THE ROLE OF TOPOLOGY AND CAPACITY
IN SOME BOUNDS FOR PRINCIPAL FREQUENCIES

FRANCESCO BOZZOLA AND LORENZO BRASCO

ABSTRACT. We prove a lower bound on the sharp Poincaré-Sobolev embedding constants for
general open sets, in terms of their inradius. We consider the following two situations: planar
sets with given topology; open sets in any dimension, under the restriction that points are not
removable sets. In the first case, we get an estimate which optimally depends on the topology
of the sets, thus generalizing a result by Croke, Osserman and Taylor, originally devised for the
first eigenvalue of the Dirichlet-Laplacian. We also consider some limit situations, like the sharp
Moser-Trudinger constant and the Cheeger constant. As a byproduct of our discussion, we also
obtain a Buser—type inequality for open subsets of the plane, with given topology. An interesting
problem on the sharp constant for this inequality is presented.
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1. INTRODUCTION

1.1. Overview. For an open set Q C R, a natural question in Spectral Geometry is the following:
is it possible to bound from below the bottom of the spectrum of the Dirichlet-Laplacian, in terms
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of the inradius of the set? The latter is the following simple geometric quantity
rq = Sup {r >0 : 3B, (xg) C Q},

where B,.(z¢) is the N—dimensional open ball centered at xg, with radius r. If we indicate the

bottom of the spectrum by

Vul|?

AQ)=  inf ”!7“‘“
ueCg(@\{0} [|ullF2q)

the question above is motivated by the following simple (yet optimal) upper bound

(1) A < 20

Ta
This follows by observing that A is monotone non-increasing with respect to set inclusion, together
with its scale properties. Thus, one would like to know whether (and to what extent) the previous
estimate can be reversed or not.

This is a very classical problem: the answer is well-known to be negative, in such great generality.
The typical example is the “pepper” set' RN \ Z¥ for N > 2: this has a finite inradius, but
ARN \ ZN) = 0 since points are removable sets in dimension N > 2, i.e. they are sets with zero
capacity.

The situation becomes interesting (and the answer to the initial question is positive), provided
some geometry comes into play: for example, a lower bound of the type

(1.2) AR2) =2 QQ

L)
holds for convex sets (see [36, Théoréme 8.1] and [39, Theorem 2.1]). More generally, as is clear
from the proof of [39], this is still valid for open sets Q2 C RY such that the distance function

do(z) = yne%% |z — yl, for z € Q,

is weakly superharmonic in §2 (see also [17, Remark 5.8]). These are quite rigid assumptions, but
it should be noticed that in general they cannot be weakened too much: for example, starting
from dimension N > 3, “convexity” cannot be replaced by “starshapedness”, as shown by a simple
counterexample in [34, Section 4]. This is due to the fact that lines have zero capacity, when the
ambient dimension is at least 3.

On the other hand, the case N = 2 is special: in this case, very simple topological assumptions
may lead to a positive answer. For example, a remarkable result by Makai [50] (neglected for
various years and rediscovered independently by Hayman in [34, Theorem 1)) asserts that (1.2)
holds for every simply connected subset of R2. Actually, in this very beautiful and striking result,
the topological assumption can be further relaxed. The same kind of result still holds for multiply
connected open subsets of R2. Their precise definition is as follows:

Definition 1.1. Let us indicate by (R?)* the one-point compactification of R?, i.e. the compact
space obtained by adding to R? the point at infinity. We say that an open connected set 1 C R? is
multiply connected of order k if its complement in (R?)* has k connected components. When k = 1,
we will simply say that € is simply connected.

We borrow this fancy terminology from Adams, see for example [1].
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For this class of planar sets, Taylor in [64, Theorem 2| proved the following lower bound

AQ) 2% (;)2

The constant C' can be made explicit, but its sharp value is still unknown. The best known lower
bound for the case k = 1 is due to van den Berg and Bucur (see [9, Theorem 1] and the subsequent
comment). Their result slightly improves the previous lower bound by Baniuelos and Carroll (see
[3, Corollary 1]). For the general case k > 2, a simple explicit constant has been obtained by Croke
in [23], by refining the method of proof by Osserman [55].

However, it is important to notice that the dependence on the “topological index” k is optimal,
i.e. one can construct sequences of open sets { Q4 }rem o} such that rq, is uniformly bounded, each
Q. is multiply connected of order k and

1
/\(Qk)N%’ as k — oo.

We also refer to [32, Theorem 3] for another proof of this result, though the result in [32] is slightly
worse in its dependence on k.

In this paper, we want to extend this kind of analysis to any Poincaré-Sobolev embedding constant,
not only to the bottom of the spectrum of the Dirichlet-Laplacian. More precisely, for 1 < p < oo
and ¢ > 1 such that?

g<p*, ifl1<p<N,
(1.3) qg<oo, ifp=N,
qg<oo, ifp>N,

we want to consider the following quantity

||VU||Z£p(gz)

X (Q) = m oar
pa(d) weCe ()\{0} ||U||}£q(sz)

We then seek lower bounds on this constant, in terms of the inradius only, possibly under some
geometric/topological assumptions on the sets.
Observe that if we denote by 25" (€2) the completion of C§°(Q) with respect to the norm

o = [|[VollLr ),

then Ap 4(£2) is the sharp constant for the embedding P47 (Q) — L(Q). It may happen that
Ap.q(Q) = 0: in this case, such an embedding does not hold. We refer the reader to [52, Chapter
15] for a thorough study on conditions assuring A, ,(€2) > 0.

The quantities A, , are sometimes called generalized principal frequencies of the p—Laplacian
operator with Dirichlet boundary conditions. In the particular case ¢ = p, we will use the shortcut
notation

Ap(€2) == Ap (1)

For the initial case p = ¢ = 2, we will still use the distinguished notation A(Q).
2As usual, the number p* denotes the exponent of the critical Sobolev embedding, defined by

Np
N—p.

*
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Occasionally, we will need the space W (€): this is the closure of C§°(Q) in W'?(Q), endowed
with the norm

3=

o= Ilwie) == (1ela ) + IVel0y) -
Note that the spaces W,*(€2) and 2,7 () coincide, whenever ), ,(Q) > 0 for some 1 < ¢ < p (see

for example [16, Proposition 2.4]). We also recall that the value A, 4(€2) is unchanged, if we replace
C5°(Q) by its closure Wy*(€) (see [16, Lemma 2.6)).

1.2. Main results. We will give two types of results for the problem previously mentioned:
o topological results, i.e. estimates on A, , for planar sets having given topological properties,
as in the Croke-Osserman-Taylor inequality;

e capacitary results, i.e. estimates on A, , for general open sets in any dimension N, under
the restriction that p > N. Under this assumption, points have positive p—capacity, that
is they are not removable sets for the relevant Sobolev space.

Let us present the main results of this paper while postponing some comments about comparisons
with already existing results.

Theorem 1.2. Let 1 < p < oo and let p < q be such that (1.3) holds, with N = 2. Then,
there exists a constant ©, , > 0 such that for every Q C R? open multiply connected set of order
k € N\ {0} with finite inradius rq, we have

2p

(14) Apal®) > €, (ﬁl)+ -

Moreover, the constant ©y, 4 has the following asymptotic behaviour:
o for1<p<2
0 < lim O, 4 < +00;
a./'p*

o forp=2
0 < liminf (q O, q) < limsup (q O, q) < 4o00.
0./'%0 q./'00
Though not optimal, the constant ©, , is explicit. Moreover, we show that it depends in the
correct way on the parameter ¢, as this goes to p* (case p < 2= N) or to oo (case p =2 = N). We
also point out that the dependence on the topology k in the previous estimate is optimal. We refer
to Remark 3.4 for these comments.

For the second type of result, we need at first to fix some notation. We indicate by Bj the
N —dimensional open ball centered at the origin, with radius 1. For p > N, we define the “punc-
tured” Poincaré constants

Ap(Bi\{0}) = inf {/ [VulPdz = |lullzes,) = 1, u(0) = 0},
w€Lip(B1) B

and

Apoo(B1\{0}) = inf {/Bl |VulPdz : [Ju||ge () = 1,u(0) = 0}.

u€Lip(By)

We will prove the following
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Theorem 1.3. Let 1 < N < p. Then, for every open set Q C RY with finite inradius ro, we have

(15)  A(Q) > 8w,y <rlﬂ>p with By — max{ifé%ﬁ?i)’ <p;N)”} >0,

and

p—N
(16) hoe )= My (B 0D ()

For p < q < 0o, we also get

1.7 Ma@) = () (A8 (1) (1)M+N5.

rQ

Finally, the two constants By and Ay oo(B1 \ {0}) exhibit the following asymptotic behaviour

1 3 BN’P : BN,p 1 _
0< hPH{Al]{}fW < llﬁsﬁpm <+ and pl;(m (Bnp)? =1,
B\ {0}) o (B1\ {0}) .
0 <li f%<1 —<+ d 1 Ay oo(B1\ {O)))F =1,
;Hillzfl (p— N)p-1 lin\b]t,lp (p— N)p—1 oo ana 0 (Apoo(B1\ {0}))

Here as well, even if the constants obtained are very likely not optimal, we can prove that their
asymptotic behaviour is optimal, as explained in Remark 4.5.

Remark 1.4 (Comparison with previous results I). The inequality of Theorem 1.2 is a generaliza-
tion to the case of A, ; of the classical result by Osserman, Taylor and Croke previously mentioned.
For the particular case ¢ = p, such a generalization has been already obtained by Poliquin in [59,
Theorem 2]. Apart from allowing ¢ # p, our method of proof is different: unlike Poliquin, who
relies on the Osserman-Croke argument, we follow the approach by Taylor.

While producing a worse constant, Taylor’s proof is extremely robust and flexible, relying only
on a geometric property of multiply connected sets with finite inradius (what we called “Taylor’s
fatness lemma” in [11]), together with some properties of p—capacity. The method is explained
in detail in the introduction of [11], where these same ideas are applied to the case of the first
eigenvalue of the fractional Dirichlet-Laplacian. Its simplicity and intrinsically variational nature
permit the whole family of A, ; to be treated at the same time, without any distinction.

We point out that with this method, no a priori knowledge of the regularity properties of ex-
tremals for A, 4 is needed. On the contrary, in the proof by Osserman and Croke, the main ingredient
is given by a suitable Cheeger—type inequality (see [55, Lemma 2]). The proof of this inequality
relies on a careful analysis of the topology of the level sets of extremals. Extending this technique to
the case p # 2 is quite delicate, since in this case extremals are well-known to be only C*® regular,
a property which does not permit to apply® Sard’s Lemma. The latter is an essential ingredient in
the proof for p = 2 (where extremals are actually C').

Remark 1.5 (Comparison with previous results II). For the case p > N, the inequality (1.7) has
been obtained by Poliquin in [58, Theorem 1.4.1]. Here as well, apart from discussing the whole
family of A, 4, we use a slightly different argument, which in turn leads to a better control on the
constant. This in turn permits to improve the lower bound given in [16, Theorem 5.4 & Remark

3In dimension N > 2, we recall that the minimal assumption for the validity of this result is CN—11 regularity

(see [4, Theorem 1] and also [25]). For CN~1: with a < 1, one can already build counter-examples to Sard’s Lemma,
see [2].
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5.5], where the same estimate is obtained by means of Hardy’s inequality: if on the one hand the
estimate in [16] is very simple and explicit, on the other hand it does not display the correct decay
rate to 0, as p goes to IN. This undesired behaviour is rectified by our proof.

1.3. The case of Cheeger’s constant. We now explain how the previous results imply some
bounds for the so-called Cheeger constant. We recall that for an open set 2 C RY this is given by

N-1
(1.8) h(2) = inf {H|E(8E) : E € Q has a smooth boundary} .

Other definitions would be possible, see for example the survey papers [45] and [57]. The above
definition is in the spirit of the original analogous quantity introduced by Cheeger in [21] (and
especially by Buser, see [19, equation (1.5)]) in the context of Riemannian manifolds.

Our choice is motivated by the fact that

A11(€) = h(€),

with this definition, i.e. h(£2) coincides with a generalized principal frequency (see for example [52,
Theorem 2.1.3]). By combining this fact and Theorem 1.2, we immediately get the following lower
bound on the Cheeger constant of a planar set, in terms of both its inradius and topology.

Corollary 1.6. Let k € N\ {0}. For every Q C R? open multiply connected set of order k with
finite inradius ro, we have

01 1
(1.9) h(2) > i e

where ©1,1 is the same constant as in Theorem 1.2.

This result, which is interesting in itself, in turn permits to give a spectral estimate relating the
geometric constant h with the bottom of the spectrum A. Indeed, by joining this lower bound with
(1.1), one can get the following upper bound on A().

Theorem 1.7. For every Q C R? open multiply connected set of order k € N\{0}, we have

joa ) 2
(1.10) AQ) < (01) k:(h(Q)) :

©1.1
where O1 1 is the same constant as in Theorem 1.2 and jo 1 is the first zero of the Bessel function
of the first kind Jy (see for example [35, page 11] for an approzimate value).

Proof. We first observe that if B,.(zg) € 2, then by monotonicity with respect to set inclusion we

have o, )
r? r? | Br (o) r

For the value of A(B7) we refer to [35, Proposition 1.2.14].
Thus, if Q has infinite inradius, from the previous upper bounds we get A(Q2) = h(Q2) = 0 and
the result trivially follows. In the case rq < 400, it is sufficient to combine (1.9) with

(jon1)?
A©) < Lok
Q

This concludes the proof. O
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Such an estimate is better appreciated by recalling the celebrated Cheeger inequality, i.e. the
following spectral lower bound of geometric flavour

Cﬁ”f<Amx

which holds for every open set  C RY and every dimension N (see for example [52, Chapter 4,
Section 2]). Reversing this kind of estimate in general is not possible, unless some severe geometric
restrictions are taken: this is possible for convex sets (see [56, Proposition 4.1] and [12, Corollary
4.1]). On the contrary, exactly as in the case of the inradius, it fails already for starshaped sets
in dimension N > 3, see [52, Chapter 4, Section 3]. This kind of reverse Cheeger’s inequality is
also called Buser’s inequality, named after Buser who in [18] first obtained this type of estimate, in
the framework of Riemannian manifolds (see also Ledoux’ papers [43, 44]). It is also mandatory to
refer to the paper [53].

The result of Theorem 1.7 can thus be regarded as Buser’s inequality for multiply connected
open sets in the plane. As simple as it is, it is quite remarkable that in dimension N = 2 this holds
without any curvature assumption on the sets. We notice however that the estimate gets spoiled,
as the topology of the sets becomes more and more intricate (i.e. as k goes to c0). We will show
by means of an example that this behaviour is “essentially” optimal. Indeed, the factor k in (1.10)
cannot be replaced by k%, for 0 < a < 1 (see Proposition 5.1).

Remark 1.8. With exactly the same proof of Theorem 1.7, one can obtain the following Buser—
type inequality, for the whole family of generalized principal frequencies: for every  C R? open
multiply connected set of order k € N\{0} and every 1 < ¢ which satisfies (1.3), we have

_ —2422
Mnal) < CRTE (@)

with the constant C' given by
’\p7q(Bl)
CI il
Observe that this is now valid for the sub-homogeneous regime 1 < ¢ < p, as well. In particular,
by recalling that Az 1(€2) coincides with the reciprocal of the so-called torsional rigidity T(2), we
get the following inequality
1

Ck?
We also used that T(B1) = 1/X21(B1) = /8, in dimension N = 2. We refer to [49] for a study of
this inequality, sometimes called Cheeger—Kohler-Jobin inequality.

4 T

< (h(Q))4T(Q), with €' = (61.1)" <.

1.4. Plan of the paper. As usual, we start by setting the main notation used throughout the
paper, together with some preliminary results of a general character: this is the content of Section
2. In Section 3, we discuss the two-dimensional case, by proving Theorem 1.2. The case p > N is
contained in Section 4: a good part of the section is devoted to some properties of the “punctured”
Poincaré constants. These are then exploited to prove Theorem 1.3. Finally, in Section 5 we discuss
the problem of the optimal constant for the Buser inequality (1.10). We prove that such a constant
must diverge faster than any sublinear power of k, as this goes to oco. This discussion leads to an
interesting open problem, which closes the section. Finally, a technical appendix complements the

paper.
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2. PRELIMINARIES

2.1. Notation. In the sequel, for d > 0 and ¢y € RY we will use the notation

N
Qa(zo) = H(xé—d,xé—l—d), where zo = (2}, ..., xd"),
i=1
for an open N—dimensional cube, centered at zy and having sides parallel to the coordinate axes.
When xy coincides with the origin, we will simply write Qg4.

We will denote by Br(zg) the N—dimensional open ball centered at z(, with radius R > 0. As
above, we will simply write Bg when the ball is centered at the origin. By wy we will indicate the
volume of the N—dimensional ball Bj.

For every k € N, by the symbol #* we will denote the k—dimensional Hausdorff measure.

Let 1 < p < o0, for every open bounded set E C RY and every compact set K € F, we define
the p—capacity of K relative to E as

2.1 cap,(K;FE) = inf VulPde : u>1on K ;.

(2.) poiip) = int [ [wupae s uzton i}

By a standard approximation argument, such an infimum is unchanged, if we enlarge the class of
admissible functions to Lipschitz ones, compactly supported in £ and such that v > 1 on K. We
refer the reader to [52, Chapter 2, Section 2] for a thorough study of the properties of p—capacity.

2.2. An extension operator. The next Lemma states the existence of an extension operator for
Sobolev functions defined on a ball, with a precise control on the extension constants. This is taken
from [11, Proposition 3.1]. The extension operator is obtained by simply composing functions with
the inversion with respect to SN =1 i.e. the C! bijection K : RV \ {0} — R \ {0}, given by

K(z)

T

= e for every x € RV \ {0}.

Lemma 2.1. Let 2o € RY and r > 0. There exists a linear extension operator
& Ll(BT(xO)) — LIIOC(RN)a

such that, for every 1 < p < oo, it maps W'P(B,(x0)) to WP (RN). Moreover, for every u €
WLP(B,(x9)) and every R > r, it holds

2N
1 (R\ 7

22) el <2 () 7 Tulzoca ooy
4N

1 (R
(2.3) IVELUll Lo (prag)) <47 (r) IV ull Lo (B, (20))-
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Proof. The case 1 < p < oo is already covered by [11, Proposition 3.1]. The case p = 1 was not
considered there, since it was not needed, but we can easily fill the gap. Without loss of generality,
we can suppose that zg coincides with the origin and that r» = 1. For every u € L'(Bj), we recall
that the extension & [u] in [11] is given by

u(x), if x € By,
&ilu(z) = { u(K(x)), ifzeRN\ B,

(
It is easily seen that if x € Br \ By, then K(x) € By \ By/g. Moreover, we have

1
|z[2N”

K '(z)=K(z) and |det(DK(z))| = for every x € RV \ {0}.

The estimate (2.2) for the L' norm is readily obtained: for every R > 1, thanks to the properties
of K we have

el = Dl [ ol

B1

- / ()] [det(DK (4))] dy + / ] de
Bi\Bi,r B,
< (R*N 4+1) /

|u|dm§2R2N/ |u| de.
B

B1

We now have to show that if u € W(By), then & [u] € Wli’cl (RY) and the estimate (2.3) holds.
By classical approximation results (see for example [30, Theorem 3.6]), there exists a sequence
{tn}nen € CY(By) such that

nh—>nclo ||’Ltn - UHLl(Bl) = nh_{l;.lo ||Vun - VUHLI(Bl) =0.

By using the extension result for p > 1 and the linearity of &, for every 1 < p < oo and every
n,m € N we have

val [un] = V& [Um]H 47 R |V, — vUm||LP(B1)~

Lo(Br) =
For every n,m € N we can take the limit as p goes to 1 in the previous estimate. In conjunction
with (2.2) for p =1, we get
H51[un — &1 fum HLl Br) < 2R*N 1t — umllL1(B,),
and
val[un — V& [um HLI B ) < 4 RN Vun = V| £1(B,)-
These entail that {&,(u,)}nen € WH1(Bg) is a Cauchy sequence. Observe that this property holds

for every finite R > r. Thus, for every R > r this sequence converges to a limit function, that we
indicate by Ur € W11(Bg). On the other hand, for every R > 1 and n € N we have
||51[u] - URHLl(BR) < Hgl[ — &1fun ||L1(BR) + H‘Sl[“"] - URHLl(BR)
2N
S2R lu— unllpisy) + Hgl[un] - URHLl(BR)’
where we used (2.2) for v — u,, with p = 1. By taking the limit as n goes to oo, we get & [u] =

Ur € WH1(Bg) almost everywhere in Bg. This shows that & [u] € VVﬁ)C1 (RN). The estimate (2. )
is then obtained by approximation.
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By joining the previous result and the fact that each open bounded convex set K C RY is bi-
Lipschitz homeomorphic to a ball, we can obtain an extension operator for functions defined on K.
This is taken from [11, Section 3], as well.

Corollary 2.2. Let K C RN be an open bounded convex set and xo € K. There exists a linear
extension operator
Ex : LK) = Lige(RY),
such that, for every 1 < p < oo, it maps WHP(K) to I/Vli’f(RN). Moreover, if we define the following
scaled copy of K
Kgr(zo) = R(K —x9) +xo = {R(w—xo) +xy:x € K},
for every u € WHP(K) and every R > 1 we have
4N
(2.4) vaK[u]HLP(KR(mO)) < AR» ||VU||Lp(K),

and
2N
HEK[U]HLD(KR(Q;O)) <BR'» ”“HLF(K)-
The constants A = A(N,p, K,xz9) > 0 and B = B(N,p, K,z¢) > 0 are given by

D M+2 D 2N
1 p P
A= (4-6°Ntr)» ( K(“TO)) and B= (2-6N)% <K(x0)> ;
dx (zo)
where
dK(zO):zrg(j)I}(\z—xoL DK(IO):£%§|17—JCO|.

2.3. Poincaré-Wirtinger inequalities. In this paper, we will occasionally need also the sharp
constants for some Poincaré-Wirtinger—type inequalities. More precisely, for an open bounded
Lipschitz set © C RV, for 1 < p,q < oo such that (1.3) holds, we introduce the quantity

. ||VU||}£I)(Q) .=
(2.5) Upq(Q) = inf TP P UE Lip(2) is not constant
Itlgug ||u - HLq(Q)

In the case ¢ = p, we will simply use the symbol £,,(£2).
We notice that p, o(€2) > 0 if and only if © supports a Poincaré-Wirtinger inequality of the form

C s llu — ) < IVl for every u € Lip(@),

for some C' > 0. In this case, we have p, 4(2) > C and p, ,(€?) is the sharp constant in such an
inequality.

Remark 2.3. We recall that for every u € Lip(2) and every 1 < g < oo, there exists a unique
minimizer ¢, of the function

t— ||u — t||Lq(Q).
For 1 < ¢ < oo, this is characterized by the following optimality condition

/ [ — £ |72 (u — t,) d = 0.
Q
In the limit case ¢ = oo, this is given by

t + 1 inf
w= = supu -+ — infu.
2 "PUT S
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Finally, in the limit case ¢ = 1, the optimal ¢, coincides with the unique value? ¢ such that
Hx €Q:ulx) > t}‘ = Hx €Q :ulx) < t}’

We refer to [37, Theorem 2.1] for these facts.
Accordingly, in the case 1 < g < oo the constant p, ,(€2) can be equivalently rewritten as

. ||Vu||ip(ﬂ) q=2 s S
pp,g(Q) =inf § =————= : [ |u[?""udr =0, u € Lip(Q)\{0} ;.
HUH La() Q
In the sequel, we will need the following geometric lower bound on p), 4 for convex sets, which
is quite classical. In general, this estimate is not sharp, but it will be largely sufficient for our
purposes. We refer to [15, 24, 27] and [28] for some finer estimates.

Lemma 2.4. Let 1 < p < oo and q > p be such that (1.3) holds. For every Q C RY open, bounded
convex set, we have

P
p*1+5

111
)P 2 N[N _»p g Ik
diam(Q)N 1 11 '

(2.6) Ip,q(S2)

v
2z}

(ve [y

p q

Proof. With u € Lip(€Q2), it is sufficient to combine [29, Lemma 7.12] and [29, Lemma 7.16]. This
leads to

v .
U — — udy
€9 Jo

By simply noticing that

1 diam(Q)V
L) Nwi/V 19

1

1 _ 1.1
& QI 54 [Vl o (e).
q

il =t < u iy [ ud
min (|u — t||peQ) S ||U — = uay y
teR @ 1 Jo La(Q)

we obtain the claimed lower bound. O

2.4. A Maz’ya-Poincaré—type inequality. The first cornerstone of our main results is the fol-
lowing Maz’ya—type inequality for functions defined on a closed cube and vanishing in a (relative)
neighborhood of a compact subset. For the proof of such result, we closely follow [52, Chapter
14, Theorem 14.1.2], up to some minor modifications. We will also give an explicit value for the
constant appearing in the estimate (see Remark 2.6 below).

Theorem 2.5. Let 1 < p < q such that (1.3) holds and let ¥ C Qq(xo) be a compact set. Then,
for every D > /Nd there exists a constant € = € (N,p,q,D/d) > 0 such that

1

¢ 1
- (Capp(Z;BD(xo))> "Nl La(@atwe)) < VUl Lr(Qa(z0))s

q

for every u € C*(Qq(xo)) with dist(suppu, ) > 0.

4In this case, t, is called the median of u. Its uniqueness is due to the continuity of u: for a discontinuous
function, it is easily seen that medians may not be unique.
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Proof. We can assume that o = 0. Let u € C°(Qg) be as in the statement, without loss of
generality we can also suppose that

1
(2.7) [ull La(@u) = 1Qal " = (24d)

We use the standard convention that the right-hand side is 1, in the limit case ¢ = co. Hence, we
consider the function

N
a .

u = de [u],
i.e. the extended function provided by Corollary 2.2, with K = Q4 and g = 0. For every D > d,
by applying formula (2.4) with R = D/d, we get

- - D\ r
(2:5) Vlirce) < [Vlliriom <A () 196l

We observe that with this choice for K and g, we have Dk (z¢)/dk (xo) = VN, thus the constant
A only depends on N and p. More precisely, it is given by
1 SN .19

(2.9) A= (1607 (VN) 7 = an,.
We now fix D > v/Nd as in the statement and let 7 be a Lipschitz continuous cut-off function
compactly supported in Bp, such that
(2.10) 0<n<1, n=1on B /5, UEOODBD\BngrD, |Vm§D+\/Nd'
Then, the function

dj =T (1 - a)a
is Lipschitz continuous, compactly supported in Bp and such that ¢ > 1 on X, by construction.
Thus, it is an admissible function to test the definition of relative p—capacity (2.1). By the triangle
inequality and the properties (2.10) of n, this yields

1

D - 2 -
(Capp(E;BD)) < WIVYllerBp) < IIVUllzr(By) + D_VNd 11—l zr(Bp)-

We now denote by # the unique real number (recall Remark 2.3 above) such that
&= tllesp) = Ytlgﬂg 1t = tlla(Bp)-

Without loss of generalization, we can suppose that
(2.11) t>0.
By a further application of the triangle inequality, we obtain

1

> - 2 ~ 2 ~
- < - - .
(Capp(zyBD)) < |Vl prBp) + D Nd 11 —tllzr(Bp) + D_VNd it =l e (Bp)

We have to estimate the last two LP norms. Actually, the first one can be estimated in terms of
the second one. Indeed, by using (2.11) and (2.7), we get

|Bp|7
T
|Qal s

1 1

pl* _~ = |Bp|»

— <|[u—tlraBp) —1-
|Qal< |Qal

~ ~ 1 ~
It =t zr () =11 = tl1Bpl? = |lullLe@u) = Il Lacqu|

<|lu—tllLa(@u)
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» - 2|Bp|¥
(Capp(E;BD)) < ”vu”LP(BD) + D— \/Nd

By inserting this estimate in the inequality above, we get
1 1 ~
It = tllLopp)-

+
Qa7 |Bp|

Moreover, by recalling the definition of p, 4(Bp) and the definition of t, we have
1

~ 1 P
t_~ q < e — V~ p .
= lrien) < (p7) IVl

We thus obtain

1 Dp-‘r%? » _
)(up,qwn) A

1

: 2w? 1

cap, (3: B )p< 14 N +
(o i20))" < |1+ 5053 (ot *

We make some small manipulations, in order to simplify the expression of the constant: we have

1 DP+ %P %
tp,q(B1)

1
20k 1
+ +
D - VNd (BD|; |Qd|%
1 1
L gt 4 - 20% (a7 ) (Dir s
= T dle T —
|Qal ™ D —/Nd |Bp|« ,Up,q(Bl)
v p+ip \ ¥
1 1L N 4wl DPTa i
< wy Da + N
@da | D—VNd (up,q(31)>
N 1 1
G0) | s ()
2d 1— (V/Nd)/D \ pipq(B1)

1

Thus, by recalling the normalization condition (2.7), we have obtained
1

4wy ( 1 ) ~

IVl e (5,)-

tip,q(B1) (Br)

1 s B 5 D\ | 1
— | ca ; U S _ wl +
r (eon:80)) Iulsncan (d) N (VNd)/D
At last, by using (2.8) in the right-hand side, we get the desired conclusion. 0

Remark 2.6. By inspecting the proof, we see that the constant % obtained in the previous theorem

-1

has the following explicit expression

1 (d\ 7?7 | 2 Aw? 1 \*
C = — wr + N ( )
( ) N VNd \ ttp,q(B1)

QN p
) 1 Yre
D

The constant a ,, is given in (2.9) and it comes from the extension operator. Actually, the constant
tp,q(B1) may not look so explicit: however, it can be conveniently estimated from below by Lemma

2.4, in terms of quantities only depending on IV, p and gq.
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3. THE CASE N =2

3.1. Three technical facts. We recall the following geometric result due to Taylor (see [64, proof
of Theorem 2]). In the form below, this can be found in [11, Lemma 2.1]. For every a € R, we
denote by

Lon zmax{neZ : aZn},
its integer part. For every direction w € SN~ we also use the notation II, for the orthogonal
projection onto the space (w)* := {z € RN : (x,w) = 0}.

Lemma 3.1 (Taylor’s fatness Lemma). Let k € N\{0} and let Q C R? be an open multiply connected
set of order k, with finite inradius. Let QQ be an open square with side length 10 (L\/EJ +1) rq, whose
sides are parallel to the coordinate azes. Then, there exists a compact set ¥ C Q \ Q such that

k
e {41 (T, (£), ! (Mey (2} = L 1,
where e1 = (1,0) and e2 = (0,1).
We need also the following simple result.

Lemma 3.2. Let (a,b) CR and a < x¢ < b. Then, for every p > 1 we have
9p

cap,({zo}; (a,b)) = b—ap 1

Proof. Let ¢ € C§°((a,b)) such that ¢ (z) > 1, then

b Tg b
/ | d = / | de + / W' d > [ (o) — (@) + () — $(zo)| > 2.

By Jensen’s inequality, we obtain

rorh 1 T
— dr > | —— "Id > .
b—a/ale I_<b—a/a¢| * ~(b—a)r

By recalling the definition (2.1), the claimed inequality easily follows. O

As a last ingredient, we need a geometric lower bound for cap,(¥; B;(z0)), in the plane. This is
the content of the following result, which can be proved along the lines of [52, Chapter 13, Section
1.2, Proposition 1].

Lemma 3.3 (Capacity and projections). Let X € B,(z9) C R? be a compact set. Then, for every
1<p<oo and every w € S' it holds
2

rp—1

Capp(E;BT(IO)) 2 H (IL,(%)),

where, as above, 11, is the orthogonal projection onto (w)* = {x € R? : (x,w) = 0}.

Proof. It is not restrictive to suppose that 2o = 0. We fix w € S! and choose wt € S! to be
orthogonal to it. We can also assume that H!(II, (X)) > 0, otherwise there is nothing to prove.

Fix p > 1 and take any function v € C§°(B,) such that « > 1 on . Let @ be the square centered
at the origin, with side length 2 and whose sides are parallel to w and w’. By Fubini’s Theorem
and writing every x € @ as follows

T=2w+ 2w, for (z1,22) € (=1, 1) X (—=71,7),
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/ |Vu|pdac=/ |Vu\pdx2/ |8wu\pdx:/ / |0, u(z21, 22)|P dz1dze
B, Q Q —rJ—r
> Ozyulsy 22) |1 ey dz
/ o 1 2y

By using that for every z € I1,(X), the function z; — (21, 22) is admissible for the definition of
the p—capacity of a point relative to the interval (—r,7), from Lemma 3.2, we get

2P 9
. P 2P a B
/Hw(m 19:,uCs 22 oy 422 2 Gpper MU R)) = 5

we have

H (I,(X)).
This concludes the proof. O

3.2. Proof of Theorem 1.2. We are ready to adapt Taylor’s proof and prove the announced lower
bound for multiply connected open sets in the plane, contained in Theorem 1.2. We can cover the
case of any generalized principal frequency with the same effort.

Proof of Theorem 1.2. We first prove the inequality (1.4). Then, by using the explicit expression
of the constant ©, 4, we will prove the second part of the statement.

Part 1: inequality. Up to a scaling, we can suppose that rq = 1. We take § = L\/EJ +1eNand
consider the family of squares

Qij == Q55(1054,106 j), for every (i,j) € Z>2.
We introduce the set of indices

and for every (i, j) € Z3 we take X;; C @Q;; \ 2 to be the compact set provided by Lemma 3.1. Let
u € C§°(Q), then by Theorem 2.5 with d =54 and D = 2d = 10§, we have

/|vu\pdx— > / VulPdz > > capp(Em,BZJ)Hu||1£q(Qij),

(i,9)€2? (5 )T (4,5)€Z3,

where we denoted with Eij the ball with radius D = 2d = 106, concentric with @;;. The key point
now is to give a uniform bound from below on the capacity of the sets ¥;;: by relying on Lemma
3.3 and Lemma 3.1, we can infer

VEk
2. (100)p—1

~ 2
Ca‘pp(zij; Bz’j) > W

By collecting these estimates, we get

? Vk
[ e > L Sl

BT (en,

mee {H' (Tley (B17)). 1 (Iley (7))} >

and ¥ is the same constant as in Theorem 2.5. Since k& > 1, we have

VE Vi .k 1 (1 )+

gp1tiE (IVE| + 1)p71+27” T (2 \/E)pfw%p Cgp—1432
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In order to conclude the proof, we are only left to observe that ¢ > p, thus the power 7 — 7P/9 is
sub-additive. This implies that®

(3.1) Z ||u||zlj,q(Q”) > Z ||U||%q(Qij) :H“Hiq(ma

(i) €23, (4,0)€Z,

Then, we get

@ 1\PHE
/Q|Vu|pdz 2 o 101t <\/E) lullzo ()
and (1.4) follows by definition of A, 4(2).

Part 2: asymptotics for ©,,. In Part 1 we have obtained the following constant
@r
2p
q

Opg = ————=
T e gt

with ¢ as in Theorem 2.5. Thus, in order to understand the asymptotic behaviour of ©, , as ¢
goes to p* or to oo, it is sufficient to focus on the same issue for the constant 7. By Remark 2.6
and taking N = 2, d/D = 1/2, this is given by

812
1 [/1\rta
%:() -
agyp 2

For 1 < p < 2, we have that (see [14, Lemma 1.2])

-1

LA ( 1 )é
_@ Nm(Bl)
2

Q=

1

lim* tp,q(B1) = pipp<(B1) > 0.
q.”'p

For a lower bound on the last constant, see for example [24, Proposition 3.1].
The case p = 2 is slightly more delicate. In this case, we have

lim ps 4(B1) = 0.
Py 27q( 1)
More precisely, one can prove that

4me < liminf (qug,q(Bl)) < lim sup (q uqu(Bl)) <8me,
gq—00 q— o0
see [14, Proposition 1.5]. In light of the expression of €, this is enough to deduce the asymptotic
behaviour of O3 4 as ¢ goes to oo. |

Remark 3.4 (Asymptotic optimality). Let 1 < p < 2 and let p < ¢ satisfy (1.3). By proceeding as
in [11, Theorem 1.2, point (2)], we can construct a sequence {Q}ren o3 R? of open sets such
that j is multiply connected of order k

. ﬂ+271”
ro, <C and h;nsupk T 0 N\ () < Fo0.
— 00

5In the limit case q = 0o, we just use that

> Ml gy 2 Il
(4,5)€Z2,
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This shows that the lower bound (1.4) is sharp in its dependence on k, as k goes to co. For p > 2,
we will see in the next section that this estimate can be considerably improved, by removing the
dependence on k.
We also recall that for 1 < p < 2 we have
lim* Ap,g(82) = Ap p (),
a./'p
and the latter is actually independent of the set 2: it simply coincides with the sharp constant in
the Sobolev inequality for the whole space R? (see for example [62, Chapter I, Section 4.5]). The
asymptotic behaviour of the constant ©, , in (1.4) is perfectly consistent with this fact.
Finally, for p = 2 we have that for a multiply connected planar set with finite inradius, it holds

Jim g A2,q(R2) =8me,

see Corollary 3.7 below. Thus, here as well, the asymptotic behaviour of the constant Oj, is
consistent with this limit.

Remark 3.5 (The case 1 < g < p). We observe that the proof of Theorem 1.2 does not for work for
g < p: the main obstruction is the sub-additivity inequality (3.1). This is not a mere technicality:
in the case ¢ < p, inequality (1.4) cannot hold. Indeed, it already fails for convex sets. The typical
counter-example is given by the infinite strip Q@ = R x (—1,1), for which we have

ro=1 and Ap,q(2) =0, for 1 < g <p.
We refer to [13, Proposition 6.1] for more details.

3.3. Embeddings for homogeneous spaces. In this subsection, we briefly discuss some conse-
quences of Theorem 1.2 for the embedding properties of the homogeneous Sobolev space @(} P We
recall that the latter is the completion of C§°(€2), with respect to the norm

P ||V<p\|Lp(Q), for every ¢ € C5°(Q).

Corollary 3.6. Let k € N\ {0} and let Q C R? be an open multiply connected set of order k. Let
1<p<2andlet p<q satisfy (1.3). Then we have

DyP () — LIQ) =  rg<4oo.

Proof. The validity of the continuous embedding Z,?(Q) < L9(2) is equivalent to the fact that
Ap.q(2) > 0. Thus, the implication <= is a direct consequence of (1.4). For the converse implica-
tion, it is sufficient to observe that for every disk B, (zg) C 2, we have

)‘p,q(Bl)

_o4 22"
rP—2t5

Ap,a(©2) < Apq(Br(0)) =

By taking the supremum over the disks contained in €2, we get

Ap,g(B1)
)‘p,q(Q) < 5_(]27_‘_27;77
Tq

and thus the conclusion. OJ

We now focus on the case p = 2. In this case, there is no limit Sobolev exponent, i.e. the
exponent ¢ may become arbitrary large, but it cannot attain oo. In general, the limit embedding
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for @3 2 () is on the scale of Orlicz spaces of exponential type. For example, for open planar sets
with finite area, the Moser-Trudinger inequality asserts that

sup {/ (exp(dmu®) —1)da : | |Vul*dzx = 1} < 400,
uwecee (@) Lo Q

see [54, Theorem 1]. In [51, Theorem 1.2], the authors proved that for an open simply connected
set Q C R2, we have

sup {/ (exp(47ru2) — 1) dz : / |Vul? do = 1} < 400 — ro < +o0.
uwecg (@) Lo o
In the next result, we extend this characterization to planar sets with non-trivial topology.

Corollary 3.7 (Moser-Trundinger). Let k € N\ {0} and let @ C R? be an open multiply connected
set of order k. Then, we have

sup {/ (exp(47ru2) —1)dz : / \Vul? dz = 1} < 400 — ro < +00.
ueCs () Q Q

Moreover, if rq < +0o we have
lim gA2,4(Q2) =8me.
q,/"00

Proof. According to [5, Theorem 2.2], for an open connected set 2 C R? we have that
sup {/ (exp(4mu®) —1)da : / |Vul|? de = 1} < 400 = A(Q) < 4o00.
uecge () Lo Q

If Q is multiply connected of order k, the last condition is equivalent to rq < +o00, thanks to
Corollary 3.6 with p = ¢ = 2.

The second statement now follows by reproducing verbatim the argument of [60, Lemma 2.2]:
the first part of the proof assures that we have the Moser-Trudinger inequality at our disposal,
which is sufficient to reproduce the argument in [60]. O

4. THE CASE p > N

4.1. Punctured Poincaré constants. Let p > N > 1 and let K C RN be an open bounded
convex set. For every xy € K, we define the following Poincaré constants

MK\ {wo}) = inf { [ 1 s ol = 1, ute) = o},
uw€Lip(K) K

and

Ao (K \ {wo}) = inf {/K|Vu|”da: : Null o i) = 1, u(o) :o}.

u€Lip(K)
We observe that in the particular case K = Bg(x), we have

(11 ABaleo)\ fzo}) = 2PN g 4, (B (ao)) = Do BN

The following simple result is instrumental to get a lower bound on A,.

Lemma 4.1. Let 1 < N < p and R > 0. For every u € Lip([0, R]) \ {0} such that u(0) = 0, we

have R R
AP(B;%;{O})/O |u(t)|PtN*1dt§/0 ()P N dt.
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Proof. For every u as in the statement, we define
U(z) = u(|z — zol), for every = € Br(zo).

By definition of A,(Bgr(zo) \ {z0}), we have
Ap(Br(ao) \ {ao}) [
Br(zo)

By using spherical coordinates centered at zp and taking (4.1) into account, we get the desired
conclusion. 0

\U|pd:v§/ VU dz.
BR(ZEo)

We can thus prove the following sharp inequality, which is interesting in itself.

Lemma 4.2. Let 1 < N < p and let K C RY be an open, bounded convex set. For every xo € K,
we have

Ap(B1\ {0}) _
Ap(K\ {zo}) > “Dr(o)y where Dy (xg) = ;relgﬁ |zo — yl.

Moreover, we have equality for K = Br(xo).

Proof. Let u be an admissible function for the problem which defines A,(K \ {z0}). By using
spherical coordinates centered at x(, we get

2
QN_l deHN_l(CU)

@ rou\? 1 s
Vupdgc:/ / () + = |V, ul?
/K‘ | SN-1.Jo [ do 92| |
r(w)
Lo
SN-1Jo

Here r : S¥=1 — [0, +00) is the so-called radial function of K, centered at x¢, defined by

P
g—z Nt dodHN TN (w).

r(w):sup{tzo : xo—i—tweK}, for every w € SV 1,

see for example [61, page 57]. By using Lemma 4.1 in the innermost integral, we obtain

r(w)
[ vurde = amion [ ( / |u|”gN1dg> aHY (),

Finally, by noticing that

r(w) < Ri(zo), for every w € SV 1,
we get the desired conclusion. O

The following estimate on the quantities A, and A, o will be useful in the sequel, in the particular
case K = By and zg = 0.

Lemma 4.3. Let 1 < N < p and let K C RY be an open, bounded convex set. For every zo € K,
we have the following estimates

(4.2) (K| Ap(K\ {zo}) = Ap oo (K \ {z0}) >

where Wy, oo (K) has been defined in (2.5). Moreover, we have

lim (A,(K\ {20}))” = lim (A,,,OO(K\{xO}))’%: !

p—>00 —00 DK(Q;O)’

fp,00 (K)
o

=
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where as above D (xg) = max,cox [T — o).

Proof. The leftmost inequality in (4.2) easily follows from Holder’s inequality. In order to prove
the rightmost one, let u be a Lipschitz function on K, such that u(xg) = 0 and [Jul[ = x) = 1. Let
t, be such that

lu —tullLee(x) = Itrélﬂrg lu —tl| Lo ()

By definition of i, oo (K), we have

1 1
|u(z) — tu| < ( (/ [Vul? dx) , for every z € K.
K

Thus, we obtain

u(@)| = u(z) = u(zo)| < |u(z) -ty |+IU(xo ) = tul

SQ(# ) (/ |Vu|pdw> , forevery z € K.
poo

By taking the supremum over x € K and recalling the normalization on u, we get

@)

ol) < oI\ o)),

as desired.
For the second part of the statement, we first observe that if N < p; < pa, then
( m,<K\amn) < m,<K\amn>
K| - K| ’
by Holder’s inequality. Thus, the limit

i (Rl

exists, by monotonicity. This in turn implies that lim, .o (Ap oo (K \ {z0}))'/? exists, as well. In
order to estimate this limit from above, we notice that the function

l
r) = </ |z — xo|P dx) |z — o],
K

is admissible for A, (K \ {zo}). Thus, in light of (4.2) we get

1

Tim (Ao (B {20)))” < lim sup (15 8y (5 \ o))

D=

(4.3)

1
< lim |K]|» z — xolP dz = .
T pS K17 (/K | o ) Dr (o)

S

Observe that we used that

Dk (zg) = max |z — xo| = meal)(dx — xg],
X

thanks to the convexity of K.
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The estimate from below is more elaborated, but the argument is nowadays quite standard (see

for example [10, Section 2]). For every m € N such that m > N + 1, let us take u,, € Lip(K) such
that

|t || oo () = 1, Um(20) =0, / [Vt |™ de < 2 Ay 00 (K \ {z0}).
K

By Holder’s inequality, for every m > N + 1 we have

N+41

N+1

/ V[N de < K150 </ |Vum|mdx> R (zAmm(K\{xo})) "
K K

In light of (4.3), this shows that {t, }m>n+1 is a bounded sequence in WHN1(K). By the Morrey-
Sobolev compact embedding (see [48, Theorem 12.61]), we have that there exists a subsequence
{tm1 Ynen € {tm}m>n41 and a limit function ue € WHN(K)NC(K), such that u,, converges
weakly in WL NT1(K) and uniformly on K to us. Thus, we still have

Uool| Lo (k) = 1, Uso (o) = 0.

Moreover, by lower semicontinuity and (4.3), we have

T |K|FE
V|V 1 dx) < |7
(/K| | ~ Dk (o)

We can now recursively repeat the previous argument: we take N +£¢+1 for £ € N\ {0} and extract
a subsequence {Umfl+1}n6N from the previous one {up,¢ }nen. Indeed, at each step, we have

{_ Ntet1 N+7‘2+1

(14) [ T Y < KT (2 o\ )
X ,

which shows that {u,,: }nen is a bounded sequence in WELNHHL(K), As before, there exists

a subsequence {u, c+1}neny Which converges weakly in WLNH41(K) and uniformly on K. By

construction, the limit function must still coincide with the original limit function %,. This shows

that us, € WHNTHL for every £ € N and that

1

N+44+1 N+1Hl . N+1£+1 -4 ml
Voo dw < lim |K]| e (ZAmﬁm(K\{xo})) 2
K

n—oo

(4.5)

|K |~
~ Dk(xo)
By taking the limit as £ goes to oo and using that K is convex, we get that u., € Lip(K), with

1
v () < oy =1 —0.
Voo oo () < Dr(zo)’ oo lloe (k) = 1, Uoo (T0)

Actually, the last two properties show that the first one can be improved. Indeed, let T € K be a
maximum point for |u..| over K. We then have®
|T — @o|

— < 1.
Di(zo) —

1= [too (T)] = [thoo (T) = oo (20)| < |Vttoo || e (i) [T = o] <

6As already observed, by convexity of K, we have

Dg(x0) = xrrélg)}c(kc —x0| = ;nea?x T — x0|.
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This implies that equality must hold everywhere. In particular, we get
B 1
Dx (o)

With this information at hand, we can now conclude: we go back to (4.5) and observe that

(4.6) Voo | Lo (1)

1 1

lim [ 0E (2 0 oo (K \ {20})) ™ = (K77 lim (Ao (K \ {z0})) "

n—oo m

Thus, we obtain for every £ € N\ {0}

e , NFET
lim (Mmoo (K \ {zo})) " = ||~ 77 ( /K |vuoo|N+f+1dx) .

m—o0

By taking the limit as £ goes to oo and using (4.6), we conclude. g

We conclude this part, by observing that A,(Q1 \ {0}) actually coincides with A, of a suitable
“pepper” set. More precisely, we have the following

Lemma 4.4. For 1 < N < p, we have
Ap(RYNZY) = Ap(Quy2\ {0}) = 27 A, (Q1 \ {0}).

Proof. The rightmost equality simply follows by scaling. Let us prove the leftmost one.
Let u € C§°(RY \ ZV). By tiling the space with the cubes

Q1/2(i), with i € ZV,
we easily see that u is admissible for the variational problem which defines A, (Q1/2(i) \ {i}). Thus,

we get
/ |Vul? de = Z
Q

iezZN

Vul? dz Ap(Qq/2(i i ulP dx.
L, Tz 30 M@\ Gh [

iezN Q1/2(i)
Since we have
Ap(Q12(0) \ {i}) = Ap(Q12 \ {0}), for every i € ZV,

we can infer
/ VulP de > A,(Qu 2\ {0}) / luf? da.
Q Q

By the arbitrariness of u, this yields A, (RN \ ZN) > A,(Q1/2 \ {0}).

In order to prove the reverse inequality, we take u € Lip(Q;/2) such that u(0) = 0 and
Hu||Lp(Q1/2) = 1. According to Lemma A.l, we can further suppose that u is non-negative and
symmetric with respect to each variable. For every m € N, we define

N . . . N . .
Z,, = {1 = (i1,...,in) €EZ" : |i|peo := k_IrllaxN|zk| < m}7

and then we set
Un(z) =Y ulz+i).
i€zl
Observe that U, is a Lipschitz function on the cube @Q,,11/2 (thanks to the symmetries of w),
vanishing at each point i € ZYY. We then take 7,, a 1-Lipschitz cut-off function, such that

0<nm <1, Nm =1 on Qp_1/2, Nm =0 on Q412
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By construction, we get that n,, U,, € W&’p(RN \ ZN), where we extend it by 0 outside Qm+1/2-
Thus, we get

([, 1wt a)”

(/ T Upn | dm) '
]RN

3 / (VP U P iz 3 / (VU l? P

=

IN

(W®¥\ZY))

=
S

iez Q1/2(1) iezyN Q1/2(1)
1 1
P
Z / [1m, Unn |P daz Z / [N Unn |P dex
lezN Ql/z i lezl\] Q1/2

We now observe that, thanks to the properties of 7,,, we have

Z/ [ U [P de > >~ / [ U [P d =) / Uy |? de
1/2 1/2

iezZN iczZN Qu/2(D) i€z

=@2m-1)N / |ulP da.
Q12

We also used that U, on each cube coincides with a translated copy of the original function wu
defined on Q2. As for the first integral at the numerator, since 7,, is 1—Lipschitz and is constant

on Q12 we get

Z/ Vil UnPde< S [
Q1201

iezN li]¢oo =mn Q1/2()

|Up |P do = [(2m+1)N—(2m—1)N] / |u|P dx.
Q12

Finally, by using that |n,,| < 1, we have

Z/ VU [P der < Z/
Q1/2(i)

|VUm|Pd:c:<2m+1>N/ Vul? dz.
HSY/AM iczN Q1/2(1) Q12

By using these estimates, we get

1
% 2 N\ » 2 1\ 7 [Vl
( (RN\ZN)) < (m—i—) 1 +< m + )PH Iz (Qu2)
2m—1 2m —1 ||u||Lp(Q1/2)

If we now take the limit as m goes to oo, this yields

e zm)’ < o0
HUHLP(Ql/z)

Since w is arbitrary, we get A, (RN \ ZN) < A, (Q1/2 \ {0}), as well. O
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4.2. Proof of Theorem 1.3. By using the punctured Poincaré constants of the previous subsec-
tion, we will now derive a lower bound on A, , for p > N in terms of the inradius, which is valid
for every open set. This generalizes [58, Theorem 1.4.1], by means of a different proof. Moreover,
we pay due attention to the quality of the constant obtained.

Proof of Theorem 1.3. We divide the proof in five parts.
Part 1: inequality for ¢ = p. From [16, Theorem 5.4 & Remark 5.5], we already have

(17) vz (1) 5

p TQ
This is a plain consequence of the Hardy inequality contained in [31, Theorem 1.1]. Unfortunately,
the constant obtained in this way has a sub-optimal behaviour as p \, N. In order to rectify this
fact, we give a different proof, based on Taylor’s idea of tiling the space with cubes “large enough”.
We will see that for p > N, the situation is simpler.

Without loss of generalization, we can assume rq = 1. We fix € > 0 and consider the tiling of
RY made by the cubes

Qic = Q1ic((2+2¢)i), foriezZ".
We also consider the set of indices
28 ={i=(n,....ix) €2 : Q.00 £0}.
Let u € C§°(£2), we observe that for every i € ZgE there must exist
Tie € Bi1((2+2¢)i) \ Q,

thanks to the fact that rq = 1: this implies that a ball of radius 1 4 € cannot be entirely contained
in Q. Then, by the tiling property of the collection {Q; . }iczn, the definition of A,(Qi. \ {zic})
and Lemma 4.2 applied to each cube of this collection, we get

/|Vu|pd:17f Z / |VulPdx

i€y .

A, (By\ {0})
> E Ap(Qie \ {zic}) lully, >
ez . Vimel llizoce. ((1+e) VN +1+

Observe that we used that z; . € B14.((2 + 2¢) i), to infer that

max |zo—y| < (14+¢) VN+1+e.
y€OQ; ¢

)p || HLP(Q)’

By taking the limit as € goes to 0 in the estimate above, we obtain

Ap(B1\ {0})
(4-8) HVUHLP(Q) (\/N+ 1)p H ||L:D(Q)'
Finally, by joining the two estimates (4.8) and (4.7) we obtain

Ap(Q) > ﬂ%’p’ with By, = max{/&(p\(/%ig(;i)’ (p;N)p} >0,

as desired.

Part 2: inequality for ¢ = co. We give the counterpart of (1.5), for the endpoint case ¢ = co
The argument is extremely simple, based on the properties of the L norm and on a basic geometric
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fact. As before, up to scaling, we can assume that rq = 1. For every € > 0, we consider the family
of balls

{Biiely) : y € 00},
It is not difficult to see that this is a covering of €. Indeed, by definition of inradius, for every
x € (), there exists y € 02 such that
|z —y| =da(z) <rqg=1.

In particular, this implies that @ € By4.(y). By arbitrariness of x € Q, we get the claimed covering
property.

We now take u € C§°(2). Thus, this is a continuous compactly supported function. Hence,
there exists T € {2 such that

[u(@)| = [[ull L=
Thanks to the previous discussion, there exists y € 92 such that T € B11.(y). Thus, we obtain
lall? iy = W@ = [l o
1 / (1+4¢)?
< ——— VulPdzx = / VulPdz.
N T = S o

In the last equality we used (4.1). By letting £ go to 0, we obtain (1.6).

Part 3: inequality for p < ¢ < co. By a simple interpolation argument, we can now fill the
gap and prove the result for the whole range p < g < oco. Indeed, for every u € C5°(2)\{0} and
p < q < oo, we have

P
q

1—2
lal ey < (Il eiey) " (Ililogey)

Hvu‘|€p(g)> HqugP(Q) o ||VU||L:D(Q) “
||U||]£q(9) B ||U||Z]7;oo(g) ||uHLP(Q)

P
q

then

This entails that .
M@ = (@) (@) "

Hence, the thesis follows by combining (1.5) and (1.6).

Part 4: asymptotics for A, o (B1 \ {0}). By Lemma 4.3, we know that

Apoe(B1\ {0)) 2 et BL)

In turn, the right-hand side can be bounded from below thanks to (2.6). Thus, we obtain

MBI\ {0)) 2 ) (S8 (Z‘_ﬁf)l o,

which gives the claimed asymptotic behaviour from below, as p goes to N.
On the other hand, by testing the definition of A, o (B; \ {0}) with

P

p—N B
(4.9) Ue(z) == (52 + \x|2) PUTU B withe >0,
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we get

/ |Vuel|P dz
By

~ Ny (—
||uaHpoc(Bl) p

Ao B\ {0)) < lim
This gives the desired asymptotic behaviour from above, as well. Finally, for the limit p * oo it is
sufficient to use Lemma 4.3 with K = By and zg = 0.

Part 5: asymptotics for Sy ,. We recall that this is given by

TR (5}

BN,p = max {

In particular, by Lemma 4.3 we have

Apoo(Bi\ {0}) (p_N>p}.

BN, ZmaX{ )
P WN (\/N+ 1)p p

Thus, the information
. BN P
0 < liminf —————,
PN (p— NPT
comes from Part 4 and the behavior of A, (B \ {0}). The related upper bound can be proved
as before, by using (4.9) as a test function and taking the limit as e goes to 0.
Finally, as for the limit p * 0o, we observe that by its definition

l - N
liminf (By,)" > liminf 2= < 1.
p/loo p/oo p
On the other hand, by using (1.5) with Q = By, we get
lim sup (BN,p)E < lim (Ap(Bl))E =1,
p./'oo p/oo
thanks to [38, Lemma 1.5]. This concludes the proof. O

Remark 4.5 (Asymptotic optimality). We recall that for every open set Q C R, we have

» 1
i ()\ Q)p:l. ()\ Q>p:7’
po (@)= lim (e =20
see [16, Corollary 6.1 and Corollary 6.4]. Thus, the estimates (1.5) and (1.6) becomes identities in
the limit as p goes to oo, when raised to the power 1/p.

As for the case when p goes to N: from Lemma 4.4 we know that

ARV N\ ZY) = Ap(Quya \ {0})
The last quantity can be estimated from above by using the test function (4.9), as before. This
gives

A (RV\ ZN
lim sup 1’(7\1)
N (P NPT
and thus the constant Sy, in (1.5) vanishes with the sharp decay rate. Finally, from both the
definition of A, o and that of p—capacity, we have

< Ho00,

p—N>p_1

Ap,oo(Br) < cap,,({0}; B1) = Nwy (p -1
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Thus, also the constant in (1.6) has the sharp decay rate to 0, as p \, N.

5. CHEEGER’S CONSTANT AND BUSER’'S INEQUALITY

For every k € N\ {0}, we now define the sharp constant for the Buser inequality proved in
Theorem 1.7, i.e. we set

Cg(k) :=sup : Q C R? multiply connected of order k with rqo < +o00

Its precise value is known for k = 1 and k = 2 only, see the recent paper [22]. In light of Theorem
1.7, we know that such a constant is finite for every k£ and grows at most like &, as this diverges to
00. We are going to show that this growth is “essentially” sharp. This is the main result of this
section.

Proposition 5.1. The quantity k — Cg(k) is monotone non-decreasing. Moreover, for every
0 <a<1, we have

Proof. For the monotonicity part, it is sufficient to proceed as follows: if 2 C R? is admissible for
Cp(k), then the set Q@ = Q\ {z} with z¢ € Q is admissible for Cg(k + 1) and we have

A A

) (o)’

This is due to the fact that points in dimension N = 2 have zero p—capacity, for every 1 < p < 2.

For the second part of the statement, we are going to exhibit a sequence of open sets {2 }x>2 such
that each €2 is multiply connected of order k + 1, it has finite inradius and

(5.1) klim % = 400, for every 0 < o < 1.
7 po (h(Qk))

At this aim, we will slightly modify the construction of [11, Theorem 1.2, point (2)]. We will
produce a sequence of enlarging periodically perforated sets, such that the radius of the perforation
shrinks “not too fast” as the sets grow.

Let k > 2 be a natural number and let &5, = k=# for some fixed 3 > 1/2, we indicate by

. 11
(5.2) Q= (10,17 % [0,1]) \ B., (2, 2) .
The parameter €, will be the shrinking radius of the perforation. If we set
T = {i = (il,ig) S N2 : max{il, ig} < I_\/EJ — 1},

we define

Q= |J (@ +1).

i€Zy,
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FIGURE 1. The set Qf for k=7

Observe that this is a square with side length |v&], containing (|vk])? equally spaced circular
holes of radius ;. To this set, whenever vk ¢ N, we attach the perforated horizontal strip

k—[VE]|?-1
Ss= | @r—ex+ijen),

§=0
where e; = (1,0) and e3 = (0,1). At last, we define
Qp = int(Qk @] Sk),

i.e. the interior of this union (see Figure 1). By construction, this is an open multiply connected
set of order k£ + 1. Also observe that the inradius rq, is uniformly bounded, with respect to k.

FEstimate for A\(Q2). For every u € C§°(), by applying Theorem 2.5 with d = 1/2 and D = 1, we

get
/ \Vu|2dx:/ \Vu|2dx+/ |Vul|? dz
Qp, Qk Sk

k—|VE]?—1

=Z/ VuPdz+ ) / \Vul® dz
i€y, Qr+i =0 Qr—e2+jer
k—|Vk]*-1
> Coapy(BoiB) |3 [ uPder S Juf? do
icz, Y Qrti =0 Qr—ezxtjer
:CcapQ(ng;Bl)/ lu|? da.
Qp

By arbitrariness of u and by using [52, formula (2.2.14)] for the relative capacity of a disk, we can
infer existence of a constant Cy > 0 such that

Co _ CO
(5.3) Mé) 2 |loger| B (logk)’

since £, = k~”. We now also prove a similar upper bound for A(€2;). We proceed similarly as in
the proof of Lemma 4.4 above. We first observe that

A() < A(int(Qp)).
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FIGURE 2. The graph of the funnel-type function uy.

We take the following Lipschitz function defined on Qk by

= () () 5 (343 ()
((0,

1) x (0, 1))\

Observe that this identically vanishes on 0B, (1/2,1/2) and coincides with 1 on
B1/2(1/2,1/2), see Figure 2. Then, we periodically repeat it, i.e. we consider

U(z) = Z up(x +1).

i€z,
Finally, we take n, a 1—Lipschitz cut-off function such that
0<m <1, nkzlonQNk, Nk = 0 on 0Q,
where”
0= J@u+D), withZ= {i = (i1,i2) € N? : 1 < max{iy, is} < |Vk| — 2},
ieZ,
see Figure 3. It is easy to see that ¢ = 1 Uy € Wol’Q(int(Qk)). Thus, by definition of A\, we have

</ |Vnk|2|Uk2dx) +(/ |VUk|2|nk|2dx>
()} O

1
3

</ Ik Ur|® dl‘)

Qk
By using the properties of both Uy and 7y, we have
2
/ [ Ug|? dz > /~ \U|? da = (L\/EJ - 2) / lug|? da
Qk Qk Dk

"In what follows, we suppose that £ > 9. In view of our scopes, this is not restrictive.

(5.4) VA < VAmUQL) <
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and

2
/|VUk|2|nk|2dx§/ VU2 do = (LVE)) / Vg |? da.
Qk Qk

k

We recall that @k has been defined in (5.2). Similarly, by recalling that 7 is constant on é;, we
have

/\Vnk|2|Uk|2d:c:/ ~|Vnk|2|Uk|2dxs/ U de
QO

Q1 \Qx Q1 \Qx
_ [(L\/EJ)Z— (LV&) —2)1 /@k lug|? da.

We still need to compute the W2 norm of u;,. From its definition, there exists a constant C; > 0
such that we have

2
/, lug | dz > %/ <log <|x|>> dx
K (log(2ex))” /B1)2\B., €k

£ 27 e? 7oy
:7’“2/ logg\yldyzi’“g/ 0log?odo > Cy,
(10g(2 Ek)) Bi/2¢, \B1 (10g(2 5k)) 1

for k large enough. As for its gradient, we have

1 1
/c |Vug|? de = — / T dr
Oy, (log(2¢ex))” /Bis2\Be, |z

1
2 21
. — / Lo
(log(2¢er))” Ve @

_ 27 log(225)| = 27 47
 (log(2er))? BEIT Tog(@en)] =~ B (logh)”

By spending all these informations in (5.4), we get

(L\/EJ)2 . é+ VE] dr 1

(5.5) ) < |ty ~

(L\/EJ _2) L\/EJ —2\/ BC1 (logk)
By using that

2 3
VE| 3 .
limﬂzl and <>2_1 §<64) S84\/57&)1”{297
from (5.5) we finally get that there exists a constant Cy > 0 such that
C

(5:6) M%) < G

for k sufficiently large.



TOPOLOGY AND CAPACITY 31

FIGURE 3. The set Oy, for k = 16: it is made of the “internal” perforated squares in grey.

Estimate for h(€y). By a standard approximation argument (see for example [56, Proposition 3.3]),
we can use Qy as an admissible set in the definition of h(£2;). This gives

HN—l(agk) _ 4 I_\/EJ +27 (I_\/Ej)zé‘k
% (VA) a-ned)

Since by definition we have €2 = k=28 = o(1/k) (recall that 8 > 1/2), there exists a constant
C3 > 0 such that

h(Q) <

<

— \/E7

for k large enough. Moreover, for any k > 2, we have that
Q. CRx (=1, [VE]).

Thus, by monotonicity with respect to set inclusion and the scaling property of the Cheeger constant,
we get

(5.7) h(S2k)

1
(5.8) h(%) > TV h(R x (0,1)) =

In the last equality, we used [42, Theorem 3.1].

1+ [VE|

Conclusion. By gathering together the estimates (5.3), (5.6), (5.7) and (5.8), we finally obtain

1 k A k
— < (%) s <C , for k large enough.
C logk (h(Qk)) log k
This is enough to establish (5.1) and conclude the proof. O

As the reader may easily realize, the previous perforated set does not permit to show that
Cp(k) ~ k, for k 7 oc.

Such an example may suggest that the sharp growth of Cg(k) could be k/logk, as k goes to co. In
other words, the estimate of Theorem 1.7 might perhaps be improved by a logarithmic factor. We
leave the following open problem, that we think to be quite interesting.
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Open problem. Prove or disprove that

k
Cp(k) ~ — for k .
B(k) gk or k /oo
Remark 5.2. We want to make a final comment on the geometric lower bound (1.9). A frequently
encountered alternative definition of Cheeger’s constant is the following

hpa(Q) = inf {PI(E'ET) : ECQ with |[E| > O} ,
where P(F) is the distributional perimeter of E, in the sense of De Giorgi. This has been considered
in many papers (in addition to the aforementioned references [45] and [57], we refer for example to
[20, 33, 41, 42, 46] and [47] among others). In general, we have hpg(2) < h(f2), see for example
[49, Section 3.

It is easily seen that (1.9) is not possible for hpg. We can easily build a counter-example to its
validity, by exploiting that the distributional perimeter is not affected by the removal of sets with
zero N —dimensional Lebesgue measure. For example, by taking the following infinite complement
comb

Q=R>*\ {z = (z1,22) €ER? : |z1| > 1,25 € Z},
we see that this is a simply connected open set, such that

rg=v2 and hpa(Q) < lim P((=n,n) x (=n,n)) = lim S

— =0.
wisie [(=mon) X (—mom)| e dn2

APPENDIX A. PERFORATED CUBES
In what follows, for R > 0 and zy € R™ we still indicate by Qr and Qr(zo) the cubes given by
Qr=(—R,R)™ and Qr(wo) = Qr + o,

respectively. In the proof of Lemma 4.4, we used the following result, which is interesting in itself.
It concerns the minimization problem

Ap(Qr(z0) \ Br(20)) = inf / [VulPdz - |lullzr(@p(ze)) = 1, w=0on By(z0) ¢,
u€Lip(Qr(z0)) Qr (o)

with 0 <7 < R. For simplicity, we state it with x¢g = 0.

Lemma A.1. Let 0 <r< R and1 <p<oo. We set
Lipi(@):{ueLip(@) cu>0, uoRi:ufori:L...,N},

where R; : RV — R is the reflection with respect to the hyperplane {x € RN : (x,e;) = 0}. Then,
for every every 1 < p < oo we have

inf {/ [VulP dx - ||ul|| e =1, u=0 on BT}
werin@n) an @

= inf {/ |VulPdo : |jul| e =1, u=0 on Br}
weLivd @r) \Jqn (@r)
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Proof. Obviously, we have

inf / |VulP dz @ [jullL =1,u=0o0n BT}
uELip(QR){ Qr P(@Qr)

< inf {/ |VulP dz : ||ul| e =1, u=0o0n BT} .
ueLipS (@r) (/g (@)

In order to prove the reverse inequality, we take u € Lip(Qg) to be admissible for the variational
problem on the left-hand side. Then, we define recursively the non-negative Lipschitz functions

4 2 fuoRy?)
= —_ —_ o]
g1 2u 2u 1 ;

and

=

1 1
Oi41 = (Q(Ui)p+2(0iORi+1)p) s fOI'Z‘Zl,...,Nf]..

We claim that for every ¢ =1,..., N:
(i) 0;0R; =0y, for every 1 < j < i;

(i) IVoillr@n) < IVullLr@r);

(111) ||O'i||Lp(QR) =1 and g; = 0 on E
In particular, by taking ¢ = N, we would get that on is admissible for the variational problem on

Lip_s‘_(@) and
/ |[Von|P de < / |VulP de.
R R

This would be enough to conclude the proof.

We are left with proving that o; has the claimed properties. We proceed by induction: for i =1,
properties (i) and (iii) are straightforward. As for property (ii), this follows from Benguria’s hidden
convezity principle (originally devised in [7, 8] for p = 2, extended to 1 < p < oo in [6, 26, 40, 63],
see also [17, Theorem 2.9]), which gives

1 1
/ Vo P de < — / [V|u||P dz + = / |V|uo7€1||pdz:/ [VulP dz,
R 2 Qr 2 Qr Qr

where we used that R1(Qr) = Qr and that R, is a linear isometry, together with the fact that
|V|u|| = |Vu| almost everywhere.

We now take 1 < ¢ < N — 1 and suppose that (i), (ii) and (iii) hold for every oi,...,0,. We
need to prove that these properties hold for o411, as well. Again, property (iii) is immediate by
construction and by the inductive assumption. For point (i), we have

1

1 1 P
041 = <2 (o0)? + 3 (o¢ 0Re+1)p> ,

thus for 1 < j </

1 1 g
Or+1 OR]' = (2 (Uz O'Rj)p + 5 (J@ o Ryt O'R,j)p>

S
=

1 1 1 1
(2 (@e)" + 5 (or0R;j 0 Ré+1)p> = ( o) + 5 (oeo Re+1)p> =0tt1,

2
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where we exploited the validity of (i) for 1 < j < £. As for the composition with Ry, we also have

1
1 1 P
00410 Rop1 = (2 (0g 0 Re+1)P + 3 (0p0oRyy10 Re+1)p>

1 1 P
= (2 (0e0Ret1)P + 3 (Uz)p) = 0y41,

thanks to the fact that Ry11 0Ryy1 is the identity map. This establishes the validity of (i) for £+ 1,
as well. We still need to verify property (ii): by using again Benguria’s hidden convexity, we get

1 1
/ |we+1vadng/ |Vag|pdm+f/ |V(040Rg+1)|pdx:/ VoulP da,
Qr 2 Qr 2 Qr Qr

thanks to the fact that Ryy1(Qr) = Qr. By using that (ii) holds for oy, we get the desired
conclusion. ]
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