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Abstract

The purpose of this paper is to give a self-contained proof that a complete manifold with more
than one end never supports an L9>P-Sobolev inequality (2 < p, g < p*), provided the negative part
of its Ricci tensor is small (in a suitable spectral sense). In the route, we discuss potential theoretic
properties of the ends of a manifold enjoying an L4-P-Sobolev inequality.
© 2013 Elsevier GmbH. All rights reserved.
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0. Introduction

A classic subject in Riemannian geometry is the study of the interplay between curvature
bounds and the topology of the underlying space. If, on the one hand, this interplay can
take the form of a control of certain global topological invariants such as the homotopy or
the homology groups of the manifold, on the other hand it can be visible in a control
of the complexity at infinity of the space, e.g., the number of its ends. Recall that an
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end of a complete Riemannian manifold (M, g) with respect to a selected compact set
K is any of the unbounded connected components of M \ K. Clearly, by enlarging K,
the corresponding number of ends n(K) increases and if n(K) is constantly equal to 1
we say that M is connected at infinity. It is a well known consequence of the splitting
theorem by J. Cheeger and D. Gromoll [7], that a complete manifold with non-negative
Ricci curvature has at most two ends. Furthermore, if the Ricci curvature is positive at some
point, then we have connectedness at infinity. According to works by H.-D. Cao, Y. Shen
and S. Zhu [4], and P. Li and J. Wang [21] (see also [23]), the Ricci curvature assumption
in Cheeger—Gromoll conclusion can be considerably relaxed provided a Sobolev inequality
of the form

Sox 2 Nl = IVellg2, ey

with 2* = 2m/ (m —2), for some constant Sy« > 0 and for every ¢ € CX (M)
holds. More precisely, connectedness at infinity holds provided the Ricci curvature satisfies
Ric > —¢g(x) where g is a non negative continuous function on M such that

/ q(x)¢(x)*d volg < f |Vol|*d vol, )
M M

for all smooth functions ¢ with compact support in M. Note that this condition means that
the function ¢ > 0 is small in the following spectral sense:

Vol — g - o2
A1 gy = g A (VOP )

> 0.
peCL(M)\{0} [y 9?

Observe that, by reversing the viewpoint, a complete manifold disconnected at infinity
and with Ricci tensor subjected to the same conditions cannot support the L% 2-Sobolev
inequality (1). In general, it is an interesting and difficult problem to understand whether
or not a complete manifold enjoys some L?'P-Sobolev inequality

Sq.p - Nl = IVelLr, 3

for some constant S, , > 0 and for every ¢ € C° (M).

In this respect, we point out that the validity of the L?'7-Sobolev inequality (3), when
combined with a Ricci curvature assumption, implies some constraints on the fundamental
group of the complete Riemannian manifold M. Indeed, a complete m-dimensional
manifold with non-negative Ricci curvature enjoys (3) for some (hence every) 1 < p < m
and ¢ = mp/ (m — p) if and only if the volume growth is exactly Euclidean [29,8]. If
this happens, then by a result due independently to M. Anderson [2], and P. Li [19], the
fundamental group of the manifold is necessarily finite.

Further interesting connections between topology and L%-”-Sobolev inequalities arise
from a seminal work by Pansu [22], recently extended in [13]. Accordingly, the validity of
(3) is related to a “global” cohomology theory which is sensitive only on the geometry at
infinity of the underlying manifold, the so called L4-”-cohomology, and gives information
on the solvability of non-linear differential equations involving the p-Laplace operator (on
differential forms). Very quickly, given 1 < p, g < 400, the L?-?-cohomology spaces of
the complete Riemannian manifold M are defined as follows; we refer the reader to [13] for
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a detailed exposition. Let LY (M, /lk) denote the Banach space of L?-integrable k-forms

endowed with the obvious norm |||, = (f;, |@|?) 4 The usual exterior differential d on
smooth, compactly supported k-forms extends weakly to L4 (M , /lk) and gives rise to the
Banach space

Ok (M) = LI(M, A nd™'LP (M, A1)

with norm ||o|| ap = = |o|| ¢t ldwl| p-In this way, the weak exterior differential can be
considered as a bounded linear operator d(’; » Qk (M, AYY > LP(M, AT, Since it
satisfies the usual co-boundary rule dod = 0 then as 1n the classical de Rham cohomology,
one is led to consider the corresponding subspaces of co-cycles Zq, »(M) = ker dZI" p and
co-boundaries Bg’p(M) dk 1(Qk 1(M)) C Z (M), and to define the kth space of the
L% P-cohomology of M by settlng

H;[,(M) = Z’{;’p(M)/B,];’p(M).

By continuity, Z](;’ p(M) is always closed, hence Banach, whereas Bg’ p(M) could be

not. In case B(’;’p(M) = B(’]"p(M), the L?-P-cohomology space H(f’p(M) is said to be
reduced. If M is compact and if | < p,q < ooand 1/p — 1/q < 1/m then all the
cohomology spaces Hé" p(M) are reduced and coincide with the usual de Rham spaces
H*, (M) [13, Theorem 12.10].

On the other hand, if M is bi-Lipschitz equivalent to M’ then Hé‘, p(M )~ H 5’ p(M .
In particular, if M is not compact, its L9-?-cohomology is not affected by perturbing
the Riemannian metric on a compact set. Now, in the language of L?°”-cohomology, the
validity of the Sobolev inequality (3) means precisely that the first L9-P-cohomology space
of M is reduced. Whence, if M is simply connected and H}l,r(M ) # 0 for some r > 1,
using a variational argument one can show that M supports a non-constant p-harmonic
function with finite p-energy. Reversing the viewpoint, this circle of ideas shows that,
under the validity of (3), if the first L?-”-cohomology group vanishes, then the existence
of a non-constant p-harmonic function v : M — R with finite p-energy |Vv| € L?(M)
implies that M is not simply connected.

This brief and quite informal overview should have given some idea of the influence of
L% P-Sobolev inequalities on the topology and the complexity at infinity of the space.

The goal of this paper is to give a complete and self contained proof of the following
theorem that extends to every p > 2 the results by Cao—Shen—Zhu and Li—Wang alluded
to at the beginning of paper.

Theorem 0.1. Let (M, g) be a complete non compact Riemannian manifold of dimension
m. Let ¢ > p > 2 be such that
1 1 1

___5_5
p g m

and assume that M supports an L1P-Sobolev inequality of the type

Sq.p l@llLe = IVellLr,
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for some constant S, , > 0 and for every ¢ € CZ°(M). Assume that the Ricci tensor of M
is such that

MRic> —g(x) onM 4)
for a suitable function g € CO(M). If the Schridinger operator L = A 4 Hgq (x) satisfies
ATt >0, )

for some constant H > p?/4 (p — 1), then, M is connected at infinity, i.e. for any compact
set F C M, the complement M \ F has exactly one unbounded connected component.

The paper is organized as follows. In Section 1 we give a rapid proof of the main
theorem, which is based on three facts from the nonlinear potential theory of Riemannian
manifolds. In Section 2 we provide the necessary background and in Sections 3-5, we give
detailed proofs of the potential theoretical results that are used. Our proofs and viewpoints
are independent of the existing literature (although we provide all the relevant references)
and somewhat more direct. For instance, the potential theoretic properties of the ends
are studied via a direct use of the doubling procedure and the equivalence between p-
parabolicity in terms of p-capacity and p-subharmonic functions is obtained without the
use of the non-linear Green kernel introduced by I. Holopainen. In the route, we also
deduce a form of the Ahlfors maximum principle characterization of p-parabolicity using
exterior domains and we extend a result by G. Carron concerning Sobolev inequalities
outside a compact set.

1. Proof of the main theorem

We argue by contradiction. Assume that the complement M \ F of a given compact
subset F C M, contains at least two disjoint unbounded connected components Ep, E;.
From a theorem by S. Buckley and P. Koskela (see [3] and Theorem 3.4), we know that

E\, E; are p-hyperbolic. This means that for any compact subset K; C E; there exists
o; > 0 such that

/ |VulPd vol, > «; (6)
M

for any u € CCI(M) such that u > 1 on K.

Using the p-hyperbolicity of Ej, E, together with a result of I. Holopainen (see [17]
and Theorem 4.1), there exists a non-constant p-harmonic function w of finite p-energy,
that is a function w € C'(M) such that

div (|Vw|P*2Vw) =0 and / IVw|Pd vol, < oo.
M

The conclusion follows now from a Liouville type theorem recently proved by G. Veronelli
and the first author (see [24], and Theorem 5.1). This theorem says that under the conditions
(4) and (5) on the Ricci curvature, every p-harmonic function u € C'(M) with finite p-
energy |Vu| € LP (M) must be constant if p > 2. Applying this result to the function w
above gives us the required contradiction. [
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To sum up, the main theorem follows from (1) the fact that the Sobolev inequality
implies that (M, g) has only p-hyperbolic ends, (2) the fact that a manifold with more
than one hyperbolic end carries a non constant p-harmonic function with finite p-energy
and (3) a Liouville type theorem saying that under our curvature assumption, every p-
harmonic function with finite p-energy on M is constant. In the following sections, we
give precise statements and independent complete proofs for these three facts.

2. Preliminary results from non-linear potential theory

A basic notion in geometric analysis is that of p-parabolicity and p-hyperbolicity of a
Riemannian manifold (1 < p < 00), see e.g. [16,27]. Recall first that the p-capacity of a
compact set K in a Riemannian manifold (M, g) is defined as

cap, (K) = inf/ Vol d volg,
M
where the infimum is taken with respect to all functions ¢ € C, Ll (M) suchthatp > 1on K.

Definition 2.1. A Riemannian manifold (M, g) is said to be p-parabolic if the p-capacity
of every compact set K C M vanishes. The manifold is p-hyperbolic if it contains a
compact set of positive p-capacity.

Compact manifolds are obviously p-parabolic for any p. It is not hard to prove that on
a connected p-hyperbolic manifold, every compact set of positive measure has positive
p-capacity.

The next result gives further equivalent characterizations of p-parabolicity, we show in
particular that p-parabolicity is equivalent to an exterior maximum principle. Note that the
equivalence between (ii)—(iv) below is proved following arguments valid in the case p = 2
(see e.g. [23]) while the equivalence with condition (v) is a result in [11]. Furthermore,
the equivalence (i)—(ii) was already observed in [16] using the non-linear Green function
introduced by the author, and can be deduced from the results in [28]. However, we provide
a new and direct argument. Finally, to the best of our knowledge, the explicit equivalence
(iii)—(iv) has never been observed before.

Theorem 2.2. Let (M, g) be a complete Riemannian manifold. The following conditions
are equivalent.

(i) M is p-parabolic.

G) If u € co9(Mmn WIL’CP (M) is a bounded above weak solution of Apu > 0 then u is
constant.

(iii) There exists a relatively compact domain D in M such that, for every function
9o € C(M\ D)N Wlt’cp(M \ D) which is bounded above and satisfies App > 0
weakly in M \ D, U\ p ¢ = Maxyp ¢.

(iv) For every open set {2 C M with 352 # @, and for every € C (f)) N WIL'CP(Q) which
is bounded above and satisfies Apyr > 0 weakly on £2, supg) ¥ = supy ¥.
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(v) There exists a compact set K C M with the following property. For every constant
C > 0, there exists a compactly supported function v e WP (M) N CO(M) such that

lvllzrky = CIIVVIlLr () -

Proof. (i) = (ii). Let M be p-parabolic, so that, for every compact set K, cap,(K) = 0,
and assume by contradiction that there exists a positive, p-superharmonic function u. By
translating and scaling, we may assume that supu > 1 and infu = 0. Note that, by the
strong maximum principle (see, e.g., [15, Theorem 7.12]) u is strictly positive on M. Next
let D be a relatively compact domain with smooth boundary contained in the superlevel
set {u > 1} and let D; be an exhaustion of M consisting of relatively compact domains
with smooth boundary such that D CC Dy, and for every i let h; be the solution of the
Dirichlet problem

Aphi =0, on Di\D
hi =1, ondD
hi =0, onadD;.

By a result of Tolksdorf [26], h; € Cllo’g (Di \m. Furthermore, since D and D; have
smooth boundaries, applying Theorem 6.27 in [15] with 8 any smooth extension of the
piecewise function

00 — 1, onodD
=10, onaD;,

we deduce that &; is continuous on D; \ D. By the strong maximum principle, we have

0 < h; < 1in D; \ D and using the comparison principle, [15, Lemma 3.18], we deduce

that {h;} is an increasing sequence. Hence, by the Harnack principle, {#;} converges locally

uniformly on M \ D a function & which is continuous on M \ D, p-harmonic on M \ D and

satisfies 0 < h < lon M \ D and h = 1 on dD. Again, h € C (M \ D) ﬂCllo’f (M\D).
Moreover, since k; is the p-equilibrium potential of the condenser (D, D)),

cap, (D, D;) :/|Vhl-|1’ =inf/|V(p|p,

where the infimum is taken with respect to ¢ € CZ° (D;) such that ¢ = 1 on dD. Think
of each h; extended to be zero off D;. Therefore { f M\D |Vh;|P } is decreasing and the

sequence {h;} € W7 (£2) is bounded on every compact domain {2 of M \ D. By the weak
compactness theorem, see, e.g., Theorem 1.32 in [15], & € wLP (), and Vh; — Vh
weakly in L? ({2). In particular,

/ |[Vh|? < liminf/ |Vh;i|P .

7] i—+00 Di\D

On the other hand, it follows easily from the definition of capacity, that lim; cap,, (D, D) =
cap,, (D) = 0. Thus, letting £2 M \ D we conclude that

/ VAP =0,
M\D
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so that % is constant, and since » = 1 on 0D, h = 1. Finally, since u is p-superharmonic
and u > h; on 9D U dD;, by the comparison principle, # > h; on D; \ D, and letting
i — oo we conclude that u > 1 on M, a contradiction.

(i1) = (i). Given a relatively compact domain D, let /; and & be the functions constructed
above, and extend 4 to be 1 in D, so that & is continuous on M, bounded, and satisfies
Aph < 0 weakly on M. Thus (ii) implies that / is identically equal to 1. On the other
hand, since the functions 4; belong to W(;’p (M), Lemma 1.33 in [15] shows that Vh;
converges to Vi weakly in L?(M). By Mazur’s Lemma (see Lemma 1.29 in [15]) there
exists a sequence v of convex combinations of the 4;’s such that Vv converges to Vi
strongly in L. Thus vy is continuous, compactly supported, identically equal to 1 on D
(because so are all the &;’s) and [, [Vuk|? — [ |Vh|P = 0, showing that cap,, (D) =0,
and M is p-parabolic.

(iii) = (iv). Assume that (iii) holds, and suppose by contradiction that there exist a
domain 2 and a function ¢ as in (iv) for which sup,, ¥ < supy, . Note that, by
the strong maximum principle, {2 is unbounded. Choose 0 < & < supp ¥ — supy ¥
sufficiently near to sup, ¥ — supy ¥ so that D N {w > supy ¥ —{—s} = (. This
is possible according to the strong maximum principle, because D is compact. Define
¥ € COM) N WP (M) by setting

¥ (x) = max {supI/f +e, w(x)}
a2

and note that A plﬁ > 0 on M. According to property (iii),

max ¥ = sup V.
aD M\D

However, since D N {y > supy ¥ + ¢} =9,
max@ =supy + & < sup ¥,
aD 302 2
while
sup V= sup .
M\D n
The contradiction completes the proof.
(iv)= (iii). Trivial.
(iv) = (ii). Assume by contradiction that there exists u € C (M) N WIL’CP (M) which
is non-constant, bounded above and satisfies A put > 0 weakly on M. Given y < supu,

the set {2, = {u > y} is open, and u is continuous and bounded above in ﬁy, satisfies
Apu > 0 weakly in §2,, and maxyo, u < Supo,u, contradicting (iv).

(i) = (iv). If there exists ¢ € C (£2) N Wli)’cp (2) satisfying A,y > 0 and supg, ¢ >
maxy ¥ + 2¢, for some ¢ > 0, then
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e =

max{w, max +s} in {2
a2

max +& in M\ {2,
a2

is a non-constant, bounded above, weak solution of A,y > 0 on M. This contradicts (ii).
For the equivalence (i) < (v), see [11, Theorem 3.1]. [

We now localize the concept of parabolicity on a given end. Recall that, by definition,
an end E of M with respect to a compact domain F is any of the unbounded connected
components of M \ F.

Definition 2.3. An end E of the Riemannian manifold (M, g) is said to be p-parabolic if,
for every compact set K C E,

cap, (K, E) = inf/E [Vo|P =0,

where the infimum is taken with respect to all ¢ € C2° (E) such that ¢ > 1 on K.

We have the following characterizations of the parabolicity of ends.

Definition 2.4. The Riemannian double of a manifold E with smooth, compact boundary
dE is defined to be a smooth Riemannian manifold (without boundary) D(E) such that
(1) D(E) is complete (ii) D(E) is homeomorphic to the topological double of E and (iii)
there is a compact set K C D(E) such that D(E) \ K has two connected components, both
isometric to E.

Observe that this is not uniquely defined, but all such “doubles” are bi-Lipschitz
equivalent.

Theorem 2.5. An end E with smooth boundary 0 E is p-parabolic if and only if either one
of the following equivalent conditions is satisfied:

(i) For every continuous ¢ : E — R which is bounded above and p-subharmonic,
SUpg ¢ = maxyg ¢.
(ii) The (Riemannian) double D (E) of E is a p-parabolic manifold without boundary.

Condition (i) in Theorem 2.5 yields easily the following necessary and sufficient
condition for an end to be p-hyperbolic.

Corollary 2.6. An end E is p-hyperbolic if and only if there exists a function ¥ €
C(E)N Wli)’cp (E) which is p-superharmonic and such that infg v = 0 and > 1 on
JIE.

Corollary 2.6 allows us to obtain the existence of special p-harmonic functions on
p-hyperbolic ends (whose existence, in view of Theorem 2.2 in fact characterizes p-
hyperbolic ends).

Lemma 2.7. Let E be a p-hyperbolic end of (M, g) with smooth boundary. Then, there
exists a non-constant p-harmonic function h € C (E ) N Cllo’ca (E) such that:
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(H0<h<1linkE,
) h=10ndE,
(3)infgh =0, _
(4) |[Vh| € L? (E).

Proof. Take a smooth exhaustion D; of M with 9 E C Dy. Set E; = E N D; and solve the
Dirichlet problem

Aph,' =0, on El'
hi =1, on 0E
h;i =0, onoD; NE.

By the arguments used in the proof of Theorem 2.2, h; € Cllo’f (E)NC(E),0<h; <1
in Ej;, it is increasing and converges (locally uniformly) to a p-harmonic function 2 on
hecC (E) N Cllo’g’ (E) satisfying 0 < h < land h = 1 on dE. Since E is p-hyperbolic,
there exists a function i with the properties listed in Corollary 2.6. By the comparison
principle, ; < ¢ for every i, and passing to the limit, 7 < ¥, so that infg 4~ = 0 and in
particular 4 is non-constant.

To prove that 4 has finite p-energy we argue as in the proof of Theorem 2.2, to show that
{ /, g |Vhi |”} (where h; is extended to E by setting it equal to 0 in E \ E;) is decreasing and,
by Lemma 1.33 in [15], VA € LP(E) and Vh; converges to Vh weakly in L?(E). O

Remark 2.8. Suppose that the end E is p-parabolic. Then, the same construction works
but, in this case, by the boundary maximum principle characterization of parabolicity, we
have h = 1.

3. Sobolev inequalities, volume and hyperbolicity of ends

In this section we show that the validity of an L9-”-Sobolev inequality implies that each
of the ends of the underlying manifold is p-hyperbolic. Unlike previous investigations by
Li-Wang [21] and Cao-Shen—Zhu [4] for p = 2, and Buckley—Koskela [3] for general
p and general metric ambient spaces, our strategy is to use in a natural way the doubling
construction on the given end, thus reducing the study to the case of a manifold without
boundary. Technical difficulties arising from the validity of the Sobolev inequality only
outside a compact set are overcome by extending a previous result by Carron.

We begin by describing the effect on volume growth of the validity of a Sobolev inequal-
ity. It is elementary to show that if an L?'P-Sobolev inequality holds on a manifold then the
manifold has infinite volume. Indeed, having fixed x, in M we consider a family {¢r}r-o
of cut-off functions satisfying: (a) 0 < gg < 1; (b) pg = 1 on Bg2 (x,); (c) supp (pr) C
Br(x,); (d) [Vor| <4/R on M. Using ¢g into the Sobolev inequality gives

1 4
) < S, ) llorlize < IVerllL, < =vol (Bg (0))7

S4,pvol (BR/2 (x0)
which, in turn, implies the non-uniform estimate
vol (Bg (0)) > CR?,

for every R > 1 and for some constant C = (4’1Sq,pvol (B1 (0))1/’1)[7 > 0. In particular
vol(M) = 400 and at least one of the ends of M has infinite volume.
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In order to extend this conclusion to each individual end we can use a uniform
volume estimate whose principle can be traced back to papers by G. Carron [5] and K.
Akutagawa [1], see also [14, Lemma 2.2] and [25, Theorem 3.1.5]. We state this estimate
in a form suitable for our purposes.

Proposition 3.1. Let E be an end of the complete manifold M with respect to the compact
set F and assume that the LY'P-Sobolev inequality (3) holds on E, for some g > p > 1.
Then there exists positive constant Cy depending only on p, q and S, ,, such that, for every
geodesic ball Bg(xog) C E

vol (Bg (xo)) > C 1 Ri-7. ©)

In particular, if F C Bg,(0), then for every xo € E with d(xp,0) > R + Rq the ball
BRr(x0) is contained in E, and E has infinite volume.

Proof. For every 2 C E let

f_Q|V(P|p
f_Q |‘P|p '

the infimum being taken with respect to all ¢ € WC1 P (12), ¢ # 0. By the Sobolev and
Holder inequalities, for every such ¢ we have

A
q-pr q
/Qw” < vol(f2) ¢ (/Q ¢q> < (Sq.plVell,)”,

and therefore

A(2) = inf

vol ()T A (2) = ST, 8)
On the other hand, choosing {2 = Bpg (xg) and
¢ (x) =R —d (x, x0)
we deduce that
vol (Bg (x0))
ey (R = d (x, x0))7
vol (B (xo))
B fBR/z(xO) (R —d (x,x0))”
2Pvol (Bg (x0))
= RPvol (Bgy2 (x0))

Combining (8) and (9) we obtain

A (Bg (x0)) <

€))

vol (B (x0))' 7" = 277 5P ,RPvol (Bg2 (x0)) .
ie.,

vol (B (x0)) = (27784 pR?)" vol (Brya (x0))" .
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Iterating this inequality k-times yields
koL kol k
vol (Bg (xo)) = 27 P« 2i=1 ¢ (Tpscf,pRp)Z’:l “ vol (Bg)at (x0))”
Since
vol B, (xg) ~ wor™ asr — 0(m =dim M),

for k large enough
k

k 1 o
vol (BR/zk (xo))a > (EwORmZ_k’">
and letting k — 4-oo finally gives
vol (B (x0)) = 27P% (PSP ,RP) @

where
+00
- Zjaj
Jj=1
P _ pq

and estimate (7) holds since {=, = el
To prove the second statement, assume that xo € E is such that d(xg, 0) > R + Ry, and

consider the geodesic ball Bg(xp). If x € Bg,(0), then by the triangle inequality,
d (x0,x) = d (x0,0) —d (0,x) = R,

proving that Bg (X) N Bg, (o) = @. On the other hand, if E’ is a second connected
component of M \ K and x” \ Bg,(0), let o be a minimizing geodesic from xg to x’.
By continuity, o must intersect d Bg, (0) at some point x1 and

d (x0,x") =€ (o) =d(x',x1) +d(x1, x0) > d(x1,X) > R.

Therefore Bg (xo) N E’ = ¥ and we conclude that Bg(xg) C E. Since xy € E can be
chosen in such a way that d (xo, o) is arbitrarily large, letting £ > xo — oo gives that
vol (E) = 4o00. [

We next prove that if an L9”-Sobolev inequality holds in the complement of a compact
set of a complete Riemannian manifold, then each end is p-hyperbolic. The result is known
for p = 2 [4,21,23]. The proof we give here is new and is based on the observation that if
the L4°? Sobolev inequality (3) holds on M then M is necessarily p-hyperbolic. Indeed, if
{2 is any compact domain then, for every ¢ € C2°(M) satisfying ¢ > 1 on {2 it holds

Sg.pvol (DY < S, L llglia < IVl

proving that
cap,, (2) > S pvol (2)7/7 > 0.
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This shows that M is p-hyperbolic, and therefore at least one of its ends is p-hyperbolic. To
extend the conclusion to each end E of M, we are naturally led to applying the reasonings
to the double D (E). By the very definition of the double of a manifold, it turns out that
D (E) supports the Sobolev inequality (3) outside a compact neighborhood of the glued
boundaries. Accordingly, to conclude that E is p-hyperbolic we can make a direct use of
the following very general theorem that extends to any L?'P-Sobolev inequality a previous
result by Carron [6].

Theorem 3.2. Let (M, g) be a possibly incomplete Riemannian manifold. Assume that M
has infinite volume and that M \ F supports the L1 P-Sobolev inequality (3) for some
compact F C M. Then, M is p-hyperbolic and the same Sobolev inequality, possibly with
a different constant, holds on all of M.

Remark 3.3. Clearly, if M is complete, according to Proposition 3.1 the assumption that
M has infinite volume is automatically satisfied.

Proof. Let {2 be a precompact domain with smooth boundary such that K CC (2. Let also
W, &~ 92 x (—¢, ¢) be a bicollar neighborhood of 92 such that W, € M \ F, and let
2: = QU W, and M, = M \ (2. Note that, by assumption, the L?-7-Sobolev inequality
with Sobolev constant S > 0 holds on M,. Furthermore, the same L9 ”-Sobolev inequality,
with some constant S¢ > 0 holds on the compact manifold with boundary ﬁg (start with the
Euclidean L' Sobolev inequality and use Hélder’s inequality a number of times). Now, let
p € C(M) be a cut-off function satisfying0 < p < 1, p = 1 on {2, and p = 0 on M,.
Next, for any v € C2°(M), write v = pv+(1 — p) v, and note that pv € CZ° ({2;) whereas
(I-p)vecCcx (Mg /2) Therefore, we can apply the respective Sobolev inequalities and
get

A

lvllamy < lvollpaco,y + llv (1 = P)”Lq(Mg/z)

SV @oMlrcoy +STHIV @ (= )llzo(ar, )
(S + 57 I90llLoqun + ST 10V Rl o200
+ S lvVollra,

< (S + 7)) {(IV0lleqan + C Iollzooy )

IA

IA

where C = maxy |V p|. Summarizing, we have shown that, for every v € C°(M),

Illzoary < CL{lVVllLeany + IvllLr2n} - (10)

for a suitable constant C; > 0.
With this preparation, we now prove that M is p-hyperbolic. To this end, using the fact
that vol(M) = 400, we choose a compact set 2" D (2, satisfying

vol ()7 = 2C1)? vol (2:)7/7 .
Thus, applying (10) with a test function v € C2°(M) satisfying v = 1 on 2/, we deduce

vol (£2:) < €7 vol ()74 = vol (207 < IVl oqar) -
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It follows that
cap, (Q’) > vol ({2,) > 0,

proving that M is p-hyperbolic.
Finally, we show that the Sobolev inequalities on {2; and on M, glue together. According
to (10) it suffices to prove that there exists a suitable constant £ = E ({2;) > 0 such that

lvllroy < ENVVlle

for every v € C2°(M). Since M is p-hyperbolic, this latter inequality follows from
Theorem 2.2(ii). [

We can now prove the result announced at the beginning of this section.

Theorem 3.4. Every end of a complete Riemannian manifold (M, g) supporting the L9°? -
Sobolev inequality (3) for some g > p > 1 is p-hyperbolic and, in particular, has infinite
volume.

Proof. Let E be an end with smooth boundary of the complete manifold M supporting the
L%-P-Sobolev inequality (3). We shall prove that the double D (E) of E is a p-hyperbolic
manifold (without boundary). To this purpose, we note that D (E) has infinite volume
because, by the first part of Theorem 3.4, E itself has infinite volume. Furthermore, E
enjoys the Sobolev inequality (3) outside a compact neighborhood of the glued boundaries.
Therefore, a direct application of Theorem 3.2 yields that D (E) is a p-hyperbolic
manifold, as desired. [

Corollary 3.5. Suppose that the complete manifold M has (at least) one p-parabolic end.
Then the L9°P-Sobolev inequality (3) fails.

4. p-harmonic functions with finite p-energy

This section aims to giving a simple independent proof of a result of 1. Holopainen [17],
which extends to the nonlinear setting previous results of the Li—-Tam theory [20]. Related
results may be found in the paper by S.W. Kim, and Y.H. Lee [18].

Theorem 4.1. Let (M, g) be a Riemannian manifold with at least two p-hyperbolic
ends (with respect to some smooth, compact domain). Then, there exists a non-constant,
bounded p-harmonic function u € C°(M) N cle (M) satisfying |Vu| € LP (M).

loc

Proof. Let E; be the ends of M with respect to the smooth domain {2 CC M. By
assumption, we may suppose that £7 and E, are p-hyperbolic. Let {D;};cn be a smooth
exhaustion of M and set E;, = E; N D;.

Foreveryt € N, letu; € Cllo’g (DHyNC (3,) be the solution of the Dirichlet problem

Aputzo OHD[
u; =1 on E1 NdD;
u[=0 OnE]ﬂaDt,];éI
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Note that, by the strong maximum principle, 0 < u; < 1 in D;. Moreover, as explained in
Lemma 2.7, the sequence {u;};cn converges, locally uniformly, to a p-harmonic function
u e CO(M) N Cllo’s‘ (M) satisfying 0 < u < 1. Now, for every j = 1,2, let h; be the
p-harmonic function associated to the ends E; constructed in Lemma 2.7. Recall that 4 ; is
the (locally uniform) limit of the p-harmonic function £, which satisfies 2;; = 1 on 0E
and hj; = Oon E; N 9D,. Define k1 ; = 1 — hy;. Then, comparing u, and ki ; on E1;
yields that u; > kj ; on Eq ;. On the other hand, comparing u; and hy ;, gives u; < ha; on
E» ;. Therefore, taking limits as t — 400, we deduce that u > hj on E; and u < kj on
E». From this, using (3) in Lemma 2.7, we conclude that « is non-constant. We claim that
|Vu| € LP(M). Indeed, forevery j = 1,...,n,let F;;, = E; \ E;,. We think of u, as
extended to all of M by u; = 1 on Fj; and u; = O on U;’=2 F; ;. Then, by construction, u;
is the equilibrium potential of the condenser (F 1.6, U2 Ei fURUE 1) and we have

cap, (Fl,t, Ui2 Ei s U2 U El) = /M [Vu|? .

On the other hand, take k; ; and extend it to be one on Fj ;. Then, k; ; is the equilibrium
potential of the condenser (F 1., E 1) and we have

cap, (Fi.1, E1) = /M |Vki]”

By the monotonicity properties of the p-capacity [15,12], and recalling that | Ei, |Vk1,t \p
is decreasing in ¢, we deduce '

/ |Vu,|? = cap,, (Fl,t’ U2 Ei s U U El)
M

IA

cap, (Fir, E1) = /M |Vki|P Z/E Vi | < C,
1.t

for some constant C > 0 independent of . Now observe that, for every domain D CC
M, Vu; — Vu weakly in L? (D) and therefore

/ [Vul? gliminf/ [Vu,|? < C.
D t——+o0 D

Letting D / M completes the proof. [

5. A Liouville-type result for p-harmonic functions

The project of a self-contained proof of Theorem 0.1 will be completed once we have
proved the following Liouville-type result for p-harmonic functions with finite p-energy.

Theorem 5.1. Let (M, g) be a complete Riemannian manifold such that MRic > —q (x)
for some continuous function q (x) > 0. Let p > 2 and assume that the Schridinger
operator Ly = —A — Hgq (x) satisfies

A (M) >0
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for some H > p*/4(p — 1). Then, every p-harmonic function u : M — R of class C!
and with finite p-energy |Vu| € LP (M) must be constant.
Note that the spectral condition is equivalent to the strong positivity of the operator
2
s
—A— ——q(x
is-n?™

in the terminology of [9].

In the recent paper [24], the authors obtained a more general result for manifold-
valued p-harmonic maps with low regularity. The proof in the real-valued case of
Theorem 5.1 appears somewhat more direct.

Proof. Roughly speaking, the idea is to obtain a Caccioppoli-type inequality for the energy
density |Vu| of u and this is achieved by integrating the Bochner formula against suitable
test functions.

Note that, by elliptic regularity, « is smooth on the open set

M, ={xeM:|Vu| #0}.
The standard Bochner formula, which is valid for a generic smooth function, states that
%A |Vul? = [Hess (u)|> + (VAu, Vu) + Ric (Vu, Vu), on M.
Computing the Laplacian on the left hand side, using the Kato inequality
IV [Vul > < |Hess(u)|?
and recalling that Ric > —¢ (x), we deduce
|Vul A |[Vu| > (VAu, Vu) — g (x) |Vul®, on M. (11)

Let 0 < p € CZ° (M4 ) be a test function. We multiply both sides of (11) by 02 |Vu|P~2
and we integrate by parts thus obtaining

—/ <v (qu|”_1 ,02>,V|Vu|> > —f Au div (p2|W|P—2w)
My M

- / g (x) 02 [Vul”. (12)
My

We shall take care of each of the integrals in (12) separately.
(D) Direct computations and the Cauchy—Schwarz inequality show that

—/ (v (1var? = 7). ¥ V) szf pIVol [Vul?~ |V |Vul |
My My

— (=D PPIVuP2VIVul . (13)
My

Let ¢ > 0 be any small number. Using the elementary inequality 2ab < £2a® + ¢ ~2b* we
obtain
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/ 20|Vl [Vul?' |V |Vul | < 82f P2 [VulP=2 | V] 2
My

My
+e*2/ Vol Vul?
My

which, inserted into (13), yields

—/ (V(|w|"—1p2),V|W|)58—2/ IV pl? [Vul?
M. M

+

(2= =) [ o vur vl P (14)

My

(II) Again, by direct computations,

—f Au div (p2|Vu|p_2 w) - —/ P Aul pu
M, M,

—2/ pAu |VulP~2 (Vp, Vu) . 15)
My

Now, since u is p-harmonic, A,u = 0 and, therefore, the first summand on the right hand
side vanishes. On the other hand, expanding the p-harmonicity condition we see that

Au=—(p—=2)|Vul" " (V|Vul, Vu), onM,.

Substituting this expression into (15) and manipulating as above, we conclude

LHS(I15) =2(p—2) [ p|Vul""(V |Vul, Vu) [VulP~* (Vp, Vi)

v

—2(p—=2 | pIVpl [VulP |V |Vu| |

v

M
—sz(p—z)[ p2|Vu|P—2|V|W||2—s—2/ Vol [Vul?. (16)
My

M,y

(IIT) Recall that, by the spectral assumption,
[ 1voP )6 0,
M

for every ¢ € C2° (M). Taking ¢ = p |Vu|P/? and performing the needed computations
as above, we finally obtain

—/ q (x) p* |[VulP > —(H—1+e—2H—1p)f IVol* [Vul?
M

My +
P2
- (ZHI +€2H1p)

x/ P2 [Vul?~2 |V |Vl . (17)
My
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Inserting (14), (16) and (17) into (12) we conclude that

Af P2 [VulP72 |V |Vu| * < B/ IVpl? |Vul?, (18)
My My
where we have set
A= P2 -1 2 —1
_p—l—ZH —eyp—14+H 'p
B:H—1+s—2{H—1p+2}.

Note that, by the assumption on H, A > 0 provided 0 < ¢ < 1. Inequality (18) is almost
the desired Caccioppoli-type inequality. The main problem to complete the argument, and
to deduce the vanishing of |Vu| by a standard choice of the cut-off functions, is that p must
be supported in M. We need to extend the validity of (18) to any test function compactly
supported in M. To this end, we use a trick introduced by F. Duzaar and M. Fucks in [10].
Namely, we define

|du|P/2 }
, 1

05 = min{

for § > 0 and set & = ¢sn for any n € CZ°(M). Using the fact that f (r) = P2
is a Lipschitz function for p > 2 and that, for a p-harmonic function, |Vu|?/>~'Vu €
Wli)’CZ(M) (see e.g. [10]) it can be verified that £ € Wé’z(M+). Hence there exists a
sequence {,Oj}jozl C CZ°(My) such that p; — & in WS’Z(M). Substituting p = p;
into (18) and taking the liminf as j — oo, we get

A/ 2 (es) [Vul?~2 |V |Vu] P < 23/ 7 (Vs 2 [Vul?
My

My
+2B/ (9)* IVn|* [Vul? . (19)
My

Finally, we let § — 0. Note that ¢s — 1 pointwise in M. Moreover

2
V |Vu|P/?
[ vty = [ v VAT = SR
M, My

2
5/ ‘VIWIP”‘ 0’ X{|9ulr <)
My

and the last term vanishes by dominated convergence as § — 0. Therefore, letting § — 0
in (19), we finally get the desired Caccioppoli inequality

/ 0’ |VulP2 |V | Vul |* < C/ IVul? |Val®, Vi e CEM), (20)
My My
for a suitable constant C > 0.

As mentioned above, the argument can now be easily completed. By contradiction,
suppose u is non-constant. For any fixed R > 0, we choose 1 (x) = ng(x) so as to
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satisfy

@0=n =<1, (b)n(x)=1 onBg (o),

(©)n(x) =0 off Byr (0), (d) |Vn| <2/R onM. @D

Whence, we deduce

4c
/ VulP=2 |V Vul P < 2o Vul?,
Br(o)NM R= JByr (o,

for some computable positive constant C, and letting R — +00 we conclude
[ vulr2 e vl <o
My

proving that [Vu| = const. on every connected component of M. Since u is non-constant,
this implies that M, = M and |Vu| = const. # 0. Since, by assumption, |Vu|? € L' (M),
we deduce that

volM < +o0. (22)

Using this information together with the spectral assumption and choosing n = ng to be
the cut-off functions defined in (21), we get

0< lim {H 1902 = g 00 )
R=+00 JByr(0)

. 4 vol By (0)
lim {————— — q (x)
R— 400 I‘IR2 Bg(0)

—/ q(x) <0,
M

proving that ¢ (x) = 0, i.e., ™Ric > 0. A well known result by S.T. Yau and E. Calabi now
shows that M has at least a linear volume growth, contradicting (22). [
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