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PLEIJEL NODAL DOMAIN THEOREM
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ABSTRACT. We prove the Pleijel theorem in non-collapsed RCD spaces, pro-
viding an asymptotic upper bound on the number of nodal domains of Lapla-
cian eigenfunctions. As a consequence, we obtain that the Courant nodal
domain theorem holds except at most for a finite number of eigenvalues. More
in general, we show that the same result is valid for Neumann (resp. Dirichlet)
eigenfunctions on uniform domains (resp. bounded open sets). This is new
even in the Euclidean space, where the Pleijel theorem in the Neumann case
was open under low boundary-regularity.
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1. INTRODUCTION

Given a continuous eigenfunction u of a linear operator L, there is a lot of
interest in studying the properties of its nodal domains, the latter being defined
as the connected components of the set {u # 0}. In the usual setting, L is an
operator of differential nature, with discrete spectrum Ay < Ao < ... < Ay < ..y,
and a classical problem is to bound the number of nodal domains of u; in terms of
k. Here uy is an eigenfunction of eigenvalue \.

There are two main results known in this direction. The first one, due to Courant
[35] (see also Courant and Hilbert [36]), provides a pointwise bound: for every k
the number of nodal domains of wuy is less than or equal to k. The second one is
due to Pleijel [79] and provides an asymptotic upper bound, which implies that for
sufficiently large k the number of nodal domains of uy is strictly less than k.
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The original argument of Courant was in the context of regular Sturm-Liouville
problems, while Pleijel studied the Dirichlet problem in bounded smooth domains of
the Euclidean plane. After that, these theorems have been deeply investigated in a
different number of situations, see [T0}14L16L17) 2518013740145, 5767, 70L80L87] for
a non-exhaustive list. The main goal of the present paper is to obtain an asymptotic
upper bound on the number of nodal domains for Dirichlet and Neumann Laplacian
eigenfunctions in the setting of possibly non-smooth metric measure spaces. In
particular, we focus on the class of RCD (K, N) spaces consisting of metric measure
spaces satisfying a synthetic notion of Ricci curvature bounded from below by K
and dimension bounded from above by N (see the survey by Ambrosio [3] and
Section for more details). Nevertheless, our analysis is of interest already in the
Euclidean case since we prove the Pleijel theorem for Lipschitz and even more rough
domains (see Corollary [[.3] and the subsequent discussion). Indeed, the validity of
a Pleijel result in the Neumann case with boundary regularity below C1! was an
open question in the field (see the comments after Remark 1.2 in the recent work
of Hassannezhad and Sher [57]).

About the Courant nodal domain theorem, let us just briefly mention that its
validity is open for RCD spaces. This is mainly due to the fact that the weak unique
continuation property for the Laplacian in this setting is currently not known. We
refer to the works of Deng and Zhao [43|[44] for more on this problem, where
also the failure of the strong unique continuation property in the RCD setting is
shown. We remark that a worse, but still pointwise, upper bound on the number
of nodal domains can be easily deduced from the variational characterization of the
eigenvalues (see [67] by Keller and Schwarz).

Before stating our main result, let us first introduce the setting and some nota-
tions referring to Section [2] for the precise definitions. Our investigation deals with
eigenfunctions of the Dirichlet or Neumann Laplacian Ap, Axs in a bounded domain
Q C X in a RCD(K, N) space (X,d,H"), where H" denotes the N-dimensional
Hausdorff measure in (X,d). As usual in this kind of problems, some additional
assumptions are required to deal with the Neumann case and we will demand that
Q is a uniform domain (see Definition BI]). We will clarify below why we need to
restrict our attention to RCD spaces endowed with the Hausdorff measure, called
non-collapsed in the literature, instead of considering the full RCD class. Here we
limit ourselves to mention that these assumptions are sufficient for the Dirichlet
and Neumann Laplacian in §2 to have discrete spectrum and for the eigenfunctions
to be continuous. We list the Dirichlet and Neumann eigenvalues respectively by

0< AP <X\l <...
0= (@) <M @< ..

IN

MP@) <. = 4o,
M(Q) < ... = +oo,

IN

counted with multiplicity. Thanks to the continuity of a Laplacian eigenfunction u
in our setting, it makes sense to define its nodal domains, which are the connected
components of Q\ {u = 0}. For any k € N, we can now define

MPE (k) := sup{# of nodal domains of u :

u Dirichlet eigenfunction of eigenvalue AP (Q)}
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and analogously Mé\f in the Neumann case (see Definition for more detailed
definitions of MZ ,Mé\/ ). We finally denote by j, the first positive zero of the
Bessel function of index o > 0 and by wy the volume of the unit ball in the
N-dimensional Euclidean space.

Theorem 1.1 (Pleijel theorem in RCD setting - Neumann and Dirichlet cases).
Let (X,d,HY) be an RCD(K, N) space, with K € R and N > 2, and let Q C X be
an open and bounded set. Then

— MP(k 2m)N
(1.1) m Mol 2( 72 <1
k——+4o00 wN](N—Q)
If moreover Q C X is a uniform domain, then
— MY (k 2m) N
(1.2) m M) 2( TV) <1
k—+oo  k W T (N_2)
Wz

In particular, for every k € N large enough, every Dirichlet (resp. Neumann)
eigenfunction of eigenvalue \P(Q) (resp. MY (Q)) in any Q bounded open set (resp.
uniform domain) has less than k nodal domains.

There has been recently a growing interest in the study of eigenvalues and eigen-
functions of the Laplacian and their zero set in the setting of RCD spaces (see
[6H8| 1828 42H441[621[63,93]). However, to the best of our knowledge, Theorem [I]
is the first non-trivial result related to nodal domains.

The class of non-collapsed RCD (K, N) space includes non-collapsed Ricci limit
spaces as studied by Cheeger and Colding [321[33] and finite dimensional Alexandrov
spaces as shown by Petrunin [78] and Zhang and Zhu [92], and our result is new
also for these classes of spaces where the Courant’s nodal domain theorem is not
known. Additionally, thanks to the recent work of Rajala [84], we know that every
RCD(K, N) space contains a rich class of non-trivial uniform domains; hence it is
possible to find many sets that satisfy the assumptions of our result also in the
Neumann case. We recall that, in the somewhat easier Dirichlet case, Theorem [T1]
goes back to the work of Pleijel [79] in the Euclidean plane and to Bérard and
Meyer [17] for smooth Riemannian manifolds.

When X is bounded it is allowed to take = X in Theorem [[.Jl In this case,
Neumann eigenfunctions coincide with the usual Laplacian eigenfunctions on X,
and we have the following.

Corollary 1.2. Let (X,d,H") be a compact RCD(K, N) space, with K € R and
N > 2. Denote by {\;}ren the eigenvalues of the Laplacian in X and by M (k) the
maximal number of nodal domains of any Laplacian eigenfunction of eigenvalue \.
Then

= M(k)

(1.3) Tim < 0t

- <1
k—too Kk Wi
N

The result in Theorem [[T] in the case of Neumann eigenfunctions is interesting
already when taking (X,d,H") to be the N-dimensional Euclidean space. We
extract this version below in a self-contained statement, for the convenience of the
reader.



PLEIJEL NODAL DOMAIN THEOREM IN NON-SMOOTH SETTING 1141

Corollary 1.3. Let Q ¢ RN, N > 2, be a uniform domain. For every k € N denote
by )\Q[(Q) the Neumann Laplacian eigenvalues in £ and by M{Z\[(k’) the mazimal
number of nodal domains of a Neumann eigenfunction of eigenvalue )\Q/(Q) Then

— MYk 2N

(1.4) m Mok _@n7
k——+oo k W (-2
N

Recall that the class of uniform domains in the Euclidean space includes bounded
Lipschitz domains, but also more irregular domains such as quasi disks and in
particular the interior of a Koch Snowflake (see Section Bl for more details and
references). A Pleijel theorem for Neumann eigenfunctions of Euclidean domains
was firstly proved by Polterovich [80], who considered planar domains with piecewise
real analytic boundary. The general N-dimensional case was obtained by Léna [70]
for domains © with C'! boundary, where the regularity assumption is required
in order to apply to eigenfunctions a reflection procedure across the boundary of
Q. The same limitation on the regularity of the boundary appears in the work
of Hassannezhad and Sher [57] (in the context of more general Robin problems),
where it is explicitly stated the problem of the validity of Pleijel theorem under
a weaker regularity of the boundary. Very recently, the techniques introduced in
[70] were employed and refined by Beck, Canzani and Marzuola [I5] in the planar
case, where they were able to treat 2-dimensional domains with smooth boundaries
except for a finite number of vertices.

Our work introduces a different strategy and avoids any reflection argument,
allowing us to handle more general domains without imposing any restriction on
the dimension. To explain the basic idea of our method we recall that a key step in
the original proof of the Pleijel theorem is to exploit the fact that an eigenfunction
u in ), when restricted to one of its nodal domains U C €2, satisfies a zero-Dirichlet
boundary condition in U itself, thus allowing to apply the Faber—Krahn inequality
and get a lower bound for the volume of U. While this is true for a Dirichlet-
eigenfunction and for all its nodal domains, it is in general false for a Neumann
eigenfunction and a nodal domain that touches the boundary. The reflection proce-
dure in [70] is needed precisely to handle this issue, but requires smoothness of the
boundary. Instead our observation is that, by the very definition of nodal domain,
an eigenfunction u (even in the Neumann case) has indeed zero-Dirichlet boundary
conditions in U but relative to the ambient domain €2, i.e., ignoring the portion of
OU which is contained in 92. The key point is then to view €2 as a metric space in
its own right and prove that it is regular enough to satisfy a version of the Faber—
Krahn inequality, which then allows to carry out the rest of the argument. This is
where the uniform condition will enter into play ensuring the required analytical
properties of €.

Even if we use mostly techniques coming from the metric setting, we also de-
velop some purely-Euclidean technical tools that we believe could be useful to show
other Pleijel-type results in RY under low boundary-regularity. In particular, we
prove a Faber—Krahn-type inequality and a Green’s formula for eigenfunctions of
uniform domains (see Corollary and Corollary respectively). Both results
were previously available only assuming C''!'-boundary.

We now comment further on the assumptions and the proof of Theorem [[11

The uniformity hypothesis on the domain guarantees the discreteness of the
spectrum of the Neumann Laplacian, a fact even needed to state the theorem.
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Additionally we will make a crucial use of analytical properties of uniform domains
in metric measure spaces, such as Sobolev extension properties, the validity of a
Poincaré inequality and a Sobolev embedding (see Section [ for more details).

The non-collapsed assumption is more technical in nature, and we leave for
future investigations the general case of possibly collapsed RCD(K, N) spaces. Let
us notice that in collapsed RCD spaces the spectrum of the Laplacian can produce
a singular and in some sense unexpected behaviour in the asymptotic regime (see
the recent work of Dai, Honda, Pan and Wei [38]), and thus this generalization
seems non-trivial as we are going to further clarify in the next lines commenting
the proof.

The main scheme of the proof of Theorem [[1] is similar to the one usually
employed in the smooth setting, e.g., in [I7,[45][57,[70,[79.[87]. The two primary
ingredients are the Weyl law and an almost-Euclidean Faber—Krahn inequality for
small volumes.

The Weyl law has already been investigated in the setting of RCD(K, V) spaces
(see the papers of Ambrosio, Honda and Tewodrose [8] and of Zhang and Zhu [93]).
In the non-collapsed case, it takes the usual formulation

N(N) WN N
Jm S5 = gon @

where N()\) := #{k € N : AP(Q) < A} is the eigenvalues counting function and
{AP(Q)}ren are the Dirichlet eigenvalues of the domain 2 (see Definition 2H). We
stress that the Weyl law in the Dirichlet case is sufficient for our purposes, even
if in our main statement we consider both Dirichlet and Neumann eigenfunctions.
This thanks to the elementary inequality /\{c\[ () < AP(Q) between Neumann and
Dirichlet eigenvalues (see Lemma [Z8]). We remark that suitable forms of the Weyl
law on the whole space have been studied under slightly more general assumptions
than non-collapsing, but the situation is more intricate and there exist compact
RCD(K, N) spaces for which N()) is not asymptotic to A? for any 8 > 0. We refer
to [8,38] for the details.

Concerning the almost-Euclidean Faber—Krahn inequality, it roughly states that
the first Dirichlet eigenvalue of an open set U C X, of sufficiently small volume,
is bounded below by the first Dirichlet eigenvalue of the Euclidean ball having the
same volume and up to a small error. This will be obtained starting from an almost-
Euclidean isoperimetric inequality for small volumes (similar to the one obtained
by Bérard and Meyer [I7] in the smooth setting) and rearrangement methods. In
contrast with the proof in the smooth case, our situation requires to deal with a
set C of possibly “bad” points, and to work with sets U that stay sufficiently far
from C. We refer to Theorem [5.3] and Theorem for the precise statements, and
we suggest to compare them with [I7, Lemme 16,15]. For both results the non-
collapsed assumption also plays a key role to ensure a more regular infinitesimal
behaviour of the ambient space.

2. PRELIMINARIES

2.1. Calculus in metric measure spaces. The triple (X,d, m) will denote a
metric measure space, where (X, d) is a complete and separable metric space and m
is a non-negative Borel measure, finite on bounded sets. We will also always assume
supp(m) = X, where supp(m) denotes the support of the measure m. For every set
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A C X we will denote by A its topological closure, by A¢ := X\ A its complement
and by 0A its topological boundary. We denote by B,.(z) := {y € X : d(z,y) < r}
the ball of radius r and center z. The same set is also denoted by BX(x) whenever
we want to emphasize the role of the space X. By d(4, B) := inf{d(z,y) : « €
A,y € B} we denote the distance between two sets A, B C X, so that d(A4, 0) = +oc.
The open e-enlargement of a set A C X is denoted by A€ := {z € X : d(4,z) < €}.
Given a set C' C X, we denote by d\c = d|Cxc the restriction of the distance to

the set C. We will say that (X, d) is proper if closed and bounded subsets of X are
compact.

Given a metric space (X,d) and a rectifiable curve v : [a,b] — X, we denote by
I(7) its length (see, e.g., [58, Chapter 5.1]). We say that + joins z € X and y € X
if v(a) = x and v(b) = y.

Definition 2.1 (Nodal domain). Let (X, d) be a metric space, A C X be any subset
and f: A — R be a continuous function. The nodal domains of f (in A) are the
connected components of A\ {z € A : f(x)=0}.

In the next result, we recall some elementary properties of nodal sets.

Lemma 2.2. Let (X,d) be a metric space, A C X be any subset and f : A — R be
a continuous function. Let U C A be a nodal domain of f. Then either f > 0 or
f<0inU. Moreover if A is open and (X,d) is locally connected, then U is also
open.

Proof. The set U is connected by definition; hence f(U) C R is also connected and
does not contain zero. It follows that f(U) C (0,00) or f(U) C (—o0,0). For a
proof that (X, d) locally connected implies that U is open whenever A is open, see,
e.g., [(6, Theorem 25.3]. O

For every open set 2 C X we denote by LIP(Q), LIP(£2) and LIP.(£2) respec-
tively the space of Lipschitz functions, locally Lipschitz functions and Lipschitz
functions with compact support in Q. We also denote by LIP,(€) the subset of
LIP(X) of functions having bounded support contained in €. When we need to
emphasize the role of the distance, we use the notation LIP(€,d) (and similarly
for the other function spaces). The Lipschitz constant of a function f € LIP(X)
is denoted by Lip(f) € [0,00). The slope lip(f)(x) of a locally Lipschitz function
f € LIP1oc(£2) at a point = €  is defined as

O e
1lp(f)($) '_ 1}—)30 d(ya I)

b

taken to be 0 when z is isolated. The slope satisfies the following Leibniz rule:

lip(fg) < flip(g) + glip(f), for every f,g € LIPic(S).

Given p € [1,00], we use the notation LP(X,m) (resp. Li (X, m)) for the space
of Lebesgue p-integrable (resp. p-locally integrable) real functions on X endowed
with the Borel o-algebra. For brevity, the same function space is also denoted by
LP(m). When © C X is an open set, we set LP(Q) := LP(Q,m|Q), where m|, is the
restriction of the measure m to €. For a function u € LP(2), we define its essential
support supp(u) as the smallest closed set C such that u =0 m-a.e. in Q\ C.

The Cheeger energy Ch: L?(m) — [0,00] is defined as the convex and lower
semicontinuous functional

ch(f) =it { lim [ lip*(f) dms (£,) € L2(m) 0 UPc(X), limn 1 = foll ooy = 0}

n—o00 J X
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The Sobolev space W12(X,d,m) (or W1%(X) for short) is then defined as
W12(X,d,m) := {Ch < oo} equipped with the norm Hf||2W1,2(X) = ||f\|%2(m) +
Ch(f), which makes it a Banach space. This approach to the definition of Sobolev
space was introduced by Ambrosio, Gigli and Savaré [5], where it is also shown to be
equivalent to the previous definitions given by Cheeger [31] and Shanmugalingam
[86]. For every f € W12(X), there exists a notion of modulus of the gradient called
minimal weak upper gradient, minimal w.u.g. for short, denoted by |Df| € L?(m)
and satisfying

ch(f) = [ 1Df dm.
X
For every f € LIP\o(X), we have |Df| < lip(f) m-a.e. Moreover, the following
calculus rules are satisfied (see, e.g., [51]): for every f,g € W12(X) it holds
(2.1) Locality: |Df| = |Dg|m-a.e. in {f = g};
Chain rule:  For every ¢ € LIP(R) with ¢(0) = 0,
p(f) € WH(X) and [Dy(f)| = |¢'(f)I|Dflm-a.e.;
Leibniz rule: For every n € LIP N L (X),
nf € WH(X) and [D(nf)| < [nl[Df] + [ Dnl|fIm-a.e.
Given 2 C X open we also define the following local Sobolev spaces

WEQ) = LP() " 7,

Wh2(Q) == {f € L*(Q) : fne Wh*(X), VneLIP,(Q), [Df| € L*(Q)},
where in the definition of W12(£2) the minimal w.u.g. |Df| € L?(Q) is defined by
(2.2) |Df| = |D(fnn)|, wm-a.e.in {n, =1},

with 7, € LIPus(2) is any sequence satisfying {n, = 1} 1 Q (there is no depen-
dence on the chosen sequence, by the locality property of the minimal weak upper
gradient). We endow W12(Q) with the norm given by

11320 = 1122 () + IIDFIIZ2(0),
which makes it a Banach space. Observe that by the Leibniz rule we have that for
every f € WH2(X) it holds that flg € W12(Q) and also |Df||Q = |Df‘Q| m-a.e.

in © (by locality). Moreover, for every f € WOL2 (©), we have f = 0 m-a.e. in X \ Q
and thus ||f|Q|| wi2Q) = |fllw12(x), which shows that the map

(2.3) T: Wy (Q) = WH(Q),  T(f) = [,

is a linear isometry. For these reasons, with a little abuse of notation, sometimes
we identify W, ?(Q) with T(W,"?(Q)) € W'2(Q) and think of f € Wy(Q) as an
element of L%(Q).

If we choose Q = X, then Wh%(X) = W12(X,d, m) with the same norm and
minimal w.u.g., so the notation is consistent with the one given above.

Remark 2.3. Tt can be shown (see, e.g., [6l Remark 2.15] by Ambrosio and Honda)
that W12(Q) coincides, up to m-a.e. equivalence of functions, with the Newtonian
Sobolev space Nl’Q(Q,d,mm) defined in [3T,86] (see also [19]). The norms of the
two spaces coincide as well thanks to the equivalence proved in [5] between the
various notions of minimal weak upper gradients.
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Following Gigli [48] we say that (X,d, m) is infinitesimally Hilbertian if W12(X)
is a Hilbert space or equivalently if the Cheeger energy satisfies the parallelogram
identity:

(2.4) Ch(f +g) + Ch(f — g) = 2Ch(f) +2Ch(g), Vf,g€ W"*(X).

If (X,d, m) is infinitesimally Hilbertian, then W12(€2) is a Hilbert space as well for
every ) C X open (see, e.g., [27, Remark A.3] by Caputo and Rossi). Moreover, we
can give a notion of scalar product between gradients of functions f,g € W12(€)
by setting

(2.5) LYQ) > Vf-Vg:= 5 (ID(f+9)> - |DfF - |Dgl),

1
2
which is bilinear and satisfies
|va9|§|DfHDg|a m-a.e., Vf,ge W172(Q)a
IVf-Vfl=|Df?, m-ae, Vfec W"3Q).

Under the infinitesimally Hilbertian assumption we can define a notion of Lapla-
cian via integration by parts.

(2.6)

Definition 2.4 (Neumann Laplacian). Let (X,d, m) be an infinitesimally Hilber-
tian metric measure space and  C X be open. We say that f € W12(Q) belongs
to the domain of the Neumann Laplacian, and we write f € D(Aps, ), if there
exists h € L?(£2) such that

(2.7) hgdm=— [ Vf-Vgdm, Vgec W(Q).
Q Q

If f € D(Apr, ) then the function h is unique and is denoted by Axrf.

Definition 2.5 (Dirichlet Laplacian). Let (X,d, m) be an infinitesimally Hilbertian
metric measure space and 2 C X be open. Then f € WOI’Q(Q) belongs to the domain
of the Dirichlet Laplacian, and we write f € D(Ap, Q), if there exists h € L?*(Q)
such that

(2.8) /hgdm: —/ Vf-Vgdm, VYge W ?9).
Q Q
If f € D(Ap,Q) then the function & is unique and is denoted by Ap f.

Since under the infinitesimally Hilbertian assumption Lipschitz and bounded
functions form a dense subset of W12(X) (see [5]), we have Wy ?(X) = W12(X),
and so the Dirichlet and Neumann Laplacian coincide for €2 = X. In this situation,
we simply write A = Ay = Ap and call it simply Laplacian operator and write
f € D(A) in place of f € D(Apr,X) or f € D(Ap,X).

Definition 2.6 (Eigenfunctions). Let (X,d,m) be an infinitesimally Hilbertian
metric measure space and 2 C X be open. We say that a non-null f € D(Ap, )
(resp. D(Anr, Q)) is a Dirichlet (resp. Neumann) eigenfunction of the Laplacian in
Q of eigenvalue N € R if Apf = —\f (resp. Ay f = —Af). In the case Q = X, we
simply write that f is an eigenfunction of the Laplacian of eigenvalue A.

Remark 2.7 (Compatibility with Euclidean Laplacian). If (X,d,m) = (R, |-|, %)

and Q C RY is open, the spaces W'2(Q) and W,?(€2) coincide with the usual ones,
also with the same norms, as shown in [86] Theorem 4.5] (see also [I9, Theorem A.2



1146 N. DE PONTI, S. FARINELLI, AND I. Y. VIOLO

and Corollary A.4] or [51], Section 2.1.5]). In particular, by polarization, the right-
hand side of both 27 and (Z8) coincides with the integral of the scalar product
between weak gradients in the classical sense. This shows that the definition of
eigenfunction (and eigenvalue) of the Neumann or Dirichlet Laplacian in  given
above coincides with the usual one in the Euclidean case.

For later use we observe that, whenever Lipschitz functions are dense in W12?(X),
for every bounded and open set €2 C X it holds that

(2.9) {f e WH(X) : d(supp(f),X\Q) >0} € Wy2(Q).

Indeed there exist n € LIP(X) such that n = 1 in supp(f) and supp(n) C  and a
sequence f,, € LIP(X) with f, — f in W12(X), by density. Then nf,, € LIPy(£2)
and nf, — f in W12(X), which shows that f € W, ().

We state in the next lemma an inequality between Neumann and Dirichlet eigen-
values that will play a key role in the sequel. Note that in the statement by
Wy 2 (Q) < L2(R2), we mean, more precisely, that T( W, *(2)) < L*(Q), where T
is defined in (2.3).

Lemma 2.8. Let (X,d,m) be an infinitesimally Hilbertian metric measure space,
and let @ C X be open. Let us suppose that W, >(Q) < L*(Q) with compact
inclusion. Then —Ap has discrete spectrum, i.e., the eigenvalues form a diverging
sequence (counted with multiplicity) that we denote by

(2.10) 0<AP@Q) <X P <.. AP <... = +o0.

If moreover W12(Q) < L*(Q) with compact inclusion, then also —Apr has discrete
spectrum, denoted by

(2.11) 0=M(Q) <M <. <... = +o0,
and it holds
(2.12) AN(Q) < AP(Q), VEkeN.

Proof. Let us introduce the local Cheeger energies
Jo IDf]? dm iff:g|Q for some g € W, %(2),
400 otherwise,

Jo |IDfPdm if f e WH(Q),

400 otherwise,

Ch3 : L*(Q) — [0, +00], ChB(f) == {

Ch : L*(Q) = [0,+00], Ch(f) = {

and notice that they define two Dirichlet forms, i.e., two densely defined, Markovian,
closed, quadratic forms referring to the books of Bouleau and Hirsch [24] and of
Fukushima, Oshima and Takeda [46]. To check this, it is sufficient to recall the
calculus rules given in (2 and, for the L2-lower semicontinuity, the equivalent
definition through relaxation (see [27] for all the details). We denote by Lp (resp.
Ly) the infinitesimal generator of Ch% (resp. Ch%) with its associated domain
D(Lp) (resp. D(Lys)). Notice that, by the very definition, D(Ap, Q) = D(Ly)
with Ay = L. Regarding the Dirichlet Laplacian, we have f € D(Ap, Q) if and
only if f|Q € D(Lp) with Apf = LD(f|Q). In particular, A is an eigenvalue of
—Ap (resp. —Ayr) if and only if it is an eigenvalue of —Lp (resp. —Ly/).

From the classical theory of Dirichlet forms [24,406], we know that —Lp and —L s
are non-negative, densely defined, linear, self-adjoint operators on L?(£). Under
these assumptions, it is well known (see, e.g., the book of Davies [39]) that the
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compactness of the embedding of Wy ?(Q) (resp. W2()) in L2(Q) implies the
discreteness of the spectrum of —Lp (resp. —Lys) and thus of —Ap (resp. —Aps).
Since T(WOI’Q(Q)) C W12(Q) as Hilbert spaces, we also know that whenever
W12(Q) — L?(Q) with compact inclusion both spectra are discrete.
We also have at disposal the variational characterization of the eigenvalues, see,
e.g., [39, Theorems 4.5.1, 4.5.3]. More precisely, defined
M (Q)[M] = sup{Ch(f) = f € M.||f]r20) =1},
NP(Q)[M] = sup{Ch(f) : f € M, | fllr20) =1},
we know that for every k € N
AN(Q) = inf MV (Q)[M] - M c WH(Q), dim(M) = k},
AP Q) = inf{AP(Q)[M] : M c T(W,?*(Q)), dim(M) = k}.
The inequality ([ZI2]) thus follows immediately from (214 since the infimum is
taken on a larger set and Ch%(f) = Ch(f) for every f € T(W,?(Q)). O

(2.13)

(2.14)

We will use in the sequel the notation introduced in the previous lemma, i.e.,
whenever —Ap (resp. —Aps) has discrete spectrum in ©Q we will denote by
{AP ()} ren (resp. {AY (Q)}ren) the sequence of its eigenvalues. In the case Q = X,
assuming the discreteness of the spectrum of —A, we will simply write A\, in place

of MV (X).
For an arbitrary m.m.s. (X,d, m) and any 2 C X open subset we also introduce
o [ |Dul? dm

and we call A\ (2) the first eigenvalue of the Laplacian on Q with Dirichlet boundary
conditions. Recalling the definition of Wol’Q(Q), we have the following characteri-

zation of \;(§2):
.. [ [ |Dul?dm

Note that differently from AP(€2), which we defined only when the inclusion
Wy 2 (Q) < L2(2) is compact, A;(2) is always defined. Nevertheless, even if not
needed, we stress that whenever AP ({2) exists we do have

M(Q) = AT(9Q),

cue Wy (Q), u# 0}.

as follows by (ZI6) and (ZT14).

2.2. Sets of finite perimeter. Let f € L} (X, m), and let U C X be open.

Following the works of Miranda [74] and of Ambrosio and Di Marino [4] we define
(2.17)

IDfI(U) := inf{ lim / lip(fp,)dm : f, € LIPoc(U), fu— fin L} (U, m)},
n—oo JU
and we say that f is of locally bounded variation if |[Df|(U) < +oco for every U
open and bounded. We also set
IDf|(A) :=inf{{Df|(U) : UCX open, ACU}, ¥V AC X Borel

(note that this coincides with (ZI7) if A is open). For every couple of Borel sets
E c Xand A C X we define Per(E, A) := [Dxg|(4) < +00, where xg : X — {0,1}
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denotes the characteristic function of E. We say that E is of finite perimeter if
Per(F) := Per(E,X) < 4o0.

When f is of locally bounded variation (respectively, E is a set of finite perime-
ter), the map A — |Df|(A) (respectively, A — Per(E, A)) defines a Borel measure
(see [A[74]). Every f € LIP(X) is of locally bounded variation and |Df| < lip(f)m
(see [4, Remark 5.1]).

From the definitions, it immediately follows that E is of finite perimeter if and
only if E€ is of finite perimeter, in which case Per(E,-) = Per(E¢,-) holds.

In the sequel, we will take advantage of the following coarea-type inequality.

Proposition 2.9. Let (X,d,m) be a metric measure space and fix x € X. Then
for a.e. v > 0, the ball B,.(z) has finite perimeter and for every Borel set A C X it
holds

R
(2.18) /0 Per(B,(z), A)dr < m(Bgr(z)NnA4), VR>O0.

Proof. Since the function d,(-) := d(z, -) is 1-Lipschitz, it is of locally bounded vari-
ation and |Dd,| < lip(d;)m < m. Then by the coarea formula (see [74], Proposition
4.2]), we get directly that B,(z) = {d(-) < r} has finite perimeter for a.e. r > 0
and that

+o0o
/ Per(B,(x), E)dr = |Dd;|(F) < m(E), VE CX Borel.
0

Then (2.I8) follows taking E := Bgr(xz)NA and observing that by the very definition
in (2I7)) it holds Per(B,(z), Br(x)) = 0 for every r > R. O

Let (X,d, m) be a metric measure space. Given a Borel set E C X we define the
upper and lower densities at x as

— w(B,(z)NE) o W(B(@)NE)
= Tam@y 0 2E0= e m ey

Clearly, if x € X is such that D(E,z) > 0, by definition of limit superior, we have
x € E (since every open ball with center  must intersect E).
The essential boundary and the essential interior are given respectively by

O°E:={reX : D(E,z) >0, D(E° z) > 0},
EW .={zxeX : D(E,z)=D(E,z) =1},

which are both Borel sets. As a direct consequence of the definition of these sets,
notice that if E C F, then EM) ¢ F(M). Moreover, 9°E = 0°(E°).

We collect in the next lemma all the elementary facts that we will need about
the essential boundary and the essential interior.

Lemma 2.10. Let (X,d, m) be a metric measure space and E, F C X be Borel sets.
We have the following:

(i) If E is open, E C EM.,

(ii) 0°F C OE.

(iii) (ENF)M c EOnFD,
(iv) (E©)® c (EM)e. In particular, if E is open, then (E€)) C E°.
(v) If E and F are disjoint, then also EY) and F(Y) are disjoint.
(vi) O¢(ENF)UO(EUF) C 0°EUJ°F.
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Proof.

(i) Let € E. Since E is open, B,.(z) C E for sufficiently small » > 0, thus
D(E,z)=1and z € E®,
(i) As we have already observed, if z € 9°E, it holds = € E and z € E¢, thus
z € OF.
(iii) The result is a direct consequence of the fact that D(ENF,z) < D(E,z) <1
for every z € X.
(iv) Let z € (E¢)Y) i.e., D(E°,z) = 1. In particular,

%m(BT(x)) < m(B,(z) N E®) = m(B,(z)) — m(B,(z) N E)

for sufficiently small » > 0. Thus m(B,(z) N E) < tm(B,(z)) for r > 0
small enough, which implies = ¢ E®M . The second conclusion follows from
what we have just proven and point (i).

(v) The assumption E N F = () is equivalent to E C F°. Passing to the
essential interior it holds E() C (F¢)() and using (iv) one deduces that
EM ¢ (FM)¢ which gives the desired conclusion.

(vi) This is proven, e.g., in [23] Prop. 1.16] by Bonicatto, Pasqualetto and Ra-
jala (note that the doubling assumption on m is not used in that statement).

]

We conclude this part with the following elementary and well-known result. Since
we could not find it stated exactly in this form in the literature, we include a proof.

Lemma 2.11. Let (X,d,m) be a metric measure space, and let C C X be closed.
Then for every E C C' Borel satisfying d(E,X\C) > 0, it holds

Per(E) = Per¢(F),

where Perc(E) denotes the perimeter of E computed in the metric measure space
(C’d|c’m\c)‘

Proof. First observe that for every f € LIP,,(X) it holds f|c € LIP|OC(C,d‘C)

and lip~(f) < lip(f), where lip(f) denotes the slope of f computed in the met-
ric space (C,d|c). This and the definitions imply Perc(E) < Per(E). For the
other inequality it is sufficient to find a sequence f, € LIP|OC(C,d‘ C) such that
d(supp(fn),X\C) >0, f, = xg in L'(m) and [ lipo(fn)dm — Perc(E). Indeed

extending f, by zero to the whole X, we have [ lip(f,)dm = [, lips(fn)dm, so
that

Per(F) < lim lip(f,)dm = lim lipo(fn) dm = Pere(E).

n——+00 X n——+oo c

To produce such sequence we consider a sequence g, € LIPoc(C, d| C) such that g, —
xe in LY(C, m|,) and Jolipg(gn) dm — Perg(E), which exists by definition. Then
we take n € LIP(C, d\c) satisfying d(supp(n), X \C) > 0, n =1 in a neighbourhood
of E, 0 <n < 1. This can be done since d(E, X \C) > 0, one example being n(z) :=

N
(1 -3 (% — %) > . Set f, :=ng, € LIP|OC(C,d|C). Clearly f, — xg in
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Ll(C;m‘C).
lipo(gn). In addition, lip~(n) = 0 in E. Therefore

Perc(F) §li_m/ lipc(fn)dmgﬁ/ lipo(fn) dm
n C n C

Moreover by the Leibniz rule for the slope lipo(fn) < gnlipe(n) +

<Tim [ lipc(g.)dm + Lip(n) [ gadm = Perc(E)
nJc X\E
where the second term vanishes because g, — xg in L*(C; m|c). (]

2.3. PI spaces. Most of the arguments along the note will be carried out in the
general setting of locally doubling m.m. spaces supporting a Poincaré inequality,
also called PI spaces. We refer to the monographs of Bjorn and Bjorn [19] and of
Heinonen, Koskela and Shanmugalingam [58] and references therein for a thorough
introduction on this topic and recall here only the properties of these spaces that
will be used in this note.

Definition 2.12 (PI space). A metric measure space (X,d, m) is said to be a PI
space if:
(i) it is uniformly locally doubling, i.e., if there exists a function Cp : (0,00) —
(0, 00) such that

m(Bar(z)) < Cp(R)m(B,(x)), forevery 0 <r < Rand z € X,

(ii) supports a weak local (1,1)-Poincaré inequality, i.e., there exist a constant
A > 1 and a function Cp : (0,00) — (0, 00) such that for any f € LIPjoc(X)
it holds

][B,(w)

Observe that the uniformly locally doubling assumption implies that PI spaces
are proper. Additionally PI spaces are connected and locally connected (see, e.g.,
[19, Theorem 4.32] or [20, Prop. 4.8]).

We say that a m.m.s (X, d, m) is globally doubling if there exists a constant C > 0
such that for any z € X and for any » > 0

m(Ba(z)) < Cm(B,(z)).

f— ]{3,,.(30) fdm‘ dm < CP(R)r][ lip(f) dm,

B)\T(I)
for every 0 < r < R and z € X.

We recall that a space (X, d, m) is globally doubling if and only if there exist con-
stants s > 0 and ¢ > 0 such that

)

2.1 —_— LAY
(2.19) w(Bn(z)) = ) , VzeX,andO<r<R

R
(see, e.g., [19, Lemma 3.3] or [54] Proposition 3.2]). Whenever (219) holds for
some ¢ > 0 we say that (X,d, m) has doubling dimension s. We remark that, using
our definition, if a space (X,d, m) is of doubling dimension s it is also of doubling
dimension t for every ¢t > s.

Observe that a bounded PI space (X,d,m) is globally doubling taking C =
Cp(diam(X)), in the notation of Definition

We will need the following approximation result, which is a variation of [75]
Lemma 3.6] by Mondino and Semola.
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Lemma 2.13 (Approximation with non-vanishing slope). Let (X, d, m) be a bounded
PI space. Then for every open subset Q@ C X and any non-negative u € LIP.(Q),
there exists a sequence of non-negative u, € LIP.(Q) satisfying lip(u,) # 0 m-a.e.
in {u, >0} and such that u, — u in WH%(X).

Proof. Since (X,d, m) is a bounded PI space it admits a geodesic distance d that is
bi-Lipschitz equivalent to d, i.e., L~1d < d < Ld for some constant L > 1 (see, e.g.,
[58, Corollary 8.3.16]). Hence we can apply [75, Lemma 3.6] to deduce that the
conclusion of the lemma holds in the m.m.s. (X,d, m). However u € LIP.(Q;d) if and
only if LIP.(Q;d), with lip(u) > L~ ip(u), where lip(-) denotes the slope computed
in the metric space (X, d). Hence if lip(u) # 0 m-a.e. in {u > 0}, then lip(u) # 0 in
{u > 0} m-a.e. Moreover, since LIP,,c(X,d) = LIP,,c(X,d) and lip(-) < Llip(-), we
have that [[ull wrzx,dm) < Lllullyi2x gm for all u € LIPy(X,d). Therefore the
conclusion holds also for the m.m.s. (X, d, m). |

Lemma 213 allows to give the following characterization of A1(€2).

Lemma 2.14 (Characterization of A;(Q2) via functions with non-vanishing slope).
Let (X,d,m) be a bounded PI space and 2 C X be open. Then

|Du|2dm

(2.20) M\ () = in f{ffu2d

u € LIP.(Q), u#£0, u>0,
lip(u) # 0 m-a.e. in {u > 0}}.

Proof. For every u € LIPys(Q2), setting @ := |ul|, we have @ € LIP,s(2) and by the
chain rule (see ([2I))) also that |Da| = |Du| m-a.e. This shows that ([220) holds if
we remove the requirement that lip(u) # 0 m-a.e. in {« > 0}. From this, to get the
validity of the full [220)) it is sufficient to apply Lemma 213 a

We recall the following deep result proved by Cheeger [31], relating the notions
of minimal weak upper gradient and slope, in the setting of PI spaces.

Theorem 2.15. Let (X,d,m) be a PI space. Then
(2.21) lip(f) = |Df|, wm-a.e., for every f € LIPys(X).

Theorem [2.16] is a consequence of the Rellich-Kondrachov compactness theorem
in PI spaces.

Theorem 2.16 ([55, Theorem 8.3]). Let (X,d, m) be a PI space and Q C X be open
and bounded. Then the embedding W, () — L2(Q) is compact.

From Theorem [2.16] and the discussion in Section [2.1] we deduce that

The Dirichlet Laplacian has discrete spectrum on any bounded

(2.22) open subset of an infinitesimally Hilbertian PI space.

The following result is well known. In particular, the proof can be achieved by
a standard Moser iteration scheme (see, e.g., Gilbarg and Trudinger [52, Theorem
8.24]), which is available in a PI space. Indeed, as firstly observed by Saloff-Coste
[85] (see also the work of Hajlasz and Koskela [55]), a Poincaré inequality and a
doubling condition together imply a Sobolev inequality, which is then sufficient
to perform the Moser scheme (see, for example, the works of Bjorn and Bjorn
[19, Chapter 8] or of Bjérn and Marola [21]).
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Theorem 2.17 (Continuity of eigenfunctions). Let (X, d, m) be an infinitesimally
Hilbertian PI space, 2 C X be open and u be a Dirichlet or Neumann eigenfunction
of the Laplacian in Q. Then u is locally Hélder continuous in §2.

We now pass to the properties of sets of finite perimeter in the setting of PI
spaces. As the measure m is locally doubling, the Lebesgue differentiation theorem
holds (see, e.g., [58, Section 3.4]); hence we have m(EAEM) = 0 for every Borel
set E, where EAE(™ := (E\ EM)uU (EMW \ E) denotes the symmetric difference
between E and E™). Moreover by the work of Ambrosio [2, Theorem 5.3], we have
that for every set of finite perimeter E C X the measure P(F,-) is concentrated on
0°E. In particular, we get

(2.23) Per(B¢,.) = Per(B,.) = Per(B, .)‘Bc,

for every ball B = B,.(z) C X having finite perimeter, having used 9°B,(z) C
0B, (z) C (By(x))° (see (ii) in Lemma 2.10]).

It is well known that every PI space admits an isoperimetric inequality (see
[2,55,[74]). We report in Proposition I8 a simplified version sufficient to our
purposes.

Proposition 2.18 (Isoperimetric inequality for small volumes). Let (X,d, m) be a
bounded PI space of doubling dimension s > 1. Then there exist constants wg =
wo(X) >0 and Cr = Cr(X, s) > 0 such that

s

(2.24) Per(E) > Cfm(E)%l, YV E C X Borel such that m(E) < wy.

Proof. By [2] Theorem 4.3], there exist constants o0 = ¢(X) > 1 and C = C(X,s) >
0 such that

w =

N s—

Per(E, Byr(x)) > CM min (m(B,(z) N E),m(B,(z) \ E)) = ,
VeeX, Vr>0.

Taking r := diam(X) and wg := m(X)/2 the result follows (recall that m(X) < +oo
since X is bounded). O

We conclude this part reporting the following technical result.

Proposition 2.19 ([12] Lemma 2.6]). Let (X,d,m) be a PI space. Let E,F C X
be sets of finite perimeter with P(E,0°F) = 0. Then
P(EQF,) S P(Ea')|F(1) +P(Fa')|E(1)'

2.4. Polya—Szegd inequality in metric measure spaces. Here we report a
version of the Pdlya—Szeg6 rearrangement inequality for metric measure spaces,
following the works of Mondino and Semola [75] and of Nobili and Violo [77]. The
main difference with the classical version in the Euclidean space by Pdlya and Szeg6
[8T] is that, even if the initial function lives in a metric space, the symmetrization
will be defined in RY. The result is a generalization of the Pélya—Szegé inequality
introduced by Bérard and Meyer [17] in the case of Riemannian manifolds.

Definition 2.20 (Distribution function). Let (X,d, m) be a metric measure space,
2 C X be an open set with m(Q) < 400 and w :  — [0, +00) be a non-negative
Borel function. We define p : [0,400) — [0,m(€2)], the distribution function of
u, as

(2.25) w(t) == m({u > t}).
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For u and 1 as above, we let u# be the generalized inverse of y, defined by

ess sup u if s =0,
u(s) =< )
inf{t:p(t) <s} ifs>0.

It can be checked that u# is non-increasing and left-continuous.

Next, we define the Euclidean monotone rearrangement into the Euclidean space
(RN, |- |, £N), where ¥ is the N-dimensional Lebesgue measure. From now on,
we denote by wy = £V (B1(0)) the Lebesgue measure of the unit ball in the
Euclidean space RY.

Definition 2.21 (Euclidean monotone rearrangement). Let (X,d, m) be a metric
measure space and 2 C X be open with m(Q2) < 400 and N € N. For any
Borel function u: Q2 — R*, we define Q* := B,(0) ¢ R¥, choosing r > 0 so
that ZN(B,(0)) = m(Q) (i.e., rV = wy'm(Q)) and the monotone rearrangement
uwhy : Q= RT by

uly(@) = u* (LN (B (0) = ut(wnlalV), Va e,

In particular, u and u} are equimeasurable, i.e., m({u > t}) = LY ({u}y > t})
for all ¢ > 0. In the sequel, whenever we fix 2 and u: Q@ — [0,00), the set Q*
and the rearrangement u}; are automatically defined as above. Observe also that,
given u € L?(f), its monotone rearrangement must be defined by fixing a Borel
representative of u. However, this choice does not affect the outcome object u};, as
clearly the distribution function p(t) of w is independent of the representative.

The following result is essentially contained in [77], see in particular [T7, Remark
3.7] (see also [75] for a similar result), since the only difference is that here the
rearrangement is defined in RY instead of an interval. Nevertheless we include a
short argument outlining the main points of the proof.

Theorem 2.22 (Euclidean Pélya—Szegé inequality). Let (X,d, m) be a bounded PI
space, @ C X be open and fir N € N\ {1}. Suppose there exists a constant C > 0
such that

N—-1

(2.26) Per(E) > Cm(E) ~ , YE CQ Borel.

Then:

(i) For every u € LIP.(QY) non-negative, u # 0, with lip(u) # 0 m-a.e. in
{u > 0}, then ul, € LIP.(Q*) and it holds

2
/ |Du|2dm2/ Per(fu>t}) / Dy | d Per({uly > £}) dt,
(227) {u<s} 0 Nwﬁ u(t)% RN

Vs € (0, max ul.

11 e buclidean-rearrangement maps ’ to ’ an
ii) The Euclid Wy (Q) to Wy (Q*) and
C 2
(2.28) /\Du|2dm2(ﬁ) / IDui2d2y, Vue W Q).
Q Nwy 0

Proof. Tt is enough to prove (i), since (ii) then follows by approximation with Lip-
schitz functions using Lemma 2T3] as in [77, Theorem 3.6] (see also [75]).
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We fix u € LIP.(2), u # 0, u non-negative, with lip(u) # 0 m-a.e. {u > 0}. Set
M := supu. Under these assumptions p is strictly monotone, absolutely continuous
(hence differentiable almost everywhere) and

s 2
(2.29) / |Du? dm z/ Mdt, Vs € (0, M].
{u<s} 0 _M/(t)
This can be seen arguing exactly as in the proof of [75, Prop. 3.12 and (3.23)]
(see also [7T]), recalling also that |Du| < lip(u)m = |Du|m (see [221I)). Next we
claim that u} € LIP.(2*). Recall that by definition Q* = B,(0) C RY, where
r > 0 satisfies £V (B,(0)) = m(Q). From the definitions, u} (z) = @4 (|z|), where
@ ¢ [0,7] — RT is the rearrangement into the space ([0, 00),].|, NwytN~1dt) as
defined in [77, Definition 3.1]. Then the fact that u} € LIP(Q*) follows directly
from @} € LIP[0, r] which is proved in [77, Prop. 3.4] under the same assumptions
on w and Q. Finally supp(uy) C Q*. Indeed supp(u) C €2, otherwise © would be
closed and would coincide with X (as X is connected). This implies that £ ({u}, >
t}) < m(supp(u)) < m(Q) = LN (Q*), for all t > 0, because m(Q \ supp(u)) > 0,
as non-empty open sets in X have positive measure. Since u}; is a radial function
centered at the origin this shows supp(uly) C Q. Next we observe that @} is
strictly decreasing in (0, m(supp(u))) (since p(t) is continuous) and in particular
{uy >t} = B,,(0) (and {u} =t} = 9B,,(0)) for some r, € [0, m()], for every
t € (0,M). Note that r; can be computed explicitly to be r, = (wx'u(t))*/V,
which also shows that (0, M) > ¢ — ¢ is a strictly monotone and locally absolutely
continuous map. In particular,
N—-1

(2.30) HY (9B,,(0) = Nwi u(t) 5.

Combining these observations with the expression for the derivative of p given in
[75, Lemma 3.10] (see also [77, Lemma 3.5]), we have

o i) "L dy N — Nwzéﬂ(t)]v];l
@3) )= [ ) = SRS

where we have used ([Z30)) and that lip(u}y)(z) = lip(@y)(|z|) which easily follows
from the identity u} (z) = @y (|z|). Plugging the above in ([2.29) we reach

/ Duf? dm > /s Per({u > t})?lip(ak)(r:) q
{u<s} “Jo N T

-/ S <M> lip(a) (re) N (1)) "5 dt
0

Nwpu(t) =

2
= / <—Per1{u - ?2) / lip(uly) dHN L dt,
0 \Nwf u(t) = 4B, (0)

where for the last step we argue as in (Z31]). This concludes the proof. O

for a.e. t € (0, M),

2.5. RCD spaces. For brevity we do not recall the definition of RCD(K, N) spaces
(with N € [1,00) and K € R) since it will not be directly used in this note, instead
we recall here all the properties of these spaces that will be needed. For further
details on the definition and on the theory of metric measure spaces with synthetic
Ricci curvature lower bound we refer to the surveys by Ambrosio [3] and by Gigli
[49] and references therein.
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First recall that every RCD space is infinitesimally Hilbertian from the very
definition. In every RCD(K, N) space, the Bishop-Gromov inequality holds from
the work of Sturm [88], that is
m(Br(2)) _ m(Br(z))
’UKJV(’I“) - UK7N(R) ’
where the quantity vi n(r) coincides, for N € N, with the volume of a ball of radius
r in the model space of curvature K and dimension N. For the definition of vk v
for non-integer N see [88], however in the results of this note only the case N € N
will be relevant.

As a consequence of ([2232)), we obtain that for every Ry > 0, N < o0, and

K € R, there exists a constant Cg, x,n such that for every RCD(K, N) space
(X,d, m), it holds:

N
% > Croin () » YeeX VO<r<R<R.
Taking R = 2r this also shows that every RCD(K, N) space with N < +oo is
uniformly locally doubling (recall Definition 212). It is also proved by Rajala
[82,183] that every RCD(K, N) space supports also a weak local (1,1)-Poincaré
inequality. Combining the last two observations we conclude that every RCD (K, N)
space with N < 400 is an infinitesimally Hilbertian PI space.

We recall the following embedding result proved by Gigli, Mondino and Savaré
[50, Theorem 6.3, 4i)].

Proposition 2.23. Let (X,d,m) be an RCD(K,N) space, and let & C X be
bounded. Then the inclusion W, () < L?(m) is compact.

(2.32)

VeeX, VO<r <R,

r

(2.33)

Given an RCD(K, N) space (X, d, m) we define the Bishop-Gromov density func-
tion 6 : X — (0, 400] by
mB() . w(B,()

2.34 0 =i
(2.34) ~(@) vt wnrN r—0+ N g(r)
where the existence of the limits is ensured by (Z32]) (see [41), Def. 1.9] by De Philip-
pis and Gigli). Asshown in [41] Lemma 2.2] the function 6y is lower-semicontinuous
in X.

A key property that we will need is the validity of a local almost-Euclidean
isoperimetric inequality. We will use the following version essentially proved in [77]
(see also the works of Cavalletti and Mondino [29] and of Antonelli, Pasqualetto
and Pozzetta [I1] for similar results in the setting of RCD spaces and of Bérard
and Meyer [17] for the Riemannian setting).

Theorem 2.24 (Local almost-Euclidean isoperimetric inequality). Let (X,d, m) be
an RCD(K, N) space for some N € (1,00), K € R. Then for every x € X with
On(x) < +00 and every € € (0,0n(x)), there exists p = p(e,x, N) such that

(2.35)  Per(E) > m(E) ¥ Nwl (Oy(z) — ) ¥ (1 —¢), VE C B,(x) Borel.

Proof. 1t is sufficient to prove the statement with ¢ € (0,0x(z)/2 A 1/2). From
[77, Theorem 3.9], there exists R = R(e, K, N) such that for every z € X, R € (0, R],
it holds

Per(E) > m(E) % NwY Oy r(e)¥ (1 — (2C () + 1)e —¢), VE C Beg(a),
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where Oy ,(z):= mi)]i”p(ﬁ)) and C; r(x):= 991\’%:(%). Since O (x) = lim,0 On,p(2) <

+o0, there exists 7 = 7(x,¢) so that Oy ,(x) € (On(z) — ¢,0n(z) + €) for all

p < 7. Moreover since ¢ < Oy(x)/2, we have that for every R < 7, it holds
3 —

Ce.r(z) < izng = 3. Hence choosing p = p(z,e, K, N) :=e(7(e,z) A R(e, K, N)),
2

we have that

Per(E) > m(E)" % Nwl (0n(z) — )% (1 - 8¢), YE C B,(z),

from which the conclusion follows. O

Next we introduce the subclass of non-collapsed RCD(K, N) space.

Definition 2.25 ([41]). An RCD(K, N) space (X,d, m) is said to be non-collapsed
if m = HY, where H”" denotes the N-dimensional Hausdorff measure on (X,d).

After the works of Honda [61] and of Brena, Gigli and Honda [26] this definition is
known to be equivalent to one given by Kitabeppu [68]. As showed in [41, Theorem
1.12] if (X,d, m) is a non-collapsed RCD(K, N) space, then N € N. Moreover by
[41l, Corollary 1.7] (see also [8, Theorem 1.4]), it holds that

On(xz) =1, mae zeX,

2.
( 36) QN(:E) <1, VreX.

Remark 2.26 (Consistency with the smooth setting). It is worth to recall that
RCD spaces are compatible with the smooth setting in the following sense. Any
N-dimensional Riemannian manifold (M, g) with Ricci curvature bounded below
by a number K € R, i.e., Ric, > Kg, endowed with the Riemannian distance and
volume measure is a non-collapsed RCD (K, N) metric measure space as shown by
von Renesse and Sturm [91] and by Cordero-Erausquin, McCann, and Schmucken-
schliger [34]. In particular, the metric measure space (RY, |- |, H"), where HV is
the N-dimensional Hausdorff measure is a non-collapsed RCD(0, N) space.

We conclude recalling the validity of the Weyl law in non-collapsed setting proved
by Ambrosio, Honda and Tewodrose [8] and by Zhang and Zhu [93].

Theorem 2.27 (Weyl law in RCD spaces). Let (X,d,H") be an RCD(K, N) space

and Q@ C X be open and bounded. Then

. k WN N
2. 1 = Q
(2:37) S P T amy it (@

where {\P(Q)}ren denotes the spectrum of the Dirichlet Laplacian in Q defined in

Proof. By the results in [8[93] it holds that

: N(A) WN N

2. 1 = Q
(2.38) A SN2 T @ni (),
where N()\) := #{k € N : AP(Q) < A\}. This implies 23T7). To see this, set
N=(\) :=#{k € N : \P(Q) < A}, and observe

NP —1) < N-(F(Q) <k < NOAP(Q), VEkeN.
Note that in [93] formula (Z38) is stated with the further assumption that
diam () < diam(X) (when © # X), however this assumption is needed in [93] only

to ensure the discreteness of the spectrum, for which we know by Proposition 2.23]
that the boundedness of (2 is sufficient. O
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3. SOBOLEV SPACES AND NEUMANN EIGENFUNCTIONS IN UNIFORM DOMAINS

Our method to deal with Neumann eigenfunctions in domains with irregular
boundary in RY (or in more abstract RCD spaces) will be to translate the problem
to a global one, by viewing the domain as a metric measure space. The idea is that
if the boundary satisfies an appropriate regularity condition, then the resulting
m.m. space is a PI space and in particular has good analytic properties, like the
isoperimetric inequality and embedding theorems (recall Section [2Z3]). We stress
that the possibility of using abstract metric spaces to deal with Neumann and
mixed boundary value problems in irregular domains of the Euclidean space was
noted before (see, e.g., [I9, p. 33]).

The key notion that we will use is the one of uniform domain that we now
introduce.

Definition 3.1 (Uniform domains). A bounded open subset {2 of a metric space
(X, d) is called a uniform domain if there exists a constant C' > 1 such that every
pair of points x,y € Q can be joined by a rectifiable curve « : [0,1] — € such that
I(y) < Cd(z,y) and

d(~(1),09) > O~ min (z(7|[07t]),z(7|[t71])) ., vtelo1].

Uniform domains were introduced by Martio and Sarvas [73] and by Jones [66]
(see also the work of Viisala [90]) and are central in the theory of BV and Sobolev
extension domains (see the works by Bjorn and Shanmugalingam [22], by Gehring
and Osgood [47], by Jones [66], by Herron and Koskela [5960] and by Lahti [69]).
Uniform domains are also equivalent to one-sided non-tangentially accessible (1-
sided NTA) domains (see, e.g., [I3, Theorem 2.15] by Azzam, Hofmann, Martell,
Nystrom, and Toro or the Appendix [56] by Hansen). They include Lipschitz
domains, but also more irregular domains such as the quasi-disks, i.e., images of
the unit ball under a global quasi-conformal maps (see [73, Theorem 2.15], [47], [64]
Section 3] by Jerison and Kenig or also [89, Remarks 2.1] by Toro). In particular,
the interior of the Koch snowflake is an example of uniform domain. It has also
been proved recently that in every doubling quasi-convex metric space (in particular
any bounded RCD(K, N) space) any bounded open set can be approximated from
inside and outside by uniform domains, see the work of Rajala [84] for the precise
statement.

It easily follows from the definition that every uniform domain is both connected
and locally connected (see, e.g., the work of Martio [72]).

The main goal of this section is to prove the following theorem. It says that
a uniform domain in a non-collapsed RCD(K, N) space (and in particular in R)
when viewed as a m.m. space admits an almost Euclidean isoperimetric inequality
near almost every point (point and the eigenvalues of the Laplacian satisfy a
weak version of the Weyl law (point . Item|(i)|is a technical condition that we
will need to apply the Faber-Krahn inequality in Proposition [5.Jl We remark that,
differently from the preceding sections, in the following statement we will denote by
Y the ambient space, while the notation (X, d, m) is reserved to the metric measure
space associated to the closure of the domain Q C Y.

Theorem 3.2. Let (Y,d,HY) be an RCD(K, N) space, and let QCY be a uni-
form domain. Then the metric measure space (X,d,m) := (ﬁ,db,HN‘ﬁ) 1S an
infinitesimally Hilbertian PI space and satisfies the following properties.
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(i) (X,d,m) has doubling dimension N.
(ii) For every € > 0, there exists a closed set C. C X with m(C.) = 0 such that
for every x € X\C, there exists a constant p = p(xz, N,e) > 0 satisfying

(3.1) Perx (E) > (1 - e)Nw¥m(E)"~', VE C BX(x) Borel,

where Perx and Bff(x) are respectively the perimeter and the metric ball in
the space (X,d, m).

(iii) Denoted by { A} the spectrum of the Laplacian in (X,d, m) (recall (222]))
it holds Ay = N\ (Q) for all k € N and

AN N
2 li k< .
(3.2) kﬁufoo k — wNm(X)

Remark 3.3 (The ‘bad’ set C.). If the ambient space (Y,d, #") is the Euclidean
space then item (ii) in Theorem is immediate by taking C. = 02 and by the
isoperimetric inequality (indeed 952 is negligible as we will show in Lemma [B3.6]).
More generally if (Y, d, 1N ) is a Riemannian manifold with d the geodesic distance
then item (ii) follows taking again C. = 92 and applying the local almost-Euclidean
isoperimetric inequality in [I7, Appendix C]. In the general case, as will be shown
in the proof, the set C. in Theorem can be taken to be

C.:={xeQ : Oy(x) <1-e}Ud,
where Oy : X — (0, 400] is the Bishop-Gromov density function defined in (2:34).
In other words, the set C contains 0f) plus a subset of the singular points, the latter

being the points where 6y < 1. Note that Oy = 1 if (Y,&,HN) is a Riemannian
manifold, so that C, reduces to 0f), in accordance to what we said above.

We start with some basic properties of uniform domains.

Definition 3.4 (Corkscrew-condition). A bounded open subset € of a metric space
(X, d) satisfies the corkscrew-condition if there exists a constant € > 0 such that
for every point # € Q and all 0 < r < diam(Q2), the set N B,.(z) contains a ball of
radius er.

In Definition [B4] it is equivalent to require only x € 9.
For the proof of the following well-known fact see, e.g., [22] Lemma 4.2].

Lemma 3.5. Every uniform domain satisfies the corkscrew-condition.

Lemma 3.6. Let (X,d,m) be a uniformly locally doubling metric measure space,
and let Q@ C X satisfy the corkscrew-condition. Then m(092) = 0. In particular, this
holds if Q C X is a uniform domain.

Proof. Thanks to the corkscrew-condition, there exists a constant € > 0 such that
for every x € 9Q and r > 0 there exists B, (y) C B,(z)NQ. Then by the uniformly
locally doubling assumption, we have

(3.3) m(Br(z) NQ) = m(Be(y)) = Cem(Bar(y)) = Cem(B,(x)), Vr € (0,1),

where C. > 0 is a constant depending only on e. Therefore no point of x €
0f) can be a one-density point for 0€2. The conclusion follows by the Lebesgue
differentiation theorem for locally doubling metric measure spaces (see, e.g., [568|
Section 3.4]). The result applies to uniform domains, since by Lemma they
satisfy they corkscrew-condition. (|
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Lemma [B.7] gives a lower bound on the measure of balls in domain satisfying the
corkscrew-condition.

Lemma 3.7. Fiz s > 0. Let (X,d,m) be a metric measure space such that for
every Ro > 0 there exists a constant co > 0 such that
w0, (r

o)) ") VeeX, Vo<r<R<R,.
m(Br(z)) = © R) * A=A

Then for every bounded domain Q@ C X satisfying the corkscrew-condition, there
exists a constant C > 0 such that
m(B,(z) N Q) > C (r

"V vzen .
w(Br(z)NQ) R)’ re, VO<r<R

In particular, this holds if Q C X is a uniform domain.

Proof. Taking R = 2r in ([34]) shows that (X,d, m) is uniformly locally doubling.
Then as in ([B.3)), we have the existence of a constant C' such that for every z € Q,

(3.4)

(3.5)

m(B,(x) Q) = Om(B,(x)) = coCm(Bi(@) (1)’

> ¢oCm(Bg(z) N Q) ( ) ., V0 <r<R < diam(Q).

==

This proves (B8) for 0 < r < R < diam(Q?). If instead r > diam(2), we have
m(B-(z)) N2 m(Q) r® —
= =1>—, VzeQ VR>r
mBr()NQ)  mQ)  ~ R reWmTE=T

This shows (3.3)) also for diam(€2) < r < R and concludes the proof. O

The next step is to show that the Sobolev space on a uniform domain coincides
with the Sobolev space on its closure. In what follows, given a m.m. space (X, d, m)
and an open subset 2 C X, we denote by (€2, d|§,m|ﬁ) the m.m. space obtained by

endowing Q with the restriction distance d|§ = d‘ﬁ 5 and measure mj, obtained
X

by restricting m to the induced Borel o-algebra on Q. Note that by definition
(Q,d o m|§) is a complete and separable metric measure space with supp(m‘ﬁ) = Q.

Moreover for a function u € L2(§,m|§) we will denote by u|, € L2(2,m) the
function which agrees m-a.e. with u in Q.

Theorem 3.8 (Equivalence between W12(), d|§, m|ﬁ) and W2(Q)). Let (X,d, m)
be a PI space and Q) C X be a uniform domain. Then W172(§,d|§,m‘§) = Wt2(Q)
as function spaces. More precisely, for every u € W172(§,d|§,m|§) it holds that
O(u) := ulg € W12(Q) and the map ® : Wl’Q(Q,db,m‘ﬁ) — W12(Q) is a surjec-

tive isometry. Moreover if (X,d,m) is infinitesimally Hilbertian, so is (Q, d|§,m|§)

and
_ ) 1.2/0
(3.6) /EVU -Vodm = /QV(U,‘Q) V(’U|Q) dm, VYu,ve W (Q,d|§,m|§).

Proof. The result is well known, but for convenience of the reader we include a
short argument which is a combination of results already present in literature. Fix
u € Wl’Q(Q,db,m‘ﬁ). The fact that ®(u) = ul, € W12(Q) is checked, e.g.,
in [6l Remark 2.15]. Moreover by [0, Prop. 6.4] for every n € LIP,,(Q2), since
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d(supp(nu), X \Q) > 0, it holds that nu € W12(X) (when extended by zero in
the whole X) and also that |D(nu)|x = |D(nu)|g m-a.e. in Q, where |D(-)|g is the
w.ag. in lez(ﬁ,db,m‘ﬁ) and |D(-)|x is the w.u.g. in W12(X). Hence by the
arbitrariness of n and by locality we deduce that |Dulg = |D(’LL|Q)|Q m-a.e. in £,
where | D(+)|q is the w.u.g. in W2(Q) (as defined in ([Z.2))). This together with the
fact that m(9€2) = 0 (recall Lemma [3.0) shows that ®(u) preserves the norm. It
remains to show that ® is surjective (note that everything we said up to now holds
for an arbitrary open set Q with m(92)=0). Now since 2 is a uniform domain, by
[22, Prop. 5.9], Q is an extension domain and in particular for every u € W12(Q)
there exists @ € W12(X) such that i|e, = u. By density of Lipschitz functions
(see [86] or [19, Theorem 5.1]) there exists a sequence u, € LIPys(X) such that
up, — @ in WH3(X). In particular, it holds Un|g — u in L2(Q;m|§). Moreover
Un|g € LIP(€, d|§)7 and by definition of slope, we have lipﬁ(unb)(x) < lip(uy,)(x)
for every x € €, where lipg denotes the slope with respect to the metric space
Q, d‘ﬁ) Therefore sup,, [5] lipﬁ(fun|5)|2 dm < sup,, [y [1ip(un)[* dm < 400, which
by definition proves that ﬂ|§ € W1’2(§,d|ﬁ,m‘ﬁ). Since ﬁ|Q = u and by the ar-
bitrariness of u € W12(2), this shows that ® is surjective. Finally if (X,d,m) is
infinitesimally Hilbertian, then W12(Q) is a Hilbert space and, since @ is an isom-
etry, then Wl’z(Q,d|§,m|§) is a Hilbert space as well; so (€2, d|§,m|ﬁ) is infinites-
imally Hilbertian. Then identity (8.0 follows by polarization using the definition
of scalar product between gradients. O

Theorem 3.9. Let (X,d,m) be an infinitesimally Hilbertian PI space, and let
Q C X be a uniform domain. Then the metric measure space (Q,d|ﬁ,m|§) is an

infinitesimally Hilbertian PI space.

Proof. The fact that (€, d|§, m|§) is a PI space is proved in [22] Theorem 4.4] (see

also [I Prop. 7.1} and [19, Theorem A.21]), recalling also that m(9€2) = 0. The
infinitesimal Hilbertianity follows from Theorem B8] (alternatively we could apply
[48, Prop. 4.22]). O

From the previous results about the compatibility of the two Sobolev spaces
W12(Q) and Wh2(Q, d|§7 m‘ﬁ)7 we can deduce a compatibility between eigenfunc-

tions and eigenvalues in 2 and in (2, d|57 m‘ﬁ)

Corollary 3.10 (Equivalence between M\ (©2) and )\k(ﬁ’d|§’m|§))' Let (X,d,m)
be an infinitesimally Hilbertian PI space, and let Q C X be a uniform domain.
Then:

(i) u € WH2(Q) is an eigenfunction for the Neumann Laplacian in Q0 of eigen-
value X\ if and only there exists an eigenfunction @ € WI’Q(Q,db,m‘ﬁ) of
the Laplacian in the metric measure space (<, d|§, m|§) of eigenvalue \ and
satisfying 11|Q = u. In particular, if this is the case, then u has a Holder

continuous representative in ).
(ii) the embedding W12(Q) < L2(2) is compact and in particular the Neu-
mann Laplacian in Q has a discrete spectrum { XY (Q)}ren (counted with
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multiplicity) satisfying
0=V <X (@ <. WO < — 400,

(iii) denoted by { A}k the spectrum for the Laplacian in (ﬁ,d|§,m|§), it holds
that
A (Q) =X\, VEkeN.
Proof. First observe that the statement makes sense since by Theorem we have
that (Q, d|§’ m|§) is a bounded infinitesimally Hilbertian PI space, and so by (2.22]),
we have that the Laplacian in (ﬁ,db,m‘ﬁ) has a discrete spectrum {Ag}g. It is
sufficient to show (i) and (ii), because then (iii) would follow from the definitions.
Suppose that u € W12(Q) is an eigenfunction for the Neumann Laplacian in €2 of
eigenvalue . Then by Theorem B.8, there exists & € W2(Q, d‘ﬁ’m|§) such that
1]|Q = u. Moreover for every v € W12(Q, d|§7 m‘ﬁ), again by Theorem 3.8 we have
that v|, € W12(Q). Then applying ([B.6]), we obtain
/ Vi -Vodm =
Q

Vu - VU‘Q dm = —\ uv), dm= -\ [ avdm,

Q Q Q

where in the second identity we used the definition of eigenfunction and in the last
one that m(99Q) = 0, because  is a uniform domain. This shows that @ is an eigen-
function of eigenvalue A for the Laplacian in (£, d‘ﬁ, m|§). Then by Theorem 2.17]

@ has a Holder continuous representative in €, which implies that u has also a
continuous representative in 2. Conversely suppose that @ is an eigenfunction of
eigenvalue A for the Laplacian in (Q’d\ﬁ’mb)' Then by Theorem B8, we have

i, € W12(Q). Moreover, again by Theorem B.8] for every v € W12(Q) there
exists o € WH2(Q, d‘ﬁ, m|ﬁ) such that 0|, = v. Therefore as above using (3.6)

—)\/ﬁbvdm:—)\/ﬂf)dm:/Vﬂ~Vf}dm:/Vﬂ|Q'Vvdm.
Q Q Q Q

This shows that ﬂ| o Isan eigenfunction of eigenvalue A for the Neumann Laplacian
in Q and completes the proof of (i). For (ii), recall that by Theorem B8 the
map D : W1’2(§,d|ﬁ,m|§) — WH2(Q), given by ®(u) = Ul is an isometry
and that by Theorem the inclusion ¢ : W1’2(§,d‘§,m|ﬁ) — Lz(ﬁ,mb) is
compact. Let now u, € W12(Q) be a sequence bounded in W12(Q). Then the
sequence ! (u,) € WhH? (ﬁ’db’m‘ﬁ) is also bounded; hence it has a converging
lo = OO (uy) = up
for every n. Hence u, has also a converging subsequence in L2(Q,m‘ Q), which
shows that the embedding W12(Q) — L?(Q, m|,) is compact. This completes the
proof of (ii). O

subsequence in L2 (ﬁ,m‘ﬁ). However by definition ®~*(u,)

Remark 3.11. If the ambient space (X, d, m) is an RCD(K, N) space, with N < +o00,
then the Neumann and Dirichlet eigenfunctions are actually locally Lipschitz in the
interior of the domain, as follows directly from the work of Jiang [65] Theoem 1.1]
(see also [7, Prop. 7.1] by Ambrosio, Honda, Portegies and Tewodrose). Recall that
the continuity of eigenfunctions is crucial to define their nodal domains.
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Next we show that for a uniform domain €2 there is a one to one correspondence
between the nodal domains in 2 and the nodal domains in its closure.

Proposition 3.12 (Compatibility of nodal domains). Let (X,d) be a metric space,
Q C X be a uniform domain and f:  — R be a continuous function. Denote by C
(resp. C) the set of all the connected components of Q\{f = 0} (resp. Q\{f = 0}).
Then

(3.7) C={Uu@Uun(OQ\{f=0}) : UeccC}.
In particular, the sets C and C have the same cardinality.

Proof. For every U € C we put o(U) :=U U (U N (02 \ {f = 0})) and we want
to show that ¢ defines a bijective map ¢ : C — C. We note immediately that ¢ is
injective, because if (U) = (V) then U = p(U)NQ =p(V)NQ =V.

To conclude it is sufficient to prove that the sets {¢(U)}uec are open, closed
and connected in the topology of Q\ {f = 0} and that their union is Q\ {f = 0}.
Indeed this would show that {¢(U)}uec are exactly the connected components of
Q\ {f = 0}, which would imply ([B1) and in particular that ¢ is surjective.

Note first that the elements of C are open in the topology of Q\{f = 0} (and thus
also in the one of X) because Q \ {f = 0} is locally connected (recall Lemma [2.2])
since it is an open subset of €2 which is a uniform domain and thus locally connected.

The key observation is that for every € 9Q \ {f = 0} there exists r > 0 and
U € C such that

(3.8) B, (z) N0 C p(U) = U U (DU N 02\ {f = 0})).

To prove this note that f(z) # 0. Then by continuity there exists ro > 0 so that
B.(x)NQ C Q\ {f = 0} for every r € (0,70]. In particular, for every r € (0, 7],
the set B,.(x) N is contained in |J;;co U. Suppose that for some 7 > 0 the set
B.(z) N Q intersects at at least two distinct sets U,.,V;. € C and take two points
ur, € U. N Bp(x),v, € V. N By(z). Since Q is a uniform domain there exists
a rectifiable curve 7 : [0,1] — X contained in €, connecting u, and v, and of
length I(y) < Cd(uy,v,) < 2Cr, where C' > 0 is some constant independent of
r. Then ([0, 1]) must intersect {f = 0} otherwise v([0,1]) C @\ {f = 0} and
U, UV, U~([0,1]) would be a connected subset of Q\ {f = 0}, which contradicts the
fact that U,., V;. are distinct connected components of Q\ {f = 0}. Therefore, since
7([0,1]) € Bac41)r(x), it holds Baci1)r(2) NQN{f = 0} # () and so by the choice
of ro we must have (2C + 1)r > r¢. This proves that for r small enough B, (z) N Q
intersects at most one set in C. However, as observed above, B,.(2)N$2 C |Jy ¢ U for
every r € (0,79]. Therefore for r > 0 small enough we must have that B, (x)NQ C U
for some U € C. Fix one such r > 0 and fix y € B,.(z) N 09Q. Then for every s > 0
small enough, B,(y) N Q # 0 and Bs(y) N C B,(z) N Q C U. This shows that
y € OU. Therefore for every r > 0 small enough B,.(z) NQ C U, B,(x) NI C oU
for some U € C and as observed above B,.(z) N Q C Q\ {f = 0}. Combining these
three facts proves (3.8).

Consider now any U € C and note that ¢(U) is precisely the closure of U in the
topology of Q\ {f = 0}. Indeed

TA@\{f=0}) = (Un@\{f=0}) U @U@\ {f=0))
= U U(0U N 0\ {f = 0})) U(OU N (2\ {f = 0}))
= UL @U N 00\ {f =0))) = o(U),
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where we used that U C Q\ {f = 0} and that OU N (Q\ {f = 0}) = 0 because U
is closed in the topology of Q \ {f = 0}, being a connected component, but also
open as observed above. Moreover U is connected in Q\ {f = 0} and thus also in
Q\ {f = 0}; hence p(U) is also connected in the same topology, being the closure
of a connected set. Additionally ([B.8]) implies that ¢(U) is open in the topology of
Q\{f = 0}. It remains to prove that the union of the sets {¢(U)}rec is Q\{f = 0},
which can be seen as follows

Q\{f =0} = @\ {f =0 UER\{f =0} T @\ {f=0}U <U sO(U)>

veC

clUvu u(U ¢(U)> = o).

vec, veC

We pass now to prove the main result of this section.

Proof of Theorem B2l The fact that (X,d,m) is an infinitesimally Hilbertian PI
space is contained in Theorem Recall also that by Lemma it holds
HN(09) = 0. Ttem [(i)] follows immediately combining ([Z33) and Lemma [37] and
recalling that €2 is bounded.

We pass to the proof of Fix € € (0,1) arbitrary. We choose

C.:i={zeQ : Oy()<1-c}uon

(see ([234) for the definition of ). From the lower semicontinuity of the function
On(-), it follows that C. is a closed subset of . Moreover, since Oy (z) = 1 for
HN-a.e. x (recall [Z36)) and HN(9Q) = 0, it follows H(C.) = 0. Note that by
construction 1 — e < Oy(x) < 1 for all x € Q\ C. C Q. Therefore we can apply
the local almost-Euclidean isoperimetric inequality given by Theorem (recall
also Lemma [2Z.1])) and obtain that for every z € Q\ C. and every ¢ € (0,1/4) there
exists p = p(z, N, &) < d(z,Q°) such that

Pery (E) > m(E)" ¥ Nw{ (1 - 2% (1—¢), YE C By(x) = BX(z) Borel,

which shows ([B)). It remains to show Denote by Ai, & € N the spectrum of
the Laplacian in (X, d, m) (counted with multiplicity and in non-decreasing order).
Recall that by Corollary BIU\x = MY () for every k € N, where A (Q) is the k-th
Neumann eigenvalue of 2 (in non-decreasing order). Recalling Lemma 2.8 we know
that AN (Q) < AP(Q) for every k € N, where AP (Q) is the k-th Dirichlet Laplacian
eigenvalue of Q. Then ([B2) follows from the Weyl law for the Dirichlet Laplacian
(see Theorem 2:27)):

N/2 N N/2 D N/2 N N
MmN o fm Q@)Y ORE)ME L eoY | @eoY
e ke trboe BV (@)~ wam(X)

having used again m(92) = 0. O
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4. FROM LOCAL TO GLOBAL ISOPERIMETRIC INEQUALITY

In this section, we prove the following crucial result. Informally speaking, it says
that in a PI space satisfying an almost-Euclidean isoperimetric inequality around
almost-every point, the same isoperimetric inequality extends to all sets having
sufficiently small volume and avoiding a ‘bad’ but small region of the space.

Theorem 4.1. Let (X,d,m) be a bounded PI space and fixt N > 1. Suppose that
for every € > 0 there exists a closed set Ce C X with m(Ce) = 0 such that for every
x € X\C; there exists a constant p = p(x, N,e) > 0 satisfying

L N-1
(4.1) Per(E) > (1 —e)Nwym(E) ™~ , VE C B,(x) Borel.

Then for every € € (0,1) and n > 0, there exists an open set U., C X with
m(U. ;) <n and constants § = f(X,e,N,n) >0, ' = () > 0 such that

(4.2) Per(E) > (1 — 5)Nw1§m(E) s ,
for every E C X Borel satisfying
m(ENUe,y,) /
< — =1L .
0<m(E) <p, B <g

Observe that assumption (A1) is the same as item (ii) in Theorem

The proof of Theorem [£.1] takes inspiration from the arguments in [I7, Appen-
dix C] in the smooth setting, but requires also to deal with the technical issues
arising from working in a non-smooth metric space.

We start with an estimate for the perimeter of the complement of the union of
a finite number of balls.

Lemma 4.2. Let (X,d,m) be a PI space. Suppose that B; ‘= B,,(x;) C X, i =
1,...,k, k € N, have all finite perimeter and satisfy Per(B;,0°B;) = 0 for all i # j.
Then
k

(4.3) Per(BfNB§N---NBf,.) <Y Per(B;,.)

i=1
Proof. We argue by induction on k. By ([2:23]), we have that for every ball B C X
of finite perimeter

|BfﬂB§ﬁ-~~ﬁBg'

Per(B¢,.) = Per(B,.) = Per(B, ')\Bc’
which shows that the statement holds for £ = 1. Suppose that the statement is true
for some k € N, and let B; := B,,(x;) C X,i=1,...,k+ 1 be as in the statement.
By a repeated application of (vi) in Lemma 210, we get
(4.4) 0°(BfNnBsN---NBj) CO°B;U---UI°By.
Using ([4) and the assumption Per(Byy1,0°B;) =0 for all j # k + 1 gives
Per(By11,0°(BfNBsN---N Bf)) = 0.
Hence we can apply Proposition [2.19] and obtain
Per(BiNBsN---NBiy,-)

(45) c c R c
< Per(Bj41, .)|(BfﬂB§m”_mBg)(l) + Per(BfNBSN---N B, ')|(Bz+1><1>'

Since balls are open sets, by using (iii) and (iv) in Lemma 2ZT01it holds
(BinBsn---NnBHW c BEnBSN---N B,
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that combined with ([@35]) and the induction hypothesis gives

Per(BiNBsN---NBg y,.)

< Per(By+1,.) + Per(B{NBSN---NB,.)

|BenBgN--NBE By, H®

< Per(Bg+1,-) +Per(BiNBsN---N B, .)

|Be

|BsnBgN--nBg [

k

SPer(BkJrl’')|BfﬁBfr7 ‘NB;NB;, —I—ZPer “')|BCOBCQ ‘NB{NBg
=1

k41 k+1

where in the second line we used that (B,‘;_H)( ) C Bf ., (recall (iv) in Lemma 2.10)
and in the last line that Per(Bj41,.) = Per(Byy1, .)|BC (recall ([Z23) for the
k+1

first term and the induction hypothesis for the second term. This concludes the
proof. O

Combining the above estimate with a covering argument we can prove the fol-
lowing proposition, from which Theorem [£.1] will easily follow.

Proposition 4.3 (From local-to-global isoperimetric inequality). Let (X,d, m) be
a PI space. Suppose there exist constants A > 0, o € (0,1] and a compact set K C X
such that for all x € K there exists p(x) > 0 so that

(4.6) Per(E) > Mm(E)*, VE C By (x) Borel.
Then there exists a constant C = C(K,a, A) such that
(4.7) Per(V) > \am(VNK)* — Cm(V), VV C X Borel

Proof. We start by extracting once and for all a finite covering K C UM | B ) (7;),
with x; € K, and we set p := min; p(x;) > 0. It is enough to prove ({1 f0r2sets \%4
of finite perimeter. Fix one such set V.
We claim that there exist rq,...,7a, with 7, € (%ﬂc),p(ﬂcz)) such that the

following hold:

(a) By, (x;) has finite perimeter, for every i =1,..., M,

(b) Per(V,0By,(x;)) =0, for every i =1,..., M,

(c) Per(B,,(x Z),V(l))g3;2—;‘;)),for everyi=1,...,M,

(d) Per(By,(v;),0B,(x;)) =0, for every i,j = 1,..., M with i # j.
It is sufficient to prove that:

(i) for any 7 € {1,..., M}, there exists A; C (@,p(xl)) with H1(4;) >0
such that @ @ and holds for every r; € A;,
(ii) for every r; > 0 such that B,,(x;) has finite perimeter, [(d)] holds for every

j # 4 and for a.e. r; > 0.

Indeed if these were true, up to removing from each A; a set of measure zero, we
would have that every choice (r1,...,73) € A; X ..., XAy satisfies all @ @
and [(d)] We start proving (i). Fix ¢ € {1,..., M}. From Proposition 29, we
have that B, (z;) has finite perimeter for a.e. 7 > 0 (i.e.,[(a) holds for a.e. r; > 0).
Moreover since Per(V,.) is a finite measure and {0B,(z;)}»>o are pairwise disjoint
sets, we must have that Per(V,0B,,(z;)) = 0 for a.e. r; > 0 (i.e., [(b)] holds for a.e.
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r; > 0). By applying Proposition with R := p(z;), we get

p(x:) o(@i)
/( Per(B,(z;), V1) dr §/ Per(B,(z;), V) dr
P 37 0

< m(Bp(,;i)(xi) N V(l))
= m(Bp(xi)(xi) nv),

and by the Markov inequality
w ({re (B ipten) s Per(B (e, V) > 30V 0 B oten ) < 2452,

which shows that the set

{re (P50t ) Pex(Bu(, V) < 3V 0 By 00 o) |

2

has positive H!-measure, i.e., [(c)] holds for every r; in a subset of (p(gi),p(xi))

of positive H!-measure. Combining all the above observations gives (i). To show
(ii) fix i,5 € {1,...,M}, i # j and r; > 0 such that B, (z;) has finite perime-
ter. As above {0B,(z;)},>0 are pairwise disjoint sets, therefore we must have
Per(B,,(x;),0B;(x;)) = 0 for a.e. r > 0. This proves (ii) and completes the proof
of the claim.

From now on, we assume to have fixed rq,...7ry; such that @ @, and
@ above hold (note that this choice might depend on the set V) and we set
B; := B, (x;). By construction K C UM, B;. Consider the pairwise disjoints sets
{U;}M | defined inductively as follows:

U =B, U:=BnN(Bf,Nn---NBf), Yi=2,...,M.

Clearly {U;}M, is a family of disjoint Borel sets which is a covering of K. We claim
that

(4.8) Per(V,0°U;) =0, Vi=1,...,M.
Indeed, from (vi) and (ii) of Lemma [Z10] one infers that
0°U; C 0°BLU0%(B3)U---UO%(Bi_,) COB1U---UJB;_;.

From this, [@) follows recalling [(b)] Thanks to (B8] we are in position to apply
Proposition .19 to deduce that

(4.9) Per(V NU;) < Per(V,UN) + Per(U;, V), Vi=1,..., M.

The goal is now to give an upper bound on each term on the right-hand side of
[#9). Since U; are pairwise disjoint by construction, by point (v) of Lemma 2.10]

it follows that also the sets Ui(l) are pairwise disjoint; hence
M
(4.10) > Per(V,UM) < Per(V).
i=1
To estimate Per(U;, V1), we note that from [(d)] it holds
Per(B;,0°(B{n---NB{ 1)) =0,
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indeed 0°(BSN---NBf ;) CIByU---UIB;_; (recall (ii) in Lemma 2.10). Hence,
recalling that by construction U; = B; N (Bf_; N--- N Bf), we can apply again
Proposition 219 to get

Per(U;, VW) < Per(B;, V) + Per(B{ N ---N BE_ |, V(l))\Bw'

From this and Lemma [£.2],

1—1
Per(U;, VD) @ Per(B;, VM) + Y " Per(B;, V)
j=1
i—1
< Per(B;, V) + > " Per(B;, V)
j=1
i—1
= Per(B;, V) + > Per(B;, V),
Jj=1

where in the second line we used that Bgl) C B;UJdB; and that Per(B;,0B;) =0
for all j # 4, thanks to @ Summing in ¢

WA pe .
|Bi )NB¢N--NBE_,

|Bmeﬂ~-~ﬂB§71

U;

~
|
—

M=
(]

ZPer U, v ZPer B;, v + Per(Bj,V(l))|U

i

N
Il
—

.
Il
—

M
(4.11) < Per(B;, VW) +
=1

NE
NE

Per(B;, V(l))|U

i

,_.

.
Il

-

Nok

m(V) _ )

< p(x;) p

i

M
<2) Per(B;, V) <6

i=1 %

where in the third inequality we used that S Per(B;, V(D) g < Per(Bj, V)

since the sets U;, @ € {1,..., M} are disjoint. Combining (L9), (£I0), and (ZIT)),
we get

S (V)
(4.12) S " Per(V N U;) < Per(V) + 6M 2.

i=1
On the other hand V' NU; C B; C By(,,)(2;); hence by assumption (4.8])

M M M @
D Per(VNU;) = A> m(VNU)* > A (Z m(V N Ui)> > m(V NK)e,

i=1 i=1 i=1
since the function z +— x® is subadditive and the sets {U;}}, cover K. This
combined with (£12) yields
Per(V) > Am(V NK)* — 6M ———=.

The constants M and p depend only on the initial choice of the covering B ;) (%)
2
and thus depend only on K, o and A, (and not on V'). This concludes the proof. O

An application of Proposition yields immediately the main result of this
section.
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Proof of Theorem Bl Fix ¢ € (0,1) and n > 0. Let C./o C X be as in the
statement. Since C /5 is closed, by upper regularity there exists an open set U,
containing C;/, and such that m(U, ,) <. Set K., := X\U.,,, which is compact
(because it is closed and bounded and X is a proper, being a PI space). In particular,
(@I holds also for every x € K. ,. Therefore the hypotheses of Proposition A3

1
are satisfied with K = K, ,;, « = &% and A = (1 — ¢/2)Nwj and we deduce that
there exists a constant C' depending only on K. ,, N and ¢ (and thus only on X, ¢,
N and ) such that

N—-1

Per(E) > (1 - ¢/2)Nwl m(E N Ke,)) ¥ — Cm(E)

— (1-/2)Nw¥ m(E) %" {(1 - %) Y _tmE)F
> (1—e/2)Nwl m(E)" % {1 - % - ém(E)%] , VECX Borel,

where C' = C((1 — 5/2)Nw1§)_1. From this, we obtain that the conclusion of the

theorem holds taking 3 := C~V§N and B := §., where J. := %255. |

5. ALMOST EUCLIDEAN FABER—KRAHN INEQUALITY FOR SMALL VOLUMES

Similarly to the classical Faber-Krahn inequality in RY, combining the almost
Euclidean isoperimetric inequality for small volumes in Section Ml and the Pdlya—
Szegd inequality of Section 2.4] we deduce here an almost-Euclidean Faber—Krahn
inequality for small volumes similar to [I7, Lemme 16] by Bérard and Meyer in
the case of Riemannian manifolds. However it is not possible to apply directly the
Poélya—Szegd inequality as in [I7], because our isoperimetric inequality applies only
to sets that have small volumes and avoid a bad set with small measure. This
technical difficulty will require a more careful argument, which will eventually lead
to a Faber—Krahn inequality that applies only to sets that again avoid a portion of
the space with small measure (see Theorem [5.3).

We start by recalling the well-known expression of the first Dirichlet eigenvalue
of a ball in the N-dimensional Euclidean space (see, e.g., [I7]):

2/N
RN o wWN .2
6.) B O) = (i) T Yoo
where j(v-2 denotes the first positive zero of the Bessel function (of the first kind)
N

. (N—2)
of index T

Next we obtain a weaker Faber—Krahn inequality, i.e., with a rough constant,
but that applies to sets also with large volume.

Proposition 5.1 (Faber-Krahn inequality in PI spaces). Let (X, d, m) be a bounded
PI space of doubling dimension N € N\ {1}. Then there exist constants vy =
v9(X) > 0 and C = C(X,N) > 0 such that

C
(5.2) M(Q) > ——, VQCX open, 0 <m(Q) < vp.

m(Q) ¥

Proof. By Proposition I8 there exist constants wy = wo(X) > 0 and C; =
C1(X,N) > 0 such that

N—-1

(5.3) Per(E) > Cym(E)™ ™ , VE C X Borel such that m(E) < wy
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In particular if m(Q2) < vy := wy, then (B3] holds for every E C 2 Borel. Moreover
taking vg < m(X), we have Q # X. Therefore we can apply the Pdlya—Szegd
inequality (2:28) and deduce

Jo |Dul? dm > ( Cr )2fsz* |Duy|* &2 > c
(5.4) fQ |u|2 dm Nwllv/N fQ* |U'41<\/|2 dzN — m(Q)ﬁ
Yu € Wol’z(Q), u>0, uzo,

where we have also used that [Jul|2(0,m) = [ui ]2, 2~), m(Q) = £V (Q*), and
in the last passage the identity (51 and the fact that u}, € WOI’Q(Q*). By taking
the infimum with respect to all the possible u in the characterization (Z10)), we get
the result. O

From the previous proposition we can deduce the following version of the Faber—
Krahn inequality in the Euclidean setting. Even if it will not be used in this note,
we think it is worth being isolated in a separate statement. Indeed it has been
pointed out repeatedly in the previous literature that one of the major difficulties
in counting nodal domains for non-Dirichlet boundary condition in subset of RY
with irregular boundary is the absence of a suitable Faber—Krahn inequality for
subdomains close to the boundary (see, e.g., the discussions by Hassannezhad and
Sher [57, Section 2], by Léna [70, Section 1.2], by Gittins and Léna [53], Section
1.2] and by Beck, Canzani and Marzuola [I5 Section 1.1]). This was one of the
main issues faced [70] which also forced the assumption of a C!'! boundary (see
also [57]). Here we show precisely that a Faber—Krahn-type inequality does hold
in any uniform domain, no matter how close is the support of the function to the
boundary.

Corollary 5.2 (Faber-Krahn inequality for uniform domains). Let Q C RY be a
uniform domain. Then there exist constants vy € (0, 2N (Q)) and C > 0, depending
only on ), such that

Jo [Vul? d2N N C
Jou?dZN T (LN (supp(u)) ¥
Yu e WH2(Q), u#0, such that L™ (supp(u)) < vo.

Proof. Let u € W12(Q). Then by Theorem 3.8 there exists @ € L?(Q,.Z") such
that @ = u ZN-a.c. in Q and such that @ € W1’2(§,d|ﬁ, $N|§)7 where d denotes
the Euclidean distance (recall also Remark [27). Moreover by Theorem the
m.m.s. (X,d,m) := (ﬁ’d|ﬁ’ ‘,%N‘ﬁ) satisfies the hypotheses of Proposition .1l Fi-
nally by Lemma[3.6] we have .ZV (0Q) = 0. Let v < m(X) = £V (Q) and C > 0 be
the constants given by Proposition 5.1} which depend only on €. Consider the open
set U := (supp(@@))¢, ¢ > 0. Then LN (U.) — LN (supp(i)) = LV (supp(u)) as
e — 0, having also used that £V (9Q) = 0. Hence assuming that £ (supp(u)) <
vo, we have that m(U.) < vy for € small enough. Clearly @ € W, ?(U.) (recall

[23)); hence we can apply (B.2]) and obtain
[sIvadeN _ c
~2 N z 2
fﬁu 4z m(UE)"
Lettifng e — 0 and recalling that [5|Va]>?d2Y = [, |Vu[>d2" concludes tlg
proof.
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We pass to the statement of our main Faber—Krahn inequality for small volumes.

Theorem 5.3 (Almost Euclidean Faber-Krahn inequality for small volumes). Let
(X,d, m) be a bounded PI space of doubling dimension N € N\ {1}. Suppose that
for every € > 0 there exists a closed set C. C X with m(C.) = 0 such that for every
x € X\C, there exists a constant p = p(x, N,&) > 0 satisfying

(5.5) Per(E) > (1 — e)Nwim(E)'~", VEC B,(x) Borel,

(
Then for every € € (0,1) and n > 0, there exists an open set Ue ,, with m(Us ) <1
and constants § = 0(X,e,N,n) >0, &' = §(X,e, N) > 0 such that for every Q C X
open satisfying

m(QNUc,)
< — <
and, denoted by Q* := B,.(0) C RY the ball satisfying m(Q) = LN (Q*), it holds
(5.6) A1(2) > (1 —e)A ().

The key point of Theorem [5.3]is that the constant ' does not depend on n. This
will be crucial in the proof of the main result, which will be done in Section
Indeed we will eventually need to get rid of ¢’ by sending n — 0 (see in particular

©.8)).

Remark 5.4. Thanks to Theorem B2 we know that, given (Y,d, ") an RCD(K, N)
space and @ C Y a uniform domain, the metric measure space (X,d,m) :=
(ﬁ,d‘ﬁ, HN |ﬁ) satisfies the hypotheses of the above Theorem [E3l This will ac-

tually be the way in which we will apply this result in the sequel.

In the proof of Theorem 5.3, we will make use of the following elementary ob-
servation.

Lemma 5.5. Let (X,d, m) be a m.m.s. and f € LIP.(X), f#0, f > 0. It holds
[x IDf?dm
Jx [f[?dm

Proof. Let 1y, := (f — 2)T. Then 1, € LIP.({f > 0}) and for n € N sufficiently
large, ¥, #Z 0. Then for n large, 1, is a competitor in (215, so

[ |DYy|?dm
M{f >0} < lim SH———
1({ }) oo fX W’n‘z dm
~ lim f{f21/n}|Df|2dm _ fX|Df|2dm
o RN TSV iy M TR

where the first equality follows from the locality of the weak upper gradient. O

> M ({f>0}).

We are now ready to prove the Faber-Krahn inequality for small volumes.

Proof of Theorem B3 Fix e € (0,1) and n > 0. Let 8 = B(X,§,N,n) > 0,5 =
B'(5) > 0,Us, C X be respectively the constants and the set as given in Theo-
rem [L.] and recall that m(Us ,,) < 7. In the following, we will simply write 3 and
B’ to denote these constants and write U to denote the set Us .

Let §,6" € (0,1) be constants small enough to be chosen later and in such a way

that § will depend in the end only on X, &, N, n, while ' only on X, N, .
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Fix Q C X open such that
m(QNU) <,

m(Q)
and define Q* := B,(0) € RY where r > 0 is so that .2V (Q*) = m(Q2). Up to
choosing ¢ < m(X) we can also assume that  # X.

Let u € LIP.(92) be a competitor in the infimum of ([2.20). In particular, u # 0,
u > 0, and lip(u) # 0 m-a.e. in {u > 0}.

We divide two cases:

Case 1 (m({u > 0}) < 3v/0'm(Q2)). From Lemma [5.5 and Proposition 5.1} we have

m(2) <4,

Jx [Duf? dm C(X,N) _ C(X,N)(3Vd)~#
. T oZdm > A ({u>0}) > (> 0)F > L
| i) ’oN g,
Tl 22 (),

with C(X, N) > 0 being the constant given by Proposition 5.1l which can be applied
if 3v/6'6 < vo(X) (where vg(X) is given by Proposition 51 and the last inequality
in (57) holds provided 3v/§’ < COLN) 2

Case 2 (m({u > 0}) > 3v/0'm(f)). Set
5= sup{t: m({u>t}) > 2Vm(Q)}
and observe that s > 0 and that
m({u > s}) < 2V6'm(Q),
m({u > t}) >2V/0m(Q), Vi<s.

The first one follows because m({u > s}) = lim,_,;+ m({u > t}) < 2v/§'m(Q), while
for the second note that ¢ — m({u > t}) is monotone non-increasing. Set @ = uAs
and @ := (u — s)*, so that w = 4 + @ and 4, @ are in LIP.(Q) and % > 0, @ > 0,
4 #Z 0, uw # 0. Observe that if multiply v by a constant ¢ > 0, u still satisfies the
hypotheses of Case 2] and the number s defined above gets also multiplied by c.
"|Du|? dm
! lf uz‘dm
invariant, up to multiplying v by a constant we can assume that fX W2 dm = 1.
Then

Hence also 4 gets multiplied by c¢. Therefore, since the value is scaling

Jx |Dul? dm _ [« |D@|* + |Da* dm - [« |D@|* + |Da* dm
fXUQdm fXQQdm-i-fXﬂQ—kaX@’adm - 1+jxa2dm+2 /fxﬁzdm

Using again Lemma applied with f = @ and noting that {a > 0} = {u > s},
we have

(5.8)

Jx IDaf? dm C(X,N) S C(X,N)
Jx [al? dm m({u>sH¥ T (2VFm(Q)F’
where the second inequality follows from Proposition Bl (which as above can be

applied provided 2v/8’8 < v(X)). Moreover, since m({u > t}) > 2v/0'm(Q), for
every t < s, we have
m{u>t}N0U) < m(QNU) < d'm(Q) Vo'

m({u>t}) T m({u>t}) T 2/6'm(Q) 2 < ZE

(5.9) > M\ ({u > s}) >
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provided §" < ()% (recall that 3’ depends only on €). We also have m({u > t}) <
m(2) < 6 < B, provided 6 < 5. Therefore we can apply Theorem ] to the set
E = {u >t} and obtain

N

Per({u > t}) > (1 - %) No¥m({u> )%, Vi<s.

We can then apply the Pélya—Szegd inequality in point ¢) of Theorem 222 to the
function @ (note that assumption (2:20) is satisfied by provided § < wg(X), where
wo(X) is the constant given by Proposition 2.18)), to get

2 S
/|Da|2dm - Duf?dm > (1-5) / / | Duy| d Per({uy > 1)) dt
{u<s} 2 0 JRN

- (1~ 3)2/{u IRCTIREAE (1- %)Q/RN ID(uly A )2 d.2,

where v}, € LIP.(2*) is the Euclidean monotone rearrangement of u (see Defini-
tion 227]) and where in the second to last equality we used the coarea formula in the
Euclidean space (see, e.g., [71, Theorem 18.1]). Moreover since uly A s € LIP.(©2%),
we have

/ ID(wly As)2deN > )\1(9*)/ iy As[2 d.eN = Al(Q*)/ (2 dm = Ay (QF),
RN RN X

where in the first identity we used the equimeasurability of u and uy. Hence
[ |Dal? dm 5
i el B (1

(5.10) T2 dm - —)2,\1(9*).
X

2

Therefore we can plug (5.9) and (G.10) into (B.8) to get
(1= 57 h(@) + S e

Jx |Dul? dm (2V/5Tm(Q) N
Jxurdm 14 A2 424 ’
where A = ([ @? dm)%. We now minimize in A € [0,00). To do so we observe
that the function f(t) := %, a,b > 0, has derivative f'(t) = 2((11’_2;—;)? Hence f
has a global minimum in [0, 00) at ¢t = § of value f(§) = 5= Therefore we obtain
b
2 *
Jy IDup dm (1—£)* M)
Jxwrdm T4 (11— £)% A0 (09) 2V m(Q) F O(X, N)-
2 *
&D (1= 5)" (@)

3 .
1+ (1= 5)" (42 ) (n2V@)FCO(X, V)~
Choosing ¢’ small enough, depending only on &, N and X, such that

(1-%)°

14 (1-5)" (jp2) (n2V@)F O N)

N

>1—¢,

we get the conclusion.
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6. PROOF OF MAIN THEOREM

In this section, we prove Theorem [[.1] and Corollaries [.2] [[.3] combining the
results of all the previous sections. One last ingredient, contained in the next
statement, is a crucial inequality relating the eigenvalue of an eigenfunction with
the first Dirichlet eigenvalue of one of its nodal domains. This can be seen as
a generalization of [I7, Lemme 2 in Appendix D] proved there in the setting of
Riemannian manifolds. Recall also that eigenfunctions of the Laplacian in PI spaces
are continuous (see Theorem Z.T7]).

Proposition 6.1. Let (X,d,m) be a bounded infinitesimally Hilbertian PI space,
Q C X be open and f be a Dirichlet or Neumann eigenfunction of the Laplacian in

Q of eigenvalue A. If U C Q is a nodal domain of (the continuous representative
of) f, then U is open in X and it holds

Jo |IDfI? dm
Jo f2dm

In [I7] (in Riemannian setting), it is shown that the first in (6] is actually an
equality in the Dirichlet case, however we do not know whether the same is true also
in this more general setting. Nevertheless (G.I)) will be sufficient for our purposes.

Specializing Proposition[6.1]to the Euclidean setting we also obtain the following
result which, even if not needed in the sequel, we believe is interesting on its own. In
particular, it extends previous results in [70, Proposition 1.7] and [I5] Lemma 3.3],
where the same was proved respectively for C1'! domains and for planar piecewise
smooth domains.

(6.1) MU) < A=

Corollary 6.2 (Green’s formula for eigenfunctions). Let Q C RY be a uniform
domain, and let f be a Neumann eigenfunction in Q0 of eigenvalue X\. Then for
every U nodal domain of f, it holds

/|Vf\2d$N:>\/f2d$N.
U U

Proof. Let f be as in the statement and U be a nodal domain of f. From Corol-
lary BI0, there exists f € L2(Q,.2") such that f = f .#N-a.e. in Q and such that
f is an eigenfunction for the Laplacian of eigenvalue A in the m.m.s. (€2, d o LN |§),
where d denotes the Euclidean distance (recall also Remark [Z7T). Moreover
(ﬁ,d‘ﬁ, LN |ﬁ) is an infinitesimally Hilbertian PI space thanks to Theorem [3.9
Hence f is continuous in € (recall Theorem ZZIT). Proposition then says
that the set (U) := U U (dU NN\ {f = 0}) is a nodal domain of f. Finally
by Lemma B8l we have .#N(0Q) = 0. Therefore applying Proposition [6.1] to
(X,d,m) = (ﬁ,d‘ﬁ, $N|§) and f, we get

)\/ f2d$N:A/ (F)2deN @/ IDf2deN
U »(U) e (U)

- / IDF? AN = / VP deN,
U U

where the last equality follows by Theorem 3.8l This concludes the proof. (Il
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Proof of Proposition 6.1l Let f be a Dirichlet or Neumann eigenfunction of the
Laplacian in © of eigenvalue A, and let U be one of its nodal domains. Since (X, d, m)
is a PI space, the metric space (X,d) is locally connected; hence by Lemma 2.2]
we have that U is open and that either f > 0 or f < 0 in U. Assume without

loss of generality that f is positive in U. Define 1, := (f — l)+ Xu, and note that

d(supp(¥n), X \U) > 0. We claim that 1, € W, >(U). To see this, let € LIP(R)
satisfy |¢| <1, o(t) = 0for t <0 and ¢(t) =1 for t > d(supp(¢y,), U€). Then 1, =
(f - %)+ @(d(-,X\U)) with (f — %)+ in W2(X) from the chain rule (see (21I))
and p(d(-,X\U)) € LIP N L*>*(X). Therefore the Leibniz rule for the minimal weak
upper gradient (see (2.I))) implies that v,, € W12(X). Since d(supp(ty,), X \U) > 0,
the claim follows (recall (Z9)). From (2I6]), we have

_Jy IV |? dm

Now we observe that (1, )nen converges to fXU in L?(m). Indeed
1
2
< - —0.
Jin [ - P < i Sw ) =0

Moreover

li D |||32xy = i Dffdm= [ |Df*d

A DUl = [ DA | D5 am,

where the first equality follows from the locality of the weak upper gradient and the
second by monotone convergence theorem. This implies that fxy € W2(X) (see,
g., [51l Proposition 2.1.19]). Again by the locality of the weak upper gradient, we
have
ND(fxo)lllezx) = D flll 2w,

and so {1, }nen converges to fxy in W12(X). In particular

fy Ju VP dm [ [V dm

noteo  Jp¥idm o [ f2dm
The result follows once we observe that
(6.3) Ju VP dm
’ Joy f2dm

To see this by definition of eigenfunction (both in the Dirichlet case and the Neu-
mann case) and since supp(¢,) C U one has

—/Vf-VdJ,Ldm:/\/fwndm, VneN,
U U

from which (6.3) follows passing to the limit and noting

lim ‘/UVf-andm—/UVﬂVfdm‘

n—-4o0o
< TLEI}OO DI 2@l D@on — Fxo)lll 2wy = 0,

where we used the bilinearity of the scalar product, (2.6) and that |D(y, — f)| =
|D (¢, — xu f)|] m-a.e. in U, by locality.

Before proving Theorem [[LI] we give a precise definition of the nodal domain
counting function which appears in its statement.
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Definition 6.3 (Nodal domains counting functions). Let (X,d, m) be an infinites-
imally Hilbertian PI space and Q@ C X be a uniform domain (resp. bounded open
set). The nodal domain counting function M} : N — NU {+oo} (resp. M : N —
NU {+00}) is given by

MY (k) := sup{M (u) : u Neumann eigenfunction in Q of eigenvalue X (Q)},
(resp. M (k):=sup{M (u) : u Dirichlet eigenfunction in Q of eigenvalue A}, (Q)}),
keN,

where { XY (Q)}1, (resp. {\P(€2)}x) are the eigenvalues of the Neumann (resp. Dirich-
let) Laplacian in €2, which has discrete spectrum by Corollary B0l (resp. by obser-
vation (Z22))), and where M (u) is the number of nodal domains of the continuous
representative of u in €, which exists by Theorem Z.17]

We are finally ready to prove the main result of the note. We will first prove
the Neumann case and then the Dirichlet case. The proofs are essentially identical
with our approach, but to avoid confusion we decided to keep them separated.

Proof of Theorem [[1l in the Neumann case. Consider the m.m.s. (ﬁ,d|ﬁ,m|ﬁ) and
observe that by Theorem it satisfies the hypotheses of Theorem (see also
Remark [5.4)). Fix € € (0,1), n >0, and let 6 = 6(Q,¢,N,n) >0, 8 =6'(Q,e,N) >
0 and U, C € be the constants and the set given by Theorem [.3] applied to
(Q, d‘ﬁ’mb)' Recall that m(U, ;) < .

Let u € W'2(Q) be a Neumann eigenfunction in Q of eigenvalue XY (Q) > 0.
Let {Qz}f\i(lu) an enumeration of the nodal domains of its continuous representative.
Note that the nodal domains are countable because they are open, since (X,d) is
locally connected (recall Lemma [22)). However a priori it could be that M(u) =
+00. Thanks to Corollary B.10, we know that there exist @ € W172(§,d|§,m|ﬁ)
eigenfunction of the Laplacian in (£, d|§’ m|§) of the same eigenvalue A (Q) and
such that €L| o= U By Theorem 2.I7] it holds that @ has a continuous representative
in Q. Hence thanks to Proposition [3.12] we deduce that @ has the same number of
nodal domains {Qi}i:L,_wM(u), where ; € Q. Thanks to Theorem 3.2}, we can now
apply Proposition [B.1] and Proposition [6.1] to the m.m.s. (€2, d|§7m|§) and deduce
that for any ¢ € {1,..., M(u)}, it holds

(6.4) A (Q) > Ai(€), A () >

where \;(Q;) is the first eigenvalue of the Dirichlet Laplacian computed in the
m.m.s. (ﬁ’d|ﬁ’m|§) (see Definition (ZTI5H)) and where C(2) > 0 is a constant

depending only on €2 and N. Combining the two inequalities above, we deduce
that M (u) < 400 and that

veo () =% (Sg) = w0 =me
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because the sets Q; are pairwise disjoint. We define three sets:
Sii={ie{l.... M)} : m(Q) > 8},
Sp={ic{l,.... M)} : m(uNU.,)>m()},
Szy={ic{l,....,M(u)} : m() <&m(QNU.,) <5m(Q)}.
Notice that S US; US3 = {1,..., M(u)}. Clearly

Q
(6.5) 48, < #
On the other hand, similarly as above, using (6.4])
c(Q) N/2 . .
#Sy - o' < 7 > <> dm(@) <Y mQNU.,) <mUs,) <,
Ay () i€Sy i€Sy
and thus
W@\ n
. < (£ —.
(6.6) #82 < ( c(Q) > 5

Finally by Theorem [B.3]it holds that A1 (€2;) > A1(€27)(1 —¢) for every i € Ss, where
Q: := B,,(0) C RY is the ball satisfying m(€2;) = £V (Q7). Therefore for every
1 € 83,

AN (Q) = () > M (Q)(1—¢)
k el 1 i) Z A1 i

2o

= -9 () e ~0- 9@

where we have put ay = w?\,/Nj%N,z) . This leads to
W2

N z
(6.7) 48y < (L(Q)) (@),

(1-¢)an
Combining (6.5), [€.8) and (6.1), we reach
M(u) _ #S1 + #S2 + #53
ko~ k
oom@ W@E 1
= k6(Q,e,N,n) ko c@)r 9 (e N)
o % (@) )‘ m(®)
(1 — 6)0&]\] k

Note that the right-hand side is independent of u; hence we can take the supremum
among all Neumann eigenfunctions in €2 of eigenvalue )\{C\[ (©) and obtain

MY® _m@® 1 A@F 1
k. =k o(Qe N, kK Q) 0(QeN)

() e

2

N
2
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where ME/ (k) is as in Definition Passing to the lim as & — +o0, using (3.2)),

= MYk _ oY 1 n (2m)" L
6 T S ovm@ CE@E @) Ty (1—Dam

sending first 7 — 0 and then e — 0 (note that both ¢’ and ¢ are independent of 1)
we conclude that

— MY (k om) N 2m)N
i MA@t enY
k—+oo  k wyaz wNJ(NIJQ)
where for the last inequality we refer to [I7, Lemme 9]. O

Proof of Theorem [L1] in the Dirichlet case. Let u € VVOL2 (©2) be a Dirichlet eigen-
function in  of eigenvalue AP (). Without loss of generality we can assume that
(X,d, m) satisfies the hypotheses of Theorem (3l Otherwise we can take a uni-
form domain U C X such that Q C U (which exists by [84]) and replace (X,d, m)
with (U, d|U’ m|U), which by Theorem satisfies the hypotheses of Theorem [5.3
Moreover it is a direct verification that the function u € L?() remains a Dirichlet
eigenfunction in Q of eigenvalue AP (€2) also in the new space (U, d|ﬁ’ m‘U). Indeed

Wy *(Q) viewed as a subset of L?(Q) in the space (X, d, m) coincides with W, *(Q)
viewed as a subset of L2(Q) in the space (U, d‘U’ m|U), and the corresponding min-
imal w.u.g. also coincide (see [9, Prop. 6.4]).

Fix now € € (0,1), n > 0, and let § = §(X,e, N,n) > 0, & =& (X,e,N) > 0 and
U.,, C X be the constants and the set given by Theorem [5.3] applied to (X,d, m).
Recall that m(U, ;) < n. From here, the proof proceeds almost verbatim as in the
Neumann case, by considering the sets

Si={ie{l,...,M(w)} : m(Q;) >4},
Se:={ie{l,....M)} : m(QNU.,)>dm()},
Ss:={ie{l,...,M)} : m() <sm((Q;NU,) <5m(Q)},

where {Qz}f\i(lu) is an enumeration of the nodal domains of the continuous repre-
sentative of u, and then exploiting the inequalities

AN(Q) > M (), M(Q) > (gX)Q, for all i € {1,..., M(u)}
m({;)~

which hold by Proposition B and Proposition [61] (that we can apply again by
Theorem [3.2)), together with

A1() > ()1 —¢), forallieSs,
(QF = B,.(0) C RY being the ball satisfying m(Q;) = £V (Q})) that holds by
Theorem 5.3 O

For completeness, we conclude with the proofs of the Corollaries and [[3]
even if they are essentially already included in Theorem [I.1]

Proof of Corollary [L2. We apply Theorem [[.T] with 2 = X. Notice that the choice
is admissible since X is assumed to be compact, and thus € is trivially a uniform
domain inside X. From the discussion in Section 2.1 we know that A = A/ in this
situation, and thus the result follows. ([l
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Proof of Corollary [L3l The metric measure space (RY,|- |, HY), where HV is
the N-dimensional Hausdorff measure is a non-collapsed RCD(0, N) (recall Re-
mark 2:26). Hence the result follows applying Theorem [[I] recalling also the

compatibility between Neumann eigenfunctions in the metric setting and the usual
ones (see Remark [27]). O
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