguments as in
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Proposition 2.6 in [11]. Applying Fatou’s Lemma we get

Wt (0)2 4 u (0)? = /( O 0

N My,
h—>+OO Kmkh )a,

< lim inf/ vt (z1,8)* + U, (z1,5)? dH°(s)
(

k—+o0

1
< liminf [5(/ |82Umk<l‘173)‘2d8)
-1

" /( () o, (e, 9)7) dHO(S)] |

R )y

Integrating in the variable x; and using Fatou’s Lemma and (3.35), we conclude
that

2 (u(0)* +u(0)%) = /_ [u™(0)* +u=(0)%] dzy

1
< Tim; 2
< llir_r}ig)f [5(/@2(0) |02V, | dx)
1
+ / / o [P (0,)7] dHO(s) dm]
-1 (Kmk)lj

<eC+ 1iminf/

m——+00 f(m

[(v3)? + (v,)] .

Let us assume that (3.38) does not hold, i.e. that there exist a €] — 1,1]
and a subsequence (my, ), (generally depending on a) such that (Kmkh)a = ().
Then, for every x; # a (take for instance x; > a) and h € N sufficiently

A~

large, it necessarily holds (K, )., # 0; otherwise, in view of the Hausdorff

m1€h

convergence Kmkh — [N Q2(0), we would have

A

Rony, 01 (0, 21[xR) £ 0

and then the set Ky, ~would not be connected, obtaining a contradiction.
Hence, we apply the previous argument to x; # a to get (3.34) also in this
case, concluding the proof. O

To ensure compactness of maximizing sequences, we need some results anal-
ogous to Proposition 3.4.3 and Lemma 3.5.2. Fortunately, these results are still
valid in our context, with analogous proofs. The only difference is that, in the
integrals over the curves 02, we have to estimate the traces of an admissible
function possibly from both sides of 0f2.
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Proposition 3.7.4. Let Q C R? open and simply connected with |Q)| = m; let
A >0 such that M\, 5(2) > —A. Then, Q has at most N connected components
Q, ..., Qn, with N = N(m, ,k,A), and diam(QY;) < D(m, B, k, A), i.e. the

diameters of connected components are uniformly bounded.

Proof. The proof is based on the same argument as in the proof of Proposition
3.4.3 (see also Proposition 6.3 in [I1]): we use the counterpart of Lemma
3.4.1 for two-dimensional simply connected sets with H!-finite boundary; to
be precise, in this context, we can consider as critical measure m* := % (%)2.
Then, we prove the uniform bound on the number of well separated parts of
2 (again as in Proposition 3.4.3) and, finally, we deduce by Remark 3.7.2 that

the well separated sets are exactly the connected components of €. O

Lemma 3.7.5 (Isoperimetric control of the relaxed spectrum). Let Q C R? an
open simply connected set with H'(9Q)) < +oo and let || = m. Then, there
exist two a positive constants Cy, Co such that
Bn B
k— =H (002
M (09
]

_ Cik
)\kﬁ(Q) S —02 + ﬁX]Q7+OO[ (/{ — ﬁ?—[l(@Q))

Gy

Proof. The proof of this lemma is based on the same arguments as in the proof
of Lemma 3.5.2 in the case d = 2. We apply Lemma 3.5.1 to the finite non-
atomic measures H'|9Q and £%|Q and, after defining the annuli A; and the
test functions h;, we obtain the constants

_G

Cy := max / IV hi|?, Ch:
Ay V2

i=1,.02k Jg
(notice that the constant C; here is half the constant C found in Lemma 3.5.2,
because we consider both traces of h; on 0f2). O

Remark 3.7.6. Another interesting way to prove the bound on the diameter
of good candidates is to use Lemma 3.7.5 and the fact that we are in dimen-
sion two. Indeed, Lemma 3.7.5, applied to the sets of a maximizing sequence
(2,)n, implies that the sequence (H'(92,)), is uniformly bounded, with at
most N(A,m, 3, k) connected components. In view of this fact, the sum of
the diameters of the connected components of €2, is bounded by a constant
independent of n € N. Moreover, for every admissible set €2, the variational
expression of A 3(Q2) involves the functional space H'(2) N L>=(), that is
invariant under translations of the connected components of €). Notice that
N is independent on n; then we can conclude that (diam(€2,)), is uniformly
bounded.
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Now we are able to prove the main result in this section.

Theorem 3.7.7. Problem (3.25) admits at least a solution 0 C R? in the class
of open, bounded, simply connected sets with |Q)] = m and H'(0Q) < +oc.
Moreover, Q2 has at most N(k, 5, m) connected components, the uniform bound
given as in Proposition 3.7.4.

Proof. Let (,), be a maximizing sequence of open, simply connected sets
in R? such that H'(09,) < +oc and [Q,] = m for every n € N. Let us
prove that there exists an open, simply connected set  C R? such that, up
to subsequences, €, — Q in the H°-topology, H'(Q2) < +o0, |Q2] = m and, for
every h € N it holds

j\h,ﬁ(Q) Z lim sup j\h,ﬁ(Qn) (341)

neN

Let us observe that, as in Theorem 3.6.1, we can suppose that A, ($,) >
Ag.k(Bpm) and then, in view of Lemma 3.7.5, we have

sup H' (092,,) < +o0.

neN
Moreover, as shown in Proposition 3.7.4, €, has at most N (h, 5, m) uniformly
bounded (and possibly empty) connected components, say QL. ..., Q¥. Then,
the sequence (,,),, is uniformly bounded in a fixed open bounded set B C R?
since sup,cy H'(0Q,) < +oo implies that sup,.ydiam(Q,) < +oco in R2
Moreover, as #(€¢) = 1, there exists an open set @ C B such that Q,, — Q
in the H°-topology and #(Q°) = 1, i.e. Q is simply connected (see Remark
1.4.18). In view of the structure of the well separated parts of €2,,, the boundary
of each of them is connected (#(9€) = 1) and then #(99,) < N(h, 3,d, m).
In view of Golab Theorem 1.4.11, we deduce that H'(9Q) < +oo. These
uniform bounds on #(9€2,) and H'(99Q,,) ensure us that yq, — xq in L'(R?)
(see, for instance, Theorem 7.4.7 in [17]), then

Q] = lim |Q,|=m,

n—-+o0o

i.e 2 is an admissible set for (3.25). Moreover, the H°convergence of €2,, to
implies that H'(Q,) — H'(Q) in the sense of Mosco (see Proposition 1.5.3).

Let now € > 0 and let S an admissible vector space in the min-max formula
for Aj 5(€2) such that

) / VuPde— 8 [ [+ ()] an
Ap(Q) > max ZE o8} — €. (3.42)

~ ues\{0} / o2 d
Q
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Let {u;:j=1,...,h} a L*(Q)-orthonormal basis for S. Then, for every j =
1,..., h, there exists v} € H'(€,) such that, denoting by the same symbol
the extension by zero of a function outside its support, v} — wu; strongly
in L*(R?) and Vo} — Vu; strongly in L*(R* R?). Now, since {u,...,us}
is L?(Q)-orthonormal and €, — € in L'(R?), we deduce that, for n € N
sufficiently large, {v]',...,v}'} can be chosen linearly independent in L?*(Q).
Let S, :=span{v},...,v}'}; it is an admissible subspace for the computation

of j\hﬁ(Q). Let
h
= Z a?v? €S,
j=1
realizing the maximum for the relaxed Rayleigh quotient R on S,:

max R(w) = R(v").

wESy,

Without loss of generality, we can assume

Setting

we have that v € S\ {0}, v® — v strongly in L*(R?) and Vo™ — Vv in
L*(R?;R?). Using (3.42), the continuity of the volume integrals and the lower
semicontinuity of the boundary integral (see Theorem 3.7.3), we have

lim sup A, 5(€2,) < limsup sup R(w) < limsup R(v") + ¢

n—-+o00 n—+oo weSy n—-+00

<R < R(u) < M 3(Q .
< (v)+€_uglgf<\§)} (u) < Anp(Q) +¢

Letting ¢ — 0% we obtain that X, g(+) is upper semicontinuos for maximizing
sequences, which are also compact; then reasoning in 3.6.1, we conclude that
(3.25) admits a solution. O
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3.8 Existence of maximizers under geometric con-
straints

So far we took into account weak formulations of Problem (3.1) in different
setting by the class of Lipschitz domains. In this sections we will restrict our-
selves to families of Lipschitz domains satisfying some geometrical constraints.
In particular, we will present some results holding in any dimension d for
uniformly regular sets and for convex sets.

3.8.1 Existence among uniformly regular sets

An existence result for Problem (3.1) is obtained when we focus on the class of
Lipschitz domains of fixed volume satisfying some e-cone property. Recalling
the notation of Chapter 1, we denote by C, . the cone of height € and opening
E.

To begin, let us fix m > 0 and € > 0 such that the family

{Qc R |1Q =m,QeC.}

is non-empty.®> That assumption is usual when the admissible sets satisfy some
e-cone property and, at the same time, a measure constraint (see, for instance
the statement of Theorem 4.3.1 in [60]).

We consider the maximization problem

max { F(A15(Q), ..., () : QC R Q[ =m,Q eC., }, (3.43)

where ' : R¥ — R is as in the hypotheses of Theorem 3.6.1.

Observe that, instead of considering the relaxed version of the eigenvalues
S\k”@w, we can work with the classical eigenvalues ), 3, since for Lipschitz domains
the two definitions coincide. To prove the following theorem we follow again
the ideas in Theorem 5.6 in [11] and in Section 3.6.

Theorem 3.8.1 (existence of maximizers in C.). Let F' : R¥ — R satisfying the
hypotheses of m > 0 and e > 0 such that the family {Q CRY: Q=m0 € CE}
is non-empty. Then, Problem (3.43) has at least a solution. Moreover, every
solution is a bounded Lipschitz domain with at most N connected components,
with the bounds on the diameter and on the number of connected components
depending only on m, 3,d, k,c.

3The family of sets above is empty, e.g., if m is smaller than the volume of a cone
C(x,&,¢), see Definition 1.4.19.
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Proof. The proof uses the same arguments as in Theorem 3.6.1. First of all, let
us observe that, in view of the assumptions on m and ¢, there exists at least an
admissible set E' € C. such that |E| = m. Let (£2,), be a maximizing sequence
for (3.43); we can assume without loss of generality that A\. (€2,) > A s(E)
for every n € N. As in the case of measurable sets, by Proposition 3.5.2 we
have that

sup HH(09,) < +oo. (3.44)

Moreover, by 3.4.3, €2, is disjoint union of at most N equibounded open Lips-
chitz sets Q) satisfying the e-cone property. In view of the uniform regularity,
the uniform bound on diam(€) depends also on ¢ and even the upper bound
N on the number of the connected components depends on € (N cannot exceed
the value m/|C(x, €, ¢)| for any z € R? and ¢ € S?!, since every connected
component has to contain at least a cone of the same size).

So, by Proposition 1.4.25, we deduce that there exists an open set €2 € C,
such that, up to subsequences,

O 50, o, CE) o and HEL(09,,) — HEL(09)

(so, in particular, |Q| = m).
To show that such admissible set 2 is a solution of the problem (3.43), we
argue in the same way as in Theorem 3.6.1. [

Notice that the bound m/|C(z, &, €)| for #£2 is not sharp: a deeper analysis
could give us a strictly smaller value.

3.8.2 Existence among convex sets

If we restrict ourselves on convex sets of given volume, Problem (3.1) still ad-
mits a solution. The interest in studying the problem is that the convexity
hypothesis provides extra compactness that make some arguments very imme-
diate. For instance, isoperimetric control of the spectrum and uniform bounds
on the diameter can be obtained in a different and easier way than in the case
of measurable sets (and than also differently than in [11]). In the following of
this paragraph, we will mainly point out such simplifications.

Let us fix m > 0 and consider the maximization problem

max { F(A1 (), ..., \es(Q) : @ C R? convex, |Q] = m}, (3.45)

where I : RF — R is as in the hypotheses of Theorem 3.6.1.
First, we state Lemma 3.8.2 and Lemma 77, that are the counterpart we
already proved in the context of sets of finite perimeter.



Maximization of A\, 5(Q2) (5 < 0) 89

Lemma 3.8.2. Let Q C RY be an open conver set such that | = m and let
A > 0 such that Ny 3(2) > —A. Then the diameter of S is less than a positive
constant D = D(m, 5,d, k, A).

Proof. The proof follows by Lemma 3.5.2, but in this framework it can be
obtained even arguing by contradiction. Indeed, if we suppose that there
exists a sequence (€2,), of admissible convex sets of measure m such that
Ai5(€2,) > —A and diam(€2,,) diverges, this implies, in view of John’s Ellipsoid
Theorem 1.4.15, that the sequence (p,,),, of the inradii of the inscribed ellipsoids
(I,)n vanishes as n goes to +oo (and then, the sequence (dp,), of inradii of
the circumscribed ellipsoids (C),),, vanishes, too). By 1.4.14(iii) we have that
both He1(d1,) and HIY(0C,) diverge, and then HI1(9Q,) diverges too
(notice that H4~(99,) has the same asymptotic behaviour of H4~1(d1,) and
HIY(DC,)). Then, A\ 5(9,) negatively diverges, in contradiction with the
lower bound —A. O

Remark 3.8.3. A shorter way to prove the previous lemma by contradiction
is the following. If the diameter for good candidates to maximize A (€2) was
not unifromly bounded, then H?1(92,) — +oo as in the previous Lemma,
obtaining a contradiction with the following Lemma 3.8.4.

Lemma 3.8.4 (Isoperimetric control for convex sets). Let Q C R? a closed
convex set such that |Q)] = m. Then, there exist two positive constants C7 =

C1(d), Cy = Cy(d) such that

ka|Q T — Cﬁﬂd—l(am
)\kvﬁ<Q) < _02 |Q|1
Cik ( 2 a2 B )
+ — o | B2|Q T — =—H 00) | .
e GHC IR e )

Remark 3.8.5 (uniform bound on the perimeters of good candidates). As in
Theorem 3.6.1, the previous lemma provides the estimate

sup 1 (09,,) < +oo.

This last uniform bound could also be deduced by proposition 1.4.14(i): as all
the convex sets €2, are all contained in a ball whose diameter is given in 3.8.2,
all their perimeters are uniformly bounded by the surface area of the boundary
of that ball.

The main result of this section is the following.
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Theorem 3.8.6 (existence of a convex maximizer). Problem (3.45) has at
least a solution.

Proof. The thesis is achieved once seen that every maximizing sequence is
compact and using the upper semicontinuity of the functional. O

3.9 Existence results with perimeter constraints

If we infer a priori a uniform bound on the perimeter, a result of optimality can
be found in all situations we has been found replacing the volume constraint
with a perimeter constraint; in such cases the isoperimetric control of the
spectrum is already achieved, as we bound a priori the perimeters of admissible
sets. A result of such type can be found in Proposition 4.1 in [20], where
authors give the proof of the existence of a finite perimeter set maximizing

max{j\m(Q) 1] < 400, P() < c},

basing their arguments on the analysis of maximizing sequences presented in
[18]. Moreover, in [20], authors point out that is not clear whether optimal
shapes saturate the constraint on the perimeter, i.e. we do not know whether
an optimal shape  satisfy the equality P(2) = ¢. This fact is due to the
uncontrollable behaviour of \; 5(€2) under rescaling. The following proposition
generalizes Proposition 4.1 in [20] (having, essentially, the same proof) to the
same family of functionals in Theorem 3.6.1; we only sketch the proof, for
which we refer to Proposition 4.1 in [20] and Theorem 3.6.1.

Proposition 3.9.1. Let F : R¥ — R satisfy the same hypotheses as in Theo-
rem 3.6.1. Then,

max{F(Xm(Q), e Mes() £ Q) < +oo, P(Q) < c} (3.46)

admits a solution of finite perimeter with a uniformly bounded number of well
separated sets of finite perimeter lying at positive distance.

Proof. The compactness of a maximizing sequence (€2,), with respect to the
convergence in measure can be achieved in the same way as in Proposition
4.1 of [20], since the sequence (P(£2,)), is uniformly bounded from above
(by ¢) and also the diameters are uniformly bounded in view of Proposition
3.4.3. Moreover, using the same arguments as in Proposition 4.1 of [20], we
can observe that there exist two positive constants 0 < m; < msy such that
my < |Q,] < mo. Naming € a limit set of the compact sequence (£2,),, we
deduce that ) is a set with finite and, above all, strictly positive measure.
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Moreover, since the perimeters are lower semicontinuos (see again the proofs
of Theorem 3.6.1 or Proposition 4.1 in [20]), we deduce that P(2) < ¢; then,
is an admissible set and, in view of the upper semicontinuity of every relaxed
eigenvalue Ay 5(-), we can conclude that 2 is a maximizer for Problem (3.46).

O

Remark 3.9.2. In the same way, every other existence theorem throughout
the chapter (see Theorem 3.7.7 for planar simply connected sets, Theorem
3.8.1 for uniformly regular sets and Theorem 3.8.6 for convex sets in any di-
mension) can be rephrased replacing the measure constraint with an upper
bound on the perimeters. We omit the proofs of this new results since they are
a straightforward adaptation of the proofs of the original theorems (where the
admissible sets satisfy a measure constraint), keeping into account the same
remarks as in of Proposition 3.9.1 and in Proposition 4.1 in [20] (in order to
consider admissible sets satisfying an upper bound on the perimeter).

3.10 Further remarks

The smoothness of the boundary of optimal sets is an unsolved problem, which
probably is very difficult. For now, progress in this direction was done only
for the spectral problems involving Dirichlet boundary conditions or Robin
boundary conditions with positive parameter (but in this last case only for
local minimizers of energy type functionals). Provided the optimal set was
smooth and A, 3 was simple, the optimality condition reads (see [5])

/ (1Yo — s (@) + 8 + FH2 )V -ndb? =0, (3.47)
o0
for every smooth vector field satisfying fGQ V -ndH" =0. Above, H stands

for the mean curvature of 0f).
The following inequality holds true

Ap(Q) < =52
We refer the reader to Giorgi and Smits [53, Theorem 2.3] and to Daners and
Kennedy [10, Lemma 2.1| in the context of Lipschitz sets, but it can naturally

be extended to the first relaxed eigenvalue in both frameworks of measurable
or simply connected sets. For smooth planar domains the following inequality

was proved in [9]

27

As(Q) < =57 — mﬁ-
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It remains unclear how many connected components (or well separated sets)
should have the solution of problem (3.1). Even for & = 1 the connectedness
of the optimal shape is not straightforward. Assume that the optimal set
consists on two well separated sets. One of them will give the first eigenvalue,
and the second one could possibly be cancelled. Nevertheless, erasing some
connected component would make that the measure of the set is not anymore
satisfying the constraint. Contrary to the case of positive boundary parameter,
the behavior of the eigenvalues to dilations is not controlled, then we cannot
dilate the remaining components.

Assuming the smoothness of the boundary of the optimal set for A, g in
two dimensions of the space, one can prove its connectedness ?. Indeed, if
the connected component €2y giving the first eigenvalue uses less measure than
allowed, then the constraint faﬂl V -ndH¥! = 0 on the admissible vector
fields can be removed, leading to |Vag,ul> — (Ak5(Q1) + 82 + fH)u? = 0 on
0¢);. Consequently,

Ag() + 8%+ BH >0

at almost every point of the boundary. This would contradict A\; (1) <

— 3% — %6 , after summation over 0.

4This remark, due to James Kennedy, can be found in Section 6 of [18].



Chapter 4

Existence and regularity of
optimal convex shapes for
functionals involving the Robin
eligenvalues

We closed the previous chapter emphasizing that sometimes it looks very diffi-
cult to prove the regularity of optimal shapes when the boundary parameter is
negative. In this chapter we consider a different situation in which it is possible
to prove the regularity of the optimal shapes. In particular, we present the
results in [31], where we prove the existence of convex solutions for a problem
involving Robin eigenvalues with positive boundary parameter and we show
the C* regularity of their boundaries.
We are interested in solving in R¢ the following problem

min { F(A1 (), ..., M s() + AP(R2) : © C R? bounded and convex},
(4.1)
where A > 0, F : R¥ — R is non decreasing and upper semicontinuos in each

variable and P(f2) is the perimeter in the sense of De Giorgi (for Lipschitz set
it holds P(Q2) = H471(09Q)). The prototypic problem of this family is

min {1 5(Q) + ... + A s(Q) + AP(Q) : © C R? bounded and convex} .

We will prove an existence result for the problem (4.1) and, under slightly
stronger hypotheses on F, we will be able to gain also regularity of the optimal
sets. The main result of the chapter is the following theorem.

Theorem 4.0.1. Let F': R¥ — R be non decreasing and lower semicontinuos
in each variable. Then, Problem (4.1) admits at least a solution.
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Moreover, if F is differentiable and its partial derivative with respect to the
first variable is strictly positive, then every optimal solution has C' boundary.

The result presented in the chapter, up to our knowledge, is new in litera-
ture, although similar problems have already been studied in different settings
(e.g. with Dirichlet boundary conditions) and using different techniques. The
proof of existence of optimal convex shapes (Theorem 4.1.3) follows a standard
approach used in shape optimization problems with geometrical constraints:
the idea is to work with the Hausdorff topologies and show that minimizing
sequences of open convex sets enjoy some properties that assure compactness.
The proof of the regularity of the convex solutions (Theorem 4.3.3) is based
on a cutting argument that allow us to show that, in order to minimize (4.1),
it is more convenient to remove corners.

The structure of the chapter is the following. In Section 4.1 we obtain
the existence of optimal convex shapes minimizing (4.1) via direct methods
of calculus of variations, proving that A\ g is lower semicontinuos and that
minimizing sequences are compact and do not degenerate or stretch indefinitely
in any direction. Then, in Section 4.2, we estimate the gap between \; 5(2) and
A, 3(€2.), where  is an admissible set with a singularity point on the boundary
and (2. is another convex competitor obtained by a suitable cut of {2 around
the singularity point. Finally, in 4.3, we introduce the family of convex energy
subsolutions for (4.1), that generalizes the definition of solutions, then we
complete the proof of Theorem 4.0.1 showing the regularity of the boundaries
of the energy subsolutions. We close the chapter showing some related results
and making some remarks about the use of the technique presented.

4.1 Existence of convex minimizers

In this section we will prove the existence of bounded convex minimizers for
the problem (4.1) using the direct methods of calculus of variations. In view
of this strategy, we need the lower semicontinuity of the functional in (4.1)
with respect the Hausdorff topology, that ensures compactness of minimizing
sequences of convex sets. We even prove a continuity result for the eigenvalues
(Proposition 4.1.1, as a consequence of a deep analysis made in [28]) and we
show that a minimizing sequence satisfy some uniform cone property; then, in
view of Remark 1.4.26, the results presented the following sections are valid
even for convex closed sets.

The first step to prove the existence of minimizers is the following proposi-
tion, whose prove is obtained in [28] as a consequence of more general stability
results for elliptic problems with some Robin-type boundary condition (we re-
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fer the reader in particular to Theorem 3.2 and Corollary 3.4 in [28|, where
the convergence of the spectrum of the Robin Laplacian is proved).

Proposition 4.1.1 (Continuity of A\, g). Let (£2,), be a sequence of open con-
vexr sets converging to an open, non empty, conver set ) in the Hausdorff
topology and let ), be contained in a compact set B C R, Then, for every
keN,

)\kﬁ(Q) = lim )\kﬁ(Qn)

n——+0o00

Proof. The proof of this result is a direct consequence of Theorem 3.2 and
Corollary 3.4 in [25], once proved that HY1(0€,,) converges to H?1(99,). In
view of the hypotheses, the sets €2, and 2 satisfy a uniform cone property;
then, by Proposition 1.4.25, we deduce the convergence of the perimeters. [J

Remark 4.1.2 (Lower semicontinuity of A 3). Even if the previous proposi-
tion provides the continuity of the eigenvalues, in order to prove the existence
of minimizers it is sufficient to have the lower semicontinuity of the eigenvalues.
Indeed, in [31] we proved (independently by the results in [28]) the following
lower semicontinuity result.

Let (£2,,), be a sequence of open convex sets converging to an open, non
empty, convex set {2 in the Hausdorff topology and let €2,,, ) be contained in
a compact set B C R Then, for every k € N,

Proof. Without loss of generality, we can suppose lim inf,, ;oo A 5(€2,) < 400.
Let V,, be an admissible space for the computation of A\; 5(€2,,) such that

)\k,ﬁ (Qn) = II%/&X RQn .

Let {u?,...,ul} C HY(Q,) an L*(Q,)-orthonormal basis for V,,. Without loss
of generality we can suppose the sequence (A 3(€2,)), bounded. So, for every
i=1,.. ..k

/ |Vul|? do + B/ (ul)?do < C.
Qp o

Then, sup, ||u},|| 1 (q,) < +oo for every i = 1,..., k. Moreover, by Proposition
1.5.4, H'(),,) converges to H'(Q) in the sense of Mosco; then, by Remark 1.5.5,
there exist uy, ..., ur € H'() such that, up to subsequences, 4!, — u’ strongly
in L2(R%) and Vu, — Vu; weakly in L2(R%R?). Notice that u, ..., uy are
linearly independent in H'(), since €2,, converges to € also in measure; hence,
the linear space V := span {uy, ..., ux} is a competitor for the computation of
Ai5(92). Let w = ) a,u; realizing the maximum of the Rayleigh quotient Rq(-)
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on V and let w, := > a;ul € V,,. Observe that, up to subsequences, w, — w
strongly in L?(RY) and g, Vw™ — xyoVw weakly in L*(R% R?). Since Q, €,
are convex, uniformly bounded and converge to a convex set, they satisfy a
uniform cone property. Then, in view of Theorem 1.4.27, there exists a family
of uniformly bounded operators that extends w, and w to the whole of R? in
such a way that w, — w weakly in H'(R%). We can thus apply Proposition
3.2.3 to w,,w and 0f2,, 0% to have the lower semicontinuity of the boundary
integrals. Finally, we have the convergence of the volume integrals at the
denominator and the lower semicontinuity of the L?-norms of the gradients in
the Rayleigh quotient. Using the fact that w, € V,,, we conclude that

A () < max Rq = Rq(w) < liminf R, (w,) < liminf max R,

n—-+o00 n—+oo Vj,
= liminf A, 5(€2
im inf Ay 5(62,),
obtaining the required lower semicontinuity of the eigenvalues. ]

We are now in a position to prove the existence of solutions of (4.1). The
key point of the following theorem is to proof that the diameters of the sets of
a minimizing sequence are uniformly bounded and that the limit set does not
degenerate in any direction.

Theorem 4.1.3. Problem (4.1) admits at least a bounded convexr minimizer.

Proof. Let (2,,),, be a minimizing sequence of admissible sets. From the opti-
mality of (2,,),, we have that sup,, H4~1(9,) < +oc. Then, via isoperimetric
inequality, we also have sup,, [Q2,| < +oco. Without loss of generality, up to
translations and rotations we can suppose that

diam(€2,) = H (2, N {ra = ... = 24 = 0})
and that

n n n n

min <max r; — min xl> = max ry — minxy
i=2,...,d

i.e. the width of €2,, is minimal on the direction of the axe x;. We claim that
sup,, diam(€2,,) < 400 and that, up to subsequences,

lim (HglzaX T4 — Mmin xd) > 0. (4.2)

n n n

We start proving (4.2) arguing by contradiction. Let us suppose that the limit
in (4.2) is zero; define
Qg = Qn N {xd = O}
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and, for every ' € Q0. the segment

Lo(2') == { (2, zq4) € Qu}.

Let us consider an admissible function u € H'(Q,) for the computation of
the Robin eigenvalues of €2, and observe that, for every 2’ € Q0. the function

zq — u(z’,x4) is admissible for the computation of the Robin eigenvalues of
l,(z"). Then we have

/ |Vul? do + 3 u? do

0,

/ u? dx
FEEEC)
/ dm/ u? dxy
Qn In(z")
ou '\ 2.7 0 /
— | dxq+ 0 u (2’ xg) dH" (xq) | dx
Qnyy In(z) g Ol (2')
>
/ (/ u? d:z:d) da’
Q In(z')

ng
u \ 2
/ (8—u> dry + w? (2, xq) dHO(24)
In(z) Zq Olp ()

T a'eq
/ u? dry
In(z)

Now, the term on the last side is a minimum computed among one dimensional
Rayleigh quotients on segments. Thanks to the monotonicity under homoth-
eties (2.7) and to the fact that all the [,,(2") are homothetical, we can conclude
that the required minimum is achieved on the longest segment {7** := [, (242 ),
SO

R(u) =

dxd—I—ﬂ/d:U / u? (2, 2q)dHO (24)
Ol ()

(4.3)

2
/ (%) dry + 5 U (Zonaes Ta) AH° (24)
lmaz

R(u) Z n al::uzz
/ u? dxy
In ()

as U(Tymaz, ) 18 a competitor in the computation of Ay g(I7***). Let us observe
that, as we are contradicting (4.2), the length of I7'* tends to zero as n goes

> Al )
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to infinity; then, by estimates (2.9), Ay (1) tends to +oo, so R(u) = 400
for every admissible function v € H'(€2,,), which is impossible.

To prove that the diameters of the €2, sets are uniformly bounded, we
argue straightforwardly by contradiction. If the sequence of the diameters
was unbounded, as the €2, are convex and uniformly bounded in measure, the

d
H maxr; — minx;
Q7L QTL

j=1

product

has to be uniformly bounded in measure. In view of our assumptions, as
the diameter of €2, tends to infinity, necessarily the first term of the product
diverges and so at least the smallest among the remaining d — 1 terms has to
vanish; in other words, we would have

lim (max Tq — min xd) =0,

n Qn n

in contradiction with (4.2).

Then (£2,), is an equibounded sequence of convex sets which converge (up
to subsequences) to a bounded convex set €2 in the Hausdorff topology; more-
over, by Proposition 1.4.14, the convergence is also in measure. In addition,
thanks to (4.2), the limit set {2 is not degenerate (i.e. it has positive measure)
and

P(Q) < liminf P(2,).

n—-+oo
Finally, thanks to the continuity of the Robin eigenvalues (Proposition 4.1.1,
but the lower semicontinuity is sufficient, see Remark 4.1.2) and to the mono-
tonicity and lower semicontinuity of the function F in each variable, we obtain

F(A (), ..., 5(2)) <lminf F(A g(2,), ..., A s(2n)),

n—-4o00

so we can conclude that  is a minimizer of (3.1). O

Remark 4.1.4. The previous existence theorem is still valid if, instead of
penalizing the perimeter as in Problem (4.1), we imposee a uniform constraint
on the measures, on the perimeters or on the diameters of the admissible
convex sets and minimize only the functional F'(A\ 5(€2),. .., A\xs(Q2)).

4.2 Estimates on the cut set

The aim of the results presented in this section is to show that, under some
additional hypotheses, the optimal convex shapes have C'! boundary. We will
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prove this regularity result for a larger class of sets, the so-called energy sub-
solutions for Problem (4.1) (see Definition 4.3.1); we will see that optimal sets
for Problem (4.1) are also energy subsolutions. The technique to prove the reg-
ularity of the boundary is rather intuitive: supposing, by contradiction, that
an energy subsolution 2 has a singularity point xy for its boundary, we cut
a suitable “e-neighbourhood” of xy, obtaining a convex competitor €2.. Then,
comparing the values of (3.1) for 2 and ., we observe that there exists a cut
set strictly better than the optimal set (), obtaining a contradiction. The key
point of this approach is to estimate the gap between A, 5(€2) and A, 5(€2.), for
every h € N.

We will distinguish between the case d = 2 and d > 2, since the arguments
used are based on 2-dimensional sections and on a lower bound on the ratio
between two surface areas; in dimension larger than two this is not immediate
as in R%

4.2.1 The case d =2

In the planar setting, many assumptions can be done. First of all, as the boun-
dary of a convex 2-dimensional set is a Lipschitz curve, the only singularity
points for the outer normal are sharp corners, in which we can distinguish two
different tangent lines. In the following, without loss of generality, we will
assume that ) has only a singularity point coinciding with the origin, that 2
lies in the halfplane {z; > 0} and that the bisector of the corner between the
distinguished tangent lines is {xs = 0}.

In any dimension d the situation is more involved. In this case, the singu-
larity set for the outer normal is at most a (d —2)-dimensional locally Lipschitz
variety and it can happen that we have in every singularity point more than
one couple of distinguished tangent hyperplanes (e.g., in R? the vertex of a cir-
cular cone has infinite couples of tangent planes). In every case, without loss
of generality, we can assume that, chosen a singularity point for the boundary,
it coincides with the origin and that Q lies in the halfspace {x; > 0}; more-
over, we can rotate {2 and chose one of the couples of distinguished tangent
hyperplanes in such a way that their bisector is the hyperplane {z, = 0}.

Under these assumptions, for every dimension d and every € > 0, we define
the following sets:

Q. =Qn{zy > e}, m.:=Q\Q, 0. :=QN{x; =}, 5. := 9N\ 0Q.. (4.4)

Let us observe that, in view of our choice, the origin turns out to realize
the maximum

max dist(z,0.) = €.
TEMe
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(}—{l(sa) ~&

Figure 4.1: Cutting procedure in dimension d = 2.

Lemma 4.2.1. Let Q C R? be an admissible set for (3.1) with a singularity
point for the outer normal. Then, there exist g > 0 and C' = C(2) > 0 such
that for every 0 < € < gg, we have

Al,ﬁ(Qs) S )\1 B(Q) — Ce. (45)

)

Proof. First of all let us remark that both H'(o.) and H'(s.) are infinitesimal
of the same order of € and that |m.| is infinitesimal of the same order of £2 as
¢ goes to 0; moreover, there exists a constant C; > 1, depending only on the
set 2, such that H'(s.) > C1H (0.).

Under the same assumptions of the beginning of the section and using the
same notation as in (4.4), let us compare A\; 5(£2:) with A\; 5(£2). Let us consider
u € HY(Q) a L*(2)-normalized eigenfunction for A\ 5(Q2) positively bounded
from below (it exists in view of Proposition 2.1.3); its restriction on (). is a
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test function for Ay 5(€2.) and it holds

|Vul? dz + B u? do
ALB(Qé-) < Qg 895

- /u2dx
/|Vu|2dx+ﬁ u2da—|—ﬁ/ u2da—ﬁ/ u? do
S Q o0 Oc Se (46)
1—/ u? dx
< [)\1,5(9)—1—6/ quo—ﬁ/quU} (1—1—2/ uzdx)

<Ag(Q)+p </ u® do —/ u? da) + Cye?

for € small enough. Fixed § > 0, with (u(0)+§)* < C(u(0) — §)?, there exists
g9 > 0 such that

0 <u(0)—d <u(r) <u(0)+d

for every z € Mg, since u € C(Q) and u(0) > 0. In particular, as m. is
decreasing in € with respect to inclusions, we can choose ¢y small enough to
satisfy (4.6). Then we obtain

Ma(Qe) < Aup(Q) + B8 (H (o) (u(0) +0)* — H (5:) (u(0) — 0)°) + Coe?
< Ms(Q) + BH (02) ((u(0) +6)* = Cr(u(0) — 8)?) + Coe?
< As(Q) — BCse + Cog® < My p(Q) — Ce,

where the last constant C takes into account all the previous constants and
depends only on the domain (2. O

The behaviour of higher order eigenvalues is studied in the following lemma.

Lemma 4.2.2. Let Q C R? be an admissible set for (3.1) with a singularity
point for the outer normal. Then, for every h € N, h > 2,

)\h,B(Qs> S )\h’g(Q) + 0(8). (47)
Proof. Let us consider h eigenfunctions for the Laplacian Robin, say uq, . .., us,
associated to A; 5(9), ..., \n5(Q2) such that they form an L?-orthonormal ba-
sis of S := span{uy,...,up}. Let us consider S as a test space for the

computation of A, 5(£2:); precisely, we can restrict ourselves to the subset of
span {uio,, . .., upla, } of functions of the form S afu; with 320 (af)* = 1.
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This compactness hypothesis on the coefficients ensures us that, up to subse-
quences, o — «; € [—1,1] and

h h
E € E
a; Uy — oG U;
i=1 =1

strongly in H'(Q). In the following we will denote by (@5, ..., a5) and (ay,...,as)
two h-ple of coefficients that maximizes Réa and R in S. We claim that
a; — 01if A 5(92) < A g(©2). To prove this claim, observe first that A, 5(€2) =
max,es R(u), since at least u;, € S is associated to A, g(€2). Then we have

/ ‘ZaiVui de+6 (Zaiui>2da
Q!5 90 N7
s /Q (Z Owi)Q dz (4.8)

Let us compute the quantity between brackets using the Robin boundary con-
ditions, integrating by parts and recalling that the u; and u; belong to an
orthonormal basis of eigenfunctions:

ou;

/Vu,qujdx—Fﬁ uiude:/Vui-Vujdx—/ u;—= do
Q o0 Q a0 On

= — / UiAUj dr = )\jﬁ(Q) / UZ'U]‘ dZ’ = )\]ﬁ(Q)(SU
Q Q

So, by (4.8), we obtain

1

Mp(Q) = ma (o =Y @ Nis(9),
i

that implies that all the coefficients related to A; 5(2) < A, 5(£2) have to be 0.

In view of this remark, for any ¢ > 0 sufficiently small, we estimate A, 5(€2.)
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using S as a test space:

2
asVu;| dx+ < o uz)
A o (2
STk | (X ofu) as
i\ Q. -

Zauz da—ﬁ/ Zau, da+C’|ma|

(4.9)

Observe that, for every i = 1,...,h, @ —@; — 0; moreover, following the re-
mark at the beginning of Lemma 4.2.1 about the infinitesimal order of H!(o.),
H'(s.) and |m.|, by (4.9) we have

/UE (Z(aj —@)u; + @-ui>2 do

i

—/ (Z(af—&i)ui+6iui)2d0

Se i

< Ms(Q) + B (/ (Zm)Q dor — / (Zm)Q do—> +o(e).

(4.10)

Mnp(2:) < A p(2)+ 8

+ Ce?

To estimate the boundary integrals in the last term, we have to distinguish

(Zaiui(()))Q

then, for any sufficiently small €, we can proceed as in Lemma 4.2.1 and con-

clude that
/ (me)z do — / (Z@i“i>2 do <0,
(S wu() =0,

two cases. If

If
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the uniform continuity of the eigenfunctions u; on m. implies that both inte-
grands go to zero as € goes to zero and so the boundary integrals are infinites-
imal of higher order than . In both cases, by (4.10) we obtain

Anp(82) < Anp(Q) + ofe).
[l

Remark 4.2.3. Let us compare the results of the previous lemmas. In Lemma
4.2.1 we proved that, after a small cut, the first eigenvalue decreases by a term
of the same order as the perimeter. On the other hand, in Lemma 4.2.2,
we proved that a small cut could at most increase A\, (h > 2) by a term
infinitesimal of higher order than the perimeter. In other words, the possible
increase of A\, 5 (h > 2) is infinitesimal of higher order than the decrease of

1,8

4.2.2 The case d > 2

The case of higher dimension is quite different. Recalling the notation intro-
duced in (4.4), the key point is to prove that the ratio H% *(s.)/H% ! (0.) has
a lower bound strictly greater than 1, as in the planar case. It is not trivial at
a first sight, but fortunately this obstacle can be overcome taking into account
suitable 2-dimensional sections of €2 around the singularity point of the boun-
dary. We will get the required lower estimate in the following lemmas, the
first holding in dimension 3, the second holding in any dimension. We chose
to expose separately the cases of dimension d = 3 and of higher dimension for
a better clarity for the reader, although the proofs are quite similar.

Lemma 4.2.4. Let Q C R? be an admissible set for (3.1) with a singularity

point at the origin for the outer normal and let us consider s. and o. as in
(4.4). Then there exists C > 1 such that H*(s.)/H?*(0.) > C for every € > 0.

Proof. Let us use the same convention as in (4.4), so that the origin is a
singularity point for 02, and let us assume that the outer normal to OS2 is
discontinuous in the origin with respect to the direction of the x5 axe. Let
us consider two distinguished tangent hyperplanes at the singularity point;
without loss of generality we can assume that the bisector of the two planes
is the plane {zo = 0} their intersection V' is the line {x; = 25 =0, }. Under
these assumptions, the orthogonal projection V. of V onto o, is a segment on
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the line {z1 = ¢, = 0}, and it can be expressed by

1‘1:0
.CL'QZO
a6§x3§b6

with a. < 0 < b.. Moreover, the orthogonal space V* is a 2-dimensional plane
and the section ¢, := s. NV is given by a Lipschitz curve with a corner point
in the origin. Notice that

VJ' = {1’3 = O}
and that, denoting by I, the segment o. N V*, the curve c. is the graph of a

concave function defined on [.. So, as in the planar setting (see 4.2.1), there
exists a > 0 such that

hy

'(ce)

H%k)21+a (4.11)

for every € > 0 sufficiently small.

The idea to estimate H?(o.) in terms of H?(s.) is based on the Fubini’s
theorem: we will split the 2-dimensional surface integral in two 1-dimensional
integrals in the variables x9, 23 and we will estimate uniformly from above
the 1-dimensional sections of s, with the 1-dimensional sections of o.. Let us
define

I.(23) := 0. N (V + 23)
the 1-dimensional slice of o, passing through (0,0, z3) and parallel to [. = [.(0).
If we denote by

co(x3) == 0. N (VL + 23),

then ¢.(0) = c.. Moreover, by continuity and (4.11), the above constant a > 0
can be chosen in such a way that

M (ce(x3))

H%k@@)21+a (4.12)

for every a./2 < x3 < b./2. Let us remark that, in every case, the ratio above
is greater or equal than 1 for every x3 €]a,, b.[.

Recalling that s. is the graph of a concave function ¢ = ¢(z3, x3) on o., let
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us estimate from below the area of s. N {z3 > 0}:
/7"[2(8‘s N {ZL’3 Z 0})
_ / VI VO das ds + H2(s. 01 {b.)2 < x5 < b.})
oN{0<z3<b./2}

be /2
> / dxg/ VI VP das + H2(0. O {b/2 < 25 < b.})
0 lg(x;g)
be /2
> / d:L‘g/ JTE On bR das + H2 (0. N (b2 < w5 < b.})
0 le(x3)

be /2

> H (c.(x3)) das + H2 (0o N {b./2 < w3 < b.})
0
be /2

> (1+a) H' (I-(23)) dvg + H* (0 N {be/2 < w3 < b}

Z (1 + Ct)?‘[2<0'5 N {O S T3 S b€/2}> + 7{2<U€ N {b5/2 S I3 g be})
= H?*(0. N {x3 > 0}) + aH*(0. N {0 < 23 < b./2}).
(4.13)

Let us notice that, as 0. N {x3 > 0} is convex, there exists a positive constant
v < 1 depending only on {2 such that

H* (0. N {0 < x3 <b./2}) > yH* (0. N {23 > 0}).
Then, replacing the estimate in (4.13), we obtain

H?(s. N {x3 > 0}) > (1 + ay)H?* (0. N {z3 > 0}). (4.14)
Reasoning for 3 < 0 as above we obtain

(s N {xs < 0}) = (1+ ay)H (0. N {zs < 0}),
that combined with (4.14) gives us the thesis (with C' =1+ av). O

In higher dimension we obtain the same result, after noticing that we can
reason similarly to the previous Lemma on each dimension that is orthogonal
to a suitable 2-dimensional section.

Lemma 4.2.5. Let Q C R? (d > 3) be an admissible set for (3.1) with a
singularity point at the origin and let us consider s. and o. as in (4.4). Then,
there exists C > 1 such that H 1 (s.)/H*(a.) > C for every e > 0.

Proof. Let us start remarking that, in view of the assumptions below (4.4),
the intersection V' between two distinguished tangent (d — 1)-dimensional hy-
perplanes at the singularity point is a (d — 2)-dimensional hyperplane whose
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orthogonal projection onto o., say Vi, is a convex, (d — 2)-dimensional set.
Let us observe also that c. := s. N V' is given by a Lipschitz curve with a
corner point in the origin and that, told I, := 0. N V+, there exists a constant
a > 0 such that the same estimate as in (4.11). To achieve the thesis, it is
enough to repeat the same argument in the second part of 4.2.4 on each of
d — 2 (orthogonal) segments passing by the orthogonal projection of the origin
onto 0. and parallel to the first d — 2 Cartesian axes. n

Now we are in a position to state the analogous of 4.2.1 and 4.2.2; we omit
the proof as it is straightforward, replacing € by the surface area H¢ !(o.).

Lemma 4.2.6. Let Q C R? be an admissible set for (3.1) with a singularity
point for the outer normal. Then, there ezists g > 0 ad C' = C() > 0 such
that, for every 0 < e < gq, we have

Ap(Q) < A (Q) — CH (o).
Moreover, for every h € N, h > 2

Mns(Q) < N(Q) + o(HT(o2)).

4.3 Regularity of optimal convex shapes

The aim of this section is to prove a regularity result for the optimal shape
whose existence has been proved in 4.1, to complete the proof of Theorem 4.0.1.
We will prove a more general result, i.e. the C'-regularity of the boundary for
a larger class of sets.

Definition 4.3.1 (Energy subsolutions). Let Q C R be a convex bounded

set.  is said an energy subsolution for problem (3.1) if, for every convex set
Q C Q, it holds

FOg(Q), ..., Mes(Q) < Fp(Q), .., Aes(Q)).

Remark 4.3.2. Intuitively, a convex set €2 is an energy subsolution when its
“energy” F'(A15(€2),..., A p(€2)) is minimal compared to his convex subsets.
Roughly speaking, thanks to the monotonicity of F' and of )\, 3 under dilata-
tions, if O C Q is an admissible set and we focus only on the energy term, it
is convenient to rescale ) to obtain a wider convex set with lower energy; on
the other hand, this increases the perimeter term in (3.1), as the two terms
seem to be in competition. This behaviour suggests us that a convex solution
should balance the two competing terms with the lowest energy possible. In
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view of this, let us remark that every minimizer Q of (3.1) is also an energy
subsolution; in fact, for every 2 C €2, using the monotonicity of the perimeter
of convex sets under inclusions, we have

F(As(Q), ..., Mes(Q) + AP(Q) (Ms(Q), ..., Aes() + AP(Q)

F(\
FMg(),. .., \es(Q)) +AP(Q),

IN A

that implies F(Ay5(€), ..., Aes(Q) < F(As(Q), ..., As(Q)).

The following theorem will give us the required regularity for energy subso-
lutions. To prove it, we will argue by contradiction, supposing that an energy
subsolution €2 has at least a singularity point for the outer normal and cutting a
piece of 2 around this point; the obtained cut subset will give a strictly smaller
energy than (), in contradiction with the definition of energy subsolution.

Theorem 4.3.3 (regularity of the energy subsolutions). Let F : R* — R
satisfy the same hypotheses as in (3.1) and, in addition, let it be differentiable
in each variable each variable with strictly positive derivative with respect to
the first variable. Then, every energy subsolution for problem (3.1) has C*
boundary.

Proof. Let € be an energy subsolution for (3.1) and consider €. and o, as in
(4.4). Considering a Taylor expansion of F' and the results in Lemma 4.2.6,
we obtain for sufficiently small &

F()‘l,,@(QE)a SRR )‘k,ﬂ(Qa))
=F(Mp(9),..., % s5(8))

=1 7h
or d—1
S Fap(@),-5 Aep() = 5 =A@, Aep(8) - (CHT (02))
+ o(H*(0.))
< F(Ap(Q), ..., A\ 5(9))
in contradiction with the fact that €2 is an energy subsolution. O]

Proof of Theorem 4.0.1. Problem (3.1) admits a convex bounded solution
thanks to 4.1.3; by Remark 4.3.2, this solution is also an energy subsolution,
then, under the additional hypotheses of F, by Theorem 4.3.3, 2 has C! boun-
dary. ]
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4.3.1 Further remarks

Using analogous techniques, it is possible to prove an existence and regularity
result for the problem

min {A; 5(Q2) : Q@ C D, Q open and convex, || < m}, (4.15)

where D is a bounded design region. In this case, if the ball of measure m is
not contained in D, the problem is not trivially solved.

Proposition 4.3.4. Problem (4.15) admits a convez solution with C' boun-
dary.

Proof. The existence of a convex solution is due to a standard compactness
argument for uniformly bounded, open, convex sets and to the lower semicon-
tinuity of the Rayleigh quotient; the regularity arises from the estimate

Ma(Qe) < Xip(Q) — CHY (o)

in Lemma 4.2.6. O

Figure 4.2: An admissible solution to problem (4.15) in a rectangular domain D; even the
possible junctions with the boundary of the bounded design region must be
Ct.

The interesting fact of the previous result is that the regularity of the
optimal shapes does not depend on the regularity of the boundary of the
bounded design region. Indeed, even if we consider a bounded design region
with rough domain, the optimal shapes still have C' boundary.

In a similar way, the problem
min { A, 5(2) + AP(2) : Q bounded and convex}, (4.16)

with A > 0, admits a regular solution.
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Proposition 4.3.5. Problem (4.16) admits a convez solution with C' boun-
dary.

Proof. The existence is gained with the same arguments in 4.1.3. The reg-
ularity is obtained by contradiction as a consequence of 4.2.6: the gap be-
tween P(Q) and P(f).) decreases to zero more slowly than the difference

Ak (€2) = Ak p(€2e). O

Existence and regularity of convex solutions for Problem (4.16) are almost a
byproduct of the deeper analysis made throughout the chapter for more general
problems. In next chapter we will set (4.16) in a more general framework and
we will see that it is neither of easy solution nor of immediate formulation.



Chapter 5

Minimization of the k-th
eigenvalue of the Robin-Laplacian
with perimeter penalization

In [27] the authors minimize ;5 with a measure constraint in a relaxed setting.
Our aim is to replace the measure constraint with some constraint on the
perimeter. More precisely, in continuity with the problem studied in Chapter
4, we chose to use a penalization term and to study the problem

min { A 5(Q) + H1(9Q)|Q C R is an open Lipschitz domain}.  (5.1)

In Chapter 4 we studied existence and regularity of minimizers in the class of
convex domains, but here we would like to have a more general result, possibly
relaxing the problem.

A first idea could be to relax the eigenvalues in any dimension d in the same
sense of the relaxed eigenvalues S\kﬁ in Chapter 3, taking into account sets
of finite perimeter and boundary integrals defined on the reduced boundary.
Unfortunately, this strategy leads to a ill posed problem. Indeed, even for
the first eigenvalue, a minimizing sequence could converge in some sense to
an admissible set but the eigenfunctions could not converge to a function in
H'(R?) (see the example presented in figure 3.1, page 73). On the other hand,
also the idea to use the relaxed eigenvalues in the sense of \; g fails in general,
as we should have additional topological hypotheses to obtain some existence
result, even in R2.

To avoid those situations, we have to move into suitable spaces of func-
tions of bounded variation and relax Problem (5.1) to obtain a well posed free
discontinuity problem.
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5.1 The SBV%-spaces: a good setting for the
weak formulation

In this section, we recall some facts and some definitions about S BV%—spaces,
that are very useful to handle free discontinuity problems involving boundary
integrals. Our main references are two papers by D. Bucur and A. Giacomini:
[24], where the SBV2-framework is introduced to approach in a variational
way the Faber-Krahn inequality and [27], where many results are generalized
to vector valued functions whose components are (in some sense) in a SBVz-
space.

The definition of the space SBVY2(R?) is recalled below (see Definition
3.1 in [24]).

Definition 5.1.1 (the space SBV'/2(R%)). Let u : R? — R be a measurable
function. We say that u € SBV2(R?) if u > 0 a.e. in R? and u* € SBV (R?).

Now, we recall some fine properties of the functions in SBV%(Rd); we refer
the reader to Lemma 1 in [21], where such properties are stated and proved. In
order to avoid ambiguities between positive (resp. negative) part and interior
(resp. exterior) trace, throughout this chapter, for any measurable function
u, we will denote by 71(u) and ~(u) the traces on the two sides of the jump
set J, from the directions of —v, and v, (whenever the traces and v, are well
defined).

Proposition 5.1.2. Let u € SBV2(RY). The following items hold true

(i) wis a.e. approximately differentiable with approzimate gradient Vu such
that

V(u?) =2uVu a.e. in R%

(ii) J, is H -countably rectifiable with normal vector v, such that D’ (u?)
15 gien by
D' (u?) = [y2(u)® = v (w) ] H [

(iii) For every e > 0 we have (u — &)t € SBV(RY).
1
Now, to cover also the case of higher eigenvalues, we recall the SBV? (R4; R¥)

spaces, introduced in [27], Definition 3.4, in order to consider also vector valued
functions whose components change sign.
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Definition 5.1.3 (the space SBV?(R% RF)). Let u = (uy, ..., u;) : RT — R*
1

be a measurable function. We say that u € SBV?(R%RF) if (uy)*, (u;)~ €

SBV2(RY) for every i =1,...,k and

/ |Vul? do +/ [y1(w)]? + |2 (w)]?] dHY™ < +oo.
]Rd

u

1
If k = 1, we denote the space simply by SBV}?(R?).

Now, we recall an important compactness and lower semicontinuity result
in the functional space SBV%(Rd). For the detailed proof see Theorem 3.3 in

[24].

Proposition 5.1.4 (compactness and lower semicontinuity in SBV z(R%)).
Let (un), C SBV2(RY) such that

/ |V, |* do + /
R J

Un

[yl(un)2 + Wg(un)ﬂ dH4! +/ u?dr < C

Rd

for some C > 0. Then, there ezists u € SBVz(RY), ® € LAR%:RY) and a
subsequence (uy, )i such that the following items hold true.

(i) Compactness: u,, — u strongly in L} _(R?) and
Vi, — ® weakly in L*(R%;RY)

with
DX supp(u) = VU

(ii) Lower semicontinuity: for every open set A C R we have

/ |Vul? do < liminf/ Vi, |* dz
A k——+o0 A

and

/J I ) e

k——+o0

< lim inf/ [71 (tn, ) + Wg(unk)Q] dH.
i, NA

1
The counterpart of the previous result for the functional space SBV.? (R?; R¥)
is the following proposition (see Proposition 3.6 in [27]).
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Proposition 5.1.5 (compactness and lower semicontinuity in SBV? (R4; R¥)).
1
Let (uy)n, C SBVZ(RYGRF) such that

W%Pm+/EHM%W+WﬁWﬂd%“+ a2 de < C

R Jun Rd

for some C > 0. Then, there erists u € SBV?(R%LRF), & € L*(R%R*) and
a subsequence (uy, ) such that the following items hold true.

(i) Compactness: u,, — u strongly in L} (R%RF) and

Vi, = ® weakly in L*(R% R*)

with
DX supp(u) = VU

i) Lower semicontinuily: for every open set A C RY we have
(i1) y y 0p

/ |Vul? de < liminf/ Vi, |* do
A h—4o00 A '

and

ﬂmmwmmwﬂmﬁ

h—+o00

<timinf [ [l )+ e, )] @
Tuny, NA

In the following, for every vector valued function u = (uq, ..., u), we will
denote by

V(u) :={ug,...,ux}.

In [27] the authors introduced the functional space SBVE (R4 R¥) in order to
give a weak formulation of the k-th Robin eigenvalue. A key point in their
free discontinuity approach is to ensure that the £ components of a function
in SBVE (R%; R*) are L?(R%)-linearly independent, in order to recall a k-ple
of L?(2)-linearly independent functions in H'(2) that generate an admissi-
ble space for A 5(£2). To this aim, we recall a useful functional space (see
Definition 3.9 in [27]).

Definition 5.1.6 (the space Fi,(R?)). Let u € SBV?(R% R¥). We say that
u € Frp(RY) if {uy,...,us} are linearly independent in L?*(R9).
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In |24], [25] and |27] authors relaxed Robin eigenvalues using S BV 2-functions
in order to prove the existence of minimal “shapes” among sets of prescribed
measure respectively for the first Robin eigenvalue (see [24] for an approach
similar to the proof of the Bossel-Daners inequality and [25] for a completely
variational approach) and for the higher eigenvalues (see [27]). The idea is clas-
sical when using a free discontinuity approach: one replaces the dependence on
a domain () with the dependence on a SBV-function u, whose support will be
“identified” with Q and whose jump set u will be identified with 9*Q (or 09, if
) is a sufficiently smooth domain). In particular, in [241] authors introduced a
weak formulation for the first eigenvalue involving functions in SBV 2 (R%); the
idea is that, since the first eigenfunction of a Lipschitz domain can be taken
of constant sign (in particular non negative), then the admissible functions
in the weak formulation can be taken a priori non negative. For the higher
eigenvalues the situation is a bit more complicated, since the eigenfunctions
can change their sign in general; moreover, every k-dimensional subspace V is
admissible for \g 5(£2) and can be spanned by a basis {uy, ..., u;} of functions
that are linearly independent L?(€2), so it is reasonable to choose for the weak
formulation of the k-th eigenvalue a family vector valued functions whose com-
ponents are L?-linearly independent. Reasoning in that way, in [27], Definition
3.9, the authors relaxed the Robin eigenvalues as follows.

Definition 5.1.7 (relaxed eigenvalues). Let u € F(R%). We define the k-th
relaxed Robin eigenvalue for the function u by
Jea IVOI? dz + 8 [ [(v)? + (v7)?] dH!
Ry p(u) == max e :
veV (w)\{0} Jga v? dx

Remark 5.1.8. The functional Ry s(u) is finite and well defined for every

u € Fr(R?), since it holds V(u) € SBV?(RY) (see Lemma 3.8 in [27]) and
then term [, [Vol*dz+8 [, [(v7)? + (v7)*]dH* " is finite for every v € V(u).

Notice that, if Q C R is a Lipschitz domain and uy,...,u, € H'(Q) are
the first &£ Robin eigenfunction on {2 with boundary parameter 5 > 0, then
u = (uy,...,u;), extended by zero outside Q, belongs to F;(R%) and it holds

Jy = 082

and
Ry p(u) = A p(9).

(see Remark 3.11 in [27]).
It is worth to highlight that, if v = 2%

j=1
then also A\v realizes Ry s(u) for every A # 0; in particular, v can be chosen

aju; realizes Ry g(u) in V(u),

such that ||v]|p2ra) = 1.
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A key result in our proofs is the lower semicontinuity of the term Ry 5. We
omit the proof as it is contained in Proposition 3.12 in [27].

Proposition 5.1.9 (lower semicontinuity of Ry 3). Let (uy), C Fi and u € Fy
such that u, — u strongly in L*(R%RF). Then

Rip(u) < liminf Ry g(uy,).

Once we replace A, 5(Q2) by Ry g(u), we need to understand how to relax
the boundary term. We found two possible ways to replace the boundary term:

e penalizing the perimeter of a set where an admissible function is non-null
(“free Robin” problem);

e penalizing all the jumps of the admissible functions (“jump Robin” prob-
lem).

In both cases we have to pay attention to the way we relax the problem,
as the starting ideas above are not sufficient for the well-posedness of the
problems. The following sections are aimed to this; we will prove some starting
existence results (only for the first eigenvalue and in abounded design region),
highlighting what are the technical difficulties to overcome and the research
perspectives to study the problem.

Remark 5.1.10. Even if we are able to prove the lower semicontinuity of
the weak functionals for a general order £ € N (see Propositions 5.2.1 and
5.3.1), the existence results in the following sections involve only the first
weak eigenvalue. The problem is that, at the moment, we do not know if
a (minimizing) sequence in Fj, converge to an admissible function in Fj. If,
k =1 and we prescribe ||uy||r2ge) = C for some positive constant C, then we
are sure that the possible limit function u belongs to JF;(R%). For k > 1, even
if we assume that each component satisfy [u)||2ey = C, this is not true.
Indeed, as we will see, for minimizing sequences we can assume that

Vanl do [ [ R [ e c

R4 Jun R4

for some positive constant C'. So (see Proposition 3.8 in [27]), there exists u €
SBVE (R%; R¥) such that, up to subsequence, u, — u strongly in L?(R%; R¥).
But it is not said, in general, that u € F,(R?) if & > 1. An example in R? can
be given by the sequence of functions

@.1) (, z'*%) in [0, 12,
Un(,y) =
0 otherwise.
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Indeed, (u,), C F2(R?) and u,, converges strongly in L*(R?* R?) to

w(z.y) = {(m,x) in [0, 1],

0 otherwise,
that is not a function in F(R?).

Notice that the equality SBVE (R4 \ {0} = Fi(R?) holds. That means
that, if we are able to prove that the limit sequence of functions in JF;(R%)
is non null (e.g., if it has strictly positive L?(R%)-norm), this is sufficient to
conclude that such function is also in F; (R?) (this is not possible for higher k,
as seen in the previous example).

5.2 The “free Robin” problem

We would like to relax in SBV Problem (5.1) taking into account the reduced
boundary of the set where an admissible function is non-null. Intuitively, we
start taking into account the minimization problem

min { By p(u) + HOHO" {u # OPlu = (wn, . wy) € SBVE RLRY}. (5.2)

Even though it seems a very natural relaxation of Problem (5.1), Problem
(5.2) is not well posed. Indeed, it is possible to consider a concave Lipschitz
set () with strictly positive first Robin eigenfunction and then to consider an
admissible SBV function v, which holds v on © and € > 0 on conv(2) \ Q. In
this way the value of Ry 5(v.) is very close to Ry s(v.) but the term of perimeter
can sensibly decrease.

This example shows that Problem (5.2) is not stable under small pertur-
bations of the variable u. To avoid this phenomenon, our idea is to link the
boundary term with the perimeter of a set of finite measure ) where u is
supported, i.e. such that u = 0 outside 2. In such a way, we allow the sup-
port of the function u to “invade” the set 2 (even if it is not clear whether
this phenomenon actually occurs, in general). More precisely, we study the
problem

min { Ry 5(u) + P(Q) | Q C R, |Q] + P(Q) < 400,

u € Fp(RY, u=0¢€Q}. (5:3)

where the bound on the measure is to avoid trivial situations (e.g., taking
Q) = R%). In other words, we box a priori the support of an admissible function
w in an unknown set ) and then perform the minimization among all admissible
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couples (u,2). Notice that, if © is a bounded Lipschitz domain and u is an
eigenfunction for A, (€2) we have

Ris(u) + P(Q) = M\ 5(Q) + HEH09),

i.e. we are in the classical setting.

The weak formulation (5.3) is not the most natural we could imagine, as
one of the main ideas in the field of free discontinuity problems is to replace
n-ples of variables of different nature (open sets, curves, functions) with only
one variable function (think to the weak formulation of the Mumford-Shah
functional, see [11]). On the other hand, as we will see, some very useful
information about optimal sets (if they exist) can be found

e if () is a solution of the problem, then it turns out to be a perimeter
supersolution (in the sense of De Philippis and Velichkov, see [12]);

e if a set is a perimeter supersolution, then it satisfies a density estimate,
so we gain some regularity ([12]).

The plan to study the problem is the following. We start looking for some
lower semicontinuity theorem involving both Ry 5(u) and P(€2); then, we focus
on proving the existence in a bounded design region in the case k£ = 1. Finally,
recalling the results in [12]|, we prove that, for every minimizing pair (u,(2),
the set (2 can be chosen open.

5.2.1 A lower semicontinuity result

In the next proposition we obtain lower semicontinuity of the functional Ry g(u)+
P() with respect to both variables, in some product topology. In particular,
Ry 5(u) + P(Q) is lower semicontinuos u with respect to the L?(R% R") strong
topology and in €2 with respect to the convergence in measure.

Proposition 5.2.1. Let (§2,), a sequence of uniformly bounded sets of finite
perimeter such that

sup P(Q,,) < 4o0.

neN
Let up,u € Fp(RY) such that u, — u strongly in L*(R%:RY) and u, = 0 in
Q¢. Then, there exists Q C R? bounded set of finite perimeter such that, up to
subsequences, xq, — Xa in L (R?), u =0 in Q¢ and

loc

Ry p(u) + P(Q) < liminf Ry, 5(u,) + P(€2,). (5.4)

n—-+oo
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Proof. By Proposition 2.3.6 and Proposition 2.3.10 in [58], we have that, up
to subsequences, xq, — Yq in L .(RY) and

loc

P(Q) < liminf P(Q,). (5.5)

n—-+00

Moreover, by Proposition 3.12 in [27], we have that

n—-+4o0o

Summing (5.5) and (5.5) and using the superadditivity of the liminf, we obtain
(5.4). Finally, the L?-convergence of u,, to u implies that u = 0 in Q. O

5.2.2 Existence of optimal shapes in a bounded design
region

In this short section we provide a first existence result for (5.3), under the
hypotheses of bounded design region and in the case k = 1.

Theorem 5.2.2. Let D C R? open and bounded. Then, the problem
min { Ry 5(u) + P(Q)|Q C D, P(Q) < 400, u€ F(RY),u=0inQ} (5.7)
admits a solution.

Proof. Let (Q,,u,), be a minimizing sequence for Problem (5.7). Without
loss of generality, we can suppose that

Ryg(un) + P(82,) < C,

for some positive constant C' independent of n, and that ||uy|| 2ge = 1 for
every n € N. Then, both (P(2,)), and (u,), are uniformly bounded, respec-

1
tively in R and in SBV2(R?) (i.e.

/ \Vu,|? dv +/ [(u)? + (u, )?]dH* +/ u? dr < C
Rd J

R4

un,

for some positive constant C'). So, by Proposition 5.1.5, there exists u €
SBVE (R%) such that, up to subsequences, u,, — u strongly in L?(B). More-
over, by Proposition 1.2.10, possibly passing to a subsequence, there exists
Q) C B of finite perimeter such that yo, — xo in L*(B). Let us remark that,
in view of both convergences, we have that u = 0 in Q° (see the last part of the
proof of Proposition 5.2.1). Then, the couple (u, ) turns out to be admissible
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for (5.7) and, in view of the lower semicontinuity of the functional (Proposition
5.2.1), we obtain

Ry g(u) + P(2) < liminf Ry g(uy,) + P(2,) = (inj) {R15(v)+ P(A)},

n—-+o00

so (u,2) is a solution for (5.7). O

Remark 5.2.3. We are not able, in general to prove that optimal shapes
have to be bounded, except if we are in R?. In that case, we can remove
the hypotheses of bounded design region: the bound on the diameter will be a
consequence of the uniform bound on the perimeters of the sets on a minimizing
sequence, assumed without loss of generality in the proof of Theorem 5.2.2.

5.2.3 A regularity issue

In this section we prove some topological regularity of the solutions to Problem
(5.3), if they exist (for £ = 1, in a bounded design region it is true, as seen
in the previous section). More precisely, we will see that an optimal finite
perimeter set €2 can always be replaced by an open set strictly linked with €.
We start the section defining an important class of sets.

Definition 5.2.4 (perimeter supersolution). Let Q C R? a set of finite perime-
ter. We say that € is a perimeter supersolution if || < 4+o0c and, for every
2 D Q of finite perimeter, then P(Q2) > P(9).

It is immediate to prove the following result.

Proposition 5.2.5. If (u,Q) is a minimizing couple for the problem (5.3),
then Q) is a perimeter supersolution.

Proof. Let Q C R? be a set of finite perimeter such that Q O Q. Since u =0
in Q¢ > Q°, the couple (u, ) is admissible for (5.3). Using the optimality of
(u, Q) we obtain

Ry 5(u) + P(Q) < Ry (u) + P(S),

ie. P(Q) < P(S). O

Remark 5.2.6. As highlighted in [12] by the authors, perimeter supersolutions
are sets having positive mean curvature (see Definition A.1.3) at least in a
weak sense. For instance, a bounded convex set (2 is an example of perimeter
supersolution. Notice that in that case, if (u,(2) is a minimizing couple for
(5.3), then also (u, Q) and (u,) are optimal.

Now, we introduce the following density estimate.
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Definition 5.2.7 (exterior density estimate). Let Q C R? a set of finite
perimeter. We say that ) satisfies an exterior density estimate if there ex-
ists a positive dimensional constant ¢ = c(d) such that, for every x € R%, one
of the following situations occurs:

(i) there exists r > 0 such that B,(z) C 2 a.e.;
(ii) for every r > 0, it holds |B,(z) \ | > ¢|B,(x)|.

The next results link the previous density estimate with the perimeter su-
persolutions, ensuring that there exist open optimal shapes for (5.3). The
proofs of the following two propositions (holding for any perimeter supersolu-
tion, not only for the solutions of (5.3)) are omitted, as they can be found in

[12].

Proposition 5.2.8. Let Q C R? be a perimeter supersolution. Then, ) satis-
fies an exterior density estimate. In particular, if (u, ) is a solution of (5.3),
then ) satisfies an exterior density estimate.

Proposition 5.2.9. Let Q) C RY a set of finite perimeter satisfying an exterior
density estimate. Then, the set of the points of density 1 for

o ={zeri:3 im L5
r—0+t | B.(x)|

1s open. In particular, for every perimeter supersolution €2, 1 is open.
Now, we are ready for the main theorem of this short section.

Theorem 5.2.10 (existence of an open solution). Let (u,Q) a solution for
(5.3). Then, (u,) is also a solution for (5.3) and § is open.

Proof. 1t is sufficient to remark that the couple (u,§2;) is admissible for (5.3),
P(Qy) = P(Q) since |[QAQ;| = 0 and €, is open in view of Proposition 5.2.9.
0

5.2.4 Further remarks and perspectives

We have been able to prove only an existence result for the principal “eigen-
value”, because, as seen in Remark 5.1.10, it could happen that a sequence in
Fi(R?) converge to a function u € SBVE (R RF) \ Fi(RY). It would also be
interesting to remove the bounded design region hypotheses, but it seems tech-
nically difficult in view of the presence of a couple of variables. Nevertheless,
we think that both questions could be linked with some condition ensuring the
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L*-orthonormality (or, at least, linear independence) of the components of the
function u (see the proof of Theorem 4.6 in [27]).

Once one has the existence of minimizers, even in a bounded design region,
one of the most challenging problems is to understand if the couple (u, supp(u))
can be considered optimal for (5.3), i.e. if u is defined a.e. in the optimal do-
main €. For k = 1, we expect the minimizer should be the couple (u, supp(u)),
where u is the first eigenfunction of a ball B; the fact that B is a perimeter
supersolution supports our conjecture. For higher eigenvalues, to conjecture a
possible result about the optimality of the couple (u, supp(u)), we made some
numerical simulations on the second eigenvalue using the software FreeFem-++-.
We focused on a two dimensional case: we compared the numerical values of
(5.3) on the couples (uy, Q) and (ug, ), where u; and uy are respectively sec-
ond eigenfunction of the disjoint union of two tangent disks of radium 1 and
the second eigenfunction of the respective stadium (2. The results are summa-
rized in the following table, where we omitted the term P(2) (that is the same
for both couples):

5 Rop(u)  Ryp(ug)

0 0.21046 0.76095
0.5 0.88508 1.57319
1 1.73291 2.18306
1.5 2.25629 2.64573
2 2.67311 3.00244
d 4.01315 4.07245

10 4.77408 4.62919
20 5.24496 4.95788
100 5.67036 5.24609
1000 5.77229 9.31400

It turns out that, for large values of 3, it is convenient to define the function
u on the whole of the perimeter supersolution €2, otherwise, for small values
of B, u can be considered supported on a subset of 2 that could not be a
perimeter supersolution.

ad

A



Minimization of A\, 5(Q2) + P(Q2) 123

That situation suggests us to follow a research direction to find a critical
value B > 0 for the boundary parameter such that, if 0 < 3 < /3, then
|\ supp(u)| > 0, while, if 3 > 3, then supp(u) = Q.

Notice that the “free Robin” approach on one hand gives a certain regularity
of the optimal shapes, but, on the other hand, does not model a relaxed version
of the original problem (5.1), in general. Indeed, as seen above, it can happen
that in some optimal couples (u,€2), even if Q is a Lipschitz domain, u is not
an eigenfunction for A\g (). To overcome the problem and link the variable
function w with the boundary term, we found another weak formulation of
(5.1) that we present in the following section.

5.3 The “jump Robin” problem

In this section we relax again Problem (5.1) in the SBV setting, linking also
the boundary term with the support of the relaxed “eigenfunction”. Since we
are intuitively led to identify the support of a SBV function with an “admis-
sible set” and the jump set of the function with some (topological or reduced)
boundary of this set, we start taking into account the minimization problem

min { Ry, 5(u) + H" ' (Jo)|u = (w1,...,u) € Fi}. (5.8)

Problem (5.8) is not well posed. Take, for instance, the sequence of concentric
balls (B,(0)), and consider, for each ball, v, = (v}, ..., v}), where vf,... v}
are the first k linearly independent Dirichlet eigenfunction for B, (0) (whose
trivial extension by zero is continuous on the whole of R?). Then we have

Rig(vn) +H7(J,,) = Me(B(0)) — 0.

This example shows us that the right way to replace the perimeter is to con-
sider not only the jump set for an admissible function v, but also the reduced
boundary of the set where the components of v are non null. In particular, we
will study the problem

min {Rkﬁ(u) + Hd_l (Ju U U 8*({% 7é 0})) |u € fk(Rd)} . (59)

5.3.1 A compactness and lower semicontinuity result

We start proving a compactness and lower semicontinuity result for the func-
tional.
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Proposition 5.3.1. Let Q C R? open and bounded and let u,, € SBV? (R%; RF)
such that

J vl [l et [ )P )

+MH(LA4Jme¢m0<C

=1

1
for some C' > 0 independent on n € N. Then, there exists u € SBV? (R%; R¥)
such that u,, weakly converges to u in the sense of Proposition 5.1.5 and, in
addition,

Ry p(u) +H (Ju Ul Jor({u # 0})>

k
< liminf Ry g(u,) + H*™! (Jun U U O ({u) # 0})) :

n—-+o00
=1

Proof. Let us observe that, since (u,), satisfies the hypotheses of Proposition

1
5.1.5, there exists a function v € SBV? (R% R¥) realizing the required weak
convergence. In particular, u, — u strongly in L?(R% R¥); then, in view of
Proposition 5.1.9, one has

Ryep(u) < lim inf Ry g(uy).

We need to prove the lower semicontinuity of the boundary term. For every

1
e > 0 and every v € SBV?(R%RF), we denote by v¢ the function whose
components satisfy

£

vy = (U:r \ 8) ' X{vi>0} + (,U; \% 8) * X{v;<0}-

Let us observe that vf € SBV(Q) (Proposition 5.1.2) and that, for every
sufficiently small & > 0, ué — u® strongly in L?(R%; R¥). In addition,

k
Jue € Ju U J 0" ({us # 0})
i=1
and, for every n € N,

k
Ty € T UJ 0 (ul # 0)). (5.10)

i=1
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the above set inclusions holding up to a H¢ !-negligible set. Let us observe
that

e—0t

k
lim H* Y (J,e) = HO! (Ju ulJor(fu # 0})) (5.11)

and, for every n € N,

lim M4 (T, ) = HA? (Jun ulJor({up # 0})> ,

e—0t )
=1

Let us use the Ambrosio-Braides compactness and lower semicontinuity the-
orem (Theorem 1.2.5 and Remark 1.2.6) to conclude the proof. We need to
show that

/ Vg [? dae +HH (o) + |Jug | Bvie) < C
Q

for some C > 0 independent on n. It holds

/|Vufl|2 dr < / |Vu,|? dr < C,
Q 0

k
HT () <HE! <Jun ulJor({up # o})) <C
and

lunllBviey = lugllr@) + [Dug|(€)

/]un|dx—|—/ |Vun|dm+/ () — (u5)| dm?
1/2
< | (/ \un\Qdaz) + Gyl (/ ]Vun\zda:)
Q

+ Gy (mdl(Ju%H / () — ()" d%M)

un

1/2 1/2
< |2 (/ | |2 dx) + Co| Q|2 (/ IV, [? dx)
Q Q

o (” )+ A () ( / )+ r<un>\2dyd1)”2>

1/2
gc4+c5< ]Vun\Qda:—ir/ |(un)+|2+\(un)_]2d7-ld_1)
Q

Jun
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were the constants are independent on n € N. In view of the Ambrosio-Braides
compactness and lower semicontinuity theorem and in view of the inclusion
(5.10), we have

k
H () < liminf H N (J,e) < liminf HE! (Jun ulJor({up # 0})> :
=1

n—-4o0o n—+4o0o

Then, by equality (5.11), since € > 0 is arbitrary small it holds

k k
e (Ju ulJ o ({u # 0})) < lim inf 4~ (J ulJor({up # 0})) ,

concluding the proof. O]

Notice that, to gain the previous lower semicontinuity result, we use the
hypotheses that all the functions are supported in the same bounded design
region €2, in order to apply the result of Ambrosio and Braides.

5.3.2 Existence of minimizers in a bounded design region

If we look at the proof of Proposition 5.3.1 and we try to repeat the same
arguments for a sequence of functions in F(R?), it not said that their limit is
still a function in Fi(RY), as seen in Remark 5.1.10. Since at the moment we
are not able to prove that linear independence of the components is somehow
preserved, we prove an existence result £ = 1 under the hypothesis of bounded
design region. More precisely, we fix an open bounded set D C R¢ and study
the problem

min { Ry, 5(u) + H*' (J, UO* ({u # 0})) [u € Fi(R?),u =0 a.e. in B°}.
(5.12)

Proposition 5.3.2. Problem (5.12) admits a solution.

Proof. Let B C R be open and bounded and let (u,), C F1(R%) be a min-
imizing sequence for (5.12) in the bounded design region B. Without loss of
generality, we can assume that ||u, || 2(5) = 1 and that the sequence

(Rk:,ﬁ(un) +H (Ju, WO ({u" # O})))n

is uniformly bounded; then

/|Vun|2dx+/ ]un]2dm+/ |(u) T2 + ()~ > dHO!
B B

JU n

+H (T, Uor({u" £0})) < C
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for some positive constant C' > 0. In view of Proposition 5.3.1, there exists
u € SBVE (R?) such that u, — wu strongly in L?(R% R¥) realizing the lower
semicontinuity of the functional. Then, since |lu|/z2) = 1, we deduce that
u € Fi(R?) and then v is a minimizer for (5.12). O

5.4 Further remarks and perspectives

As clearly repeated throughout the chapter, even for Problem (5.9) at the
moment we are able to prove only an existence result for £ = 1 in a bounded
design region. It reasonable to expect that such a minimizer could be a suitable
ball B, or better, a function supported in B (we guess the first eigenfunction of
B itself). The perspective is to approach to this Faber-Krahn type inequality
following the ideas in [24] and [25], where a similar functional framework has
been treated.

To remove the hypotheses of bounded design region, we can prove some
boundedness result; for instance, as done in Theorem 4.6 in [27], we can show
that some family of minimizers have to be necessarily with bounded support.
It would imply the choice of minimizing sequences with uniformity bounded
support.

In both sections, we had the problem to ensure that sequences in JF(R?)
converge to functions in F,. The fact that it is not possible, at a first sight,
suggest us to investigate on that direction, finding some arguments ensuring
linear independence of the components of the limit function. For instance, it
could be an idea to build minimizing sequences in Fj(R?) that converge to
a function still in JF,(R?) starting from a suitable sequence of orthonormal
eigenfunctions. This idea has been used in [27], to obtain the existence of min-
imizers (in a weak sense) for Ay 5 among sets satisfying a measure constraint.
In this paper, authors used a density argument based on a result of G. Corte-
sani and R. Toader (see Theorem 3.1 in [33]) to show that the infimum of the
original problem coincide with the infimum of the free discontinuity problem.
Then, they consider a sequence (£2,),, minimizing A\; 3 and build a minimizing
sequences (u,), for Ry g setting u, = (ul,...,u¥), where ul, ... uf are the k

ni* " n

first eigenfunction of €2, (assumed orthonormal and extended by zero outside
Q). In such a way it is assured that the possible limit function is in JF(R?).
Such a strategy provides a good tool to prove boundedness of the supports of
minimizers built via this procedure. We would like to obtain a similar result
in our framework, at least to find an argument assuring that the infima of
Problems (5.1) and (5.9) coincide. To this aim, we conjecture that, for every
u € Fr(RY), there exists a sequence (£2,,),, of bounded Lipschitz domains in R?
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such that

n—-+00
i=1

liminf A 5(Q) + P(Q) < Ry s(u) + H! (Jun ulJor(fup # 0}>> .

If we prove this result, we have the required equality of the infima.



Chapter 6

The case of polygons

In this chapter we focus our interest on some problems studied in the previous
chapters, now in the framework of suitable families of polygons. For the choice
of the class of admissible polygons and for some preliminary result we refer to
[22], where an appropriate family of admissible polygons have been used. We
start defining the family of simple polygons.

Definition 6.0.1 (simple polygon, see [21]). A simple polygon is the open
bounded planar region P delimited by a finite number of not self-intersecting
line segments (called sides) which are pairwise joined (at their endpoints called
vertices) to form a closed path.

Let us denote by Py the family of simple polygons with at most NV sides.
Notice that simple polygons are connected and simply connected.

In the following, we will use as a key tool the H°-convergence, as it preserves
many topological properties of polygonal domains. The only disadvantage of
this approach is that, in general, a sequence of simple polygons in Py does not
H¢-converge to a simple polygon in Py, as shown in the figures below.

Figure 6.1: The sequence (P,), C Ps HC-converges to P, that is not a simple polygon.

To overcome this problem and for the sake of well posedness, we choose to
follow the approach in [21] and set our shape optimization problems in a wider
class of sets in order to admit polygons in a more general sense.
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Figure 6.2: The sequence (P,), C Pr; H¢converges to the “degenerate polygon” P, which
has a boundary given by line segments, but is not a simple polygon.

Definition 6.0.2 (generalized polygon, see [21]). We say that an open set
P C R? is a generalized polygon with at most N sides if there exists a sequence
(P,)n of simple polygons in Py such that P, locally Hconverges to P, i.e. if
the sequence (P, N B),, Hé-converges to P N B for every ball B C R

We denote by Py the class of generalized polygons with at most NN sides.

Remark 6.0.3. The following facts hold true for the family Py (see [21] for
details).

(i) Py is closed with respect to the local H°-convergence (in the sense of
Definition 6.0.2).

(ii) Every Q € Py is simply connected, since Q° is connected (see Proposition
1.4.17 and Remark 1.4.18).

(iii) Q € Py may be disconnected; each connected component of € is de-
limited by a finite number of line segments (still called the sides of 2),
which are pairwise joined at their endpoints (still called vertices of ) to
form a closed path, possibly containing self-intersections; in particular,
2 has at most IV sides, counted with their multiplicity.

(iv) Every © € Py has has finite Lebesgue measure (see Proposition 2.2.21
in [60]) and is bounded (otherwise, in view of the bound on the number
of sides, necessarily 2 would have two parallel sides with infinite length,
contradicting the fact that |Q] < +o0.

Remark 6.0.4. Let us observe that the number of sides is lower semicontinuos
for locally H°-converging sequences (P,), C Py.

Notice that this fact does not hold if the number of sides is not bounded a
priori (the sequence (R,), of regular n-gons of measure m centered at a point
zo € R?* Heconverges to the disk of measure m centered at z).
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Now we need to set the variational problem, possibly relaxing the definition
of A\ 5 in order to consider the case of generalized polygons and to preserve the
semicontinuity of the spectral functionals. Following the approach of Section
3.7 in Chapter 3, we set, for every f € R

[1vup s [ (] an

A\ 5(P) := inf - 8

ka(P) = dnf wE5\{0) / e |
Q

where Sj, denotes the set of all k-dimensional subspaces of H'(P) N L>(P),
ut and u~ are the approximate limsup and liminf of u and the boundary
integral on OP is considered in the sense of the SBV traces. As remarked in
the previous chapters, this definition is well posed. Moreover, if P is a simple
polygon, then A, 5(P) = A\ 3(P). Since the kind of optimization depends on
the sign of the boundary parameter 3, we split the discussion into two parts.

6.1 Positive boundary parameter: existence re-
sults and open problems

Let us fix 8 > 0 and let us study the problem
min { F(A\g(P),..., \pg(P)) : P € Py, |P] <m}, (6.1)

where F' : R¥ — R is lower semicontinuos and non decreasing in each variable.
We start proving a preliminary lemma concerning the number of sides of possi-
ble optimal generalized polygons. The idea is to compare the value of (6.1) on
a given generalized polygon P € P, and on another polygon obtained cutting
P around a convex corner. That idea recalls the technique used in Chapter 4
to prove regularity of convex minimizers.

Remark 6.1.1. In next lemma we will make use of a recent weaker version of
Theorem 2.1.3, due to D. Bucur (see [16]) and different by other results giving
lower bounds for the first Robin eigenfunction (e.g., in [6] and [51] is given the
original version of Theorem 2.1.3, with argument based on semigroup acting
on the Lipschitz boundary). We state such more general result in a suitable
way for our purposes: if P is a connected generalized polygon and a function
u € HY(P) realizes A\ g(P) for some 3 > 0, then there exists o > 0 such that
U > Q.

Lemma 6.1.2. Let F : RF — R satisfy the same hypotheses as in (6.1) and, in
addition, let it be differentiable in each variable with strictly positive derivative
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with respect to the first variable. For every polygon P € Py, there exists a
generalized polygon P’ € Py such that |P'| < m and

F(j\lﬂ(P,), C. ,S\k’g(Pl)) < F(S\lyﬂ(P), cee j\kﬂ(P))
In particular, P € Py can not be a minimizer for (6.1) in Pyy1.

Proof. The proof is based on a similar argument as in Theorem 4.3.3. Let us
consider a function u realizing A\ 3 and choose a connected component of P
where u is non null (in order to apply the result in Remark 6.1.1). Let us
consider a convex corner with vertex xy and suppose that, up to a rotation
and a translation, zo = 0 and the bisector of the corner in g is the line z; = 0.
Without loss of generality, in view of Remark 6.1.1, we can assume that there
are no sides vertexed in xy that have self-intersections (otherwise, one applies
the following arguments only at one side of the self-intersection, see figure
below).

Figure 6.3: In the polygon P all convex corners are determined by self-intersected sides;
choosing x( as above, without loss of generality, we can apply the arguments
of the proof only on one of the corners ay and a_.

For every ¢ > 0 let us define the sets
P.:=Qn{xs < —e}, m. := P\P., b. := PN{xy = —¢}, . := OP\OP.. (6.2)

Notice that, for e sufficiently small, P. has N + 1 sides.
In view of Remark 6.1.1, we can choose a strictly positive “eigenfunction”
for A\ 3(P) to obtain that

5\1”3(P5) S 5\1”3(P) —Ce
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Figure 6.4: The cutting procedure of P € P;.

for sufficiently small €, in an analogous way to Lemma 4.2.1. To estimate the
higher eigenvalues, in view of our assumptions we can proceed as in Lemma
4.2.2 obtaining

Meg(Pe) < Mip(P) 4 o(e).

The hypotheses on F lead to the first assertion, once we set P’ := P. € Py
for a suitable value of € > 0.

In particular, if we consider a generalized polygon P € Py C Py.1, the
corresponding generalized polygon P’ (built as above) gives us a strictly lower

value for Problem (6.1) in Py, 1, then P cannot be a minimizer in Py,;. [
The following theorem gives us an existence result in Py.

Theorem 6.1.3. Problem (6.1) admits a solution P € Py with ezactly N
sides. Moreover, the sequence of the minima (my)y for (6.1) (labelled on the
number of sides), is strictly decreasing in N .

Proof. Let us consider a minimizing sequence (F,), for (6.1). Let us suppose
that the diameters of the polygons P, are not uniformly bounded. Since the
number of sides is uniformly bounded, the polygons P, can have at most N/3
well separated components (in the case that P, is union of N/3 open triangles).

Then, under the assumption sup,, diam(P,) = +o0o, the only possible be-
haviour is that P, becomes longer (since the diameters diverge) and thinner
(since the measure is bounded a priori) along some directions, creating sharp
spikes. Take one of such directions, say the line zo = 0. Hence, any projection
1€ of the set P, on the line x; = C, has to be union of segments of length tend-
ing to 0, if C' is sufficiently large. Proceeding as in Theorem 4.1.3, we obtain
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that a lower bound for every admissible relaxed Rayleigh quotient Rp, (u) is
given by A; 5(I™®), where [ is the longest among the [ sets. In particular,
by the generalized Faber-Krahn inequality (Theorem 2.3.2),

Rp, (u) = Ai,p(Biges),

where Bjma: is the segment (1-dimensional ball) with the same length as []**.
Since H'(Bjmes) vanishes as n tends to infinity, we obtain that A g(Bjmas)
positively diverges, obtaining that any sequence Rp, (u) of admissible Rayleigh
quotients on P, diverges, against the hypotheses of minimality on (P,),.

Hence, we can suppose that the sequence (F,), is uniformly bounded, say
P, C Bg(0) for some R > 0 and every n € N. In view of Remark 6.0.3, there
exists a generalized polygon P € Py, P C Bg(0), such that P, — P in the
He¢topology and |P| < m. Moreover, the H¢convergence of P, to P implies
that H'(P,) — H'(P) in the sense of Mosco (see Proposition 1.5.3).

To prove that P is a minimizer for (6.1), let us fix ¢ > 0 and consider an
admissible h-dimensional test space V,, for A, g(P,) such that

max Rp, (w) < M\ s(P,) + €.

weVn
Let us consider a L*(P,)-orthonormal basis of V,,, say {u7,...,u}'}. In view
of Mosco convergence, for every j = 1,...,h there exist u; € H'(P) such

that u, — u; strongly in L*(R?) and Vu? — Vu; weakly in L*(R* R?) (here
we denote with the same symbol the extension of the functions outside their
domains). Let V' be the h-dimensional vector space spanned by {uy,...,us}
(in view of the L2-convergence we can suppose the u; functions linearly inde-
pendent) and let us consider v := 22:1 aju; such that

Rp(v) = max Rp(w).

weV

Let us consider v,, := Z?Zl ajuj € V, and observe that v, — v strongly in
L*(R?*) and Vv, — Vv weakly in L?(R?*; R?). Thanks to continuity of the
volume integrals at the denominator and to the lower semicontinuity of the
gradient integral and of the boundary integral (see Theorem 3.7.3), we obtain

< D, _ D < Tim =
Mkp(P) < max Rp(w) = Rp(v) < liminf Rp, (v,)

< lim inf max Rp, (w) < liminf Mp(Prn) + €.
n—-+0o0o

n—+o00 weVy
Letting € go to 0, we obtain that P is a minimizer for Problem (6.1).
Moreover, P has exactly N sides. Indeed, if it had less than N sides, say
N — K sides, we can apply K times Lemma 6.1.2 to obtain a polygon P’ with
exactly N sides, |P’'| < m and

FMg(P), ..., 5(P)) < F(g(P), ..., \s(P)),
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contradicting the minimality of P.

We also deduce that every minimizer in Py cannot be a minimizer in Prni1
and this implies that the sequence of minima (my)y is strictly decreasing. [

Remark 6.1.4. If we do not require that the number of sides of the admissible
polygons is bounded, than Problem (6.1) does not have a solution in general.
An easy counterexample is given by

min { A\, 3(P) : P generalized polygon, |P| < m},

whose infimum is given by A 3(B,,), where B, is the ball of measure m: this
value is not attained on any finite perimeter set of measure m, except on the

ball itself.

If we require a little more regularity on the admissible polygons, it is natural
to study the following problem:

min {F' (A g(P),..., \p(P)): P € Py, |P| <m,P convex}. (6.3)

Notice that, in view of the convexity hypotheses, it is not necessary to consider
also degenerate polygons. An existence result is obtainable as a corollary to
Theorem 6.1.3.

Corollary 6.1.5. Problem (6.3) admits a solution with exactly N sides. More-
over, the sequence of the minima (my)y for (6.3), is strictly decreasing in N.

Proof. The proof is a consequence of Theorem 6.1.3 applied with the regularity
hypotheses in (6.3). O

6.1.1 Further remarks and open problems

Our choice to set problem (6.1) in a relaxed setting ensures us a more general
existence result; whether the problem is or not a relaxation of

min {F(As(P), ... \es(P)) : P € Py, |P| <m}

is not clear. In other words, we would like to understand if optimal shapes
for (6.1) are simple polygons. An idea could be to assume that a minimizer
P is in Py \ Py and build admissible simple polygons that are better than P
in term of optimization (e.g. deleting some fractures). If we are able to prove
that, we can conclude that solutions to (6.1) are, in fact, simple polygons.

It could be interesting to find some isoperimetric inequalities on polygons,
at least for a low number of sides. The main difficulty in a first approach to
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the problem is that it is not possible to transpose the same argument used
to prove the Faber-Krahn inequality for the first Robin eigenvalue in [13] and
[37]. Indeed, their results are based on the radiality of the first eigenfunction
of the disk and on a comparison between the level sets of such function (that
are smooth) and the level sets of an eigenfunction of any domain.

It seems that very few results on isoperimetric inequalities on polygons are
already available. An interesting work in that direction is the recent paper [19)]
by P. Freitas and J. Kennedy, where the authors proved that, for every 5 > 0,
the square minimizes A\; g and the union of two equal square minimizes A, g
in the class of disjoint unions of rectangles with prescribed area A > 0 ([19],
Theorem 4.1 and Corollary 4.2). In addition, for higher eigenvalues they proved
that the union of k disjoint equal squares minimizes \; g only for small values of
the 3, the bound of beta being directly proportional to the ratio (k/A)Y/2 ([19],
Theorem B). The proof of such results are based on the explicit expression of
the eigenvalues for such particular domains (the choice to work on rectangles is
due to the possibility to represent explicitly the eigenfunctions via separation
of variables). A smart technique could be to find an explicit expression of the
first eigenfunction for the regular N-gone Ry and then to compute via smooth
transformations any first eigenfunction u € H'(Py) for the A s(Py), where
Py is a general, admissible N-gone Py, hoping to obtain some estimates like
M g(Ry) < Rpy(u). In that sense, for N = 3, a book by McCartin [67] seems
to be useful; in that reference are given explicit representations of the Robin
eigenfunctions for the equilateral triangle. One could try to manipulate them
in order to obtain eigenfunctions of general triangles, even if it seems very
technical.

6.2 Negative boundary parameter: existence re-
sults and open problems

If the amount of references for the Robin problems with positive boundary
parameter on polygons is very limited, for § < 0 nothing seems to be done.
In this short section we give some existence result and some properties of the
optimal sets. In the following we use the notation of Chapter 3: we consider
a negative boundary parameter —3 < 0 and write )\ g instead of A\ _z. We
focus on the problem

max { F(Ag(P),..., \s(P)) : P € Py, |P| =m} (6.4)

where F' : R¥ — R is non increasing and upper semicontinuos in each variable.
The following theorem gives us an existence results for polygons with at most
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N sides.

Theorem 6.2.1. Problem (6.4) admits a solution P € Py with at most

N A N\(d, d
min{g,m| kﬁ(ﬁfjm” d —i—/{:}

well separated components, where RY is the reqular N-gon of measure m.

Proof. Let us consider a maximizing sequence (P,),, for (6.4). Using the same
tools as in Chapter 3, we can assume that sup, H'(0P,) < +oo and so, since
we are in R? also sup, diam(P,) < +oc. Then, up to subsequences, the
sequence (P,),, H°converge to a polygon P € Py.. The convergence is also
in measure and then, by Proposition 1.5.3, H'(P,) converges to H'(P) in
the sense of Mosco. Then, repeating the same arguments in Theorem 3.7.7,
we can conclude that problem (6.4) admits P as a solution. Moreover, the
number of well separated components of every solution is less than both N/3
%W + k: the first bound depends on the fact that P has at most
N sides, the second is a consequence of the same arguments in 3.7.7, replacing
the admissible set B,, (the ball of measure m) by the regular N-gon of measure
m RN, [

and

Notice that, in view of the definition of the class Py, we speak only of well
separated components, not of connected components, as we are not allowed to
separate connected components having some shared sides.

If we require a little more regularity on the admissible polygons, it is natural
to study the problem

min {F' (A g(P), ..., \eg(P)): P € Py,|P| =m, P convex}, (6.5)

where we can remove the uniform cone hypothesis. A trivial corollary to
Theorem 6.2.1 is the following.

Corollary 6.2.2. Problem (6.5) admits a solution.

Proof. The proof is given combining Theorems 6.2.1 and 3.8.6. O]

6.2.1 Further remarks and open problems

A first interesting problem to study could be to prove that optimizers for (6.4)
have exactly IV sides, we are not able to apply a similar version Lemma 6.1.2:
the argument used in the case of positive boundary parameter fails in this
setting.
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It could be interesting to find some isoperimetric inequalities on polygons,
at least for a low number of sides. At the moment no results are known (up to
our knowledge), but we can imagine that they are based on the explicit repre-
sentation of the eigenfunctions. For instance, an idea to study isoperimetry of
triangles can start from such a representation. Starting from any triangle of
fixed area, one takes the isosceles triangle with same basis and height and, via
an affine transformation, modify the eigenfunction of such isosceles triangle
into an admissible function for the generic triangle. A good starting point in
that direction could be the study of Chapter 7 in [67].

We end this chapter reporting a recent field of research involving polygons
with Robin conditions on the boundary: the study of the honeycomb conjec-
ture (roughly speaking, “the optimal shape for the cells of an honeycomb is the
regular hexagon”) for the Robin Laplacian eigenvalues. Indeed, trying to prove
that conjecture, some authors prove isoperimetric inequalities on convex poly-
gons for some functionals linked with Robin eigenvalues. To get acquainted
on the topic see 22|, where some isoperimetric results are shown and where
authors highlight the lack of more general Faber-Krahn inequalities for Robin
eigenvalues on polygons.



Appendix A

Some necessary conditions of
optimality

In this brief chapter we are going to recall (mostly from Chapter 5 in [60], in
particular Sections 5.4, 5.6 and 5.7) a procedure to obtain necessary conditions
on optimal sets for some spectral shape optimization problem. In particular,
we will focus on the Robin eigenvalues, recalling some necessary conditions of
optimality when the involved sets are regular. We will focus also on the case
of multiple eigenvalues as, up to our knowledge, this situation has not been
treated in detail yet, although it does not seem unreasonable to generalize some
similar results obtained for other spectral problems involving the Dirichlet
Laplacian eigenvalues (see, for instance [10]). We started from the question:
if a problem admits optimal shapes (possibly satisfying additional topological
conditions), do the optimal shapes are also “local optima”? In other words, do
the shape functional can be derived in some sense to have optimality condition
in an analogous way to real valued functions defined on R*?

A.1 Optimality condition for a simple eigenvalue

A.1.1 Shape derivative: definitions and key results

An important tool used to obtain optimality conditions is the so called shape
derivative, that is a sort of first variation of a shape functional under deforma-
tions by smooth vector fields. In this short survey we refer mostly to Section
5.4 in [60]; we will recall the definitions of the main tools used to derive a boun-
dary value problem; in particular, we will focus on the derivation of eigenvalue
of the Laplace operator with Robin conditions.

We first recall the definition of tangential gradient (see Definition 5.4.5 in
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[60])-

Definition A.1.1 (tangential gradient). Let Q C R? be an open domain with
C! boundary and let g € C*(99). The tangential gradient of g on 99 is defined
by

Voag =V — (V- n)n,

where n is the outer normal unit vector on 9Q and g : R — R is a C! extension
of g.

It can be proved that the definition above is independent on the extension
g (we refer again to [60], more precisely yo the remark just below Definition
5.4.5). It is convenient to recall also the definition of tangential divergence
(see Definition 5.4.6 in [60]).

Definition A.1.2 (tangential divergence). Let Q C R? be an open domain
with C! boundary and let V' € C*(09Q; RY). We define the tangential divergence
of V' by

divgaV = divV — Vin - n,
where n is the outer normal unit vector on dQ and V : R — R? is a C"
extension of V.

As in the case of the tangential gradient, the definition is independent on
the extension V.

Another important notion in this framework is the mean curvature of a
surface (here we recall Definition 5.4.7 in [60]).

Definition A.1.3 (mean curvature). Let  C R? be an open domain with C?
boundary. We define the mean curvature of 0€2 by

H = divyan,
where n is the outer normal unit vector on 0f).

To extend the tangential gradient and the tangential divergence to a more
general functional setting, we recall the definition of Sobolev spaces on a
smooth topological boundary.

Definition A.1.4 (Sobolev Spaces on 99). Let Q@ C R? be an open domain
with C? boundary. We define the Sobolev Space W11(9Q; R¥) as the closure
of C*(Q; R¥) with respect to the norm

Jullwssonss i= [ ful a0+ [ o] apt,

o9 o9
omitting R* if k = 1. We define the Sobolev Space W21(99) by
W2L(9Q) = {u € WL(09) : Voqu € W (50 RY)}
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As remarked in Section 5.4 of |60], the definitions of tangential gradient and
tangential divergence can be extended respectively to real valued functions in
WHLOQ) and to vector valued functions in W11(9Q; R?).

Now, we recall the definition of Laplace-Beltrami operator, that generalizes
to a smooth hypersurface the notion of Laplace operator (see Definition 5.4.11

in [60])

Definition A.1.5 (Laplace-Beltrami operator). Let Q C R? be an open do-
main with C? boundary. We define the Laplace-Beltrami operator on 92 by

Aagu = diVaQ (VaQU) >
for every u € W>1(09).

Remark A.1.6 (see Proposition 5.4.12 and Theorem 5.4.13 in |[60]). For every
domain of class C? and every u € C2(€2), the next decomposition of the Laplace
operator on Jf2 holds (see Formula (5.54) in [60]):
ou  O*u
Au= A H—+ —.
“ oatt on + on?
By density, we can extend that formula to functions in H3(§2). Moreover, for
every f € H?(Q) and every g € H?(Q), the following integration by parts
formula holds (see Formula (5.59) in [60])

/ v@Qf : Van de_l = — anQg de_l. (Al)
o0N onN

A.1.2 How to derive a boundary value problem

In the following section we refer to Section 5.6 and Paragraph 5.4.4 of [60],
in order to give survey on how to derive (heuristically!) a boundary value
problem when a domain varies under smooth perturbations. Our aim is to
give to the reader a short user’s guide to derive every boundary value problem,
even if it is not linear.

We start defining the normed space (see Paragraph 5.4.4 in [60])

CY(R%GR?) := CH(RERY) NWH(R%GRY)
endowed with the W1>-norm. Let us fix a smooth vector field V € C*(R%; R?)
and let us consider a function ® defined by
0, T] — CY*°,
t— O(1),
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where ®(t) is a function in C'1*°, derivable in 0, such that
¢(0)=1, P'(0)=V.
For instance, an admissible ® is given, for every ¢ € [0, T[, by
R? — RY,
x = [@()](x) :=x +tV(x).

Let us denote by

0, = [0(1)](©) (A.2)
the family of smooth domains obtained as images of Q by the function ®(¢)
(for all the previous notation we refer to the whole of Chapter 5 in [60]).

The first step is to define the outer normal unit vector on every boundary
0%, in such a way that the family of normal unit vectors (n;); varies smoothly
in ¢t and that, for ¢t = 0, we obtain the outer normal unit vector to 0€2. To this
aim, we recall the following result (see Proposition 5.4.14 in [60]).

Proposition A.1.7 (extension of a normal vector field on a varying domain).
Let Q be a domain of class C? and let (S); the family of domains defined in
(A.2). Let n € C*(R%RY) an extension of the outer normal unit vector to 09
(still denoted by n). Let us define

w(t) == [{(DP(t) ")n] o @)™
then, the function
_w(t)
[w(t)]]
is an extension of n to 9y, ny € CO(RYRY) and the map t — ny is continuous

in [0, T[ and admits right first derivative in 0. Moreover, for every continuous
extension 1y of n to 0SY, the first derivative in t =0 is given by

Ty -

~—

Py
S = —VealVn) = (Diig-m)(V - n)
t=0
on RY. In particular, considering the extension n; above, it holds
0
T = VoV - n) — (Dn-n)(V - n)
ot |,_

Once we define the above extension of the normal unit vector, we are able
to pass to a derivation of a large family of boundary value problems; for all
the following arguments we refer to Section 5.6 in [60]. Let us consider

{A(t,ut) =f in

(A.3)
B(t,u) =g in 0%,
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on €, where u; is a solution of Problem (A.3) and the operators A(t,-) and
B(t,-) act on suitable functional spaces respectively on @, and 0€;. The idea
is to derive the boundary value problem with respect to ¢ in ¢t = 0. Before
starting with the formal derivation of the problem, let us remark that the
map t — uy is differentiable (by an application of implicit function theorem, as
explained in Section 5.6 of [60]). Once shown such derivability, we can consider

the function
L aut

= E tzo.

Under suitable hypotheses of regularity on A, B, f, g (that allow the deriva-

u

tion of the problem below, see the end of Section 5.6 in |60], also for further
references), it can be proved that v is a solution to the problem

O A0, u) + 0, A0, u) - =0 in Q, (A4)
o A4
0,B(0,u) + 0,B(0,u) - v = o (9 —B(0,u)(V-n) in 0N.
(the computations are quite standard; we refer again to Section 5.6 in [60]).

In next paragraph, we will apply these ideas to the derivation of the Robin
eigenvalues problem.

A.1.3 Necessary condition of optimality for a simple Robin
eigenvalue

Now, we are going to recall an application of the results in the previous para-
graph to the derivation of simple eigenvalues of the Laplacian operator with
Robin boundary conditions. For many details we refer to Section 5.7 in [60],
where the computation is made in the case of Dirichlet and Neumann eigen-
values (that can be easily transposed to the Robin case); we also refer to
some works where the computation is made (or recalled), e.g. ||, where other
references to the original computation can be found.

The reason why we deal with the case of simple eigenvalues is easily under-
standable looking at the following example in finite dimension (see the example
at the beginning of Section 5.7 in [60]). Let A; € R*? be the square matrix

defined by
A, = 11—t 0 '
0 1+t

If we order its two eigenvalues A\ (A4;), A2(A4;) in non decreasing order, we have
that
)\1(At> = 1 -+ t, )\Q(At) - 1 - t, Vt < 0,
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M (Ag) = Ao(Ag) = 1

and
/\1(At) =1- t, )\2(At> =141, Vvt > 0.

In other words
M(A) =1—=1t], X(A)=1+]t], VteR,

then neither ¢ — X\ (A;) nor t — Ay(A;) are differentiable in ¢ = 0. The reason
is that, since the eigenvalue \; is multiple in ¢ = 0, the two (analytic) curves

t—1—t, t—1+1,

describing the roots of the characteristic polynomial, meet in 0, creating a
corner. Before the corner (t < 0) 1 +¢ < 1 —t¢, so \(A;) = 1+t and
Aa(Az) = 1—t; after the corner (t>0), the two analytic functions exchange their
role, i.e. A\j(A;) =1—t <1+t = A(A;). Then, we could not differentiate the
eigenvalues of the matrix Ay, because the two functions are not differentiable
in t = 0.

If we let a domain € vary under a smooth vector field ®(¢) in the same
way as in (A.2), the same situation may occur: we could have that a Robin
eigenvalue of Q = () is multiple and then the curves, given by t — X\, s(€2),
intersect in t = 0. Such curves are not differentiable, in general (as in the
example above); then it is not possible to find a first order necessary condition
based on the derivative of ¢ — A\g 5(£2;), to say that A 5(£2) is a local optimum.
Whether the curves can be reordered across the intersection to have all analytic
curves, is in interesting question that we treat in the next section.

To overcome the problem, in this section we consider only the case of
simple eigenvalues: under this hypothesis, it is possible to work only on one
differentiable curve t — A\ (€2;), then we are able to write a first order condition
based on the derivative A} 5(€;).

We denote by V), the family of the smooth volume preserving vector fields
and by E, ,) the eigenspace relative to the eigenvalue A 5(€2).

Proposition A.1.8 (derivation of a simple Robin eigenvalue and necessary
condition of optimality). Let Q be a C® domain and let V € Vy. If \gx(Q) is
simple, then

k() = /asz [[Vooul> = (Aes(Q) + 8% + BH)U] V - ndH*!

for some eigenfunction u € Ey,_ ). In particular, if Q is (locally) optimal, it
holds

[[Vooul> — (Ars(Q) + 8% + BH)U’] V- ndH*™ =0
oN
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for some eigenfunction u € Ey,_,(q)-

Sketch of the proof. We just sketch the proof as the result is already known in
literature and its proof follows the ideas in Theorems 5.7.1 and 5.7.2 of [60],
where there are the derivatives of the Dirichlet and Neumann eigenvalues,
respectively. We then consider the boundary value problem

(A.5)

Quy + ﬁut =0 in 89,5,

{—Aut = Akﬁ(QQUt in Qt7
ong

with the condition of normalization
/ up dx = 1. (A.6)
Q4

Provided that the qualitative hypotheses of the previous section are satisfied,
we derive in t = 0 the boundary value problem (A.5)as (A.3), with
ouy
A(t,ug) = —Vuy — A\ p(), B(t,ug) = o, + Puy, f=g=0;

in addition, we derive also the condition of normalization (A.6), obtaining
fQ uu' dr = 0. We obtain the correspondent of the boundary value problem
(A.4) (with our choice of A, B, f,g). Taking the first equation of this new
boundary value problem on (), the thesis is obtained multiplying such equa-
tion by wu, integrating on 2, applying the Robin boundary condition and the
condition [, u ' dz = 0. O

A.2 Remarks and perspectives

Let us observe that all the previous considerations about necessary conditions
of optimality hold considering both positive and negative boundary parameter
in the Robin problem, so the approach is the same for minimality conditions
when dealing with positive boundary parameter and maximality conditions
when dealing with negative boundary parameter.

A.2.1 Some remarks about derivation of multiple eigen-
values
To perform a derivation of multiple eigenvalues, we have to pay attention to

the matricial example at the beginning of the chapter. Under some suitable
hypotheses, it is possible to reorder the eigenvalues in such a way that every
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eigencurve t — A (t) turns out to be analytic. In such a way, we can imagine
that an optimality condition can be given in two different ways: either t = 0
is a stationary point (of minimum or maximum) for the map ¢ — A 5(£2) (in
the case of simple eigenvalues) or in ¢ = 0 there exist right and left derivative
of t — A\ 5(€%) and have opposite sign (obtaining a minimum/maximum point
with a cusp, in case of multiple eigenvalues).

The key point in this framework is to understand if a map of the type
t — € (see (A.2)) perturb analytically the spectrum of a linear operator in
the sense of Kato (see [62]) or, in other words, if the map

t— )\k,B(Qt)
is analytic near ¢ = 0. An important result is the following.

Proposition A.2.1. The map t — A\ (€%) is analytic in a neighbourhood of
t=0.

The proof of the previous proposition can be found combining Theorem
4.4, Chapter VII, Paragraph 6 in [62] (holding for Dirichlet eigenvalues) with
the remark at the bottom of page 425, where the author explain the technical
substitutions to be done to obtain the result for Neumann or Robin eigenvalues.

To our knowledge, even this analyticity is not enough to ensure the pos-
sibility to gain optimality conditions for multiple eigenvalues. Indeed, to
our purposes, we would need a result such as: “if A\, 5(Q2) is an eigenvalue
for 2 with multiplicity m, then there exist m distinguished analytic maps
t )\,(clzg(t) ER,...;t— )\,(:;)(t) € R and uyyy ..., Upy € H' () such that,
for every ¢ = 1,...,m and t sufficiently small,

aui,t

on + 6ui7t =0 in 8Qt

{—Au@t = A,Ei)ﬁ(t)ul,t iIl Qt,

and )\S)B(O) = A3,(£2)”. This request comes from some works about the same
problem on Dirichlet eigenvalues, were, also for the perturbed problem, the
boundary condition remains of the Dirichlet type. In our case, it is clear that
the perturbed problem is still a Robin problem, but is not clear whether the
boundary condition remains the same (i.e. if we have to replace § by some
B().

It is worth to investigate how such multiple Robin eigenvalues can be
treated; as remarked above, some references about the Dirichlet problem sug-
gest a way to follow; we cite again the papers [10], [12] and [10] to get ac-
quainted on the problem.



Appendix B

Some properties and results about
non-local Robin-Laplacian and
fractional Sobolev Spaces

In this chapter we will present some transposition in the non-local setting
of the classical properties of the Robin Laplacian (selfadjointness, spectral
representation, etc...) and its eigenvalues.! In Section 1, we recall (by [1], [43]
and [11]) the necessary tools to understand the following of the chapter and
we provide some results about the linear problem associated to the non-local
Robin Laplacian. In the Section 2, we prove that the operator satisfies the
hypotheses of Theorem 1.3.8 to have a min-max formula for the eigenvalues
and we prove some basic properties of the eigenvalues, highlighting analogies
and differences with the local case. In last section, as a byproduct of our
analysis, we prove a non-local version of Chenais’ uniform extension theorem
1.4.27 (see [30] for the original reference), as we think it could be useful to
develop some techniques to approach non-local shape optimization problems
involving uniformly regular sets. This last section is inspired by Section 5
in [13], where an extension theorem for fractional Sobolev spaces on a fixed
Lipschitz domain is given.

!The results of the first two sections are obtained in a joint work with A. Carbotti,
Universita del Salento.
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B.1 Some preliminary tools and the linear prob-

lem

The natural non-local counterpart of the classical Laplace operator is the frac-
tional Laplace operator (—A)®. For the setting of the problem and for the
preliminary results we refer to [1], [13] and [11].

Definition B.1.1 (fractional Laplace operator). Let s € (0,1). We define the
fractional Laplacian operator (—A)® setting, for every w in the Schwartz space
S(RY),

(—A)’u(z) := chSP.V./ —U(ZE) — uly) dy,

RE |(L’ _ y|d+25

where P.V. stands for “in the sense of the principal value” and ¢4 is a dimen-
sional constant depending on d and s given by

1 — cos(¢ -1
cari= ([ st ac)

The previous definition can be intended also in a weak sense, for functions
that are not smooth (see [1] for some references on the topic). To our purposes,
it is sufficient to consider functions in a suitable Hilbert space.

Definition B.1.2. Let 2 C R? be an open set. We define the space H?® ()
by

H*(Q) = {u € L*(); M € L?(Q x Q)}. (B.1)
T —y

These space H*(2) is the non-local counterpart of the classical Sobolev
space HX(Q) = WH2(Q); it is very useful to extend the fractional Laplacian
to an Hilbert space of non-smooth functions, as we will see in the following.
Now, to give the non-local counterpart of the normal derivative, we define the
operator below.

Definition B.1.3 (non-local normal derivative). Let Q@ C R? be an open
Lipschitz set. For every u € L*(R?), we define the non-local normal derivative
outside Q by

Nou () == cns/ u(x);g(zy)dy for z € R\ Q (B.2)
Sla o=yt

where cq s is the same normalization constant in the definition of fractional
Laplacian.
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Now, we introduce the linear Robin problem for the non-local Laplacian;
as in the local setting, we deal with solutions in a weak sense (in the sense of
Sobolev spaces). To this aim, we define the following Hilbert space:

Hp , = {u :R* - R measurable; ullgy < oo} (B.3)
where
2
> 2 2 1/2
i, + = Nl oy 8 Ny + [l ]
9 (B.4)
ke,
R24\ ()2 |ZL’ _ y|d+28

Definition B.1.4 (non-local Robin linear problem). Let f € L? () and g €
L (Rd \ Q) We say that u € H , is a solution of the Robin-Laplacian linear
problem on Q with source f and boundary (or external) condition g if u solves

—A)’u=fin Q
(=A) u=fin B (B.5)
N+ Bu =g in RT\ Q
in a weak sense, i.e. if u solves
RO TR Y s
R24\ (Q2¢) |z =yl RA\Q (B.6)

:/ gvdx+/fvdm
RNQ Q

for every v € Hg, .

To handle the weak formulation (B.6) above, it is very useful the following
non-local version of the integration by parts formulae, see Lemma 3.2 in [11].

Lemma B.1.5 (non-local divergence theorem and integration by parts for-
mula). Let u,v € CZ (R?). Then

/Q<—A)Suda; = — Rd\QMde (B.7)

and
(u(@) = (@) (@) = @) 50— [ AV ude N i
/]R;Qd\(ﬂc)2 |I—y|d+23 d dy —/Q ( A) d /]Rd\Q M(BdS)

Using the previous lemma we are able to prove the uniqueness for solutions
of (B.5) when the boundary parameter /3 is non-negative.
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Theorem B.1.6 (Uniqueness for solutions of (B.5)). If 3 > 0, problem (B.5)
admits a unique solution.

Proof. Let uy, us be two solutions (B.5); then w = u; — ug solves
(=AY’ w=0in Q
Bw + N,w =0 in R\ Q.

in a weak sense, i.e.

2
R ET Sy
R2d\ (Qe)? |;13 — y| RA\Q

where we chose w € Hy) , itself as a test function. It follows that w vanishes
a.e. in R4\ Q and that W (z,y) := w(z) — w(y) is null a.e. R\ (Q°)% In
particular, W is null on the cylinder Q x R? hence we deduce that w = 0 a.e.

in R?, proving the unicity of the (weak) solution. O
The following proposition characterizes the weak solutions as critical points?

of an associated energy functional.
Proposition B.1.7. Let f € L?(Q) and g € L' (R*\ Q). Let I : H; , — R
be the functional defined as:

ITu]:= Cﬁ/ [u @) —u (y)|2dxdy + b u?dx
4 Jpeaepp o — gyt 2 Jrag (B.9)

—/fud:z:—/ gudzx.
Q RA\Q

Then, wu is a critical point of I if and only if u is a weak solution of (B.5).

Proof. Firstly we observe that the functional is well defined on Hj ,; indeed
we have, fixed v € H5) ,
\ | fuds] < 171y Nl ) < €l (B.10)
0 59
and
dz| < ||g||V2 H 1/2 ’ < C'llull, B.11
L e <091 gy 10 gy < €, (B

Therefore, if u € Hp, , we have that

|1 [u]] < C'lul

s < +o00.
Q.9

2In the sense of the Gateau derivative; for more details see [70]
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Now we compute the first variation of I.
Fixed € such that |e[ < 1 and v € Hg , then u +¢ev € Hg ;, and so we have

2
[ ['U/ + 5'0] — C”LS / |<u + 6/0) (l‘) (U + €U) (y)| dxdy
R24\(29)”

4 ’l’ - y’d+2s

—|—§ (u+gv)2d,r—/f(u+€v)d$—/ g(u+ev)de
Q R

2 Jra\o 00

e <_ [ G ),

2 ‘LE - y‘d+2s
+ 0 uvdxr — / fodx — / gudzx
RA\Q Q RA\Q

2
N %/ [u (z) I;_E‘gs” dxdy—i—é/ vidx | .
4 de\(gc)Z |x—y| 2 RA\Q

Hence,
g Lot ev] = Iy
e—0 g
_ Cns / (u(z) —u(y)) (Z g) —v(y)) dudy + 8 wvdz
2 Jrea\(qe)? |z — y RA\Q

—/fvdx—/ gudz,
Q RNQ

which means that

)i [U] (U) _ CZ,S /RM\(QC)2 (U (ZE) — u(y>> (Zfi) —v <y))dwdy + 6 uvdz

|z —y RI\Q
—/fvdx—/ gudzx.
Q RA\Q

Therefore, u is a critical point of [ if and only if u is a weak solution of
(B.5). O

B.2 The non-local Robin Laplacian operator and
its eigenvalues

In this section we focus on the non-Local Robin Laplacian eigenvalues problem,
i.e. on the problem

{(—A)Su = \ep(Q) u in Q (B.12)

N+ Bu=0 in RT\ Q
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or, in a weak form,

[[ @@y
RQd\(Qc)2

|$ _ y|d+25 Rd\Q

:)\kﬁ(Q)/uvdx
Q

for every v € Hg .
Before introducing the Robin-Laplacian operator, observe thst Hg, C
LA(RY N H3(Q).

Definition B.2.1. We define the Robin Laplacian operator on L*(Q) as the
linear extension of the operator (—A)® to the space

D((=A)) == {u € LR N H* () ; (~A) u e L2 (),
Bu+ Nsu =0 inR*\ Q}.

A first important property, based on the integration by parts formula, is
the following.

Proposition B.2.2 (Selfadjointness of Robin fractional Laplacian). The Robin
fractional Laplacian ((—A)*, D((—=A)®)) is selfadjoint in L*(Q).

Proof. Let (-,-) be the scalar product in L?*(Q) and u,v € D ((=A)"). then,
the integration by parts formula (B.8) allows us to write

((—A)Su,w:/g(—A)suvdx

[ @@ vy [ N
RQd\(Qc)2

|ZE _ y|d+2s Rd\ﬂ
By O R ICIE ST P
R2d\ (c)? |:E o y|d+2s RA\Q
(u(z) —u(y)) (v(r) —v(y))
_ dzd “ud
/R%\(W |z —y| e /Rd\n uNavde

= [l vde = fu, (~8)"0).
Q
proving the selfadjointness of (—A)® on its domain. O

Now, we want to show that the eigenvalues of the Robin fractional Lapla-
cian admit a variational representation via the Courant-Fischer min-max and
max-min formulae (1.1) and (1.2). To do this, we use the spectral Theorem
1.3.8, once we prove that the associated quadratic form is semibounded from
below.
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Proposition B.2.3. Let us consider the quadratic form associated to the Robin
fractional Laplacian

2
// . ngp dxdy + u? dx.
R24\(Q2°) — | RA\Q

Then, Qs(u) is semibounded from below in H*(S2), i.e. there exists v € R such
that

Qs(u) > Yl (B.13)

Proof. To prove (B.13), we notice that if 8 < 0, we have

Bllullag = Bllullga

and then

Qp(u) > Bllull
where Cty; > 0 is the norm of the extension operator of H*(2) to the whole of
R4,

On the other hand, if 8 > 0, we can choose v = 0 to get trivially (B.13).
A more accurate analysis leads us to show that

Hs(Rd) = ﬁCmHu\ H5(Q)>

Qs(u) + Bllullza) = Ylullz

H5(Q)
with v = min{1, 5}. O

In view of the previous two propositions and of the compactness of the
embedding H*(Q) << L?(2), we can apply Theorem 1.3.8 for semibounded
selfadjoint operators with compact resolvent. Then, the eigenvalues of the
fractional Robin Laplacian form an increasing and positive diverging sequence

)\175(9) < )\2#3(9) <...— 4o0.

Moreover, A, g(€2) can be represented by

Neal®) = min ma D)
’ SeSy ues\{0} HUHL2(Q

2
R24\ (Q¢)

. xr — RI\Q
= min max > — 9] \ ,
5SSy uesS\{0} / o2 d
Q

(B.14)
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or by

Qp(u)

Aes(2) = max min —o——
k8(82) SteS,_; ueS\{0} HUH%Q(Q)

2
R24\ (Q¢)

= max 1min ]x — y! RAQ
- 9
SteS,_1 ueS\{0
o1 ueS\{0} / W2 di
Q

(B.15)

where we denote by Si (resp. Si_1) the family of all k-dimensional (resp.
(k — 1)-dimensional) subspaces of L2(R?) N H?*(2). We recall that the equality

2
[ IRCCEL Sy
R2d\(QC)

T —y RA\Q
[z —y

/u2 dx
Q

holds whenever u € L2(R%) N H*(Q2) is an eigenfunction relative to the eigen-
value )\k’g(Q>

Some interesting properties are summarized in the following proposition.

Akp(Q) =

Proposition B.2.4 (monotonicity w.r.t. the boundary parameter and under
dilations). For every bounded Lipschitz domain 2 and every k € N, the map
B = A 5(2) is monotonically increasing in R. Moreover, the non-local Robin
etgenvalues are monotonically decreasing under dilation, i.e., for every open

bounded Lipschitz set Q CR?, 3> 0,t>1 and k €N, it holds
Aeg (1) < A ().

Proof. The first statement is straightforward to prove.

To show the monotonicity under dilations, let ¢ > 1 and let us observe
that there is a one-to-one correspondence (given by the homothety z €  —
7' = tx € tQ) between functions v € L?*(RY) N H*(Q)) and functions v €
L*(RY)NH*(S2) and between k-dimensional subspaces of L*(RY)NH?*(Q) and k-
dimensional subspaces of L*(RY)NH*(tQ2). Let us consider v € L*(R*)NH?*(Q)
and v € L*(RY) N H*(#Q2) such that

v(te) = u(z) ae. r € R

/ v dx! :td/u2 dz,
0 Q

We have
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/ v2dx = t"/ u? dx
R\ RI\Q
and

n "2 . 2
// (U (I ) /Uds—yzs)) dI, dy/ — td—?s // (U (x) Q;JE?Q/S)) de dy
rR2\(t00)2 |2 — 3| R2\(Q0)2 |2 —

Hence, computing the Rayleigh quotients we obtain

v(z) — v (y))?
//R2d\(t9c)2< 2 dEFyQS)) da' dy' + 8 v? da’

! — | R\ £Q2

/ v? da
tQ

2
28 // (u(2) Zist)) dx dy + u? dx
R24\(Q°)?

T —y RI\Q
|z =y

/u2 dx
Q

2
[
2 c)2
< LR

T —y RA\Q
[z —y|

B /u2 dx
Q

Passing to the min-max formula we conclude the proof. O

Ry'(v) =

= R (u).

Remark B.2.5 (non-local scaling property). Let us observe that, as a byprod-
uct of the previous proposition, the Robin eigenvalues satisfy the following
scaling property

Mg (tQ) = 72N 12:5(Q)

for every t > 0. Notice that letting s — 17, we do not obtain the “local scaling
property” (2.6) A\g 5(tQ) = t2A45(Q). This probably depends on the different
nature of the second addendum in the Rayleigh quotients: in the local case, it
is a surface integral, in the non-local case it is a volume integral.

B.3 Uniform extension Theorem for uniformly
regular open sets

Asremarked in Chapter 1, Theorem 1.4.27, when dealing with a sequence (£2,,).,
of extension domains which are uniformly regular (i.e. satisfying the same e-
cone property), it could be necessary to ensure that the extension operators
E, : HY(Q,) — H*(RY) are uniformly bounded. Throughout this section we
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will prove this result in a non-local setting, with a slightly different statement
to Theorem 1.4.27. More precisely, we will prove that the extensions operators
E,, above are equibounded. This result, up to our knowledge, is not still present
in literature, even if it is natural to wonder whether the extension operators
E,, can be considered equibounded and even if the result we are inspired by
has been published some years ago in [13]. For many of the arguments of
our proofs we refer to [13], in which we can find the extension theorem for a
Lipschitz domain 2 C R

We start with a lemma involving compactly supported functions. We prove
that, if u,, € H*(,) is identically zero in a neighbourhood of 952, then the
sequence (u,), can be extended uniformly to the whole of R%. We base our
argument on an adaptation of the proof of Lemma 5.1 in [13] and on the
fact that, if €, Hconverges to a non-empty open set {2, then there exists a
non-empty compact set with positive measure contained in all the €2, sets.

Lemma B.3.1. Let (Q,), be a sequence of uniformly reqular bounded open
sets He-converging to Q C R?. Let K C R? be compact such that K C Q,, for
every n € N. For every u,, € H*(Q,,) such that u, =0 in Q, \ K, we set

. un(z) if v €y,
U () ==
0 if v € R\ Q,,.
Then, i, € H*(RY) and there exists a positive constant C = C(Q) such that

Proof. Let us remark that, in view of the Hausdorff convergence of €2,, to (2, we
have that K C Q. Since ||ty z2ra) = [|tn||22(0,.), to prove (B.16) it is sufficient

[t | 115ty < Clunl

to show that the Gagliardo seminorm of @, in R? is bounded by ||u,| #s(a,)-
It holds

/Rd /R wn\f)_;ﬁig)):) du dy

(B.17)
(i () — T (y))” / / up (z)
= dz dy + 2 ——— dy dz.
/Qn /Qn |z — gyt Q, Jra\q, [T —y|*tE
Moreover, for a.e. y € R?\ K and a.e x € Q,
u; (2) 2 1 2 1
_ e\~ B — _
|z — gl = Xre (7)uy, (@) 22}13 |z — g|tres XK(x)“n(@diSt(y’ DK )d+2s
(B.18)

Let D := dist(0K,0%) > 0. Since €2, H°converges to 2, we have that the
uniform convergence holds for the boundaries; in particular,

o) C 092, + Bpy2 and 00, C 01+ Bps.
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We deduce that, for every y € R\ Q,, it holds
D
dist(y,0K) > >
Then, by (B.18), we have
u? () 1
— 2 dydr < 2 dy d
/n /]Rd\Qn |z — y|d+2s yer= /n /Rd\Qn XK(x)un(x)diSt(%aK)d”S v

< Cllunll?zgq,y,

with C' > 0 depending only on Q. Combining with (B.17) we obtain estimate
(B.16). O

Now, we state a result of extension by reflection of a function defined on
the halfspace RZ. For a proof of this result, see Lemma 5.2 in [13].

Lemma B.3.2 (Reflection lemma). Let Q C R be open and symmetric with
respect to the plane v1 = ... =x4_1 = 0 and consider the sel

Qp={reQ:x;>0}.

Let u € H*(Q,); for every x € Q, we define

u(@1, ..., Tq-1,%q) if xq > 0,
—u(l’l, vy Tg—1, —fL’d> Zf zq < 0.

Then, the function @ : Q@ — R belongs to H*()) and

[l (0) < Allullas@y)-

Now we analyse the behaviour of the functions u,, under truncations by cut-
off functions v,. If we require that the cut-off functions are equilipchitz, then
also the truncation operators are uniformly bounded. The proof is based on
the same arguments as in Lemma 5.3 in |13], considering a uniform Lipschitz
constant for all the functions 1, of the sequence. We remark that in the
uniform extension Theorem B.3.4 we will use a less general case of Lemma
B.3.3.

Lemma B.3.3 (Truncation lemma). Let (2,), be a sequence of uniformly
reqular bounded open sets H-converging to Q C R For every n € N, let
up, € H*(Q,) and let ¥, € Lip(Q,) with (), equilipschitz and 0 < ¢, < 1.
Then, yu, € H%(Qy,) and there exists a positive constant C' = C(Q) > 0 such
that

|Vt

#o(@,) < Cllunllms@.)- (B.19)
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Proof. Since ||Ynunl/r2(0,) < [Jtnllr2@,), to conclude the proof it is sufficient
to show that the Gagliardo seminorm of 1, u, is bounded by |u,| s, By
the definition of Gagliardo seminorm, summing and subtracting ¥, (z)u,(y)

/ / (Yn(x un|x_y|d:2(5) un(y))* dz dy
(e

L |d+$n( = dydw)'

Let us estimate the second addendum in the right hand side of (B.20). Denot-
ing by L the uniform Lipschitz constant for (¢,),, it holds

— Yu(y))’
/ / |x_y|d+25 dy dz
/ / (2) (WUn(@) = u)”
QnNjz—y|<1 |z — y[dt2s
/ / () (nl@) = 0uly)” o
QnN|z—y|>1 |ZL‘ - y|d+25
2
Qn J QuNjz—y|<1 |JZ - y|d+2(s—l)
u?(x) (B.21)
+/ / ——— dydx '
Qnla—y|>1 [T — 3/|d+25
<L2/ / ) dy dx
oyl<1 |$_ |d+2s Ty — a2 WY

)
dy d
/n /m|;c y[>1 |95 - |d+2s v

< C(d, S,L)Ilunllmm )

we obtain

Combining (B.21) with (B.20), we obtain (B.19). O

Now we are ready to proof the main result of this section. We will follow
the same approach as in Theorem 5.4 in [13], applied to a sequence (£2,,),, and
an open set () as above, combining the fact that we can assume that a finite
open covering of 0f is also a finite open covering of 9€2,, (up to subsequences)
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and that the boundaries of all the sets are equilipschitz (i.e., the bi-Lipschitz
maps in Definition 1.0.1 are equilipschitz for all the sets (2, and Q).

Theorem B.3.4 (non-local uniform extension). Let (£2,), be a sequence of
uniformly reqular open bounded sets H¢-converging to an open set Q and let
u, € H*(Q,). Then, there exists 4, € H*(R?) such that 1, is an extension of
u, to the whole of R% and

n || s (ray < Clltnl 7502,
with C' > 0 depending only on s, d and ).

Proof. Let us consider a finite covering U;:l B; by balls of the compact set 0f2
and let 9 := dist (8 <U§.:1 Bj> ,89) > 0. In view of the equivalence between

Hausdorff convergence and uniform convergence of uniformly regular compact
sets, there exist a subsequence (a tail of the sequence), named again (€2,),,
such that 0€), C 02 + Bj. Let us consider the covering of the whole space

R¢ = (Rd\<aﬁ+35> UBj> .

j=1

There exists a partition of the unity related to this covering, namely [ + 1
smooth functions g, ¥y, ..., 1 such that sptvy C R?\ (90Q+ Bs), spt; C B;
for every j =1,...,1, 0 <; <1forevery j=0,...,[l and Z;:oq/’j =1. By
Lemma B.3.3, we have that v¥ou, € H*(2,); moreover, we can extend tgu,, to
the whole of R?, since 1yu, = 0 in a neighbourhood of 95),. More precisely,
the extension You, € H*(R?) is given by

Youn(z) if x € Q,

dort ) 3= {o if 2 € RY\ Q,

and it holds

[0t 15 gty < Cullvbotun| s (@) < Collunll s (@), (B.22)

where the first inequality follows by Lemma B.3.1, the second inequality follows
by Lemma B.3.3 and the constants C7, Cy > 0 depend only on €2, s, d.

Now, for every n € N (for every index of the relabelled subsequence) and
J =1,...,1, it holds that B; N}, is a non-empty open set. Let us denote by
@ the cube centered at the origin with side equal to 2, by (), the half cube

Qi ={re@Q: x>0}
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and by Qg the (d — 1)-dimensional cube
Qo :={r € Q:24=0}

In view of the regularity assumptions satisfied by the sets €2,,, for any n € N
and j = 1,...,k, there exists a bi-Lipschitz isomorphism T, ; : Q — B; such
that

T,;(Q) =B, T,;(Qy)=B;NQ, T,;(Q) = B;NoN

and

Cy < Lip(T, ;) + Lip(T,, ;) < Cs,

with C7, Cy > 0 independent on n and 7, since all the €2, sets satisfy the same
e-cone property (see Remark 1.4.22).
For any € (), let us define

Un (2) 7= un (T (7).

Let us show that the function v, ; belongs to H*(Q)1). Using the change of
variable x = T), ;(Z), we have

~ A\ 2
/ / (Un,](:\r) AZ’!Z,;(iy)) dﬁ% d?;
Q+ JQ+ ’JI - y’ 2

L[ [ ) T
Q+ JQ+ "%—

g)’d+23

- /mB- /nt. |T(?€;;€)__T:§EZ;‘)(1+QS det(DTn_’}) dx dy

(un<x) - un(y))2
< C’/ / dz dy,
QnﬂB]‘ QnﬂBj |l’ - y|d+25

with C' > 0 independent on n and j. This proves that v, ; € H*(Q).

By Lemma B.3.2, for each function v, ; there exist an extension to @, say
Up j, such that v, ; € H*(Q) and

(B.23)

|0l 25 (@) < 4lvnjll s (@4)-

For any x € B;, we define
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The function w,, ; belongs to H*(B;). Indeed, proceeding as in (B.23), we have

w, w,;(y))?
/ / ] y‘d-i-;s dx dy

// (B0 (T} () — @n,j(Tm;(y)))dedy

’33 _ y’d+25

= e e e DT
<c// ””( ﬁljgfy)) di dij,

with C' > 0 independent on n and j.
Notice that, for every x € B; N (2, it holds

Wi j () 1= 00 (T, 5 (2)) = vn (T, (%)) = un(),

then ¥;u, = Y;w,; on B;NQ,. Moreover, 1);w, ; has compact support in Bj,
then, by Lemma B.3.1, there exists an extension ¢;w, ; € H*(RY) satisfying

5w, ;|| s ey < Cllbjwn,

for some C' > 0 depending only on d, s, ). Using Lemma B.3.1, Lemma B.3.2,
Lemma B.3.3 and estimates (B.23) and (B.24), we have

H% | Hs(Rd) < Cllthjwn ]
< C||Un,j|

(B.24)

H#(By)

He(By) = CHwnJ‘ H#(Bj)

(B.25)

He(Q) = C”Un,j’

H(Q4) = Cllun| Hs(QnNBy)

(to simplify the notation, in the previous estimate we used the symbol C' to
denote all the positive constants depending only on d, s, €2, which are possibly
different).

Now, let us define

!

j=1
The function i, is defined on the whole of R and i,|q, = u,. Moreover, by
(B.22) and (B.25), we conclude that

Hun‘ Hs(Qp)s

with C' > 0 depending only on s, d and 2, so u, is the required extension of

Uy ]

As already remarked at the beginning of the section, we did not find any
reference containing a similar result, even if it is reasonable that some authors
already studied the problem.
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