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1 Introduction and main results

Let Q be a connected open set in an n-dimensional Riemannian manifold M, which will be assumed to be
without boundary throughout. Suppose that n > 2 and

H"(Q) < oo,

where H" denotes the n-dimensional Hausdorff measure on M, i.e. the volume measure on M induced by
its Riemannian metric. In particular, if M = R" equipped with the Euclidean metric, then H" agrees with the
Lebesgue measure. The choice

Q=M

is also admissible, provided that H™(IM) < co.
We are concerned with eigenfunctions of the p-Laplace operator in Q, subject to homogeneous Neumann
boundary conditions on 0Q, if Q # M. Namely, we deal with solutions to the equation

—div(|VuP~2Vu) = ylul’?u inQ, (1.1)
for some y € R, satisfying the condition
0
a_ 0 onoqQ,
on

if 0Q # 0. Here, p > 1, and n stands for the normal unit vector on 0Q.
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A unified definition of an eigenfunction u of the problems under consideration amounts to requiring that
u € WHP(Q) and satisfies the equation

JIVqu’ZVu-Vq,') A" = yjlulp’zwp as (1.2)
0 0
for some y € R and every test function ¢p ¢ WP (Q), where the dot “-” denotes the scalar product associated
with the Riemannian structure on M, and |Vu| denotes the norm of the gradient Vu defined via this scalar
product.

Classical variational methods ensure that the eigenvalue problems in question do admit non-trivial (i.e.
non-constant) eigenfunctions under suitable assumptions on Q; see, e.g., [37]. This is the case if Q has a com-
pact closure and a regular boundary — a Lipschitz domain, for instance. The same conclusion holds if Q = M
and the latter is compact. The regularity of Q also guarantees that any eigenfunction of problem (1.2) does
not merely belong to L?(Q), but is in fact globally essentially bounded in Q. On the other hand, membership
of eigenfunctions in L*°(Q), and even in L4(Q) for g > p, is not guaranteed if Q is an arbitrary open set with
H'(Q) < oo.

The present paper is aimed at offering minimal assumptions on the geometry of Q for any eigenfunction
of problem (1.2) to belong to L*(Q), and to admit a corresponding bound of the form

lullzo) < cllullzra) (1.3)

for some constant c depending on Q, y and p. Estimates in L4(Q) for every g < co, namely inequalities of the
type
lullLaq) < cllullr ) (1.4)

for some constant ¢ depending on Q, y, p and g, are also established under slightly weaker conditions on Q.

The description of the geometry of Q adopted in our results calls into play certain functions defined in
terms of inequalities of geometric-functional nature for subsets of Q. They are the isoperimetric function and
the p-isocapacitary function of Q.

The isoperimetric function Ag is the largest non-decreasing function in [0, W] such that

Ao(H™(E)) < P(E; Q) (1.5)

for every measurable set E ¢ Q with H"(E) < @ Here, P(E; Q) denotes the perimeter of E relative to Q.

Let us emphasize that, in view of our applications, only the asymptotic behavior of the isoperimetric
function Aq near 0 is relevant. If, for instance, Q has a Lipschitz continuous boundary and Q is compact, or
Q = M and the latter is compact, then

Aa(s) = O(sLil) near 0. (1.6)

Here, the relation “O near zero” between two functions means that they are bounded by each other, up to
positive multiplicative constants, for small values of their argument.

The behavior near 0 is also the only piece of information about the p-isocapacitary function which is
needed for our purposes. This function is denoted by vq ,, and is defined in analogy with Aq, save that
the perimeter of a set E ¢ Q is replaced by its condenser capacity cap,(E, G) relative to any set G such that
E c G c Q. Therefore, vq ) is the largest non-decreasing function in [0, m] which renders the inequality

va,p(FH"(E)) < cap,(E, G) (1.7)

true for every measurable set E ¢ G ¢ Q such that H"(G) < w
If Q is sufficiently regular, as specified in connection with equation (1.6) for instance, then

n-p

O(s™) ifl<p<n,
1\1-
Vo p(s) = O((log ;) n) ifp=n, (1.8)
0(1) ifp>n,

near 0.
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More details can be found in the next section. Let us just mention here that the regularity of a domain Q
affects the decay of the functions Aq and vq , near 0. A more irregular geometry of the domain Q is reflected
in a faster decay to O when their argument approaches 0. In particular, neither Aq(s) nor vq ,(s) can decay
more slowly to O as s — O than the functions appearing on the right-hand sides of equations (1.6) and (1.8),
respectively, whatever Q is.

The isoperimetric function and the p-isocapacitary function were introduced in the papers [40, 41] to
characterize the domains Q in R" supporting a Sobolev-type inequality for weakly differentiable functions
whose gradient belongs to L1(Q) and to L?(Q), respectively. Their use in various questions beyond the theory
of Sobolev spaces, including the theory of partial differential equations, the spectral theory of differential
operators and Riemannian geometry, has become apparent over the years. Besides the early contributions
[42-45, 48] and the monograph [46], a sample of the developments on these topics is provided by the papers
[1-3,6,8,10,13-15,17, 19, 20, 25, 27, 28, 31, 32, 34, 36, 38, 47, 49, 50, 52-56, 59].

In particular, the special choice p = 2 in (1.2) reproduces the linear eigenvalue problem for the Neumann
Laplacian. The analysis of spectral problems for this classical operator has been the center of numerous inves-
tigations, especially in the case when Q agrees with a compact manifold. The vast bibliography on this topic
includes the monographs [4, 9] and the papers [5, 7, 11, 12, 23-26, 29, 30, 51, 57, 58, 60]. Results for the
Laplace operator in the noncompact case, in the same vein as those established here, can be found in [18].
The papers [16, 17] deal with related topics. Our approach in the nonlinear framework at hand has a start rem-
iniscent of that of [18]. However, different techniques have to be exploited in fundamental steps of the proofs
of estimates (1.3) and (1.4). For instance, certain customary fixed point theorems, which are well suited for
the linear case, do not fit the nonlinear setting.

All criteria that will be proposed are invariant under the replacement of v , or Aq with equivalent func-
tions near 0, in the sense of the relation “~” defined as follows. Given two functions f, g : (0, c0) — [0, c0),
the notation

f=~g near0

means that c1g(c1S) < f(s) < c28(c258) if 0 < s < s, for suitable positive constants c1, ¢ and sg.

The conditions in terms of the isoperimetric function Ag ensuring bounds in L9(Q) or L*°(Q) for eigen-
functions are presented in our first result. Interestingly enough, the condition for L?-estimates is indepen-
dent of p and g. The dependence on these exponents only enters the constant involved in the estimates. By
contrast, the dependence on p is crucial in the condition for L*-estimates.

Theorem 1.1 (Bounds for eigenfunctions via Ag). Assume that n > 2 and p > 1. Let Q be a connected open
subset of an n-dimensional Riemannian manifold M such that H"(Q) < co. Let u be any eigenfunction of prob-
lem (1.2) associated with any eigenvalue y.

(i) Assume that

. S
llll:l) F(S) =0. (1.9)

Then
ueL1(Q) (1.10)

for every q € (p, 00), and inequality (1.4) holds for some constant ¢ = c(Q, p, q, ¥)-

(ii) Assume that
J( S )p S o, (1.11)

Aa(s) s
0

where p' = p%l is the Hélder conjugate of p. Then

uelL®Q), (1.12)
and inequality (1.3) holds for some constant ¢ = c(Q, p, y).

Assumptions (1.9) and (1.11) are optimal, in a sense specified in the next theorem, for (1.10) and (1.12),
respectively, to hold in classes of sets Q with a prescribed decay of A1 at 0. In particular, the gap between con-
dition (1.11), ensuring L°(Q) bounds for eigenfunctions, and condition (1.9), just yielding L4(Q) bounds for
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Figure 1: A manifold of revolution.

any g < oo, cannot be essentially filled. This can be demonstrated, for instance, via manifolds M of revolution
as in Figure 1, whose isoperimetric function is equivalent to a function A such that

A(s)
n-1
Sn
Such an assumption is consistent with the fact that, as noticed above, Ag decays as in (1.6) in the best possible
case.

=~ a non-decreasing function near 0. (1.13)

Theorem 1.2 (Sharpness of bounds via Ag). Letn > 2 and p > 1.
(i) Givenany q € (p, co), there exists an n-dimensional Riemannian manifold M, with H"(IM) < co, such that

Am(s) = s nearO, (1.14)

and the p-Laplacian on M has an eigenfunction u ¢ L9(IM).
(ii) Let A : [0, co) — [0, 0o) be any non-decreasing function, vanishing only at 0, such that

li—% m =0, (1.15)
but ' d
j(%)p ?S = co. (1.16)

0
Assume in addition that condition (1.13) is in force. Then there exists an n-dimensional Riemannian mani-
fold M, with H"(IM) < oo, fulfilling
Am(s) = A(s) nearO,

and such that the p-Laplacian on M has an unbounded eigenfunction.

Although the isocapacitary function has a less transparent geometric meaning than the isoperimetric func-
tion, and its behavior can be more difficult to detect, it is in a sense more appropriate in the framework at
hand. Its use provides yet finer conditions for L9- and L*°-estimates of eigenfunctions, which are exhibited
in Theorem 1.3 below. Indeed, not only are these conditions optimal in classes of sets Q whose isocapacitary
function vq p has an assigned decay at O (see the subsequent Theorem 1.4), but there also exist specific sets
and entire manifolds where the criteria of Theorem 1.3 apply, whereas those of Theorem 1.1 fail. Typically,
this may happen in the presence of complicated geometric configurations. Instances of this kind of manifolds
are those depicted in Figure 2 and discussed in Section 5.5.

Theorem 1.3 (Bounds for eigenfunctions via vq p). Assume thatn > 2 and p > 1. Let Q be a connected open
subset of an n-dimensional Riemannian manifold M such that H"(Q) < co. Let u be any eigenfunction of prob-
lem (1.2) associated with any eigenvalue y.

(i) Assume that

lim = (1.17)
5—0 Vg p(S)

Then
uelLi(Q)

forevery q € (p, 00), and inequality (1.4) holds for some constant ¢ = ¢(Q, p, g, Va,p).
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Figure 2: A manifold with a family of clustering submanifolds.

(ii) Assume that

I( S )p%§<oo. (1.18)

Then
ueL®Q),

and inequality (1.3) holds for some constant ¢ = c(Q, p, vq,p).

The sharpness of condition (1.18) will be exhibited via manifolds IM whose isocapacitary function is equiv-
alent to a function v such that either

l<p<n and #i) =~ a non-decreasing function near 0, (1.19)
Sn
or
v(s) . .
p=>n and SV s) ~ a non-decreasing function near 0. (1.20)

These requirements reflect the fact that the behavior of vq , given by (1.8) is the slowest possible.

Theorem 1.4 (Sharpness of bounds via v ). Letn > 2 andp > 1.
(i) Givenany q € (p, 00), there exists an n-dimensional Riemannian manifold M, with H"(IM) < oo, such that

vm,p(S) =s nearO, (1.21)

and the p-Laplacian on M has an eigenfunction u ¢ L9(IM).
(ii) Letv: [0, 00) — [0, co) be any non-decreasing, continuously differentiable function, vanishing only at 0,
such that

lim % -0, (1.22)
but g
i -

Assume in addition that v satisfies the A,-condition near 0, and either of the conditions (1.19) and (1.20)
is in force. Then there exists an n-dimensional Riemannian manifold M, with H"(IM) < oo, fulfilling

Vim,p(S) = v(s) nearO, (1.24)

and such that the p-Laplacian on M has an unbounded eigenfunction.

Although the existence of eigenfunctions is not a main focus of this paper, we conclude this section by point-
ing out that it is ensured under the assumptions of Theorem 1.1 (i), and even under those of Theorem 1.3 (i).
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Theorem 1.5 (Existence of eigenfunctions). Assume thatn > 2 andp > 1. Let Q be a connected open subset of
an n-dimensional Riemannian manifold M such that H"(Q) < co. Assume that the p-isocapacitary function of Q
fulfills condition (1.17). Then there exists y > 0 such that problem (1.2) admits an eigenfunction u. In particular,
the same conclusion holds if the isoperimetric function of Q fulfills condition (1.9).

Theorem 1.5 follows from an application of the Ljusternik—Schnirelman variational principle as in [37],
thanks to the compactness of the embedding WP(Q) — LP(Q), which holds under assumption (1.17)
or (1.9). The compactness of this embedding is proved in [16, Theorem 2.4] when p = 2. The proof in the
general case is analogous and is omitted.

2 Background

Let Q be an open set in an n-dimensional Riemannian manifold M, possibly Q = M, and let E be a measurable
subset of M. The perimeter P(E; Q) of E relative to Q can be defined by

P(E; Q) = K™ 1(Q n o*E),

where 0* E stands for the essential boundary of E in the sense of geometric measure theory, and 7"~! denotes
the (n - 1)-dimensional Hausdorff measure on M induced by its Riemannian metric. Recall that 0* F agrees
with the topological boundary oE of E when the latter is sufficiently regular — a Lipschitz domain with com-
pact closure, for instance.

Assume that H"(Q) < oco. The isoperimetric function

Ag : [0, 222 [0, 00)
of Q is defined by
Aa(s) = inf{P(E; Q) : E c Q, s < H"(E) < 2@} fors ¢ [0, 2], (2.1)

Obviously, the function Aq is non-decreasing. The isoperimetric inequality relative to Q is a straightforward
consequence of the definition of A and has the form (1.5).
In particular, if Q is connected, then

Aa(s) >0 fors € (0, w],

as shown via an analogous argument as in [46, Lemma 3.2.4].
The Sobolev space W'P(Q) is defined, for p € [1, co], by

WHP(Q) = {u € LP(Q) : u is weakly differentiable in Q and |Vu| € L (Q)},

and is endowed with the norm
lullwiry = lullr@) + IVulLrq)-

Here, V stands for the gradient operator, that is, covariant differentiation on M. We denote by Wé Q) the
closure in WP (Q) of the set of continuously differentiable compactly supported functions in Q.
The homogeneous Sobolev space V1P (Q) is defined by

V1P(Q) = {u : u is weakly differentiable in Q and |Vu| € L? (Q)}.

If the set Q is connected, and w is an open set such that w is compact and w c Q, then V1P (Q) is a Banach
space equipped with the norm
lullyiry = lullrw) + IVullzr ).

Note that replacing w by another set with the same properties results in an equivalent norm.
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The isocapacitary function vq , of Q is defined in analogy with (2.1), provided that the perimeter of a
set E relative to Q is replaced by its condenser capacity. Specifically, recall that the standard p-capacity of a
set E ¢ M can be defined, for p > 1, by

Cp(E) = inf{ JIVqu dH" :u € Wé’p(IM), u > 1 in some neighborhood of E}.
M

Each function u € VP(Q) has a representative i, called the precise representative, enjoying the property
that for every € > O there exists a set E ¢ Q, with C,(E) < €, such that # restricted to Q \ E is continuous.
The function & is unique, up to subsets of p-capacity zero. A pointwise property which holds up to sets of
p-capacity zero is said to hold p-quasi everywhere.

In view of a classical result in potential theory (see, e.g., [39, Corollary 2.25]), we adopt the following
definition of capacity of a condenser. Let E ¢ G ¢ Q. Then we set

cap,(E, G) = inf{ Iqulp dH" :u e VVP(Q), i>1inE, i =0in Q\ G p-quasi everywhere}.
Q

Also, we define
cap, (E) = inf{cap, (E, G) : E c G, H"(G) < 20}

for every measurable set E ¢ Q such that H"(E) < w
The p-isocapacitary function
vap : [0, 2221 [0, c0)

of Q is then given by
va,p(s) = inf{cap,(E) : E c Q, s < H"(E) < W} fors € [0, W] (2.2)

The function vg p is clearly non-decreasing. The isocapacitary inequality (1.7) on Q is a consequence of the
very definition (2.2).
If p > 1, then the function A is related to vq p via the inequality

FH"(@Q)
2

dar \'7? .
va,p(s) > ( J /19(:)1" ) fors € (0, j{T(Q)) (2.3)

Hence, in particular,

va,p(s) >0 fors e (0, W"Z(Q)]’

provided that Q is connected.
When p = 1, one has that
va1 = Aq,

as shown by an analogous argument to the one in [46, Lemma 2.2.5].
For any measurable function u on Q, we define the distribution function y, : R — [0, co) by

() =H"({x e Q:ux) > t}) forteR.

Note that here y,, is defined in terms of u, instead of |u| as customary. The signed decreasing rearrangement
u° : [0, H™(Q)] — [—o00, co] of u is given by

u’(s) =sup{t € R: py(t) > s} fors e [0, H"(Q)].

The median of u is defined by

o HY(Q)
med(u) = u ( > )
Since u and u° are equimeasurable functions, one has that

lullLaco,3cn ) = lullzaq)
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for every q € [1, co]. Moreover, if u € WHP(Q) for some p € [1, oo], then
u° is locally absolutely continuous in (0, H"(Q)). (2.4)

Given u € WP (Q), we define the function 1, : R — [0, co0) by

t

lpu(t)=J< J VPt dﬂ-(”’l(x))ﬁdr for ¢ >0, (2.5)
0 {u=t}

where the representative of u appearing on the right-hand side is the one which renders the coarea formula
true. Via (a version on manifolds of) [46, Lemma 2.2.2/1], one can deduce that, if

med(u) =0,

then
va,p(s) < Yu ()P fors e (0, 25D, (2.6)

3 Proofs of Theorems 1.1 and 1.3

Our main task in the present section is to establish Theorem (1.3). Theorem 1.1 will then easily follow, thanks
to inequality (2.3).

The proof of Theorem (1.3) (ii) relies upon an analysis of an integral equation fulfilled by the signed
rearrangement of any eigenfunction of problem (1.2). This integral equation is derived after obtaining an
equation involving integrals of the eigenfunction over its level sets. Assumption (1.18) is the piece of infor-
mation which, through inequality (2.6), enables us to deduce the existence and uniqueness of solutions to
the integral equation in suitable spaces.

The proof of Theorem (1.3) (i) makes use of an iteration argument, which in turn rests on the Sobolev-type
inequality contained in the following lemma. The inequality in question is standard in regular domains. The
objective of the lemma is to show that it is also supported by domains which merely satisfy assumption (1.17).

Lemma 3.1. Let M be an n-dimensional Riemannian manifold and let Q) be a connected open set in M such that
H"(Q) < co. Assume that condition (1.17) holds for some p > 1. Then for every € > O there exists a constant ¢
such that

lullzoo) < elVullr) + clulfs g (3.1)

foreveryu e WHP(Q).

Proof. Fix any s € (0, H"(Q)/2), and let E be any compact set in Q such that H"(Q \ E) < s (such a set E
certainly exists since Q is, in particular, a locally compact, separable topological space with a countable
basis). Let ¢ be any continuously differentiable compactly supported function on Q such that 0 < ¢ < 1 and
¢ =1 in E. Denote by U the support of &. Consider the precise representative u of any function in WP (Q).
We have that

lullze) < 11 = Qullrr) + 1ullre (). (3.2)

Let us set
v=(1-¥éu.
Clearly, v e WHP(Q), and the support of v is contained in Q \ E. Thus,

xeQ:2tl={xeQ\E:|v|2t} and H'({xeQ:|v|=t})<s< T

for every t > 0. Hence, by inequality (1.7),

n _ h n r h
JIVI” ase" = J IV = ) < (sup L) J Co(lIvI > 11,0\ B d(e). (3.3)



DE GRUYTER G. Barletta, A. Cianchi and V. Maz’ya, Bounds for eigenfunctions =— 9

Owing to the monotonicity of capacity,

j Coviz 8}, Q\E)d(??) <3 ) 2°KC({lv| = 21}, Q\ E). (3.4)
0 keZ

Let ¥ : R — [0, 1] be the function given by W(¢) = 0if t < 0, ¥(¢t) = 1if t > 1, and ¥(¢) = tif t € (0, 1). Define
Vi : Q — [0,1] by
Vi =Y v - 1)

for k € Z. Note that vy € WHP(Q) for k € Z, since V¥ is Lipschitz continuous, and vy = 1 in {|v| > 2K1, and
vk =0in {lv| < 2¢1}. In particular, vi =0on E = Q \ (Q \ E). Hence, by the very definition of the capacity of
a condenser,

Y 25C({vl > 2,0\ B) < ¥ 27 [1vvepraser
kez kez Q

=2P Z [Vv|P dH"
kEZ 51 Jyj<aky

_op JIVvlpdﬂ-(". (3.5)
Q

From inequalities (3.3)-(3.5), one can infer that there exists a constant ¢ such that

va dH" < csup

jwwpd%".
r<s VQ,p )Q

Q

Consequently,

/
11~ Hulr@ < (esup ) IV - Ol

r<s VQ,p(r)
1/p
< (esup ——) " (IVullo) + IV8lm@lulr @), (3.6)
r<s VQ,p(r)
and, trivially,
€ullzr o) < lullzewy- (3.7

Inequalities (3.2), (3.6) and (3.7) imply that

1/p
lullro) < c(sup ) IVulle) + el w, (3.8)

r<s VQ,p(r)
for some constant c.
Now, let Q' be a Lipschitz domain such that Q' is compact, Q' ¢ Q and U ¢ Q'. Our assumptions on Q'
ensure that a version of the standard Sobolev inequality holds, which tells us that

lullzr @y < ellVullr @y + C"”"fl(g/) (3.9)

for some constant ¢ and for every u € WP (Q'). This follows, for instance, via an argument analogous to the
one in [46, proof of Theorem 1.4.6/1]. Inequality (3.1) follows from inequalities (3.8) and (3.9). O

We are now in a position to prove our criteria for bounds of eigenfunctions to problem (1.2).

Proof of Theorem 1.3. (i) Let u be an eigenfunction of problem (1.2) and let t, @ > 0. Define the function
Tt : R — [0.00) by T¢(s) = min{|s|, t} for s € R. Choose the test function ¢p = T¢(u)*u in equation (1.2). Note
that this choice is admissible, since ¢ € WP (Q), by classical results on truncations of Sobolev functions.
One obtains that
[T + atulguco) v s = y [ T dse. (3.10)
Q Q
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Trivially,
J(Tt(u)“ + aIuI“)({|u|<t})|Vu|p dH" > J T:(W)*|VulP dI".
Q Q
On the other hand,
a a\p
J|V(Tt(u)ﬂ )’ di" < 2771 J(Tt(u)“ + (1—7) Ul i< ) IVulP dH"
Q Q
<227 (1+(2Y) j T, w)¥|VulP 3.
b
Q
Thus,
JlV(Tt(u)x%u)V” dH" < cq J(Tt(u)“ + alu|*Y fuj<e) IVUlP dH™ (3.11)

Q Q

for some constant ¢; = c¢1(a, p). From inequality (3.11), via inequality (3.1) applied to the function T¢(u)*Pu,
one deduces that

« p
J Tl 3" - I To(w)? lul d") < ecy J(Tt(u)“ + AUl queg) VulP d3C". (3.12)
o) Q o)

In order to estimate the right-hand side of equation (3.10), we observe that

yj Te(w)¥ul? dH" = y( J |5+ dI + £ J P df)f"). (3.13)
Q {lul<t} {lul>t}

Multiplying through inequality (3.10) by ec; and making use of equation (3.12) tell us that

« p

eclyj T, () uP dH" > I Ty () Jul? dH" - c( J T, ()% Jul dJ—(") .

0 Q o)

Hence, owing to equation (3.13),

(1- £c1y)( j | dH" + (@ j ul? dﬁf”) < c( j T, )5 ul d%")p. (3.14)
{lul<t} {lul=t} Q
Choose ¢ in a such a way that (1 — ecyy) > % With this choice, inequality (3.14) yields
1 a p
3 J | dI < c( Jlulf’” d:H") (3.15)
{lul<t} Q

for some constant ¢ = ¢(Q, y, a, p). Now, apply inequality (3.15) with a = p? — p. This results in

5 p
j ul? dﬁf"sq(JluI” dﬁf”)

{lul<t} Q

for some constant ¢, = ¢1(Q, y, p). Letting t — oo yields
1 2
lullpz < i Jully.

This shows that u € LP*(Q). Next, choose a = p> - pin(3.15). Hence,

p
j P’ d" < c2< J|u|P2 diH")
<t o

for some constant ¢, = ¢2(Q, y, p). Passing to the limit as t — co implies that

1/p?
lulps < ;™ lullp:.
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Thus, u € LP*(Q). Iterating this argument, with & = p* — p for k € N, shows that u € ka(Q) for every k € IN.
Hence, u € L1(Q) and inequality (1.4) holds for all g > p.

(ii) Assume that u is an eigenfunction of problem (1.2), and choose its representative which supports
the coarea formula for Sobolev functions. Given s € (0, H"(Q)) and h > 0, let ¢ be the test function in equa-
tion (1.2) given by

0 if u(x) < u°(s + h),
o) =qux)-u’(s+h) ifu’(s+h)<ux) <u’(s),
u’(s)—u’(s+h) ifu°(s) <ux),

for x € Q. Notice that ¢p ¢ W'P(Q) by standard results on truncations of Sobolev functions. One obtains that

[VulP dH"(x) = y J [uOP2u(x)(ux) - u*(s + h)) dFH" (x)
{ue(s+h)<u<u°(s)} {u°(s+h)<u<u°(s)}
+y’(s) - u’(s + h)) J [u() P2 u(x) dH"(x). (3.16)
{u>uc(s)}

Consider the function V : (0, H"(Q)) — [0, co) defined by

V(s) = J |[VulP dH"(x) fors € (0, H™(Q)).

{uswe(s)}

As recalled in equation (2.4), the function u° is locally absolutely continuous in (0, H"(Q)). Moreover, the
function

(0,00) 5t +— J [VulP dH™(x)

{ust}
is locally absolutely continuous, since, thanks to the coarea formula,
t
J IVl dH"(x) = I j VuPPldH" () dr fort € R
{ust} —00 {u=rt}

Being the composition of monotone locally absolutely continuous functions, the function V is also locally
absolutely continuous, and

V'(s) = —u'(s) J [VulP~tdH"1(x) fora.e.s e (0, H"(Q)).
fu=us(s)}
Here, and in what follows, the superscript “’ ” denotes differentiation. Therefore, dividing by h in (3.16) and
passing to the limit as h — 0% tell us that
—u'(s) J IVulP~1dH" (x) = —yu°'(s) J [ulP~2u dH"™(x) (3.17)
{u=uc(s)} {u>ue(s)}

for a.e. s € (0, H"(Q)). On the other hand, inasmuch as the functions u and u° are equimeasurable,

[u() P2 u(x) dH"(x) = J|u°(r)|p’2u°(r) dr fora.e.s € (0, H'(Q)). (3.18)
0

{u>u(s)}

From equations (3.17) and (3.18), one infers that
r

') =y WL )P [ @I 2w p)dp forae.r e (0,3C(Q),
0

where 1, is the function defined by (2.5). Hence,

1
p-1

—u'(r) =y u°’(r)¢;(u°(r))( Jlu"(p)lp_zu"(p) dp) for a.e. r € (0, H(Q)). (3.19)
0
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Let 0 < s < € < H™(Q). Integrating both sides of equation (3.19) over the interval (s, €) yields

r 1
p-1

ws) = we)+y [ ) ( [leer2eedp)™ ar fors e o) (3.20)
5 0

Set
w = u — med(u),

and observe that
med(w) =0, w°=u’-med(u)

and

(Yu’(s))" = (huww(s)))" fors € (0, H"(Q)).
By setting, for simplicity, @(s) = (-, (w°(s)))’, equation (3.20) reads

r 1

1

u(s) =u’(e) + yﬁ Jw(r)( Jlu"(p)lp‘zu"(p)dp)p dr fors e (0,¢). (3.21)
0

%)

Let us choose € € (0, H"(Q)/2] so small that u°(r) > 0 in (0, €]. Define the operator

r

Tfo) =uw@ +y7T [ (o de)  @rdr fors < ©,e),
5 0

for f € LP(0, ¢).
Our aim is now to prove that the equation

T.f(s) = f(s) fors e (0,¢) (3.22)

has a solution f € L*(0, €). In order to establish this fact, define the sequence of functions {fx} via iteration
by

fo=u’(e),

fr = Tufre1 fork e IN.
We preliminarily observe that, by Fubini’s theorem and inequality (2.6),

r
1

yrT ng(r)rpll dr = yzﬁ(p— 1) (D()’)(J-plﬂﬁ_1 dp) dr
0 0
=y1ﬁ(p—1) pvll_l(J%w(r) dr) dp
p

|-
|-

N

PP Ly (v (p)) - Yy (v'(€))) dp

“ap(p) 7 dp

IN
<
R
g
i
|
[N
~
©
R

|-

Il
<
i
<
|
[u=N
N

p )rfl dp
va,p(p) P

I
<
¥
|
—_
=
Ol Oy Ol Oty (7 O ey 19
—

Hence, owing to assumption (1.18), given § € (0, 1), there exists € as above such that, in addition,

&
yp%l Jw(r)rp%l dr < 6. (3.23)
0
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We claim that .
Wfilzoo,e) < u'(e) ) 8" (3.24)
h=0

for k € N U {0}, whence fi € L®(0, €). Inequality (3.24) can be verified by induction. Clearly,

Ifollzeco,e) = u'(€).

Assume now that inequality (3.24) holds for some k € IN U {0}. From inequality (3.23), one then deduces that

"fk+1 ||L°°(O,s) = fk+1 (0)

1
p-1

filpy~dp)" () dr

(

< u°(£)<1 +< i 6’1>y1ﬁ Jgrﬂilw(r) dr)
h=0 o

k+1
<u'(e) y 8",

h=0

€
= u'(e) +yP J
0

O e, <

namely inequality (3.24) with k replaced by k + 1. Hence, our claim follows. In particular, we have that

<

~

0(8

0 < . 2
Ificlz= 0.0 < T—5 (3.25)
We next distinguish the caseswhenp >2or1 < p < 2.
Assume first that p > 2. Under this assumption, one has that
Ific = fi-llzoco,e) < u*(£)8* (3.26)
for k € N. Inequality (3.26) can be shown by induction again. Inequality (3.23) guarantees that
€
1 1 R
If1 = follzeo(o,e) = u°(€)y T J re1@(r) dr < u’(e)é. (3.27)
0

Inequality (3.26) is thus verified for k = 1. Next, suppose that inequality (3.26) holds for some k € IN. Then

1
Ifier = fillzoco,e) < ¥7T | |Ificlle-1c0,n) — Ifi=llLe-1(0,n|@(r) dr

1
<yP T | fk = fr-illp10,n@(r) dr

C—itn C—n

€
1 1
< fk = fr-1lleo,ny 7™ J ri@(r) dr
0

< u’(e)6*,
that is, inequality (3.26) with k replaced by k + 1.
Assume now that 1 < p < 2. We shall make use of the inequalities

1 1 2p  2p
[riT — s 1| < cq|r —s|(rrT +sv1) forr,s >0, (3.28)
Ir - s|

p-1 p-1
PP <055
| |<c2 r2P 4 s27P

forr,s > 0, (3.29)
for some constants c; = ¢1(p) and ¢, = c2(p).
In this case, one has that
(c1c2)* Y (e)8k

(1 - §)2-p)k=1) (3.30)

Ifk = fr-1llz0(0,e) <
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for k € N. Inequality (3.30) holds with k = 1 thanks to (3.27), which is still valid even if 1 < p < 2. We argue
again by induction and assume now that inequality (3.30) holds for some k € IN. Then

1

Vficer — filioo,e) < Y77 ﬂ jrfk(mp tap)" - ( j fk_l(py’*ldp)‘ﬁ\w(r)dr
0

2] 2]

cryP f”r(ff‘l(p)—fk_l(p)p-1>dp|((jfk(p>p tap)" + (jrfk_l(p)p-ldp)“)w(r) dr
00 0

0

‘E
1

IN

r

|j(fk(p)1’ L (P Ydp

rP 1w(r)dr

Oty O —nn
(=}

( J & lfi(p) - fiea (o)l

0 fk(p)z_p +fk71(p)2—p dp)rEZD(r) dr

€
u(€)\2-» C2llfic = fi-1llzeo, 2-
< 2C1Y” ! ( 1 E ;) : kaMf(kS)lz—Lp ©2) er ’1’+1w(r) dr

cica (crc)tue(e)sk
T (1-6)@P (1-6)2pik-1

&
y% I re- 1w(r) dr

0

(crc)kur(e)k?
where the second inequality holds by (3.28), the third by (3.25), the fourth by (3.29), the fifth by the fact that
fi(p) = u°(g), the sixth by (3.30), and the last one by (3.23).

Inequality (3.26) when p > 2 and inequality (3.30) when 1 < p < 2 ensure that, if € is sufficiently small,
then the sequence {fy} converges in L>°(0, €) to some function f, which solves equation (3.22).

Now, we already know that equation (3.22) admits a solution f = u° € L?(0, €). Our next goal is to show
that such a function is the unique solution in L?(0, €). Assume, by contradiction, that f and g are distinct
functions in LP (0, €) satisfying equation (3.22). Let us again distinguish the caseswhenp >2or1 < p < 2.

If p > 2, then

>

1f(s) - &)1 = y7 | | @) Wflo-1(0.0) ~ I8lr-10,1))

1
< p-1

oIf - gllpr-10,n dr

R L T ——

&
< yﬁllf - 8lr(o,e) J-w(r)rﬁ dr fors e (0,¢).
S
Hence, owing to Minkowski’s integral inequality and to inequality (3.23),

e ¢ 1

1 1 p >

If - 8llro. < 7T - gllrco( [ ( [ ro @ ar) ds)’
S

1

rwlllw(r)(j ds)p dr
0

1
<y f - glr,e

1

<yrilf - glro,e | row(r)dr

Ce——tn C—n -

< Olf - glrr,e)s (3.31)

which is a contradiction since § € (0, 1).
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Suppose next that 1 < p < 2. Without loss of generality, we may assume that u°(¢) = 1. Indeed, if f solves
= 1. Under this assumption, one

has that
fry)=1 and g(r) =1 forr € (0, €).

We begin by showing that

1 1
IALro,r < ( ig)f(r)ri forr € (0, ). (3.32)

1

Actually, given any r € (0, €), one has that

1 p 1

IAlLeo,r) < rv + yil Jr jg Jf(a)p Ldo ﬁw(p) dp) ds)p

IN

<

=
[N

Py ( j J||ﬂ|Lp(0pp”(” nw(p)dp) as)’. (3.33)
0 S

On the other hand, Minkowski’s integral inequality tells us that

r

€ 1
e 1 p b
v ([ (1m0 ae do) ds)’
0 s
r €
L a1 11
B I 1Alr0,0)p 72 () dp + y 71 J"ﬂhl’(o,mp”(”’”r r@(p) dp
0 r

r &
< Ml oy %j () dp + yrir juﬂm(o,p)pﬁw(p)dp. (3.34)
0 r

Moreover,

1
Iflze0,p) < IflLeco,r) + Mflzerp) < Wfllzeco,ry + f(1)p?P

for p € (1, €). Thus,
£ £ r
11 s s Sy
yrire Jllﬂlmo,a P o(p) dp < IflLro.ny ™ J To(p) dp + f(r)rry T J 7Ta(p) dp. (3.35)
r r 0

Coupling inequality (3.34) with (3.35) yields

(]
0

1

( 1 p v i
([10pp T aE1dp) ds)” < Ul + friy™ [ p7Taip) dp
s 0

< 8(Iflr o + FN)TP). (3.36)

From inequalities (3.33) and (3.36), one infers that

1= 8l < (1+8fr)re < (1+6)f(r)rs,

whence inequality (3.32) follows.
Next, observe that

r

([ - ldp)% ( fg(p)ﬂ-ldp);l o ar)’ ds)’l’. (3.37)
0

€
s 0

£
If - gl < v71 j(
0
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The following chain holds:

‘(jf(p)p 1dp)% (jg(p)” 1dp>%

0 0

|
|

w
»

P P

(f )P-l—g<p>P-1>dp|((ff<p>” tdp)” 4 Jrg riap)”)
0

0
<1 |1t - g dp(( | fip)? o)™ jg(mpdp 7o Jratt
0

O t—, ~

. J If(p) - g(p)

2.
< C1C2(||ﬂ|Lp(0 nt ||g||Lp(o r))rp(pfl) J }W

p-1
1+8\2p 5, 2-py, 22422 f = glronr 7
<cica(gzs)  GOPT 4807 P " A £ g2
1+06\2-p L
= C1C2(m) If = gllLro,nr?®D, (3.38)

where the first inequality is due to (3.28), the second to Hélder’s inequality, the third to (3.29) and the fourth
to (3.32). Combining inequalities (3.37) and (3.38), and an application of Minkowski’s integral inequality as
in (3.31), enable one to deduce that

1

& &
1 1+8\2-p 1 p
If - gl < 1oy (175) I - gl [ ([ oo ar) as)’
0O S
114+ 6\2p
<cicymi(1=5)  OIf - gl (3.39)

Inequality (3.39) yields a contradiction, provided that 6 is chosen small enough.

We have therefore shown that, for sufficiently small &, the function u° is the unique solution to equa-
tion (3.22) in LP(0, €), and that a solution also exists in L®(0, €). As a consequence, u° € L*®(0, ). The
same argument, applied to —u, implies that u° € L*°(H"(Q) — &, H"(Q)). Altogether, since the function u°
is non-increasing, we conclude that u® € L (0, H"(Q)).

It remains to prove inequality (1.3). To this end, from equation (3.21) one can deduce that, for every
€€ (0, H"(Q)), )

U°llLo(0,e) < U7 ()] + yP T SU°l|Lo(0,e)-
Choose € € (0, }CHZ(Q)] so small that the number 6, defined by (3.23), fulfills the inequality
1

1
1-yrif>—.
y? 3

Therefore,
. [u°(e)l .
U lLeo(0,6) € ———— < 2[u’(€)l.
1-yrié

Owing to the monotonicity of u°, if u°(¢) > 0, then
_1
[u(e)l < € P lu’llLr(o,e)s

whereas if u°(¢) < 0, then
_1,
[u*(e)] < (H(Q) — &) 7 [u’lLe(e, 3cm(@)) -

Since € € (0, ], we hence obtain that

HYQ)
2

_1
U°llLeo(0,e) < 2€ 4 |UILac0,3¢n()) -
The same argument, applied to —u, yields the parallel inequality

1
U llLeo(acn(Q)—e,3n()) < 2 7 |U°l|Le(0,3¢n(Q))-
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Altogether, we conclude that
U lLeo 0, 370n()) < 2670 I Lo 0, 3¢7)) »
whence inequality (1.3) follows. O
Proof of Theorem 1.1. (i) By assumption (1.9), for every € > 0 there exists s, € (0, W) such that
¥’
FETd <€
if s € (0, s¢). Thereby, thanks to inequality (2.3),

s ( dar \'  dr ! ( dar \'!
- - p-1 =
vQ,p(s>Ss( J AM<r)P’> <s( | ) +S< I AM(r)P’)

S

H"(Q)

2 d p-1
<ePlp-1)pty4 s( J /\M(:)p' ) ) (3.40)
0

Owing to the arbitrariness of €, passing to the limit as s — 07 in inequality (3.40) yields equation (1.17). The
conclusion hence follows via Theorem 1.3 (i).
(ii) Inequality (2.3) and Fubini’s theorem ensure that

M) @ Q)2
( s 71 ds ( R dr
[ e [ o | s
Vo, p(s) S Au(r)P
HN(Q)
2
s \0' ds
—(p-1) J (—AQ(S)) -

Thereby, assumption (1.11) implies that equation (1.18) is fulfilled as well. The conclusion hence follows via
Theorem 1.3 (ii). O

4 Sharpness

The sharpness of the results from Theorems 1.1 and 1.3 will be demonstrated in our proofs of Theorems 1.2
and 1.4 via model “manifolds of revolution”, patterned as in Figure 1 of Section 1, and defined as follows.
Let ¢ : [0, 00) — [0, 00) be any function in C*([0, co)) such that
o(r)>0 forre(0,c0), (4.1)
@0)=0 and ¢'(0)=1. (4.2)

Given n > 2, we call the “n-dimensional manifold of revolution M built upon ¢” the space R" parametrized,
in polar coordinates, as {(r, w) : r € [0, 00), w € $" "1} and equipped with the Riemannian metric

ds? = dr? + p(r)*dw?. (4.3)

Here, dw? denotes the standard metric on $""1. Our assumptions on ¢ ensure that the metric (4.3) is of class
C1(M). Observe that

(o]
J udH" = J J up((r)" ! drdH"1
sn-1 0
for any integrable function u : M — R. In particular, H"(IM) < co if and only if

[ee]

J e(r)"1dr < co.
0
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We shall make use of functions u : M — R depending only on r, which, with some abuse of notation,
will simply be denoted by u = u(r). For functions of this kind, one has that

[Vul| = [u'(r)] forr e [0, co).
Moreover, the p-Laplace operator takes the form
- div(IVulP2vu) = (' ()"t (P2’ ().
Thus, equation (1.1) on M reduces to the ordinary differential equation
(@ P2 + yo" HulP?u =0 in (0, co). (4.4)

The membership of u in WH? (M) reads
)
J(|u(r)|p + ' MIP)eM™tdr < co. (4.5)
0
Thus, u is an eigenfunction of problem (1.2) if it satisfies condition (4.5) and
0o
J(lurlp—zu/¢/ _ y|u|p—2u¢)(pn—1 dr=0
0
for every locally absolutely continuous function ¢ : (0, co) — R such that

(0]

J’(|4J(r)|’7 +1¢' (NP ()"t dr < co.
0

It will be convenient to perform a change of variables, in order to get rid of the coefficient ¢! in the
differential operator in (4.4). To this end, define the function ¥ : (0, c0) — R by

r

lp(r):J. P forre (0, 00), (4.6)

n-1

o P(p)Pt
where rg is any number in (0, co) if p < n, and ro = 0 if p > n. Note that
Y(0)=-c0ifl<p<n, and Y(O)=0ifp > n,

where we have set (0) = lim,_,o+ (r) when 1 < p < n. Under the change of variables

s=y(r),
v(s) = u(y(s)),
n(s) = o (s) 5T, 4.7)
equation (4.4) turns into
(VP2 +ynviPv =0 in ((0), P(c0)), (4.8)
where we have set ((co) = lims_, 1P(s). Moreover, condition (4.5) reads
P(c0)
| avornes) « 1P ds < co. (4.9)
P(0)

A locally absolutely continuous function v : (1(0), (c0)) — R is a solution to problem (4.8) if it satisfies

condition (4.9) and
P(c0)

I (VP2 —ylvIP2vepn) ds = 0 (4.10)
P(0)
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for every locally absolutely continuous function ¢ : (1(0), (c0)) — R such that

P(00)
j (DESPn(s) + ¢ ($)P) ds < co.
¥(0)

We introduce now a few notations to be employed in what follows. Let I be an interval of the form
I = (a, co), where either a € Ror a = —oo, and letn : I — [0, 0o) be a function such that n € L1(I). We define,
for p € [1, 0o], the weighted Lebesgue space

LP(I,n) = {vis measurablein I : le(s)lpn(s)ds < oo},
1

endowed with the norm )

uwuawn=(ﬁW$Pmﬁdﬁp.
I

Moreover, we define the Sobolev space

WhP(I,n) = {vis locally absolutely continuous in I : J(Iv(s)lpq(s) + V' (s)P)ds < oo},
T

equipped with the norm

IVllwre ey = < le(s)lpn(s) ds)'% + ( jIV’(s)Ip ds)l%.
1

I

Conditions on the weight function 1 for the embedding
WhP(I) — LP(I, n) (4.11)
to be compact are given in the following proposition.

Proposition 4.1. Let 1 : I — [0, co) be such that n € L*(I). Assume that n is essentially bounded in every
bounded subset of I, and that

00 1
lim s( J (o dt)’“ - 0. (4.12)
S
If a = —00, assume in addition that
S 1
Sl_i)r_noos( J n(t) dt)pil =0. (4.13)
—00

Then embedding (4.11) is compact.

Proof. Assume that a = —co, namely I = R, the proof when a € R being analogous.
Fix € > 0. By assumptions (4.12) and (4.13), there exists £ > 0 such that

2}1{)}0( Tn(p) dp)%< Jt ds)'% <eg (4.14)
t ¢
and , .
7;1:34( j n(p) dp>g< j ds)'7 <E. (4.15)
- t

Pick a compactly supported continuously differentiable function ¢: R — [0, 1] such that &¢¢ =1 and
&(—00,—-1Jule+1,00) = 0. Given u € WHP(R), define the function v : R — R by

v(s) = (1 -é&(s))u(s) forseR.
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By setting Ay = (-€ -1, €+ 1) and By = R\ (¢, ¢), we have that

lullzer,p) < lvxr\a e,y + luxa e ar,n) < 1vxB e,y + luxa, e @,y -

Since v(-£) = v(¢£) = 0, one has that

v(s)= | v'(t)dt fors> e,

v(s)= | v'(t)dt fors < —¢.

I
|

Thus, as a consequence of standard weighted Hardy-type inequalities (see, e.g., [41, Theorems 1.3.2/2
and 1.3.2/3]), inequalities (4.14) and (4.15) ensure that there exists a constant ¢ = ¢(p) such that

o0 S

Y
VX .ol =(j|jv’(t)dt| 1) ds)” < cellisge.co
e ¢
and
-t —¢ . i
P
Mool = ([ |[ VO dd] n)ds) < cel I
-0 S
Hence,
vxB, e r,n) < 2¢€IV' L B,)- (4.16)

Now, consider any bounded sequence {u} in WP(R). Thereby, |lu;lzr@) < C and [[ul|z»(r) < C for some
constant C > 0 and every k € N. By inequality (4.16), applied with u replaced by uy — uy, in the definition
of v, one has that

(Ui = umxmia e @, p) < 1k = um)(1 = ExB,ILrm®,p)
< 2cell((ui = um)(1 = €)' e,
< 2ce(lluy, — upllr @y + €' Uk = Um)X (—e-1,-0uce,e+ 1l w))
<c’e (4.17)

for some constants ¢, ¢/, ¢’.

On the other hand, owing to the compactness of the embedding WP (A,) — LP(A,), the sequence {uy},
restricted to A,, admits a Cauchy subsequence, still denoted by {ux}, in L? (A,). Our assumptions on the func-
tion n entail that esssup,, 1 < oo, a property which guarantees that {uxxa,} is also a Cauchy sequence in
LP(R, n). This piece of information, combined with inequality (4.17), tells us that {uy} is a Cauchy sequence
in the Banach space L? (R, 1), and hence converges to some function u € LP(R, ). O

The following theorem extends the results of [18, Theorem 4.1 and Corollary 4.2] to the case when p # 2,
with an analogous proof. The details are omitted for brevity.

Theorem 4.2. Let ¢ : [0, 00) — [0, co) be a function in C1([0, 0o)) fulfilling (4.1), (4.2) and such that

rlg})lo p(r) =0, (4.18)
there exists Lo > O such that ¢ is decreasing and convex in (L, 00), (4.19)
(o)

J @(p)" dp < co. (4.20)

0
Set wp—1 = HH(S™ ). Let @ : (0, co) — [0, 00) be the function defined by

[ee]

D(r) = Wp1 J e()"tdp forr >0,

r
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and let -
A (o, Wn_1 J <p(p)"-1dp) - [0, 00)
0
be the function defined by
AS) = w1 @(@ 7N (s)" fors e (O, Wn-1 J <p(p)”‘1dp>, (4.21)
Lo
and such that

(o] (oo} o0
A(s) = /I(wn_1 J (p(p)"‘ldp> fors e (a),,_l J o) Ldr, wn_q J (p(r)”‘ldr).
Lo Lo 0
(i) The metric of the n-dimensional manifold of revolution M built upon ¢ is of class C* (M), and H" (M) < co.
Moreover,
Am(s) = A(s) nearO, (4.22)

and
FH(Q)/2

VJM,p(S):( J %)11) near 0.

(ii) The following conditions are equivalent:

>

lim =
s—0 V]M,p (S)

YO

r 00 1

’lg‘l’l"(r! (p(;lf;_} )( rj <p(p)”‘1dp)p "~0 for any ro € (0, c0).

(iii) The following conditions are equivalent:

T< <P(r§”*1 jo(p(p)nldP)P_l dr < oco.

The construction of the manifolds of revolution provided by the following proposition relies on Theorem 4.2.

Proposition 4.3. Let n > 2, and let v : [0, c0) — [0, 00) be a function as in Theorem 1.4. Then there exists
a function ¢ : [0, c0) — [0, 00) as in the statement of Theorem 4.2 such that the n-dimensional manifold of
revolution M built upon ¢ enjoys property (4.22) and
(5) = V() = ( o )" nearo
v(s) =V s) = e near 0.
M J An(r)?’
Proof. To begin with, recall that the A,-condition near O fulfilled by the function v ensures that there exists
a constant ¢ > 0 such that
v(2s) < cv(s) nearO.

Let 1 < p < n. Assumption (1.19) guarantees that there exist a function 9 : [0, co) — [0, co), which is non-
decreasing near 0, and positive constants c; and ¢, such that

c19(c1s) < v(s) < c29(c2s) nearO.

n-p —

s
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Hence, )
v(s) ~ s ® 9(s) nearO. (4.23)

Define the function v : [0, c0) — [0, c0) by

n-p

n

S
v1(s) :<J8(r)ﬁdr> fors > 0.
0
Owing to the monotonicity of the function 9, we have that

v1(s) = v(s) nearO. (4.24)

Moreover, n-p

vi(s) = v1(s) 77 ()77

Hence, via equations (4.23) and (4.24) and the A,-condition near O for v, we deduce that there exist con-

stants c3 and ¢, such that
vi(s)

G—— < Vi(s) < ¢y vls(s) near 0. (4.25)
Define now the function A : (0, c0) — (0, c0) by
A(s) = Vl(sl fors > 0. (4.26)
Vi(s)»
From equations (4.24) and (4.25), we obtain that
1 1
(j) = O((Vlf;sp))”) near 0. (4.27)
sn' S
When p > n, we instead define the function A by
A(s) = V(S)i fors > 0, (4.28)
v'(s)¥'
and infer that ) () 11
S V(S v L 11
s»«i’ = (v’(s)s)p v(s)rs? " nearO. (4.29)
From either equations (4.27) and (1.19), or equations (4.29) and (1.20), one deduces that, for every p > 1,
}l(sl) =~ a non-decreasing function near 0. (4.30)
s
Furthermore, since
! !
Vl(s), :;, nearOifl1 <p<n, and V(S), - - nearOifp > n,
vi(s)P  A(s)P v(s)P' A(s)P
property (4.24) ensures that
So
dr \1P
v(s) = O<< J —,) ) near O, (4.31)
4 AP
for any given sg € (0, 00).
Let us next notice that d
r
Aar _ o 32
j i (4.32)

0
Indeed, if p < n, then by (4.24)—(4.26), condition (4.32) is equivalent to

14
[Colle

and the latter holds, owing to assumptions (1.22) and (1.23).
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If p > n, then
v(s)

V'(s)s
for some non-decreasing function ¢ : (0, c0) — (0, co0). Therefore, owing to equation (4.28), condition (4.32)

is equivalent to
s \y ds
J (@) -
0

1
s¢(s)'
which holds thanks to assumptions (1.22) and (1.23), and to the monotonicity of the function ¢. Conse-
quently, equation (4.32) holds for every p > 1.
By equations (4.30)-(4.32), the conclusion follows from [18, Proposition 4.3 | and Theorem 4.2. O

= 0(¢(s)) nearO,

Proof of Theorem 1.4. (i) Given g > p and n > 2, we shall produce an n-dimensional manifold of revolu-
tion M, as defined at the beginning of this section, fulfilling property (1.21) and such that problem (1.2),
with Q = M, has an eigenfunction u ¢ L9(IM). The eigenfunction to be detected will depend only on the
coordinate r. It thus suffices to exhibit a solution v to equation (4.8) for some function 1 having the form (4.7),

with ¢ as in the definition of the manifold M.
Consider first the case when 1 < p < n. We are going to construct a function n : R — (0, co) such that

n € CY(R), lim,_,_o, n(r) = 0, lim,_,, n(r) = O,
J n(p)zlfdp <oo and J n(p)%dp = 00. (4.33)

—00 —00

The function 7 is defined as follows. Let s; < -1 < 1 < s; to be fixed later, and set
n(s)=s? forsx>s,. (4.34)

LetO<y< (1%1)1’. One can verify that there exists a = a(y, p) € (0, ’%1) such that the function

v(s) = s
solves equation (4.8) in [s>, 00). Also, a — ’%1 asy — (’%)P. For s € (=00, 51], we define
( )P(H*I)
— p-n
(n-1) 2 P ifl<p<n,
_ p(n— 1 (m_py\p-1 1 L ip-1
n(s) = [(;Til’)(p—n(n—p) —yp1 %(n(pl—l))pi (-s)pn ]p (4.35)
nnens
if p = n.

y(n—-1)n-1(1 - en15)n-1
Thus, the function v, defined by
n-p\efidy L (n-p)ii, 1 P B it
— yp-1 _ p-n
v(s) = (p—l) Y p (n(p—l)) S Hl<p<n,
1-ewts if p=n,

solves equation (4.8) in (-co, s1]. Next, given B > 0 and disjoint neighborhoods I_; and I; of -1 and 1,
respectively, let n be defined in I; U I; by

P+ Dpp-1) B-(p+1)ls-1P)2

®) y B-ls-1ppr Ooteh

S) =

T ope-0 G- s app?
y B-ls+1ppt OO

Hence, the function v, given by

{(s -1)(B-|s-1P) forsel,
v(s) =

—(s+1)(B-|s+1|P) forselq,

is a solution to (4.8) in I_y U I;.
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Moreover, v is convex in a left neighborhood of 1 and in a right neighborhood of -1, whereas it is concave
in a right neighborhood of 1 and in a left neighborhood of -1.
Finally, in a neighborhood I, of 0, define

p-1 ,
n(s) = (p; (k- |sP)*P fors e Iy,

for k > 0. Then the function v, given by
1 /
v(s) = ?(Islp -k) forsel,

is a convex solution to (4.8) in Io.
One can verify that, if § is sufficiently large, s, and —s; are sufficiently large depending on f, and I, I
and Iy are sufficiently small, then v can be continued to the whole of R in such a way that
veWEP(R,n),
WP =@p-1)V P2 <-C and v=C,
inR\ (I-; U(-1,1)uly), for some positive constant C,
WP =@p-D)VP 2" >C and v<-C,
in(-1,1)\ (I.; UI;), for some positive constant C.
Thereby, the function 1 can be continued to the whole of R as a positive function in C L(R), fulfilling con-
ditions (4.33), in such a way that v is a solution to equation (4.8) in R. Also, the function v satisfies condi-

tion (4.9).
One can verify that, if ¢ > p and ’%1 <a< ’%1, then

v ¢ LY(R, n).

Now, define the function F : R — (0, co) by

F(r) = J q(p)%dp forr e R, (4.36)

and the function i : (0, c0) — R by
Y(s) = FY(s) fors> 0.

Thus, ¥ (0) = —oco and Y(co) = co. Next, define the function ¢ : [0, c0) — [0, c0) by

(4.37)

o) {Z(w(r))z% ifr>o0,

ifr=0
One has that lim,_,o+ ¢ (r) = 0 and lim,_,, ¢(r) = 0. Furthermore,

0'(r) = L= n(p(r)H Ly )Y (r) = n(¢(r))w ' p(r) forr>0.  (4.38)

p(n 1) (

Let us show that the function ¢ satisfies assumptions (4.1), (4.2) and (4.18)—(4.20). Assumptions (4.1)
and (4.18) are satisfied by the very definition of ¢. This definition also tells us that ¢(0) = 0. From equations
(4.35), (4.36) and (4.38), one can deduce that ¢'(0) = 1. Assumption (4.2) is hence fulfilled. Equations
(4.34), (4.36) and (4.37) imply that

() = O(e 1) forrrs.
Therefore, (4.19) and (4.20) hold as well, and

Am(s) =s nearO, (4.39)
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and
Vm,p(s) =s mnearO.

Assumenextthatp > n.LetO < s; < s, tobe chosen later. The functions v and  are defined in the interval
[s2, co) in the same fashion as above. For s € [0, s1], we set

p(n-1)
p-n

s
rI(S) = N 1 (p—n)I% 1oy
[(fﬁ)fp—mp—n) -y (ﬁ)p—l s )P

Hence, in the same interval the function v, given by

P
(p-m\eem L (@-miT 1 g
V(S)_(p—l) T (n(p—1)> >
solves equation (4.8). In the interval (s1, S,), on can define the functions v and n in a way analogous to the
case when 1 < p < n, just suitably translating the neighbors I_;, I; and I,.
The function F : [0, co) — [0, co) is now given by

>

r

F(r) = J q(p)%dp forr >0,
0

and the function ¥ : [0, c0) — [0, c0) by
Y(s)=F1(s) fors=>0.

The function ¢ : [0, co) — [0, co) is still defined as in (4.37).

The conclusion then follows as in the case when 1 < p < n. The details are omitted for brevity.

(ii) Let ¢ be a function as in the definition of manifolds of revolution introduced at the beginning of the
present section. By Proposition 4.3, if v is as in the statement, then the function ¢ can be chosen in such
a way that the associated n-dimensional manifold of revolution M fulfills (1.24), and hence

s S
lim ——— =lim — = .
B vy s (s 0 (4.40)
and L L
S -1 dAS S \p1as
2 = = = o0. 41
J(VJM,p(s)) S J(v(s)) S o0 (4.41)
0 0
Now, recall that the function ¢ satisfies condition (4.2). Hence,
1 d -1 r
([ 2o (o) -0
r (p(p)p71 0
Moreover,
N dr
J 1 = 00, (4.43)
1 )t

since lim,_,, @(r) = 0 by Theorem 4.2 (i).
Owing to Theorem 4.2 (ii), condition (4.40) is equivalent to

Jim ( lj ¢(Zf ) jomp)"-ldp) -0, (4.44)

and, by Theorem 4.2 (iii), condition (4.41) is equivalent to

1
-1

T(# T<P(p)"‘1dp>” dr = co. (4.45)
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The conclusion will follow if we exhibit a number y > 0 and an unbounded solution v : R — R to equa-
tion (4.8) fulfilling (4.9).

Let 1 and 7 be the functions defined in terms of ¢, p and n as in (4.6) and (4.7), respectively. Owing
to condition (4.43), the function y fulfills y(co) = co. Moreover, for every p > 1, condition (4.44) is equiva-
lent to (4.12). Also, if 1 < p < n, then condition (4.42) is equivalent to (4.13). Thus, by Proposition 4.1, the
embedding

WhP(I) — LP(I, ) (4.46)

is compact, where I denotes either R or [0, c0), according to whether 1 < p < n or p > n. Hence,
WhP(I) — WHP(I, n). (4.47)

The existence of an eigenfunction of problem (4.8) could hence be established via the general Ljusternik—
Schnirelman principle, as hinted at the end of Section 1. However, we also give a direct, more elementary
proof, exploiting the one-dimensional nature of the problem at hand. Let J be the functional given by

M s)Pas

] -
V= Tverne s

for v e WHP(I). We claim that J achieves its minimum among all (not identically vanishing) functions
v € WHP(I) such that
le(s)lp‘zv(s)n(s) ds = 0. (4.48)
I
In particular, by embedding (4.47), v € WYP(I, n). Indeed, consider any minimizing sequence {vy}. Owing
to the homogeneity of J, the functions v can be normalized in such a way that lek(s)lp ds =1 for k € N.
Hence, since the function 7 is bounded, the sequence {v,} is bounded in W*-P(I). By the compactness of the
embedding (4.46), there exists a function v € WP(I) and a subsequence of {v}, still denoted by {v}, such
that vy — vin LP(I, n) and vy, — v weakly in WP (I). Also, the function v satisfies the constraint (4.48). Such
a function is thus a minimizer for J under (4.48).
It remains to show that the function v fulfills the Euler—Lagrange equation (4.10) for all test functions
¢ € WHP(I, n). To verify this assertion, we make use of an argument reminiscent of that of [22, Lemma 2.4].
Observe that the function v also minimizes the functional G defined by

G(v) = j|v’(s)|l’ ds—y j|v(s>|"n(s) ds.
I I

Consider, for the time being, test functions ¢ € WHP(I) n L®(I). Given any h ¢ (0, 1), there exists 85, € R such
that the function v + h¢p + B, fulfills constraint (4.48). This is due to the fact that, fixing h, the function

B j|v<s> + hp(s) + BIPn(s) ds

1

is convex and tends to co as § — +co. Hence, it admits a minimum point 5, at which

j|v(s> + h(S) + BrlP2(v(s) + hp(s) + Br)n(s) ds = O, (4.49)

I

i.e. condition (4.48) is actually satisfied with v replaced by v + h¢p + .

Next, there exists x, € R such that ¢(xp) + /% = 0. Indeed, if h¢p(s) + Br, were positive (resp. negative)
for every s € I, then, by equation (4.48) and the monotonicity of the function |¢|/%¢, the integral in equa-
tion (4.49) would be positive (resp. negative).

Since we are assuming that the function ¢ is bounded, there exist a sequence {hx} and a number ¢ € R

such that limy_c ¢(xn,) = ¢, whence
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As a consequence of the minimizing property of the function v, one can thus infer that
1
0 < lim —(G(v + hxe + Bn,) — G(v))
k—o0 hk

= lim l(G(v + hxp + Bn,) — G(v + hid)) + lim i(G(v + hxp) — G(v))
k—o0 hk k—o00 hk

= -y lim i( le + hiplPn ds - Ilv + hip + Bn, P ds) + lim l(G(v + hip) - G(v))
k—oo Mk i 7 k—oo hy
=—c lelp‘zvn ds + le’lp‘zv’d)’ ds-y lelp‘zwpn ds
1 i 1
= le’ P2v'¢p" ds -y lelp*2v¢n ds.
1 1

Equation (4.10) hence follows under the assumption ¢p € WP (I) n L°(I). Next, we claim that
WYP(I)n L®(I) isdensein WP (I, n). (4.50)

To verify this assertion, we first show that the space WP(I) n L*°(I) is dense in WP (I, n) n L*(I). For every
k € N, consider a continuously differentiable function & : R — [0, 1] such that & =1 in [k, k], & =0
in R\ [-2k, 2k], and |£,’<| < % for some constant c. Given any function v € WYP(I, 1) n L (I), define the
sequence of functions {v} in I by vy = v& for k € N. One has that vy € WP (I). Moreover,

||V - Vk"Wl’P(I,rI) = < J|V’ _ v"fk — Vfll(|p dS)p + ( JlV — ka|prl dS)P
I I

1 1 1

p C\p p p

s( J |,,r|pds) +||v||Lm(,)( J (%) ds) +< J |V|P,1ds>
N\[-k,k] {sel:k<|s|<2k} N\[-k,k]

1 1
» 2PC i
< ( I [v'|P ds) + —IVllLeo +< J lvIPn ds) .
N\[-k,k]

Nk k!

Inasmuch as v € WhP(J, 1), the rightmost side of this chain of inequalities tends to 0 as k — co. Hence,
vk — vin WYP(I). The density of the space WP (I) n L®(I) in WYP(I, ) n L*([) is thus established.

On the other hand, the space WVP (I, ) n L*°(I) is in turn dense in W'-P(I, n7), as can be shown by approx-
imating any function in the latter space by its truncations. Altogether, property (4.50) follows.

It remains to show that any eigenfunction v of problem (4.8) is unbounded. By [33, Theorem 3], condi-
tion (4.12) entails that equation (4.8) is nonoscillatory at infinity, and hence that every solution has constant
sign at infinity. Thus, we may assume that v(s) > O for large s. Consequently,

-V P2 =P 2V) <0 forlarges,

and hence v is concave near co. Now, assume by contradiction that v is bounded. Then lims_,, v(s) exists
and, by denoting by v(co) this limit, one has that v(co) € (0, co). Moreover, v is increasing for large s and

lim v/(s) = 0.
S—00
Integration of equation (4.8) and this limit yield
VY ls)=y I v(tP~In(t)dt forlarges.
S
Hence, there exists so > 0 such that

v'(s) = ylﬁ v(c0)

< J n(t) dt)ﬁ for s > sg.

S
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Integration of this inequality over (sg, co) in turn tells us that

v(00) — v(sp) = y!ﬁ v(;)o) T( Tn(t) dt)ﬁ ds.

This is impossible, since condition (4.45), rewritten in terms of the function n, reads
o0 (o)

I < J n(r) dr)P%1 ds = co.

S

The proof is complete. O

Proof of Theorem 1.2. (i) Let M be the manifold constructed in the proof of Theorem 1.4 (i). Since the func-
tion A satisfies equation (4.39), owing to property (4.22), the isoperimetric function of M fulfills assump-
tion (1.14). The conclusion thus holds for this manifold M, thanks to the result of Theorem 1.4 (i).

(ii) Let M be the manifold constructed in the proof of Theorem 1.4 (ii). This manifold is defined as in
Theorem 4.2, with the function A given by (4.21) and satisfying assumptions (1.15) and (1.16). Since, by
equation (4.22), Ay = A near 0, the conclusion holds for this manifold M, thanks to the result of Theo-
rem 1.4 (ii). O

5 Applications

We conclude with applications of our results to some special instances. The first three examples are concerned
with problem (1.2) in customary classes of sets Q ¢ R", containing possibly irregular domains, where yet the
boundedness of all eigenfunctions can be established thanks to our criteria. We then focus on the eigenvalue
problem (1.2) on two one-parameter families of noncompact manifolds. The regularity of the eigenfunctions
now depends on the relevant parameter. The former family is less pathological, and can either be handled
by exploiting isoperimetric or by isocapacitary inequalities, with the same output. That the use of the isoca-
pacitary function can actually yield sharper conclusions than those obtained via the isoperimetric function
is demonstrated by the latter family, which consists of manifolds with a more complicated geometry. Families
of open subsets of R" of a similar fashion could also be exhibited.

5.1 Hélder domains

Consider the eigenvalue problem (1.2) in a connected bounded open set Q ¢ R", n > 2, whose boundary is
Holder continuous for some exponent a € (0, 1). Then

sl if1<p<—241,
1\ n-1
vap(s) = qc(log=) “ ifp= +1, (5.1)
P ( gs) p a
n-1
c ifp > +1,

near 0, for some positive constant c. The first and third lines of equation (5.1) follow via the Sobolev—Poincaré
embedding of [35, Theorem] and the equivalence of Sobolev embeddings and isocapacitary inequalities
[46, Theorem 6.4.3/2]. The second one can be established via a variant in the proof of [35, Theorem]. Hence,
Theorem 1.3 implies that any eigenfunction of problem (1.2) is bounded in Q.
Let us also mention that
Aa(s) = cs®ia  near 0, (5.2)

for some positive constant c. This inequality is a consequence of the equivalence of the Sobolev embedding
[35, Theorem] with p = 1 and the relative isoperimetric inequality in Q; see [46, Corollary 5.2.3], and see also
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3(x,)

Figure 3: A cusp-shaped domain.

[14, Theorem 1] for an earlier direct proof of (5.2) when n = 2. Hence, the boundedness of the eigenfunctions
of problem (1.2) in Q can also be deduced via Theorem 1.1.

5.2 Cusp-shaped domains

Here we deal with cusp-shaped sets of the form (see Figure 3)
Q={xeR":|x'| <I9(xn), 0 <xn<L},

where x = (x', x,) and x’ = (x1,...,xn-1) € R™1, L>0and 9: [0, L] — [0, co) is a differentiable convex
function such that 9(0) = 0. Let © : [0, L] — [0, co) be the function given by

p
0(p) = Z)Ti J-f)(r)"’1 dr forp €0, L].
0

By [46, Example 6.3.6/1],

0 H(H™(Q)) 1-p
1-n n
vo,p(s) = J 9(r)rt dr> for s € (0, W)
0-1(s)
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Thus,
0-1(FH"(Q
S 71 ds 4L er L
J(_) i Js 51 j I(r)r1 drds
va,p(s) s o)
(S
o(r)

= JS(r)?l J s ds dr
0

0

—(p-1) j 9N e dr
0

r 1
-1

[ foor )"

0 0
1
< | re T dr
0

< 00.

The boundedness of all eigenfunctions of problem (1.2) hence follows, via Theorem 1.3.
The same conclusion can be derived from Theorem 1.1 and the inequality

Aa(s) = 9@ L(s))"™! fors € (0, 2L,

which holds by [46, Example 5.3.3/1].

5.3 y-John domains

Abounded open set Q c R"is a y-John domain if there exist a constant ¢ € (0, 1) and a point x¢ € Q such that
for every x € Q there exists a rectifiable curve @ : [0, I] — Q, parametrized by arclength, such that @(0) = x,
@(l) = xo, and

dist(@(r), 0Q) > cr¥ forr e [0, 1].

If1 < p < nand Q is a y-John domain with

1<y<

p +1,
-1

then the Sobolev—Poincaré inequality from [31, Theorem 2.3] and its equivalence to the isocapacitary
inequality [46, Theorem 6.4.3/2] ensure that

y(n-1)+1-p
n

vop(s) =s near 0.

Theorem 1.3 then enables one to infer that every eigenfunction of problem (1.2) in Q is bounded.

5.4 A family of manifolds of revolution with borderline decay

Consider a one-parameter family of manifolds of revolution IM as in Section 4, whose profile
¢ : [0, 00) — [0, 00)

is such that

o(r) = e ™ forlarger,

and fulfills the assumptions of Theorem 4.2. This theorem tells us that

Am(s) = s(log(%))l_lm near O,
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and
FH(M)

ViM,p(S) = ( J dr )117 = s(log(%))p_p/a near 0. (5.3)

Ap(r)?'

An application of Theorem 1.3 (i) ensures, via (5.3), that all eigenfunctions of problem (1.2), with Q = M,
belong to L1(IM), provided that
a> 1.

On the other hand, from Theorem 1.3 (ii) and equation (5.3) one can infer that the relevant eigenfunctions
are bounded under the more stringent assumption that

a>p.

The same conclusions can be derived via Theorem 1.1. Thus, like for any other manifold of revolution of the
kind considered in Theorem 4.2, isoperimetric and isocapacitary methods lead to equivalent results for this
family of noncompact manifolds.

In both cases, the existence of eigenfunctions is guaranteed by Theorem 1.5.

5.5 A family of manifolds with clustering submanifolds

Here, we are concerned with a class of noncompact surfaces M in R3, which are shaped as in Figure 2 of
Section 1, and are patterned on an example appearing in [21], dealing with a planar domain. Their main
feature is the presence of a sequence of mushroom-shaped submanifolds {N¥} clustering at some point.

Let us emphasize that the submanifolds {N*} are not obtained just by dilation of each other. Roughly
speaking, the diameter of the head and the length of the neck of N decay to 0 as 27 when k — oo, whereas
the width of the neck of N* decays to 0 as 0(27¥), where ¢ is a function such that

lim @ =0.

s—0 S
The isoperimetric and isocapacitary functions of M depend on the behavior of ¢ at 0 in a way described in the
next result (Proposition 5.1). Qualitatively, a faster decay to O of the function g(s) as s — 0 results in a faster
decay to O of Aps(s) and vi,p(s), and hence in a manifold M with a more irregular geometry. The proof of
Proposition 5.1 can be found in [18, Propositions 7.1 and 7.2], to which we also refer for a more precise
definition of the manifold M.

Proposition 5.1. Let M be the two-dimensional manifold in Figure 2 and assume 1 < p < 2. Suppose that
0 : [0, 00) — [0, 00) is an increasing function of class A, such that
sﬁ+1

a(s)

is non-increasing

forsome 8 > 0.

@ If
sz d )
—— is non-decreasin
oG) s non-decreasing,
then
A]M(s):a(s%) near 0. (5.4)
() If
sp+1 . )
o) is non-decreasing,
then

VM,p(S) = o(s%)s‘% near 0. (5.5)
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Owing to equation (5.5), one can derive the following conclusions from Theorem 1.3, involving the isocapac-

itary function vy p. Assume that
Sp+1
(5.6)

li =
slj[(l) a(s)

Then any eigenfunction of problem (1.2) with Q = M belongs to L9(IM) for any g < co. If (5.6) is strengthened

to . )
J(%)ﬁ ds < o0, (5.7)

then any eigenfunction is in fact bounded.
Conditions (5.6) and (5.7) are weaker than parallel conditions which are obtained from an application
of Theorem 1.1 and equation (5.4), and read

s
- =0, .8
<50 5 (s) .8)
and
p+l
sr1
J ——ds < oo, (5.9)
a(s)p
0
respectively. For instance, if b > 1 and
o(s) = s? fors>o,

then (5.6) and (5.7) amount to b < p + 1, whereas (5.8) and (5.9) are equivalent to the more stringent condi-
tion that b < 2.
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