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Abstract

The aim of this paper is to analyze some of the relationships between oscilla-
tion theory for linear ordinary differential equations on the real line (shortly, ODE)
and the geometry of complete Riemannian manifolds. With this motivation we
prove some new results in both directions, ranging from oscillation and nonoscil-
lation conditions for ODE’s that improve on classical criteria, to estimates in the
spectral theory of some geometric differential operator on Riemannian manifolds
with related topological and geometric applications. To keep our investigation ba-
sically self-contained we also collect some, more or less known, material which often
appears in the literature in various forms and for which we give, in some instances,
new proofs according to our specific point of view.
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Introduction

Ordinary Differential Equation (hereafter, ODE) techniques are a powerful tool
in investigating the geometry of a complete Riemannian manifold (M, (, )), and
their importance can be hardly overestimated. For instance, the classical compari-
son and oscillation theory for ¢” — Gg = 0 is fruitful in the investigation of Jacobi
fields and related Hessian, Laplacian and volume comparison theorems for M, and
to obtain sharp extensions of the classical Bonnet-Myers compactness theorem (in
this respect, see [Gal82], [Kup86|, [EO80]). As a second example, radialization
techniques lead in favourable circumstances to the study of an ordinary differential
equation to control the solutions of a given partial differential equation. In both
instances, the study of the sign of the solutions of the ODE, and the positioning of
the possible zeros, reveals to be one of the challenging problems involved. In our
work, we will be concerned with a solution z(r) of the following Cauchy problem:

{ (v(r)2'(r)) + A(r)v(r)z(r) =0  on RT

(&
Z(r)y=0(1) asrl0t |, 2(07)=2>0

where Rt = (0,+00), v(r) is a non-negative function and A(r) is possibly some-
where negative but in a controlled way as we shall explain at due time. The
application of these results to the geometric problems we shall consider below leads
us to the following requests:

A(r) € Li’OCC(Rar), where Rg = [0, +00),
0<uv(r)e Lx.(R§) , 1/v(r) € Lis.(RY)

loc

v(r) is non decreasing near 0 and lim v(r) = 0.
r—0+
For our purposes we shall look for solutions z(r) € Liploc(]Rar ), that is, locally
Lipschitz solutions. For the sake of completeness, in Section 3.1 we supply the
basic ODE material related to (CP). To illustrate a typical framework where
the study of the solutions z of (C'P) reveals to be useful, we consider on M a
Schrédinger operator of the type L = —A — g(z), where ¢(z) € L{S.(M), and
we search for estimates for the bottom of the spectrum of L, AF(M), or for the
index of L, indy(M). The key problem is to discover the critical growth of ¢(z)
that discriminates between the various cases that may occur: clearly, this critical
growth must only depend on the geometry of M. Towards this purpose, to have
a first insight into the matter we “radialize” the problem. Suppose that we want
to prove, under suitable conditions on ¢, that AlL(M) > 0 or indp, (M) < +00. By
Theorems 1.33 and 1.41 below, it is enough to produce a positive, weak solution u
of Au+ g(z)u < 0 on M or outside some compact set. Suppose for convenience
that we are on a model manifold (M,,ds?) (see Definition 1.16 below), with metric

v



vi INTRODUCTION

given, in polar geodesic coordinates, by ds? = dr? + g(r)2d#?, and let A be a
continuous, non-negative function such that ¢(z) < A(r(x)). Then, if we search u
of the form u(z) = z(r(x)), the problem shifts to the search of a positive solution
z (say C1) of the ODE

!/
z”—l—(m—l)g—z’—i—Az:O on I = [rg,+oa), ro > 0.
g

Multiplying by the model volume density ¢!, this can be rewritten as the Sturm-
Liouville equation

(0.1) (g™ 1Y + Agmtz =0,

As we will see in this paper, we shall require the initial conditions z(rg) = z9 > 0,
2'(rg) = 0 in order to match with the inequalities of the Laplacian comparison
theorem when we will deal with non-radial manifolds. Therefore, this leads to
investigate the qualitative properties of the solution of (C'P) with v = g™~ 1. If A
is sufficiently small, then z is positive on [rg,+00). With the aid of some spectral
results that we shall recall in Section 1.3, we can infer that Al'(M) > 0 (when
ro = 0), or that ind; (M) < +oo (when rg > 0). Suppose now that rq = 0 and
q(z) > A(r(z)). If z has a first zero at some R, then u solves

—Lu=Au+qu>0 on Bpg,
u=0 on OBg.

By a simple argument, A\¥(M) < 0. Indeed, by contradiction, if A¥(M) > 0 then by
the monotonicity of eigenvalues AI'(Bgr) > 0. Let 0 < w be the first eigenfunction
of L on Bg with Dirichlet boundary conditions, that is, w solves Lw = A(Bgr)w
on B, w =0 on dBg. Then, integrating by parts,

0> f)\lL(BR)/ uw = / u(Aw + qu) = / w(Au + qu) >0,

Br Bgr Br

a contradiction. Similarly, if z oscillates, for every ry > 0 we can choose two

consecutive zeroes iy < Ry of z after ro. Then, u(z) = 2(r(z))xp, \5,, () solves
2 1

Au + qu > 0 on the annulus Bg,\Bg,, with zero boundary conditions. The above
argument leads to A'(M\B,,) < 0, so ind; (M) = +oo again by Theorem 1.41.
As a matter of fact, both the negativity of AY(M) and indz (M) = +oco can be
obtained via radialization on each complete, non-compact Riemannian manifold by
means of the Rayleigh characterization. The idea is as follows: let v(r) be the
volume of dB,.. By Proposition 1.6 below, in general we can only assume that v is
locally bounded, and bounded away from zero on compact subsets of R*. Suppose
that the problem (CP) admits a solution z € Lip,,.(Rg) with a first zero R. Then,
integrating by parts, the test function ¢(z) = z(r(z))x B, () solves

R
/ Vo2 — Ag? = —/ [(0(5)2/ () + A()o(s)z(s)] 2(s)ds =
Br 0

whence MY (M) < 0 by the min-max characterization and the monotonicity of eigen-
values. Analogous computation shows that indy (M) = +oo provided z oscillates.
This shows how spectral problems on M can be related to the central theme of our
ODE investigation.
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Developing ideas in [BR97] and [BMRO09], the core of all of our ODE results
lies in the identification of an explicit critical curve x(r), depending only on v(r),
and which gives the border line for the behavior of z(r). Roughly speaking and
considering the simplest case A(r) > 0, if A(r) is much greater than x(r) in some
region, then z(r) has a first zero, while if A(r) is not larger than y(r) solutions
are positive on Ry = [0, 400) and explicit lower bounds are provided. Using the
critical curve we will be able to obtain sharp conditions on A for the existence and
localization of a first zero of z, and for the oscillatory behavior of z. Furthermore,
the key technical ODE result of the paper will enable us to estimates the distance
between two consecutive zeros of an oscillatory solution z of (C'P) under very
general assumptions.

Besides the estimates on the spectrum of Schrédinger operators just described,
the ODE techniques that we are going to develop will enable us to get bounds
from above on the growth of the spectral radius of the Laplacian outside geodesic
balls, even when the volume growth of the manifold is faster than exponential. The
spectral results that we shall obtain, in turn, have many geometric applications in
the setting of minimal and higher order constant mean curvature hypersurfaces of
R™ their Gauss map, minimal surfaces and the Yamabe problem, and so on. For
more information, we refer to the description of the contents of the various chapters
that we shall present in a while.

Another geometric application deserves particular attention. Indeed, in a quite
simple way our results on solutions z of (C'P) can be used to get sharp extensions
of previous compactness criteria for complete manifolds, in the spirit of the Bonnet-
Myers theorem mentioned at the beginning of this introduction. For this reason,
throughout the paper we will often shift our attention from one another of the
problems

(v2') + Avz=0 on R",
(1 and

2(0) = zg

g’ —Gg=0 on RT,
(2) ,
9(0) =0, ¢'(0)=1,

or of their counterparts with initial condition at some rg > 0. According to the
situation, properties that we will establish for (1) will be successively rephrased for
(2), or viceversa. More precisely, we will pass from one ODE to the other in two
different ways. The first is classical and widely exploited in literature, see [Lei50]
and [Moo55], while (at least to our knowledge) the second has not been so much
considered. For instance, as we will see, this latter substitution will be the key to
prove the theorems of Chapter 4. Even more, comparisons between the two ways
will lead to interesting improvements of oscillation and nonoscillation criteria for
g’ —Gg = 0, such as those of E. Hille and Z. Nehari, in various directions. The main
geometric achievement, however, will be the extension of Calabi compactness cri-
terion for complete manifolds, [Cal67], to the case when the Ricci curvature along
geodesics ¥(r) emanating from some origin is bounded by —B?r® on [rq, +00), for
some 19 > 0, B> 0 and « > —2, improving on all of the results in the most recent
literature.
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In an attempt to give a unified approach to a number of apparently different
geometric problems, based on the notion of critical curve, the paper is organized as
follows.

In Chapter 1 we collect and prove some facts on the cut-locus of a point (or
more generally of a submanifold) and on the behaviour of the function vol(0B,)
that shall determine the regularity of the coefficients in the Cauchy problem (CP).
We then prove some basic geometric comparison results such as the Laplacian
and the Hessian comparison theorems. Their proofs will be accomplished starting
from the Ricci commutation rules for third covariant derivative, without the use of
Jacobi fields. The chapter ends with a short review of spectral theory on manifolds.
We give a full proof of some of the most important results for our investigation,
concentrating on those that, at least to our knowledge, are difficult to find in book
form.

Chapter 2 describes a number of geometric examples that are related to oscilla-
tion theory, with the purpose to show the reader instances of the interaction of this
latter with geometry. First, we discuss the relation between conjugate points and
compactness results for complete manifolds beginning with the original theorem
of Myers and proceeding with its more recent generalizations, including the well
known cornerstone of Calabi. As a matter of fact, we extend the discussion to the
case when the Ricci curvature is bounded below by a negative constant. In the
subsequent section we collect and prove a number of, by now classical, theorems on
the spectrum of the Laplacian on manifolds with a pole. Besides providing the nec-
essary background for non-specialists, these help putting some results of Chapters
4 and 6 in perspective. We then present a mild extension of a very recent result
of Bessa, Jorge and Montenegro [BJM10], which positively answers a question of
S.T. Yau on the discreteness of the spectrum of the Martin-Morales-Nadirashvili
minimal surface in R3. In the final part of the chapter we illustrate the use of spec-
tral estimates in establishing the existence of positive solutions to Yamabe-type
equations on a complete manifold, that is, equations of the form

Au+ g(z)u — b(x)u’ =0, q(2),b(z) € CO(M), o> 1.

The first part of Chapter 3 is devoted to the analytical results on (C'P) men-
tioned above. These include existence and uniqueness of solutions z € Lipy,.(R{),
and a proof that the zeroes of z(r), if any, are attained at isolated point of R*. Next,
we introduce the critical curve x(r). We provide examples of x(r), for instance in
FEuclidean and hyperbolic space, discussing some of its features. Monotonicity, com-
parison properties, and upper and lower bounds for x are then proved in terms of
curvature requirements on the manifold. To relax geometric assumptions in subse-
quent sections of the paper, we also introduce the related modified curves x (),
where f is some bound for v, and X(r).

Chapters 4, 5, 6 are the core of the paper. Here we present either brand new
results or new techniques to prove known facts. In Chapter 4 we investigate the
consequences of lying below the critical curve. With this we mean that the potential
A(r) in the linear term is smaller than the critical curve. In this situation solutions
of (CP) have definite sign on RT and we provide a lower bound estimate which
is sharp at infinity. As we explained before, these results are then used to obtain
sufficient conditions to guarantee that Schrodinger type operators L have non-
negative first eigenvalue or finite index, see for instance Theorem 4.10. In the same
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vein we prove a version of the Uncertainty Principle Lemma and lower bounds on
MA(BR), AF(M) and inf 04 (L) (that is, the infimum of the essential spectrum of L)
on each manifold with a pole. We conclude the chapter with some applications. The
first is a comparison result for non-negative sub and supersolutions of Yamabe-type
equations. As a consequence, we characterize isometries in the group of conformal
diffeomorphisms of a complete manifold in itself. Finally, in the last section we
relate a very recent upper bound for the number of zeroes of a nontrivial solution
z(r) of (CP) (see [EFK11]) to the critical curve. In doing so, it will be apparent
that 7 is also deeply linked to Hardy-Sobolev inequalities on R*. We mention
that throughout the chapter we discuss, with a number of examples, the mutual
relationship between the critical curves x and Y.

In Chapter 5 we consider the case when the potential A(r) exceeds, in an in-
tegral sense, the critical curve x or the curve xy. First we establish a first zero
and an oscillation criterion, both in terms of the reciprocal “integral” behaviour
of A and y, and we compare them with well known criteria in the literature such
as those of Leighton, Moore, Hille-Nehari, Calabi and others. Then we apply our
achievements to determine instability and index of Schrodinger operators. We de-
vote the second part of the chapter to applications to geometrical problems related
to minimal surfaces, higher order constant mean curvature hypersurfaces of R™+1,
the distribution of their spherical Gauss map in S™ together with an interesting
reduction of codimension theorem. In the last two sections, we describe a simple
method to extend Calabi compactness criterion to the case of a controlled negative
bound of the Ricci curvature. For its versatility, this method can be also applied to
obtain sharp refinements of Calabi and Hille-Nehari oscillation criteria. A number
of remarks and observations spread throughout the chapter show the sharpness of
our results.

In Chapter 6 we deal with the case when A(r) is much above the critical curve
in a pointwise sense, and we focus our attention on the problem of determining
an upper bound for the difference between two consecutive zeroes of an oscillating
solution of (C'P). With an example we show that in order to use classical Sturm
type arguments to reach the desired conclusion we need the full knowledge of the
asymptotic behaviour of v(r). This is, interpreting v(r) = vol(0B,), a strong
geometric requirement and it forces to detect a new approach to deal with the case
in which our geometric information only provide an upper bound for v(r). The
key technical tool of this chapter is Theorem 6.5: denoting with Ry(0) < R2(o)
the first two consecutive zeros of z(r) after r = p, we can estimate the difference
Ro(0) — R1(0). If v(r) < exp{ar® log? r}, a,a >0, f > 0, this yields

Ry(0) — Ri(0) = O(0)  as o — +oo,
and even more, we provide an upper estimate for

R
lim sup 2(0)
o—+o0 4

with an explicit constant. Further specializations of this result yield a lower bound
for the growth of the index of Schriodinger type operators and an upper bound
for the growth of the first eigenvalue of the Laplacian on the punctured manifold
M\ Bp extending, in this latter case, some results of Do Carmo and Zhou [CZ99]
and Brooks [Bro81]. Again, throughout the chapter attention is paid to compare
with the previous literature and to show the sharpness of our results with the aid
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of suitable counterexamples.

Acknowledgements: the authors are deeply grateful to Proff. S. Pigola and
A.G. Setti for having suggested them the paper [ER11], which leads to a defi-
nite improvement of the results of Section 5.4. Furthermore, they wish to express
their gratitude to prof. M. L. Leite and to the referee for helpful comments and
corrections, in particular regarding Section 5.5.



CHAPTER 1

The Geometric setting

The aim of this chapter is to introduce some basic, but sometimes not widely
known, material of Riemannian geometry that shall be needed in the rest of the
paper. We briefly describe the cut-locus of a submanifold K, recalling its main
properties especially relative to the distance function from K. For instance, we
deal with the regularity of v(r) = vol(0B,), where B, is the set of points whose
distance from K is less than r. We then introduce some comparison procedures
to estimate from above and/or below Hessr and Ar, and we conclude the chapter
with a short review of spectral theory on manifolds. Although most of the material
covered by this chapter is somehow standard, part of each section, at least to
our knowledge, is still not accessible in book form. Furthermore, in some cases a
different (and we hope clearer) presentation of known results is provided. The main
theorems of each section will be extensively used throughout the paper.

1.1. Cut-locus and volume growth function

Let (M, {,)) be a connected, complete Riemannian manifold of dimension m >
2 with induced distance function d : M x M — Rar, and let K C M be a properly
embedded submanifold. We write dx (x) for the distance function from K, and we
denote with B, the geodesic sphere centered at K, that is

9B, = {x eM : dg(x) = r}.
This introductory section deals with the regularity of the volume growth function

r — vol(0B,),

where vol stands for the (m — 1)-dimensional Hausdorff measure (see [EG92]).
Although in the next chapters we will be always concerned with the case K = {o},
0 € M, all that we say in this section holds for any K. The analysis of the volume
growth function is deeply related to the topology and the geometry of the cut-locus
of K, cut(K). For convenience, we briefly recall the definitions and main results on
cut(K), and we refer the reader to [GHL90] and [Sak96] for the general treatment,
and to [MMO3] for the study of cut(K) when K has a lower regularity. We set
m: Ng — K and 7 : Ux — K, respectively, for the normal bundle and unit normal
bundle over K, and let exp : Ny — M be the normal exponential map. Since M
is complete and K is closed in M, for every x € M\K there exists at least one
minimizing geodesic from K to z, and every minimizing geodesic is orthogonal to
K, that is, it is of the form exp(tv) for some v € Uk, t € R. For every v € Uk, let
Yv(s) = exp(sv) be the unit speed geodesic starting from K with tangent vector v.

1



2 1. THE GEOMETRIC SETTING

We say that v, is a segment on [0, ¢] if it is length minimizing on [0, ¢]. Define
p(v) = sup {t >0 : 7, isa segment on [O,t]} < o0
A(v) = min {t >0 : 7,(t) is a focal point of K along %} < +o0.

We recall that ¢ = ,(t) is focal for K along 7, if exp is not invertible at tv. If
p(v) = 400, 7, is called a ray. If p(v) < +oo, exp(p(v)v) is called the cut-point
of K along ~,, and, if A(v) < +o00, exp(A(v)v) is the first focal point of K along
Yo If ¢ = 7, (¢) is a focal point of K along ~,, tv € Nk is called a focal vector,
and its multiplicity is by definition the dimension of ker(exp,). A point ¢ € K is
called a focal point if it is focal along some minimizing geodesic =, . Clearly, if K is
a point this reduces to the classical definition of conjugate points. Analogously to
this latter situation, the set of focal points is discrete (Morse lemma, [Sak96]) and
a geodesic ceases to be length minimizing after the first focal point, which implies
p(v) < A(v) for every v € Ug. The regularity of p and A has been investigated by
J.I Itoh and M. Tanaka [ITO1lal, and Y. Li and L. Nirenberg [LINO5] (see also the
recent reference [CRY]). In both papers, the authors prove that p and A are Lipschitz
functions on the pre-image of compact intervals, where Lipschitz continuity is with
respect to any fixed metric on Uk . Furthermore, p and A are continuous if (0, 00|
is endowed with the topology having {(a,+o0] : @ > 0} as neighbourhoods of +o0
(for p, this result goes back to M. Morse). Hence, the sets U, = p~'(RT) and
Uy = A~H(R*) are open subsets of Ux and

e, + ve€U, = exp(p(v)v) € M, ex : veUy— exp(A(v)v) e M

are Lipschitz continuous on the pre-image of compact sets. A vector v € U, for
which p(v) = A(v) is called a focal cut-vector, and e,(v) is called a focal cut-point.
The set e,(U,) is called the cut-locus of K, cut(K).

THEOREM 1.1 ([Sak96], [GHL90]). Let M, K, Nk ,Ugk,p be as above. Then,
the following properties hold:

- (M. Morse) M is compact if and only if U, = Ux and K is compact;

- exp is a diffeomorphism between the open sets W = {tv : v € Uk, t €
(0, p(v))} and M\(K Ucut(K)), furthermore M = exp(W);

- every q € M\(KUcut(K)) is joined to K by a unique minimizing geodesic,
and dg is smooth on M\ (K U cut(K)).

- (W. Klingenberg) if q € cut(K), then either there exist at least two distinct
segments from K to q, or q is focal for K. The two possibilities do not
reciprocally exclude;

- if ¢ € cut(K) is non-focal, then there exists only a finite number of seg-
ments joining q to K.

The cut-locus of K can be subdivided into the following subsets:

- the focal cut-locus cuty(K'), that is, the set of focal cut-points;

- the normal cut-locus cut,, (K'), consisting of the non-focal cut-points joined
to K by exactly two distinct segments;

- the anormal cut-locus cut,(K), consisting of non-focal cut-points joined
to K by at least three distinct segments.

Furthermore, we split the focal cut-locus according to the multiplicity of each focal
cut-point.
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- the set of focal cut-points ¢ such that whenever p(v)v is a focal vector,
where v € e, ({¢}), the multiplicity of p(v)v is 1. We call it cut s (K);

- the set of focal points ¢ such that there exists a unit vector v € e, ' ({q})
such that p(v)v has multiplicity at least 2. We call it cut o (K).

The structure of the non-focal part of the cut-locus has been dealt with in detail
by V. Ozols [Oz074], and by P. Hartman [Har64a] for the 2-dimensional case.
Briefly, the normal cut-points are a smooth embedded (m — 1)-submanifold without
boundary and with at most countably many connected components. Furthermore,
for every ¢ € cut,, (K) there exists a neighbourhood V' of ¢ such that

cut(K)NV = cut,(K)NV,

and cut,, (K) bisects the angle between the two segments from K to g. On the pre-
image e, ! (cut, (K)) the function p is smooth, and d,p = 0 at some v if and only if
the two segments from K to e,(v) meet orthogonally to cut, (K), that is, if they are
part of a unique geodesic. According to the terminology introduced by K. Grove
and K. Shiohama in [GS77], a normal cut-point ¢ such that dp = 0 on e, '({q})
is called a normal critical cut-point. We agree on denoting with cut,.(K) the set
of normal critical cut-points of K. We now turn to the anormal cut-locus. Around
each anormal cut-point, the graph of cut(K) is a finite intersection of submanifolds
with boundary, and at least two of them are transverse. Furthermore, cut, (K) is
dense in a neighbourhood of each anormal cut-point ([IT98], Lemma 2). Hence,
cut, (K) is locally a subset of a finite union of submanifolds whose dimensions
do not exceed (m — 2). In particular, if m = 2 anormal cut-points are isolated, as
observed in [Har64a], Lemma 5.1. The above implies that the Hausdorff dimension
dimyy (cuty(K)) is at most (m — 2), see [IT98], Lemma 3. As for the focal part,
by the Sard-Federer theorem ([Sar58] and [Fed69]) applied to exp : Ny — M
the Hausdorff dimension of cutyo(K) is at most (m — 2). For the set cuts (K)
the situation is more subtle. Around each vector vy € e,'({g}), ¢ € cuts (K),
by the Malgrange preparation theorem the function A is smooth ([IT01b], Lemma
1). A clever argument ([IT98], Lemma 1) shows that the tangent space to the set
{A(v)v : v € Uy} at A(vg)vo is a subset of ker(exp, ), so that the map ey is smooth
and has rank (m — 2) in a neighbourhood of vy. Hence, again by Sard-Federer
theorem for ey, dimy (cutsi (K)) =m — 2. To conclude,

(1.1) dimy, (cut, (K) Ucuty(K)) <m —2,

and the Hausdorff dimension of cut(K) is at most (m — 1). We mention that, with
some further work, it can be proved that dimy (cut(K)) is always an integer around
each cut-point, see [IT98]. If m = 2, since dg is Lipschitz we also deduce that

(1.2)  dg(cute(K)Ucuts(K)) has Lebesgue measure zero on RT if m = 2.

Indeed, we recall that the Hausdorff 1-measure coincides with Lebesgue measure
on R. Combining (1.1) and the fact that cut,(K) is dense around each anormal
cut-point, we deduce that

(1.3) dimyg (cut(K)) <m —1 if and only if cut(K) = cuty(K).
It is easy to construct non-compact manifolds M with the property that, for
some compact submanifold K, cut(K) is non-empty and has only focal points.

For instance, if m > 3, consider a j-dimensional Cartan-Hadamard manifold NV,
1<j<m-—1,let M =S™7 x N and let K = E x {p}, where E C S™7 is an
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equator and p € N. It is worth to observe that F. Warner has given a sufficient
condition for cut(o) = cuty(o) to hold on a complete, simply connected M. More
precisely, by [War67], Theorem 1.3 it is enough that, for every geodesic issuing
from o, the first focal point (if any) along + has multiplicity at least 2.

Next, we consider the intersection of the cut-locus with geodesic spheres.

ProOPOSITION 1.2 ([GP94], Lemma 1.1). The intersection cut(K) N OB, can
be decomposed as cuty,.(K)U B, where dimy(B) < m — 2.

PROOF. Define B to be the complementary of cut,.(K) in 0B,. Then, B is a
subset of

cut(K) U cuty(K) U ((cutn(K)\cutnc(K)) U 8Br).

Observe that 0B, is included in exp(rUgx). Since dimy (cut,(K) U cuty(K)) <
m — 2, we are left to consider A = (cut, (K)\cut,(K)) N dB,, that is, the set
of normal, non critical cut-points ¢ in 0B,. For each such ¢, choose a sufficiently
small neighbourhood V' of ¢ such that cut(K) NV contains only normal points,
exp_l(V) =ViUVs and Vi NV, = 0. Let 1, v2 be the two segments from K to g,
where ~; = exp(tv;) and p(v;)v; € V;. By Gauss lemma, the tangent space to the
smooth hypersurface exp(rUx NV;) at ¢ is orthogonal to ~;. Since ¢ is non critical,
the tangent space to cut, (K) is transverse to the tangent space of exp(rUx N V;)
for each ¢ € {1,2}. Thus, up to shrinking V, it follows by transversality that locally
ANYV; is a connected, regular (m — 2)-dimensional submanifold. Since M is second
countable, we can cover A with countably many such neighbourhoods V. Hence
dimy (A) = m — 2. This proves the proposition. O

REMARK 1.3. The set of normal critical values dg (cutp.(K)) has Lebesgue
measure zero by Sard-Federer theorem. Indeed, dg (cut,.(K)) is the set of critical
values of the smooth function p on the open set (with countably many connected
components) e, *(cut,(K)). We note in passing that, in their celebrated paper
[GST77], K. Grove and K. Shiohama extended the definition of a critical point
to cover the case of the distance function dg, a definition that turned out to be
extremely fruitful. Recently, the Morse-Sard theorem for the distance function,
namely the assertion that the set of critical values of dx has Lebesgue measure
zero, has been proved by Itoh and Tanaka [ITO1b] for manifolds M of dimension
m < 4, and by L. Rifford [Rif04] for every m.

Combining with observation (1.2), we deduce the following Proposition for
complete surfaces.

PRrROPOSITION 1.4 ([Har64a], Proposition 6.1). Let M be a connected, complete
surface, and let K be either a smooth, embedded, simple closed curve or a point.
Then, with the exception of a closed set Z of Lebesgue measure zero, 0B, is a union
of finitely many smooth, simple curves, each of them possibly having a finite number
of corners.

PRrROOF. By Remark 1.3 and observation (1.2),
d (cutq(K) U cuty(K) U cutp.(K)) has Lebesgue measure zero on R™.

It is not hard to see that Z = cut,(K) U cut,.(K) U cuts(K) is closed. Let 7y €
RT\Z, and let I be a small open neighbourhood of ry in RT\Z. Then, cut(K) N
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df(l(l ), if non-empty, has only normal, non-critical cut-points, so that for every
reland v € e, (cut(K)NdB,) the graph manifold

V, ={plv)v:velU,} C Ng

around v; is a smooth curve transverse to rUx. Thus, V, NrUk, if non-empty, is
an even number of isolated points {rv;}, j = {1,...,2h}, for some h > 0. Applying
the exponential map, the cut-vectors rv; meet together in pairs, and the resulting
set

0B, = exp ({tv € Ng : veU,, t=min{r, p(v)}})

is a finite union of at most h disjoint smooth simple curves, possibly with corners
at the points of type exp(rv;) = exp(rv;), ¢ # j. This concludes the proof. O

As an immediate consequence, a Gauss-Bonnet inequality holds for almost every
r e RT.

PROPOSITION 1.5. Let M be a connected, complete surface and let K be either
a smooth simple closed curve or a point. Denote with I(r) the Hausdorff 1-measure
of the sphere OB,. centered at K, with x g(r) the Euler characteristic of B, and with
k(r) the integral over B, of the Gaussian curvature of M. Then, for almost every
r >0,

I'(r) < 2nxp(r) — k(r).

Now, we can start to describe more closely the regularity of the volume growth
function. For every fixed r, consider the inclusion i, : TUx — Nk and define the
smooth map exp, = expoi, : rUx — M. We can endow Ny with a metric (, )
constructed in a way similar to that for the standard metric on TM (see [Car92],
p.78). Namely, for every v € Ng, n(v) = p € K and W,Z € T,Nk we choose
curves «, 5 : I = [0,1] — Ng such that

a(0)=p(0)=v, (0)=W, p(0)=2
and we define
(W.Z)y = (m(W),m(2))p + (Vier, Vi)

Then, (, ) is independent of the chosen curves, and the submanifolds rUg, r € R
are orthogonal to the geodesic rays tv, v € Uk, t € R on common intersections.
Indeed, (, ) can be written as

(1.4) ()

Having defined the m-dimensional (respectively, (m — 1)-dimensional) Jacobian of
exp (resp. exp,.)

Jexp=|| Ndexp|,  Jexp, = /\ dexp,|,

m—1

ir(,)+dredr.

where the norm is taken with respect to (, ) (resp, i*(, )), the warped product
structure (1.4) implies that Jexp,(v) = Jexp(rv) for every ¢t € R and v € Uk.
Let w and w, be the volume form of (, ) and the induced volume form on rUk.
Then, up to the sign, w = w, Adr. By the area formula ([EG92], Theorem 1 p.96;
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[Fed69], Theorem 3.2.3 and pp.280-282) applied to exp and to exp, we deduce
that, for every locally summable function y on Ng (resp. rUk),

(i) x(tv)J exp(tv)w = Z x(tv) | dV(p);
(1.5) /NK /M e p)

(if) /U (rv)J exp(rv)u, = /M S (o) | dHm ),

rv€exp~ 1 {p}

where dV is the Riemannian volume form of M and dH™ ! is the (m — 1)-
dimensional Hausdorff measure. We now consider a suitable x on v. To be sure
that the integrals are finite, we assume that K is compact. For every vector tv,
v € Uk, t € R, we define n(v) to be the number of distinct geodesic segments
joining K to e,(v). Let

1 if t< p(v);
(1.6) xil0) = x(tv) = n()t i t= p(o);
0 it t> p(v).

Fix r > 0. By taking the limit as ¢t 1 r and t | r of x(tv) we can define also the
following functions:

1 if r < p(v); 1L if r < p(v);
X+ (v) = lim x(tv) = Xr—(v) = lim
thr 0 if 7> p(v). tr |0 if r> p(v).
Applying (1.5), (ii) to x, we obtain
(1.7) / x(rv)J exp(rv)w, = H™ 1(0B,) = vol(0B,),
rUgk

while using (i7) first to x; and then to x,—, with the aid of Lebesgue convergence
theorem we deduce

lim vol(0B;) = lim x(tv)J exp(tv)ws = / X(r~v)J exp(rv)w,
t—r— t—r— tUk rUk
(1.8)
= vol(0B,\cut(K)) + / HO (exp™H {pH)dH™ 1 (p).
dB,Ncut(K)

This shows that the left limit of v(r) exists for every r > 0. Analogously,
(1.9) lim vol(9B;) = vol(0B, \cut(K)).

t—rt

Setting v(r) = vol(0B,) for convenience, from (1.8) and (1.9) we get
(1.10) v(rt) —v(rT) = —/ HO (exp™H{pHdH™(p).
OB,Ncut(K)

By Proposition 1.2, B, N cut(K) can be decomposed as the set of normal critical
points in 9B, plus a set of Hausdorfl dimension at most (m — 2). Hence, the
integral in (1.10) coincides with the integral over all the normal critical points in
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OB,.. Therefore,

o) o) = - [ HO(exp~ {p))dH™ (p)
(1.11) dB,Neutne(K)

= —2V01(8Br n CUtnc(K))

It follows that v(r) jumps downward every time 9B, meets nontrivial portions of
the normal critical cut-locus. The following proposition collects the basic properties
of the volume function that will be needed in the next chapters

PROPOSITION 1.6. Let M be a connected, complete, non-compact Riemannian
manifold, and let K C M be a compact embedded submanifold of dimension k.
Then, v(r) = vol(0B,.) is smooth in a neighbourhood of r = 0. Furthermore,

(1.12)
(1)) if k=m—1, then v(0)=vol(K) >0, v'(0)=0;

(i) of k<m—2, then v(0)=0, v'(r) >0 for positive r around 0;

(iii) v(r) € LS([0,+00)), v(r) >0 for r>0, -1 L ((0,4+00));

loc U(’I') loc

(i) o(r) = 2T
2

Proor. Using the normal exponential map near K and a covering argument,
by the compactness of K there exists € > 0 such that exp : B:(0) — B is a
diffeomorphism, where 0 means the set of zero vectors. Thus, for r < e, 0B, is
contained in the domain of normal geodesic coordinates, hence x(tv) = 1 for every
v €Uk, t €]0,¢) and v(r) is smooth by formula (1.7). By the divergence theorem
and coarea formula,

(1.13) V'(r) = %(vol(@BT) - Vol(835)> = % (/B \B Ar) = - Ar.

As for (i), suppose first that K is orientable and that exp : B.(0) = K x (—¢,¢) —
B is a double collar (this is always the case if, for instance, M is orientable).
Denote with vy and v_ the two orientations of M. Then, for r < e, B, has two
connected components ¥ , and X_ ,, where the signs +, — are chosen coherently
with the orientations. Setting, for each p € K, p} = exp(p,r) € 4, and p; =
exp(p, —r) € ¥_ ., by Gauss lemma Ar(p;) (resp. Ar(p;’)) is the mean curvature
of X4, (resp. ¥_,) at p/ (resp. p;’). Letting r — 0%, Ar(pf) — +£H, where H
is the mean curvature of K with respect to vy. Thus, letting r — 0 in (1.13)

v'(0) = lim ATI/(H*H):O.
r—=0t Jo, us_ . K

The other possibilities for K (that is, K is orientable but without any double collar,
or K is non-orientable) can be dealt with in a similar manner.

To show (i), it is enough to extend the computations in normal coordinates per-
formed in [Pet97], Section 5.6 for K = {o} to cover the case of general K. The
simple method of the author allows a clean extension. Let {z, 2%} be coordinates
on M such that {z'} are coordinates on K and {x*} are the standard coordinates
on the fibers of Nx composed with the exponential map. Writing the metric as

(,)= gl-jdxi @ da? + gigdz! @ dz® + gﬁjdxﬁ @ da’ + Gapdaz® @ da?,
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the Hessian of = has the following behaviour as r — 0T

1
(1.14) Hessr = ;(gagdxa@)da:ﬁ —dr®d7‘) +0(1) as v — 0.
(indeed, if K = {0} the remaining is o(1), but it is unessential). Tracing, we get
-1-k
(1.15) Ar = mf—i—O(l) as v — 0.

Since k < m — 2, then clearly v(0) = vol(K) = 0 and, if r is sufficiently small, by
(1.15) Ar > 0 on 9B, which gives v'(r) > 0. From (1.11)

v(r) = vol(0B,\cut(K)) + vol(0B, N cut(K))

vol(0B;\cut(K)) + vol(0B, N cut,.(K))

— o)+ o(r”) ;W“*) _ U(TJF)—;-U(T*)’

which proves assertion (iv). As for (iii), v € L. ([0,+00)) follows from (1.7),
since x is bounded and the other terms vary continuously with r. Next, observe
that if we prove that 1/v € L{< ((0,+00)), then v(r) > 0 on (0,+00). Indeed,
assume v(rg) = 0 for some 7y € (0,+00). Then necessarily v(ry) = 0, v(ry) =
20(rp) — v(rd) = 0 and 1/v is unbounded in a neighborhood of ry. It remains to
prove that 1/v € L2 ((0,400)), that is, v(r) is bounded away from zero on every
compact set C disjoint from r = 0. Assume by contradiction that there exists
{rr} C C such that v(ry) — 0. By compactness, and by (iv), there exists 77 € C

such that rp & 7 and v(7T) = 0. We are going to show that
(1.16) 0By C cut(K).

Indeed, let (1.16) be false, and let ¢ € dBy\cut(K). Then, we can choose a unique
v € Uk such that ¢ = e,(v), a neighbourhood U of v in Uk such that r < p(w) for
every w € U, and a neighbourhood V' with compact closure of the form

V={rw:re@—eyT+e), welU},

where g > 0 is sufficiently small. On V| Jexp is strictly positive, thus there exists
C > 0 independent of gy such that, for every v € U and € < ¢,

Jexp((?_‘_ E)’U) Z cJ eXp(FU)a Wrte Z CWF
It follows that, by (1.7), for every € € (0, &)

o(F+e) = / (4 2)0) T exp((F + )oY . > C / J expws.
(’FJrE)UK rUxgNV

This contradicts v(7") = 0 and proves (1.16). By (1.16) we deduce that, for every
geodesic ray v, starting from K, there exists ¢, < r such that ~,(t,) € cut(K),
that is, p(v) < +oo. Therefore, U, = Uk and, since K is compact, M is compact
by Theorem 1.1, against our assumptions. ([l

COROLLARY 1.7. In the assumptions of Proposition 1.6, v(r) has at most a
countable number of discontinuities.

PROOF. Define
(1.17) Q(r) = e;l(aBr N cuty(K)).
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By (1.11), 2vol(e,(Q(r))) is the downward jump of v(r). The sets Q(r) are pairwise
disjoint in Ug. Write | - | for the measure induced on Ug by ii(, ). Since Uk is
compact, |Ug| < 400 so that each 4; = {r > 0:|Q(r)| > 1/i}, i € N, has finitely
many elements, whence A = J;2, 4; is at most countable. To prove the sought it
is enough to show that, if vol(e,(Q(r))) > 0, then |Q(r)| > 0. Let r be such that
vol(e,(Q(r))) > 0. By (1.5) and Proposition 1.2

(1.18) vol(e,(Q(r))) = , Y(rv)J exp(rv)w

where (rv) = % if v € Q(r), 0 otherwise. Hence,

0 < vol(e, (Q(r))) = % /Q e <O, /Q e < G2l

for some C7 = Cy(r) > 0, C2 = Ca(r) > 0, as desired. O

It can be shown that, if M and K are real analytic (anyway, the case K = {0} is
allowed), v(r) is continuous on R*. The result has been proved by F. Fiala [Fia41]
when M is an analytic closed curve on an analytic surface M, and by R. Grimaldi
and P. Pansu for general M and K = {o}. The argument in [GP94], Theorem 2 is
as follows: if by contradiction Z = 9B, Ncut,.(K) has positive Hausdorff measure,
since e, is locally Lipschitz ep_l(Z ) has positive Hausdorff measure. Moreover, from
the characterization

e;l(Z) = {v € Uk : exp(2rv) € K},

e, '(Z) is an analytic subset of Ux. Hence, e,'(Z) = Ug. Consequently, M =
B, (K) is compact, contradicting our assumptions.

We conclude this section by recalling an integral inequality for Riemann surfaces
that extends the Gauss-Bonnet theorem. This has been addressed by [Har64a] and
[ST93]. To deal with the regularity of I(r) = vol(0B,) when M is a complete Rie-
mann surface, the authors defined the jump function ([Har64a], equation (6.10))

(1.19) Jr)y= > J exp(tv)wy,

o<t<r’/ Q)
where Q(t) is as in (1.17) and the sum contains at most countably many elements
by Corollary 1.7. Furthermore, they defined as L(r) ([Har64a], equation (6.8))

what is in our notations I(r~). Then, they proved that L(r) + J(r) is absolutely
continuous on RT. By (1.17), (1.18) and Proposition 1.6 we deduce that

I(r) = L(r) + vol(0B, Ncutp.(K)) = L(r) + ;/Q( : Jexp(rv)w;.

Hence, setting

1
(1.20) jlr) = Z / J exp(tv)w + f/ J exp(rv)wy,
0gi2, Jew 2 Jowm
j(r) shares the same properties as J(r) and L(r) + J(r) = I(r) + j(r). With the
aid of Proposition 1.5, Theorems 6.2 and Corollary 6.1 of [Har64a], together with
Theorems 2.2 and 3.2 of [ST93] can be restated as follows.
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PropPOSITION 1.8. Let M be a connected, complete Riemann surface, and let
K be either a smooth, simple closed curve or a point. Set l(r) = vol(0B,), and
define j as in (1.20). Then, the function

I(r) +3(r)

is absolutely continuous on RY. Furthermore, for every 0 < Ry < Ry

R, Ro R2
(1.21) I(Rg) —I(Ry) < / I'(s)ds < 271'/ xe(s)ds — / k(s)ds.

R1 Ry Ry
1.2. Model manifolds and basic comparisons

Let (M, (, )) denote a connected, complete Riemannian manifold of dimension
m > 2, with volume element dV. For every x € M, let r(z) be the distance
function from a reference origin o € M. As we observed in the previous section,
r(z) is Lipschitz on M and smooth on D, = M\ ({0} U cut(o)). We recall that o is
called a pole if cut(o) = (). Comparison results for the Hessian and the Laplacian of
r may be considered a first instance where an extensive use of ODE theory comes
into play. The material covered by this section is mostly contained in Section 2 of
[PRS08], which is itself motivated by the analytic approach of P. Petersen, [Pet97].
The reasoning relies on some comparisons theorems for Riccati type equations that
follow from Sturm type arguments, which we briefly recall for the convenience of
the reader.

THEOREM 1.9 (Sturm arguments, [Swa68]). Let G € L° (R).

loc

(1) Let g1,g2 be solutions of

gl —Gg1 <0 gl —Ggs >0
! ' 2 2 and 0 < ¢,(0) < gh(0).
91(0) =0, g2(0) =0,

Let I; = (0,5;), j € {1,2}, be the mazimal interval where g; is positive.
Then, Sy < S, g1/91 < g3/92 and g1 < g2 on Iy If g1(S) = g2(S5) for
some S € I, then g1 = g2 on [0, S).

(2) Let g1, 92 satisfy ¢ — Gg1 <0, g§ —Gga > 0 on [a,b] C R. If ga(a) =
g2(b) = 0 and g2(s) # 0 for each s € (a,b), then either g1 has a zero in
(a,b) or g1 = kg2 on [a,b], for some k € R.

PRrOOF. (1) Let I = I; NI5. On it, we define F' = g2¢7 — g1g5. Then, F(0) =0
and F’ < 0 on I, therefore F < 0 on I. It follows that, on I, (g1/g2) < 0, hence
g4/91 < gb/g2. Since, by De L’Hopital theorem, (g1/92)(07) < 1, we deduce that
g1 < g2 on I, and thus S7; < S,, that is, I = I, as claimed. The equality case
follows easily from the above reasoning. To prove (2), suppose that ¢g; has no zeroes
in (a,b). Without loss of generality, we can assume that g; and g, are positive on
(a,b). Having defined F as in (1) we obtain F’ < 0. Integrating on [a, b] and using
g1 >0, go2(a) = g2(b) = 0, g5(a) > 0 and g5(b) < 0 we deduce that necessarily
F' =0, hence F is constant. Since F(a) < 0 and F(b) > 0 we deduce that F = 0,
so that g1/g=2 is constant on [a, b]. O

COROLLARY 1.10. Let G € L° (R), and let g1, g2 be two distinct solutions of

loc

g’ — Gg = 0. Then, the zeroes of g; interlace with those of gs.

ProoOF. It follows immediately from Sturm argument (2) interchanging the
role of g1 and gs. O



1.2. MODEL MANIFOLDS AND BASIC COMPARISONS 11

REMARK 1.11. As a straightforward consequence of the above Corollary, each
function g satisfying ¢” — Gg = 0 on R has the same number of zeroes, possibly
infinite. Thus the ODE ¢’ —Gg = 0 is oscillatory if some (hence any) solution g has
infinitely many zeroes, and nonoscillatory if some (any) solution has only finitely
many zeroes. We point out that the number of zeroes of each solution is related
to the spectral theory of —d?/ds? 4+ G on the real line. The interested reader can
consult [Wei87] for further study.

Next, we prove two variants of the comparison theorem for Riccati equations
that follows from Sturm type arguments.

PROPOSITION 1.12 (Riccati comparison). Let I = [sg,S) for some —oo < 59 <

S < 400, and let G € C°(I), a > 0. Let ¢; € AC(I), i = 1,2 be positive solutions
respectively of the Riccati differential inequalities

2 ¢2

P+ 2 <aG, g+ 2

@ !

and suppose that ¢1(sg) < ¢a(sg). Then, ¢p1 < ¢g on I.

> aGG

PROOF. The functions g; defined by

) =exp ([ 20ar).

satisfy g1(s0) = g2(50), 91(s0) < g5(s0) and
g1 —Gg1 <0, g5 —Gga > 0.
The desired conclusion follows by applying Sturm argument. O

PROPOSITION 1.13. Let G € CO(R{) and let ¢; € AC((0,5)), i = 1,2, be
positive solutions respectively of the Riccati differential inequalities

3

2
St <aeG gt >aC

a.e. on (0,5), for some a > 0, satisfying the asymptotic relation

(1.22) oi(s) =

for some 0 < By < By. Assume that B1 + B2 — a > 0. Then ¢1 < ¢2 on (0,5).

+0(1), as s — 0T,

PrOOF. The idea is the same as above. Since ggz = a~1¢; satisfies the assump-
tions with @ = 1 and f; replaced by (;/«a, we may assume o = 1. Observing that
¢i(s) — Bi/s is integrable in a neighbourhood of zero, we set

(1.23) gi(s) = 8% exp {/0 (@-(7) - /f)dT} .
Then ¢;(0) =0,

(1.24) g. = ¢igi € AC((0,5)) and gl —Gg1 <0, g5 —Ggs >0.

From (1.22), g} ~ B;s%~! as s — 0. Now, we apply Sturm argument: from (1.24)
we deduce (g1g5 — g291)’ > 0. From

91()g5(5) ~ Bas™TETE ga(s)gy(s) ~ BusT T as s = 0T,
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and the assumptions 81+ 02 —a > 0and 0 < 81 < fs, we get lim,_,o+ (9195 —9g291) >
0, hence g1g5 — g2g7 > 0 on (0, S), that is,

/ /

g g

g =2 2> =4y,
92 91

and this concludes the proof. O

The comparison theory for Riccati equations can be implemented in the matrix-
valued setting. Let E be a finite dimensional vector space endowed with an inner
product (, ) and induced norm | - ||, and let S(E) be the space of self-adjoint
linear endomorphisms of E. We say that A € S(F) satisfies A > 0 if A is positive
semidefinite. Analogously, we say that A < B if B — A is positive semidefinite. We
denote with I € S(FE) the identity transformation. The following comparison result
is due to J.H. Eschenburg and E. Heintze [EH90].

THEOREM 1.14 (Matrix Riccati comparison, [EH90]). Let R; : R — S(E),
i =1,2 be smooth curves, and assume that Ry < Ry. For each i, let B; : (0,s;) —
S(FE) be a mazimally defined solution of the matriz Riccati equation

B+ B? = R;.
Suppose that U = By — By can be continuously extended at s = 0 and U(0T) > 0.
Then,
s1 < 89 and B1 < By on (0,s1).

Furthermore, d(s) = dimkerU(s) is non-increasing on (0,s1). In particular, if

Bl(g) = Bg(g), then Bl = BQ on (0,:;)
PROOF. Set sp = min{sj, sa} and observe that, on (0, sg), U = By — B satisfies

S=Rys—R; >0
(1.25) U'=UX+XU+S, where 1
X = —5(32 + B1).
We claim that X is bounded from above near s = 0. Indeed, by the Riccati equation
B! < R;, hence for every unit vector z € F the function n;(s) = (B;(s)z, x) satisfies
N, < (Ri(s)z,xz) < ||Ri(s)|| < C, where the last inequality follows since R; is
bounded on [0, s¢]. Integrating on some [s,s] C (0, so),

ni(s) = —=C(s = s) +mi(s) 2 —=C5 — || Bs(5)]

independently on z. Therefore, each B; is bounded from below as s — 0, and thus
there exists a > 0 such that X < al near s = 0, as claimed. The solution U of

(1.25) can be computed via the method of the variation of constants. First, fix
3 € (0, sp) and consider the solution g of the Cauchy problem

{g’—Xg
g(s5) =1,

where I € S(E) is the identity. Then, g is nonsingular on (0, s9): indeed, its inverse
is given by the function g satisfying g = —gX, g(5) = I. The general solution U
of (1.25) is thus

(1.26) U=gVy',
Where V : (0, s9) = S(E) is the general solution of
Vv = g—ls(gfl)t.
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Since S > 0, we deduce V' > 0. Hence, for every fixed x € E, (V(s)z,z) :
(0, 50) — R is non-decreasing. This shows that the pointwise limit (V' (0)x, z) exists,
possibly infinite. We claim that (V(0)z, ) is finite, hence V(0) can be defined by
polarization. Furthermore, we shall show that V' (0) > 0. Towards this aim, from
(1.26) and setting, for notational convenience, h = (g~ 1),
(1.27) (Va,z) = (g7 U(g") ", x) = (U(g™ ) a, (97 1)) = (Uha, ha),
so that
(Vi z)| <[|U]| - [[hz]|.

Since, by assumption, ||U|| is bounded as s — 0, to prove that |(Vz,z)| is bounded
in a neighbourhood of zero we shall show that so is the function f(s) = ||h(s)z|*.
Note that, by its very definition and the properties of g, h’ = —Xh. Hence,

7/(s) = 20/ (5), h(s)z) = —2(Xh(s), h(s)z) = —2af.

By Gronwall lemma, f cannot diverge as s — 0T, as required. As a consequence,
for every s — 0 the set {yx} = {h(sr)x} C E is bounded. By compactness, up to
a subsequence yi — y, for some y € E. Therefore, by (1.27)

(w(0)x,x) = liip<V(sk)x,x> = liI£n<U(sk)yk,yk> = (U(0)y,y) >0,

hence V(0) > 0. From V' > 0, we deduce V > 0, thus by (1.26) U > 0, as
desired. Since V' is non-negative and non-decreasing, so is dimker V'(s). By (1.26),
dimker V(s) = dimker U(s) = d(s), and this concludes the proof. O

We briefly recall the procedure that yields the classical Hessian, Laplacian and
volume comparison theorems. In the notation of Section 1.2, let p € D,, and let
v : [0,7(z)] = M be the minimizing geodesic from o to p, so that r(y(s)) = s and
Vr o~ =~ for every s. Fix a local orthonormal coframe {e;} around p, with dual
coframe {0}, 1 < i < m, so that the (1,3)-curvature tensor is given by

;ktﬁk ®0'®0;@e;, R;kt = (R(ek,er)ej,e;) = —(R(e;, ej)ex, er)
Then v/ = Vr = r;¢;, dr = r;6° and differentiating r;r; = 1 we obtain
(1.28) i1 =0 that is, Hessr(Vr,:) = 0.
A further covariant differentiation of (1.28) gives
TijkTi + 7ijTik = 0.
By Schwarz symmetry of second derivatives of r and the Ricci commutation rules
Uijk = Uikj + ueRijp Y ue C3¥(M)
we get
0 = rijaTi + 1Tk = TjikTi + TijTik = TjkiTi + TtR§ikTi + T Tk
Contracting the above relation with two parallel vector fields X = X7e;, Y = Y7 €;
along v and perpendicular to Vr we obtain
0 =i X7Y r + XY Fryri R+ rijra XY
Using Koszul notation and denoting with hessr the (1,1) version of Hessr, the
above relation reads

(1.29)
0 = (Vhess(X;Vr),Y) + (hess (r)(X), hess (r)(Y)) + (R(X, Vr)Vr,Y) = 0.
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Since hessr is self-adjoint, denoting with R, the self-adjoint map

(1.30) X — R, (X) = R(X,Vr)Vr,

and with a prime the covariant differentiation along =, (1.29) becomes

(1.31) 0= (((hessr)’ + (hessT)> + R,) (X),Y)=0 VX,Y € Vr* parallel.

Note that, by (1.28) and the properties of the curvature tensor, both hessr and
R, can be thought as endomorphisms of Vr+. Furthermore, for every unit vector
X e Vrt,

(1.32) (Ry(X),X)=K(XAVr)=Ka(X),
that is, the sectional curvature of X A Vr. Since X and Y are arbitrary, we have
(1.33) (hess7)’ + (hess7)?> + R, =0

as a section of End(Vr+) along . By parallel translation, we can identify the fibres
of the vector bundle V7. Indeed, if we consider an orthonormal basis {E;} C Vr+
of parallel vector fields along -, and we denote with B = (7;), Ry = ((Ry);;) the
representation of hess7|y,. and R, in the basis {E;}, (1.33) becomes the matrix
Riccati equation

(1.34) B'+B*+R,=0.

Taking into account the asymptotic relation (1.14) for K = {o}
1
Hessr:g(<,>—dr®dr>+o(1) as s — 0T,

and B satisfies

(1.35) { B'+B*+R,=0 on (0,r(x)]

B(s) =s"1T+0(1) as s — 0F.
Now, assume either
(i) : Kraa = —G(r) or (ii) : Kraa < —G(1),
for some G € CO(R{). Henceforth, (i) (vesp. (i7)) means that the inequality
K(I)(z) > ~G(r(x),

(resp, <) holds for every 2-plane II containing Vr. Then, by (1.32), respectively

() : Ry(9) = ~G()I, (i) : Ry < —G(s)],
and by (1.34) this yields the following matrix Riccati inequalities:

0 B+ B’ <Gl,
case (i)
B(s)=s"1T+o0(1) as s—07;

. B'+B? > G,
case (ii) :
B(s)=s"1+o0(1) as s—0T;

(1.36)
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Now, consider a solution g to

" G > O
{ I 7= ) for (i),
9(0)=0, g¢'(0)=1
{ g -G O/ for (i),
9(0)=0, ¢'(0)=1

and assume that g is positive on some maximal interval I = (0, Rp). Setting
By = (¢'/9)1, we have that

B/ + B2 > GlI,
case (i)
By(s) =s"'T+0(l) as s—0F;
(1.37)
B) + B; <GI,
case (i1) :
By(s)=s"'T+0(l) as s— 0.
By the matrix Riccati Comparison 1.14, B < B, when () holds, and B > B,

under assumption (4i). Together with (1.28) and the definition of B this yields the
following

THEOREM 1.15 (Hessian comparison). Let (M, {,)) be a complete manifold of
dimension m. Having fixed an origin o, let r(x) be the distance function from o and
let D, = M\({o} Ucut(o)) be the mazimal domain of normal geodesis coordinated
at o. Consider a function G € CO(RY), let g be the solution of the Cauchy problem

9" —Gg=>0 g"—Gg<0
) or (i%) ,
g(0)=0, ¢'(0)=1, g(0)=0, ¢'(0)=1,

and let (0, Rg) be the mazimal interval in RY where g > 0. Then,

(1.38) () {

(1) If the radial sectional curvature Kyaq satisfy
Kiaa(z) > —G(r(x)) on Bg,(0),
then
g'(r(z))
g(r(z))

in the sense of quadratic forms, where g(r) solves (7).
(2) If the radial sectional curvature K ,q satisfy

Kiaa(z) < =G(r(x)) on Bpg,(0),

Hessr(z) <

(<7>—dr®dr) on D, N Bg,(0)

then
g (r(z))
g(r(z))

in the sense of quadratic forms, where g(r) solves (it).

Hessr(z) > (( ,)—dr® dr) on D, N Bpg,(0)

The above theorem and the next ones are essentially comparisons with a model
manifold in the sense of R.E. Greene and H. Wu, [GW79]. Since models will be
repeatedly used in the rest of this work, we feel convenient to recall their definition
and basic properties.
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DEFINITION 1.16. A Riemannian manifold (M, ds?) is called a model if M, is
diffeomorphic to R™, there exists a point o € My such that exp, : ToMy — M, is
a diffeomorphism, the metric ds? is radially symmetric and writes, in global polar
geodesic coordinates around o, as

ds? = dr? + g(r)2d92,

where with the symbol d6? we mean the standard metric on the unit sphere S™~1,
and g € C®(R{), g > 0 on RT satisfies the following conditions at r = 0:

g'(0)=1, g®(0) =0 for every k=0,1,2,....
Here, gU) denotes the j-iterated derivative of g.

The conditions imposed on g at r = 0 are necessary and sufficient to ensure
that ds? can be smoothly extended in a neighbourhood of o. Typical examples
of model manifolds are R™, for which g(r) = r, and the hyperbolic space HY of
sectional curvature —B? < 0, where g(r) = B~! sinh(Br). A model manifold enjoys
the following properties (see [Pet97], Section 1.4)

- The tangential sectional curvature at x € My, r(z) =r, is K(X AY) =
[1—(g(r))?]/g(r)? for every orthogonal pair of unit vectors X,Y € Vry.
- The radial sectional curvature at z, r(x) = r, is K.a(X) = —¢"(r)/g(r)

for every unit vector X € Vry. Consequently, the operator R, in (1.30)
is —g” /g1 and by (1.33)

. _g'(r) 2
Hessr(z) = === (ds” —dr@dr on M,\{o}.
g(r)
- The Laplacian of r at z, r(z) = r, is Ar(z) = (m — 1)¢'(r)/g(r); the
volume of the geodesic spheres and balls centered at o is, respectively,
given by

vol(0B,) = wm,lg(r)m_l, vol(B,) = wm,l/ g(s)m_lds,
0

where w,,_1 is the volume of the unit sphere S™~1.

In what follows, we will often consider models with given radial sectional curvature
G(r) = —g"(r)/g(r) € C=(R{). Clearly, a model (M,, ds?) is uniquely determined
by G once g is a solution of
{ g’ —Gg=0 on RT
g9(0)=0, ¢'(0)=1.
Before considering the Laplacian and volume comparison theorems, we spend a
few words on Jacobi tensors along geodesics, that can be easily constructed starting
from the Riccati equation for hessr. For a more detailed treatment, see [EO8O0].

If x,v, Ry, B are as in the proof of Theorem 1.15, consider the solution W of the
following problem:

W' =(B-s'I)W on [0,7(z)]
{ w(0) =1.

Note that, from the asymptotic properties of B in (1.35), W is well defined and
invertible on [0,r(z)]. The tensor field J(s) = sW(s) is thus invertible on (0, r(x)]
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and solves
J'"+R,J=0 on (0,r(x)]

(1.39)  J'=BJ on (0,r(z)] and {J(0)=0, J'(0)=1.

By the linearity of (1.39), J is smooth on [0, r(z)] and can be smoothly extended on
the whole RS‘ . J is called a Jacobi tensor along the geodesic 7. It is easy to see that
J is characterized by the property that, whenever X 1 +' is a unit parallel vector
field along v, JX L« is a Jacobi field. Therefore, a point y = y(s1) is conjugate to
o along ~ if and only if J is not invertible at s;. On the maximal interval where J is
invertible, say (0, s1), we can define a function B by setting B = J'J~L. Then, by
(1.39) B extends B and solves the Riccati equation (1.34). Moreover, if s; < 400,
B cannot be defined past s;. Indeed, let X be a unit parallel vector field such that
JX(s1) = 0. Then, since JX #0, (JX)'(s1) # 0. Therefore, by (1.39)

(BJX,JX) (J'X,JX) 14d

= =_——log|JX|* = — L
JXE TXE 515 og|JX|* = —o0 as s — s

This means that the function hessr o v can be extended past the cut-point of o
along ~y, if the cut-point is non-focal, and the maximal extension is defined on
(0, s1), where y(s1) is the first focal point of o along . At v(s1), however, hessr o~y
presents a singularity, and more precisely it is unbounded from below as s — s1.

The Laplacian comparison theorem from below is simply obtained by tracing
the inequalities of the Hessian comparison Theorem 1.15, (2).

THEOREM 1.17 (Laplacian comparison from below). Let (M, (, )
manifold of dimension m with a pole o. Consider a function G € C
g be the solution of the Cauchy problem

{g”—GgSO

) be a complete
O(RY), and let

(1.40)
9(0)=0, g¢'(0)=1.

Suppose that g > 0 on R*. Then, if
Kiaa(z) < =G(r(x)) for every = € M\{o},

the inequality

(1.41) Ar(z) > (m — 1)9’(r(x))

holds pointwise on M\{o} and weakly on M.

REMARK 1.18. The weak inequality is simple to show, since by (1.15) Ar has
an integrable singularity near r = 0.

In particular, when G(r) = B? for some B > 0 we can choose
g(r) = B~ 'sinh(Br), hence Ar(z) > (m—1)Bcoth (Br(z)) on M\{o}.

This last bound will be often applied in forecoming sections. However, a similar
upper estimate for Ar holds under the weaker assumption of a lower bound on the
Ricci curvature, and even past the cut-locus, as the next theorem shows.
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THEOREM 1.19 (Laplacian comparison from above). In the notations of the
previous theorem, assume that the radial Ricci curvature satisfy

(1.42) Rice(Vr, Vr)(z) > —(m — 1)G(r(x)) on D,,
for some function G € C°(RY), and let g € C%(R{) be a solution of
gll _ Gg 2 0
(1.43) /
9(0)=0, g'(0)=1.
Let (0, Ry) be the mazimal interval where g is positive. Then,
(1.44) D, C Bg,
and the inequality
g'(r(z))
1.45 Ar(z) < (m -1
(1.45) (@) < (m -

holds pointwise on D, and weakly on M.

ProoF. Tracing (1.33) with respect to a parallel orthonormal frame {E;} for
Vrt along v, and using that

((hessr)'(B), By) = - (hessr(Ey), By) = o (Hess (B, )

T ds
we deduce
(1.46) (Ar) + |[Hess 7|* + Rice(Vr, Vr) = 0.

From Newton inequality and (1.28), [Hess7|?> > (Ar)?/(m — 1), and from the as-
ymptotic behaviour (1.14) and (1.42), we infer that Ar satisfies

(Ar)" + % —(m—-1)G < (Ar) + % + Rice(Vr, Vr) <0,
(1.47) m m
Ar(s) = mr—l +o0(1) as s — 0F.

Now, if g solves (1.43), h = (m — 1)g’/g is a solution of
2

h' + 17(m71)G20,

m—
and we apply the Riccati comparison Proposition 1.13 to conclude the validity of
(1.45) on D,N Bg,(0). Next, we show that D, C Br,(0). A computation in normal
coordinates gives

(1.48) Ar = %log Vg(r,0),

where g(r,0) is the determinant of the metric in this coordinate system. Thus,
(1.45) on D, N B, (0) reads

%log Vg(r, ) < (m-— 1)};;((:))

Integrating and using the asymptotic behaviour in 0 we get, for each unit vector
0eT,M,

Va(r,0) < h(r)y™! YV r € [0,min{c(9), Ro}),
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¢(f) being the distance between o and the first cut-point along the geodesic vy.
Since g(r,0) > 0 on D,, we shall have Ry > ¢(9), that is, D, C Bg,. We are left to
show the weak inequality, that is,

(1.49) - /M<w, V) < (m—1) /M g((:))so V0 < g€ Lip.(M).

Now, observe that if § solves (1.43) with the equality sign, by a Sturm type argument
and the positivity of ¢ we get

<S¢

<

—~
<

~

Therefore, it is enough to show (1.49) when g solves (1.43) with the equality sign.
Let E, be the star-shaped domain of the normal coordinates in T,M. Then, F,
can be exhausted by an increasing family of smooth star-shaped domains {E;}. Let
Q; = exp,(E;) and denote with v; the outward pointing unit normal to 0€2;. Note
that (J; Q; differs from M by the zero measure set cut(o). Consider a decreasing
sequence {g;} converging to zero such that B. (o) C D,, and set B; = B, (o).
Then, for every 0 < ¢ € Lip.(M), since B; is regular,

7/ (Vr,Vyo) = — lim (Vr, V)
M J=+ee Jo\B;

= lim —/ @(VT‘,VJ‘>+/ g&—i—/ pAr
Jtoeo 9 dB; Q;\B;

Since Q; is star-shaped, (Vr,v;) > 0 on 09;. Letting € — 0, the integral over 0B,
vanishes and we deduce, using also (1.45) on Q;\B; C D,,

/
_/ (Vr,Vy) < lim sup/ eAr < (m—1)lim sup/ J (r)@
M j—=+oo JQ,\B, j—=+oo JQ,\B; g(r)
Since ¢g'/g ~ 1/r as r — 0, the singularity in r = 0 is integrable. It remains to
show that the limit of the RHS exists. This requires a little care. We define

Uj={z € Q\B; : ¢ (r(z)) >0}, Vi={x € Q\B; : ¢(r(z)) <0},

And we note that both {U;} and {V}} are increasing sequences. We split the RHS
as the sum of an integral over U; and an integral over V;. Clearly, by the monotone
converge theorem, both integrals have a limit as r — 4o00. Thus, it is enough
to show that the integral over U; has a finite limit. Let Br be a geodesic ball
containing supp ¢, and let B > 0 be sufficiently large that G(r) > —B? on Br. We
consider the function

g’ —B*%=0;

1
g(r) = = sinh(Br), which solves { _ _
B g(0)=0, g(0)=1.

By Sturm argument we get

g Beoth(Br)  on (0,R),

hence

g'(r)
/Uj g(r) p < B/Uj (pCOth(B’I“) < B/M(pcoth<Br> < +00.
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Concluding,

| SO )
_/M(Vr, V) <(m—1) lim ") o= 1) /M o,

=t JoaB; 9 g(r)

and the theorem is proved. O

REMARK 1.20. The analytic approach for the Hessian and the Laplacian com-
parison theorems is extremely flexible and can be easily adapted to the more general
diffusion type operator

1
(1.50) Lpu = 5div(Dvu) 0<DeC*M), u € C*(M)

on weighted manifolds (M, (, ), DAV). In this situation, the interplay with geome-
try is described through lower bounds on the modified Bakry-Emery Ricci tensor,
which allows to prove a comparison result for Lpr analogous to that of Theorem
1.19. There is, nevertheless, a subtle difference with the case of the Laplacian.
Indeed, the asymptotic Ar ~ (m —1)/r + o(1) as r — 0 is trivially replaced with

—1
LD'I’ ~ mT + O(l),

but the Riccati inequality analogous to (1.47) is
(Lpr)?

(1.51) (Lpr) + - (n—-1G <0,

for some n > m coming from the definition of the modified Bakry-Emery Ricci
tensor (see [MRS10] for details). A solution of (1.51) with the equality sign is
h=(n—1)g"/g, where g solves ¢ — Gg =0, g(0) =0, ¢’(0) = 1. Clearly,

n—1

h(r) ~ +o(1) as r— 0.

r
However, the Riccati comparison Proposition 1.13 can be applied with

n—1l=a=p0>p=m-1,

and the rest follows the same lines as those described above. Although, in many
instances, the next results can be generalized to include diffusion type operators,
to avoid unessential technicalities no further consideration will be made. The inter-
ested reader can consult the recent [MRS10], Section 2, and the references therein.

Due to the important role played by the solutions g(r) of ¢” — Gg = 0, we need
some sufficient condition to guarantee that g > 0 on R™. The next proposition is a
sharpened version of a criterion due to A. Kneser, see [Car92], p.241, and will be
proved in Remark 4.8 and generalized in Theorem 5.44.

PROPOSITION 1.21. Let G € C°(R{) be such that

+oo
(1.52) G_ € L'Y(R"), s G_(o)do <

S

on RT.

| =

Then, every solution of

g’ —Gg>0 on R,
(1.53) { 0

g(0) =0, ¢'(0)=1
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is positive and increasing on RT. If furthermore
1.54 G(s) > ——
(1.54) ()2 1
then g(s) > Cy/slogs on [s1,+00), for some s1 > 0 and some positive constant

C = C(Sl).

on RT,

REMARK 1.22. Hereafter, the next example will be repeatedly used. For every
B € [0,1/2], the Cauchy problem associated to the Euler equation
2

1
— =0
g +(1+S)29 )

9(0)=0, g¢'(0)=1,
has the explicit, positive solution
V1+ slog(l+s) if B=1/2;
g(s) = 1 " 1"
— (1+s)F —(14s)F if Bel0,1/2),
e (19 =) 0.1/2)

where

1+4++1—4B2?
S e 1/2.]

(see also [Swa68], p.45). For B = 1/2, this example shows that, under assumption
(1.54), the inequality g(s) > C4/slog s is sharp.

B/l —

An application of the above Proposition and of the Laplacian comparison The-
orem 1.17 yields the following

COROLLARY 1.23. Let (M, (, )) be a complete, non-compact Riemannian man-
ifold with a pole o and radial sectional curvature satisfying

Kraa(z) < =G(r(z))  on M\{o},
where G € CO(Ry) is such that

+oo
G_ € L'(+o0), and r/ G_(o)do < on R{.

e

Then, Ar > 0 on M\{o}.

Integrating the Laplacian comparison inequalities from below and above we
obtain the Bishop-Gromov volume comparisons. We state the estimate from above.

THEOREM 1.24. In the notations of Theorem 1.15, assume that the radial Ricci
curvature satisfies

(1.55) Rice(Vr, Vr)(x) > —(m — 1)G(r(x)) on D,,
for some function G € CO(RY), and let g € C2(RY) be a solution of
g/l _ Gg Z 0
(1.56) /
9(0)=0, ¢'(0)=1,

positive on some mazimal interval (0, Ry). Then, the functions
vol(0B;)

(1.57) g(rym=1
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and
vol(B )
fO m 1ds

are non-increasing a.e, respectively non-increasing, on (0, Ro), and

(1.59) vol(0B,) < wpm_19(r)™ 4, vol(B,) < wm_l/ g(s)™ ds
0

(1.58)

n (0, Ry), where wy,—1 is the volume of the unit (m — 1)-sphere in R™.

PROOF. We fix 0 < r < R < Rg. For any € > 0, we apply inequality (1.49) to
the radial cut-off function

(1.60) oo (2) = po (r (2) gr(2)) ™+
where p. is the piecewise linear function

0 if sel0,r)
(s—r)/e if se[rr+e)

[0,
[
(1.61) pe(s)=¢ 1 if se[r+¢R—¢)
( (R
[

R—3s)/e if s€e[R—¢,R)
0 if se€[R,00).

Simplifying, we get
1 —m 1 —-m
= L AT P TUC ey
€ BR\BR,E € Br+e\Br

Using the co-area formula we deduce that

1 R 1 r+e
7/ vol(0B,)g(s) ™ ds < g/ vol(0By)g(s) "™ ds

€ Jr—¢
and, letting € — 0,
vol(0Bg) _ vol(9B,)
g(R)™=1 = g(r)m—t
fora.e. 0 <r < R < Rp. Statement (1.58) follows from the first and the coarea for-
mula, since, as observed in Section 4 of [CGT82], for general real valued functions

f(r)=0,g(r)>0,

(1.62) <

if r— m is decreasing, then fo is decreasing.
g(r) fo
Integrating the asymptotic Ar ~ (m — 1)/r + o(1) on 9B, we deduce
(1.63) vol(OB,.) ~ Wy _1r™ !
which, together with (1.57), proves (1.59). O

As the above proof and Theorem 1.17 show, the control from below on vol(0B,)
and the related reversed monotonicity formula require an upper bound on the radial
sectional curvatures and are valid only for regular geodesic balls, that is, geodesic
balls contained in the domain of normal coordinates. For particular G(r), explicit
solutions g of (1.43) can be provided, and will be repeatedly used in the next
sections. The reader can find such ¢’s in the proof of Theorems 3.16 and 3.18. For
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this reason, here we limit ourselves to state the estimates with no proof. For the
case @ = —2 of the upper bounds, we suggest the reader to consult also [CGT82],
Theorem 4.9.

ProposITION 1.25 ([PRSO08], Proposition 2.1). Let (M,(,)) be a complete
Riemannian manifold of dimension m > 2, with radial Ricci curvature satisfying

a/2
(1.64) Rice(Vr, Vr)(z) > —(m — 1)? B2 (1 + r(x)z) on D,,
for some B >0, a > —2. Then, for r > 1 there exists a constant C > 0 such that
exp { 22 (14 1)1 if a>0;

vol(0B,) < C' { =2 oy {%TH%} if a€(—2,0);

r(m=—1B’ if a=-=2,
Where B' = (1 ++/1 + 4B2)/2.
PROPOSITION 1.26. Let (M,{,)) be a complete Riemannian manifold of di-
mension m > 2, with a pole o and radial sectional curvature satisfying
(1.65) Koaa(z) < —32(1+r(x)2)a/2 on M\{o},
for some B >0, a > —2. Then, for r > 1 there exists a constant C > 0 such that

_a(m—1)

rT a4 exp{72B2(T;1)r1+%} if a>0;

vl(@B;) 2 C§ exp {214 )+s ) if ae(-2,0)

plm—1) ' if a=-2,

where B’ = (1++/1+44B2)/2.

By using the solutions g described in Remark 1.22, we can easily state volume
comparison theorems under curvature bounds of the type
B? B?
), resp. Krad(z) £ ———,
(1+7(2)) (1+7(2))

for some B € (0,1/2]. The reason of the appearance of the constant 1/2 will be
clarified in later sections.

Rice(Vr,Vr)(z) > (m —1

1.3. Some spectral theory on manifolds

Since in the sequel we will be concerned with spectral arguments for some
elliptic operators, we recall a few constructions and results. We assume that the
reader is familiar with the basics of spectral theory on Hilbert spaces, for which
we refer to the book of T. Kato [Kat95] and to the encyclopedic treatise of M.
Reed and B. Simon, especially [RS80], Chapter VIII and [RS75], Chapter X.
The main source for this section is the concise but detailed account in [PRSO08],
Section 3, and we suggest the reader to consult the references therein for further
insight. Let (M, (,)) be a Riemannian manifold; let A : T(TM) — I'(TM) be a
symmetric endomorphism such that A is positive definite at every point of M, and
let q(z) € LS (M). The regularity A € C%, for some a € (0,1), suffices for our

loc loc »
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purposes. However, in our applications A will always be smooth. In what follows,
we shall be concerned with complex vector fields, and we agree on using the same
symbol A to denote also the quadratic form defined by A(X,Y) = (AX,Y) for each
X,Y € I(TM®). Consider the differential operator L : C°(M) — C°(M) given
by

(1.66) Lu = —div(AVu) — ¢(x)u Vue CX(M).

For convenience, we shall think of L as acting on complex-valued functions. Since
A is symmetric, L is a symmetric linear operator on L?(M) endowed with the inner
product

(u,v)Lzz/ uv, Y u,v € L*(M),
M

where integration is with respect to the volume measure. Thus, by standard spectral
theory, L is closable. Denote with L* its adjoint, which by construction is closed
on its domain

D(L*) = {u € L*(M) : Lu€ L*(M) as a distribution} .

By elliptic regularity of ultra-weak solutions (see [Agm10]), if v € D(L*) then
u € HE (M), so that

loc
(1.67) D(L*) = {ue H} (M)NL*(M) : Lue L*(M)}.

Since A is real on real vector fields, it is easy to deduce that u € ker(L* + 1) if and
only if @ € ker(L* — ). This shows that the deficiency indices d+ = dimker(L* +
i) are equal, thus by spectral theory L always admits at least one self-adjoint
extension. We recall that the self-adjoint extension is unique if and only if L is
essentially self-adjoint, equivalently if L* = L**, and in this case L* is the self-
adjoint extension of L.

Let Q be any open, relatively compact domain of M with Lipschitz bound-
ary, and define Lo as the operator L on C2°(f2). Indeed, Lipschitz regularity
of the boundary is basically required in order to have the validity of the Rellich-
Kondrachov compactness theorem, see [EG92]. As in (1.67),

(1.68) D(Ljg) = {ue HZ (NL*Q) : Lue L*(Q) as a distribution} .

From (Liqu,u) > —|lqllz=@)llullz2, Lo is bounded from below. The quadratic

form associated to Lq is

Qo : CXQ)xCxE) — C

U, v —  (Lu,v)pe :/ {A(VU,V@) Jrqu@]
Q

Since ¢ € LS. and A is locally equivalent to (, ), there exist positive constants
Cl, 6’1, CQ, 52 such that

(1.69) Cillullf < CilVullf: < Qalu, w) + Csllullzz < CollulFn,

where the first inequality is the Poincare inequality on 2 ([LS84], Corollary 1.1).
The norm induced by Qo + 52(, )z2 is therefore the H' norm, whence the clo-
sure Qq of Q| is defined on H}(Q) x H}(Q). By standard theory, the Friedrichs

extension Lgq of Ljq is the self-adjoint extension of L|q whose domain is
(1.70)

D(Lg) = {u € Hé(Q) : Jw € LQ(Q) satisfying Qq(u, ¢) = (w,p)2 Vo € H&(Q)},
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the image of u € D(Lq) being given by Lou = w. We can also consider the next
bounded, C-linear operator:

(1.71) To (H&(Q), | llg) — H_I(Q), by setting Tou = Qq(u,-),

H~1(Q) being the dual of HE () endowed with its operator norm. This is called the
weak extension of L|g, often called the extension in the sense of quadratic forms.
By (1.70), T, applied to u € D(Lg) gives rise to the functional (Lqu,-) € H1(Q),
whence u € H{ () belongs to D(Lgq) if and only if Tou € L*(Q) < H-1(Q). If A €
R is sufficiently large, Qo + A(, )2 is continuous and coercive on HE(Q2) x HE(Q).
Lax-Milgram theorem gives that

(172) Qﬂ(uv')+)‘(uv')L2 =< fv' >,

as an equality in H~!(Q), has a unique solution u € H}(Q) for each fixed f €
H~1(9Q). Combining (1.71) and (1.72), by the open mapping theorem the operator

To+X : (HYQ) |- a) — H Q)
is a C-linear homeomorphism. Therefore,

(To+X) ™"
=5

(1.73) L*(Q) — HY(Q) H}(Q) — L*(Q)

is a compact map, being the composition of continuous maps with the inclusion
(Ho (), || - 1 z1) = L*(9),

which is compact by Rellich-Kondrachov theorem (here the requirement 92 being
of Lipschitz class is essential, see [EG92], Section 4.6). We still denote (1.73) with
(To + M\)~L. By the symmetry of A, (To + \)~! is self-adjoint, and the spectral
theorem gives the existence of a sequence of (positive) eigenvalues {0, '}, each
counted with its finite multiplicity, such that o, ' — 0%, If {us} C L?(Q) is the
corresponding complete orthonormal set of eigenfunctions in L?(€2),

(1.74) (To +A)tup = o) ug,  thatis, (T + Nuy = opus.
Setting AL(Q) = o), — A, we have thus
(1.75) Tour = Mg (Quy € LA(Q) < HH(Q)

in the sense of quadratic forms. By definition, {u;y} C D(Lgq), and (1.74) also
implies the equality Liqur = A (Q)uy in the distributional sense, as we have

(1.76) < Liquk, ¢ >= (ug, Liod)r2 = Qaluk, ¢) = Mg (Q)(uk, @) 12

for each ¢ € C2°(2), where the first equality is by definition, and the second one
follows integrating by parts. Combining with (1.68) we deduce that {uy} C D(LTQ),
whence D(LI*Q) contains an L? orthonormal basis made up of eigenfunctions. By
Theorem 3.2 of [PRSO08], LTQ is essentially self-adjoint on its domain. Being LTQ
closed by construction, Li"Q = L‘*Q* is self-adjoint, or equivalently (Lo, C°(92)) is
essentially self-adjoint. Since L{® is the closure of (Lg, C°(2)) in the graph norm,
we can say that

(1.77)

VueD(L,) F{u} cCP(Q) suchthat [Ju;—ulp2 =0, | Luj—Lulz—0

as j — +o0.
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REMARK 1.27. By Theorem 1.1 of [Tol84], uy, € C2?(£2). The classical interior

loc

regularity u € CQ’Q(Q), for some « € (0,1), is attained provided that g € CO’Q(Q).

loc loc

Summarizing, for relatively compact, open sets €2 with Lipschitz boundary
Lq = L‘*Q is the unique self-adjoint extension of L|o and, again by Theorem 3.2 of
[PRSO08], its spectrum consists of the divergent sequence {\Z(02)}. An applications
of the Poincaré-Polya min-max theorem (see [PRS08], Theorem 3.7 and [Dav95],
Theorems 4.5.1, 4.5.2, 4.5.3) gives the characterization
(1.78)

L
Aé (Q) = inf sup w — inf sup M ,
Vie <D(La) \0#£ucVy HUHL2 Vi <D(La) \04uevs ”uHL2

dim(Vy) = k dim(Vy) = k

where the last equality follows from the construction of Lq, and where D(Lg) can
be substituted by any core for the quadratic form Qq, that is, every dense subspace
of (H(Q),| - lg1). In particular, we can use C2°(Q), Lipy(Q2), Hg(€2). Splitting
into real and imaginary parts, it is easy to see that, in (1.78), we can restrict
ourselves to consider real-valued functions u. It is worth to point out that there
is also a complementary max-min principle for )\ﬁ (Q), originating from the works
of H. Weyl and of R. Courant, D. Hilbert. The relationship between the min-max
and the max-min characterizations, together with historical references, is worked
out in detail, for instance, in the paper of W. Stenger [Ste70].

We conclude this short account for Lq by remarking that each stationary point
u € HY(Q) of the functional ¢ — Qq (¢, ¢) satisfies the Euler-Lagrange equations

(QQ — )\f(Q)(, )) (u, ) =0 for every ¢ € H} (),

that is, from (1.71), u must be a weak solution of Lou = AL(Q)u (this is classically
called Courant minimum principle).

REMARK 1.28. Let u be a real valued eigenfunction of L relative to the first
eigenvalue A\L'(Q). As we have observed, u € C’llo’f () N HY(Q). It is well known
that u has constant sign on €, and thus A\(Q) is a simple eigenvalue. We briefly
recall how to prove that. Assume by contradiction that u changes sign on 2. Then,
uy and u_ are nonzero Lipy(§2) functions, each vanishing on some open subset of
Q. Applying the weak definition of Lu = A (Q)u to the test functions u,, and
using the min-max definition of A\{(Q) we get

0= (Qa = AH@()) (u) = (Qa =A@ (usus) > 0,

thus u4 is a minimum of the Rayleigh quotient. Analogously, we can prove that
also u_ is a minimum. Hence, by Courant minimum principle u; and u_ are
both eigenfunctions, each vanishing on some nonempty open subset of €). This
contradicts the unique continuation property ([Aro57] and [PRSO08], Appendix
A). Up to changing the sign, this shows that « > 0 on Q. The stronger u > 0
follows from the strong maximum principle, see [GT98], p.35. As a consequence,
A(Q) is a simple eigenvalue, for if not there should be a plane 7 C L?() consisting
of eigenfunctions for A¥(€), and we could find an eigenfunction uy | u, which is
impossible since both u, us have constant sign. The interested reader should consult
Chapter 1 of [Cha84] for related discussions.
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By the domain monotonicity of eigenvalues (see [Sma65], [Sma67]) or, as
well, by the unique continuation property ([Aro57] and [PRS08], Appendix A),
AE(2) > AE(€Y) whenever Q C €, and strict inequality holds if '\ has nonempty
interior.

We define the index of Lq, ind.(Q), as

V <D(Lg), dimV < oo,
(1.79) indy,(2) =sup dimV : ,

(Lou,u)2 <0 VO£ueV

and we observe that we can substitute V' < D(Lg) with subspaces V of any core
for Qq contained in D(Lq). By the previous discussion, indy,(€2) coincides with the
number of negative eigenvalues, thus indy,(§2) < oo and increases when  grows.

We now turn to the description of L on C°(M). First, the essential self-
adjointness of (L,C°(M)) is not automatic. Suppose that L is bounded from
below on CS° (M), that is, there exists ¢ € R such that

(1.80) (Lu,u)p2 > clullz. Yu € CX(M).

Then, we have the next sufficient condition for complete Riemannian manifolds,
compare also with [Che73], [Kat74] and [Str83].

PROPOSITION 1.29. Let M be a complete Riemannian manifold, and let r(x)
be the distance function from a fized origin o. Assume that L is bounded from below
on CX (M) and that

Al
(1.81) lim i 1A =80

r—-+00 T

+oo,  where ||A|L>(B,) = sup |Al(z)
xeB,

and |Al(x) is the Hilbert-Schmidt norm of A at x. Then, (L,C°(M)) is essentially
self-adjoint.

REMARK 1.30. The above Proposition can be obtained, with minor modifica-
tions, from Theorem 3.12 of [PRS08]. Indeed, the requirement (1.81) allows to
follow the proof step by step up to the desired conclusion. Se also the recent [Mar]
for a mild generalization.

REMARK 1.31. Note that (1.81) is met, for instance, when A = Id, that is, for
the Schrodinger operator L = —A — g(x). For the sake of completeness, even if we
do not address the problem here, we mention that the essential self-adjointness of
—A — g(z) on C° (M), when ¢ has well-behaved singularities, has been proved for
instance in [DG97] and [Agm85].

In general, for arbitrary non-compact Riemannian manifolds L may fail to be
essentially self-adjoint on C°(M), even when L is bounded from below. In this
case, L has infinitely many self-adjoint extensions. In what follows, when L is
bounded from below, we agree on considering always the Friedrichs extension Ly,
that is, the self-adjoint extension of L associated to the closure of the quadratic
form

Q : CPM)xC*(M) — C

(1.82)
U, v —  (Lu,v)p: :/ [A(VmV@)—&-quT) ,
M
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with respect to the norm || - ||¢ induced by the inner product @ + (1 —¢)(, )2 on
C° (M), where ¢ is as in (1.80). It turns out that
(1.83)

D(Lar) = {ue CEON" + Fw e (M) 5. Q(u,6) = (w, d)12 Yo € C2(M)},
For such u, Lyu = w.

REMARK 1.32. From (1.83) it is easy to see that D(Ly) C HZ .(M). Indeed,
fixany Q € U € M and ¢ € C°(U) such that ¢ = 1 on . For u € D(Lyy), clearly
Yu € D(Ly). Since L is essentially self-adjoint on CZ°(U), D(Ly) = D(L{;;), hence
by the definition (1.68) and regularity of distributional solutions, u € HZ (U),
thus u € H?(§2). By the arbitrariness of 2, u € HZ (M), as claimed.

When L is bounded from below on C$°(M), the min-max praciple ([PRSO08],
Theorem 3.7) can be applied to give the variational characterization of the discrete
part below the bottom of the essential spectrum oess(Lys). Having defined

(1.84) MM = inf sup 7Q(u,2u) ,
Vi <D(La) \ozuevi [|Ull72
dim(Vi) = k

one of the following three cases occur:

- Oess(Lar) = 0. In this case, {\F(M)} consists of all the eigenvalues of
Ly, written in increasing order and repeated according to multiplicity,
and AF (M) — +oo as k — +00;

- Oess(Lar) # 0, and there exists C' € R such that A2 (M) < C for every k
and AL(M) — C. Then, inf 0ess(Lar) = C, o(Lpr) N (—00,C) = {AE(M)}
and each AL (M) is an eigenvalue;

- Oess(Lar) # 0, and there exists C' € R such that A\2(M) < C for every
ke{l,...,N}and \:(M) = C for every k > N. Then, inf 0ess(Lar) = C,
o(Lyr) N (—00,C) = {AE(M)}_, and each AE(M), 1 < k < N, is an
eigenvalue.

Again, in (1.84), D(Ljs) can be substituted with C'¢° (M), Lip,(M) or any other core
for Q. As for (1.78), it is enough to evaluate the Rayleigh quotients on real-valued
u, and for this reason hereafter we consider every function space as consisting only
of real-valued functions. Combining (1.78) and the monotonicity of eigenvalues, we
have

AT (M)

inf {)\f (Q) : QC M is a relatively compact domain}
= lim A(Qy
j*llj‘,{loo 1 ( J)a
where {§2;} is any exhaustion of M by means of increasing, relatively compact
domains with Lipschitz boundary. Moreover, if (L, C2°(M)) is bounded from below,

(1.85) M(M) = lim A(Q)  Vk>1
Jj—+oo

Indeed, if we denote with 5 the RHS of (1.85), by the min-max AL (M) < ;. To
prove the converse, fix € > 0. Since C°(M) is a core for the Friedrichs extension,
there exists a subspace Vj, < C°(M) such that

(1.86) sup Qlu,v)

<N(M) + e
ozuev [[ull7
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Since Vi, € C°(M) is finite dimensional, there exists a large compact set @ such
that Vi, < Cg°(Q). If j is sufficiently large that Q C ©Q;, by the min-max and (1.86)
we get AL(Q;) < AE(Q) < AE(M) + ¢, and the sought follows letting j — +oo by
the arbitrariness of e.

For future use, for every subset Z C M we define the “first eigenvalue” of L on Z,
MA(Z) as follows:

M(Z)=sap{M(Q) : ZCQ and Q isan open set} .

The following theorems are taken from works of D. Fischer-Colbrie [FC85], D.
Fischer-Colbrie and R. Schoen, [FCS80], W.F. Moss and J. Piepenbrink [MP78]
and P. Bérard, M.P. Do Carmo and W. Santos [BCS97], and have been collected,
in a slightly generalized form, in [PRS08]. Most of the results also appeared
in the paper of S. Agmon [Agm85], where further attention has been paid to
the regularity of g. With the exception of [MP78], all the papers consider the
prototype Schrodinger operator L = —A — g(x). However, the proofs use only local
arguments and can be rephrased, verbatim, for more general elliptic operators such
as, for instance, those coming from the Newton tensors of an isometrically immersed
oriented hypersurface. For details, see Section 5.5, where we shall use the result
below in this generality.

THEOREM 1.33 ([FCS80], [MP78] and [PRS08], Lemma 3.10). Let  be an
open set of a Riemannian manifold (M, (,)), with possibly non-compact closure,
and let ¢ € L (Q). The following facts are equivalent:

loc
(i) There exists w € C1(Q), w > 0 which solves Lw = 0 weakly on Q;
(ii) There exists w € H{ (), w > 0, w # 0 which solves Lw > 0 weakly on
Q;
(iii) AE(Q) > 0.

DEFINITION 1.34. When A(Q) > 0, we say that L is stable on Q.

REMARK 1.35. We stress that no connectedness of € is required. Indeed, the
domain monotonicity of eigenvalues allows us to work on each connected component
separately.

REMARK 1.36. Indeed, w € CL7(Q), for some g € [0,1). If ¢ € C2%(Q),
o € (0,1), then w € C2¥(9) is a classical solution of Lw = 0.

loc

COROLLARY 1.37 ([BCS97], Prop. 1 and [PRSO08], Theorem 3.12). Let
(M, {,)) be a Riemannian manifold. The following statements are equivalent:

(7) L is bounded from below on CZ°(M);
(i) For every relatively compact open set €2, L is bounded from below on
C*(M\Q);
(#i7) There exists a relatively compact set € such that L is bounded from below
on C2°(M\Q).

The following theorem is often called the decomposition principle, and origi-
nates from a work of H. Donnelly and P. Li [LD79]. The characterization of the
bottom of the essential spectrum is due to A. Persson in the previous paper [Per60].
We shall remark that the proofs in [BCS97] and [PRSO08] require not only that L
is bounded from below, but also that (L,C°(M)) is essentially self-adjoint. This
condition, automatic if M is complete and L = —A — g(z), turns out to be quite
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restrictive for geometrically relevant operators L whose principal part is, for exam-
ple, a Newton operator (see Section 5.5). Indeed, for those L condition (1.81) in
not automatically satisfied. However, refining the proof in [PRSO08], in the recent
[Mar]| the author has observed that both the completeness assumption on M and
the essential self-adjointness of (L, C2°(M)) are, in fact, unnecessary.

THEOREM 1.38 ([BCS97], Prop. 2, [PRS08|, Theorem 3.15 and [Mar]).
Assume that L is bounded from below on C°(M). Then, for every Q € M,

(1.87) Oess(Lar) = UGSS(LM\E)-
Moreover, for every ezhaustion {Q;} 1+ M,
infoess(Las) = sup (inf O'(LM\E)) = sup (Af(M\ﬁ))
QeM QeM
_ : L a.
(1.88) = lm (Al (M\Qﬂ)>

= lim inf Q(uéu) )
i=too \ozucce(m\@)) [ullze
The definition of the (spectral) index follows (1.79), that is, indy (M) is the
dimension, possibly infinite, of the spectral projection ]P’(,OQO)LQ(M ):
V< D(LM), dimV < oo,
(Layu,u)2 <0 YO#ueV |-

Where any core for @ can replace D(Ljys). Our last task is to explore the relationship
between indy, (M) and the index of L on relatively compact domains. We define the

Morse index, indy, (M), as

(1.89) indg (M) = sup {dimV:

i/nvdL(M) = sup indz(Q).
QeM
Clearly, by the monotonicity of eigenvalues, iHaL(M ) = limj_ ;o indp(Q;) for
every exhaustion {€2;}.

LEMMA 1.39. ind (M) = irnvdL(M), possibly with infinite values.

PROOF. Let n be such that i,nvdL(M) > n. Then, there exists Q € M such
that indy, (2) > n. Since Lq is essentially self-adjoint on C°(Q), we can find V' <
C(Q), dim V' = n, such that @ is negative definite on V. From C°(Q) < D(Lyy),
ind, (M) > n and this shows that ind; (M) > i?laL(M). To prove the reversed
inequality, we shall need the property that C2°(M) is a core for the Friedrichs
extension Lys. Indeed, in this case D(L) can be replaced with C° (M) and the proof
follows the same lines as before. For each finite dimensional V' < C2°(M) where Q
is negative definite, up to taking () sufficiently large to contain the support of a basis
of V we obtain V < C2°(€2). Using the definitions, indy (M) < supge,, indg () =
ind; (M). 0

The next theorem is a celebrated result of W. Allegretto, D. Fischer-Colbrie,
R. Gulliver and I.M. Glazman, see also [PRS08], Lemma 3.16. We stress that,
as for the above results, the proof for L = —A — g(z) can be repeated, almost
word-by-word, for general L.
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THEOREM 1.40 ([All74], [FC85], [Gul88], [Gla65] pp.158-159). Let (M, (, ))

be a Riemannian manifold, and assume that 1ﬁaL(]\7/[) < 4o0. Then, there exists
an open, relatively compact set Q such that \XF(M\Q) > 0, that is, the Friedrichs

extension LM\E 18 non-negative.

PROOF. The proof is substantially that of [FC85], up to removing the com-
pleteness assumption. Let {Q2;} T M be a smooth exhaustion of M by means of
open, relatively compact smooth domains. If A\F (€2;) > 0 for every j, we are done
by setting © = (), otherwise there exists some j such that A\F(Q;) < 0. Without loss
of generality, we can assume j = 1. Since (L, C°(£21)) is essentially self-adjoint, we
can choose ¢; € C°(y) such that (Lo, ¢1)r2 < 0. Now we consider the annuli
A = Q\Q1. If, for every j, AF(A4;) > 0 we are done by setting 2 = Oy, otherwise
there exists j (say j = 2) such that AF(A4;) < 0. We choose ¢ € C2°(Ay) such that
(Lo, ¢2)r2 < 0, and we note that the supports of ¢; and ¢ are disjoint subsets of
2y since §; and A, are. Repeating the argument on the annuli ; \Q5 and so on,
we can find linearly independent functions {¢;} that make the Rayleigh quotient
negative. Since iEiL(M) < 400, there are only finitely many ¢;, say n, hence
A(2;\Q,) > 0 for every j > n. Letting j — +oo we deduce the claim. O

The problem whether stability outside some compact set €2, that is,
M (M\Q) =0

is equivalent to indy, (M) < +oco has been affirmatively solved, in Euclidean setting,
by J. Piepenbrink in [Pie74b], [Pie74a], [Pie77] under the growth requirement
(1.81). Recently, the result has been given a new, different proof by B. Devyver,
[Dev] for complete manifolds and for operators with A = Id. The interested reader
should also consult [RS78], Chapter 15 and Theorem RSK in [AK]. Here, accord-
ing to [Mar], we present a generalization of Piepenbrink and Devyver’s results.
Next theorem shall also be compared with Proposition 2 of [FC85].

THEOREM 1.41. Let (M, (,)) be a Riemannian manifold, and let (L, C°(M))
be as in (1.66). Then, the following statements are equivalent:

(7) L is bounded from below on C°(M) and there exists a relatively compact
set Q such that L is stable on M\S);
(i1) There exists a C* function w > 0, defined outside some relatively compact
set Q, such that Lw = 0 weakly on M\S;
(iit) There exists a HL . function w > 0, w # 0, defined a.e. outside some
relatively compact set Q, such that Lw > 0 weakly on M\Q;
(iv) ind (M) < +oo;
(v) L is bounded from below on C°(M) and its Friedrichs extension Ljps
satisfies indg (M) < +oo, dimker(Lys) < 400,

Moreover, if any of the conditions holds, indy, (M) = i;lv(lL(M).

PROOF. (v) = (iv). If (v) holds, by Proposition 1.39 iﬁaL(M) =ind (M) <
+00, and this proves both (iv) and the last statement.
(1) & (1) & (#41) is Theorem 1.33, together with Remark 1.35 and Corollary 1.37.
(tv) = (i). By Theorem 1.40, L is stable outside some 2 € M, and thus by
Proposition 1.37 L is bounded from below on C° (M), as required.
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(1) = (v). We basically follow the ideas in [Pie74a], Theorem 4.1. If () holds, let
w € CH(M\Q) be the weak solution of Lw = 0 given by (i) < (ii), that is,

(1.90) / A(Vw, Vo) = / que for every ¢ € Lip,(M\Q),
M M

where Lip,(M\Q) can be substituted by its closure in the norm induced by the
quadratic form @ in (1.82) restricted to C°(M\Q) x C°(M\Q). In particular,
(1.90) holds for any ¢ € D(L ) q)- Fix a relatively compact domain with smooth
boundary €’ such that Q € @', and let € < dist(£2, M\Q')/2 be sufficiently small
that the function dist(-, M'\') is smooth on B.(M\'). Denote with v the outward
pointing unit normal to 9Q’. Consider the Lipschitz functions

0 if dist(z, M\Y) > ¢;
1

Pe(z) = ~ e —dist(a, M\Q)]if dist(z, M\SY) € (0,¢)
1 ifx e

and an arbitrary n € D(Lys). We recall that, by Remark 1.32, n € HZ .(M). Then,
applying (1.90) to the test function ¢ = np. € D(LM\Q)7 letting € — 0 and using

the coarea formula ([EG92], Theorem 2 p.117) we deduce

A(Vw,v)ndo = / qun, V' neD(Lny),

(1.91) / A(Vw, Vi) +
M\Q M\Q

o’

where, in the integral on 9, do is the (m — 1)-dimensional Hausdorff measure,
and the integrand is meant to be in the trace sense. Up to renaming, we write {2
instead of . Fix u € D(Lys), and apply (1.91) to n = u?/w to obtain

(1.92)

2 2
2/ EA(Vw,Vu)f/ U—ZA(V'LU,VU))+/ A(Vuw, V)u—daz/ qu?.
M\Q W M\Q W o0 w M\Q
From
(1.93)

0<A (v (%) v (3)) - %A(w, V) + Z—iA(Vw, V) — 2%A(Vw, Va),

w

Multiplying the last equality by w?, integrating and inserting into (1.92) we get

(1.94) /M\Q {A(Vu,Vu) - quﬂ > _/a u—zA(Vw,V)do.

o W

Next, we consider u on 2. Let @ be the following quadratic form:
1 _
Q6.9) = [ [A(V6.V0) ~a0?] - [ TATw)Pds  Voe =@,
Q o w

Since ¢, A € L>(Q) and w € C(99), Q is bounded from below on C*(Q) and
its closure is on H'(Q) x H'(Q). By elliptic regularity up to the boundary, the
solution u of the Euler-Lagrange equations

0= Qo) - |

[A(vu, Vo) — qqu} —/ L AVw ugds ¥ e HY(Q).
Q aq W
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is in H2(Q2). Integrating by parts, u solves
Lu=20 on
A(Vu,v) — [A(VIogw,v)|u = 0.

Let {01} be the set of min-max levels of the self-adjoint extension of (L, C°°(Q))
associated to the closure of Q. We claim that o), — +00, so that there is no essential
spectrum. This follows from a standard compactness argument that we now recall.
Since A is uniformly elliptic on €2, there exists a constant ¢ > 0 such that

1Q(¢,0)| = | VolZ2() = lall= (@) 19172 () — [A(VIogw, V)|l L (9 191122 (00)-

The trace theorem ([EG92], p.134) and Young inequality imply that, for some

positive constants C, C with C' = C(e),

6117200 < /Q IVollo| + 5H¢||2L2(Q) <elVolliz ) + Cllol iz

Inserting into the above inequality and choosing e sufficiently small, we deduce
that, for some constant C' > 0,

(1L95)  1Q(0.9)| = SIV6l3ae) ~ Clloliae, Vo€ HQ).

Assume by contradiction that o, — o, for some o € R, and let {v,} C H?()
be the associated set of orthogonal eigenfunctions, normalized in L?-norm. Then
by (1.95) {vi} should be bounded in H! norm, and by Rellich-Kondrachov theo-
rem some subsequence of {vy} should converges in L?(Q2), which contradicts the
orthonormality. Therefore, we can consider the greatest index k7 such that ox, <0,
and the greatest index ko > k; such that o, = 0. Define

Vo =<wy,...,u >C L*Q), Vo =< Upy 41y -,k >C L*(Q)

and V = V_ + V5. Note that these subspaces are contained in H%(). By the
min-max characterization, for every nonzero u € H%(Q), u L V we deduce
(1.96)

o<wHﬂwams@mw:/

A [A(Vu, Vu) — un] —/ lA(Vw,u)uzdor.

o W

Extending each vy to be zero outside 2, and summing up (1.94) and (1.96) we
obtain

(1.97)

(Lypu,u)pz = /

M

>0 VueD(Ly)NV>E,
> 0k2+1||u‘|%2(9) VUED(LM)QVJ‘

[A(Vu, Vu)—quz] {

It is now easy to deduce that

For the ease of completeness we give a detailed proof of it. For each given r-
dimensional subspace F' < D(Lyy), denote with {f;} a chosen basis for F', and with
Fiq the subspace of L?(9)) obtained by restricting each function f € F to Q. We
first address inequality (1). Suppose thus that @ is negative definite on F'. We claim
that {f;} is still a basis when restricted to 2. Indeed, assume by contradiction that
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f = Mif; is a non-zero linear combination which is identically zero on €. Then,
since the trace of f on 9f is zero, by (1.94)

Lk Pz = QN = [ (41D —ar'] 20

which contradicts the fact that @ is negative definite on F. To prove (1), we show
that 7 < k1. Suppose by contradiction that r > k;. Then, since F|q is still r-
dimensional, there exists a nonzero f € Fio N V2. Writing f = \'f;, f € D(Lu)
and, by (1.97), (Laf, f)rz > 0, contradicting the fact that @ is negative definite
on F.

In a similar way, we prove (2). Let thus F' be an r-dimensional subspace of ker(Lyy).
We first show that Fq is still r-dimensional by verifying that {f;} restricted to € is
still a basis. Indeed, if this is not so, let f = A’f; is a non-zero linear combination
which is identically zero on . Again by (1.94) and since f € ker(Lys) we deduce

0= Wt e =@ N = [ [4L9N 0] 20

Therefore, inequality in (1.94) must be an equality. In particular, (1.93) must be
an equality, and being A positive definite necessarily f = Cw for some positive
constant C. This is a contradiction since the trace of f on 02 is zero while w
is positive and continuous on 0f). Next, suppose by contradiction that r > ks.
Then, since Fq is still r-dimensional, there exists a nonzero f € Fiq NVL. Writing
f=Aif;, f € ker(Lys) and, by (1.97),

0= (LMfa f)L2 > Uk2+1||f||i2(ﬂ)7

which implies that f is identically zero on 2. Now, we proceed as above to show that
f = Cw for some positive constant C'; which gives the desired contradiction. O

REMARK 1.42. The above theorem has the immediate consequence that the
finiteness of indy, (M) is a stable property under compactly supported variations of
the potential g(z).



CHAPTER 2

Some geometric examples related to oscillation
theory

The purpose of this section is to describe some geometric problems where the
study of the oscillations of a suitable ODE has an important role. In Section 2.1,
we discuss an ODE approach to compactness results for Riemannian manifolds in
the spirit of the classical Bonnet-Myers theorem [Mye41]. Then, in Section 2.2 we
show how very similar techniques can be used to get information on the spectrum of
the Laplacian on a complete, non-compact manifold M. In fact, we can even obtain
spectral estimates by analyzing smooth maps, in particular isometric immersions,
from M to some manifold N, and in Section 2.3 we discuss a prototype example.
As observed in the Introduction, the ODE approach has important applications
in the spectral theory of Schrodinger operators. In turn, spectral assumptions are
often used to obtain existence or non-existence of solutions of semilinear PDE. In
this respect, the Yamabe problem is very well suited to describe this interplay, that
we analyze in Section 2.4 below.

2.1. Conjugate points and Myers type compactness results

With the appearance of the classical Bonnet-Myers theorem, [Mye41], on the
compactness of a complete manifold under an appropriate Ricci curvature condition,
an entire field of research rose to clarify the interplay between curvature, Jacobi
fields and conjugate points. This relationship has been investigated by many au-
thors, notably E. Calabi [Cal67], J. Cheeger, M. Gromov and M. Taylor [CGT82]
and, more recently, for instance by J.H. Eschenburg and J.J. O’Sullivan [EO80], G.
Galloway [Gal82] and D. Kupeli [Kup86]. In particular, these latter have shown
that the original Bonnet-Myers problem can be shifted to the analysis of the so-
lutions g of the ODE ¢"” — Gg = 0, for a suitable function G related to geometry.
On the other hand, the above ODE has been the subject of an intensive indepen-
dent research in the last century (for an account, see [Swa68|, [Har64b]), and
the possibility of exploiting these available analytical results has highly improved
the original conclusions of Bonnet and Myers. To briefly explain this approach, we
begin with deriving Myers theorem from the Laplacian comparison Theorem 1.19.
Let M be complete and assume that

Rice(Vr,Vr) > —(m — 1)G(r).

Then, by (1.44) the domain D, of the normal coordinates is a subset of Bg,, where
Ry < 40 is the first zero of any solution g of

{ gl/ - Gg Z 07
9(0)=0, ¢'(0)=1

35

(2.1)
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If Ry < +00, since D, = M we deduce that M is bounded. Since M is complete,
it is compact and the diameter of M does not exceed 2Ry. This is the case, for
instance, when G(r) = —B? for some B > 0, that is,

(2.2) Rice(Vr, Vr)(z) > (m — 1) B?,

for which we can choose g(r) = B~1sin(Br) and M is compact with diameter at
most 27 /B. Therefore, if

(2.3) Ricc > (m — 1)B%(, )

we recover the classical Bonnet-Myers theorem [Mye41]. The improvement from
diam(M) < 27/B to the sharp diam(M) < /B comes from the fact that (2.3) is
independent of the point 0. The above discussion shows, following the way outlined
by Galloway in [Gal82], that we can prove compactness of M via Theorem 1.19
without making use of Morse index techniques. There is, however, a technical
unpleasant restriction in the approach we have just described, that is, the bound
G(r) is independent of the geodesics emanating from o. For this reason, we pause
to reproduce the reasoning in [Gal82].

THEOREM 2.1 ([Gal82], Lemma 1). Let (M,(,)) be a complete Riemannian
manifold of dimension m > 2. Assume that, for some origin o and for every unit
speed geodesic vy : RS — M emanating from o, the solution g of

g+ B, 7)(s)
(2.4) m—1
9(0) =0, ¢'(0)=1

has a first zero. Then, M is compact with finite fundamental group.

g=0,

The main step of the proof is the following well known lemma. We report the
nice argument in [PRRS11] that avoids the use of variational arguments.

LEMMA 2.2 ([PRRS11], Lemma 8.2). Let (M, {, )) be a complete Riemannian
manifold of dimension m > 2, and let v : [0,79] — M be a unit speed geodesic
starting from o and ending at ¢ = v(ro). If v is length minimizing on [0,7¢], then
for every h € Lip([0,r0]) such that h(0) = h(rg) = 0 we have

T0 To : / /
(2.5) / (I (s))2ds —/ (RICC(””)(S)) h2(s)ds > 0
0 0 m—1

PROOF. First, assume that ¢ is not the cut-point for o along -, so that the
distance function r is smooth. Using Newton inequality |Hess (r)|? > (Ar)?/(m—1)
in (1.46) we deduce that, along ~,

)2
(2.6) (Ar)" + an—)l + Rice(y/,7) < 0.

Fix 0 < & < 9. Multiplying by h? and integrating on (&, 0] we get
70 T0 h2 A 2
/ R*(Ar)'ds + / (M + Ricc(v’,fy’)hz) ds <0.
- . m—1
By the asymptotic behaviour of Ar in (1.47), h%(e)(Ar)(e) — 0 as ¢ — 0. Hence,
integrating by parts the first term and letting e — 07 we deduce

To 2 2 0
(2.7) / (h(ml) + Ricc(’y’,*y')h2> ds < / 2hh! (Ar)ds.
0 0

m —
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By Young inequality, the integrand on the RHS can be rearranged as follows:

2hh' (Ar) < w + (m — 1)(h')?,

1
and inserting into (2.7) we obtain (2.5). Now, assume that ¢ is a cut-point for o
along ~, and use Calabi trick. Let € > 0 be small and define

Oc :'7(5)7 TE(.”L') :d(x706)7 Ve : [077‘0—8] — M, ’76(8) :7(5—’—8)'

Then, ¢ is not a cut-point of o, along 7., so that (2.6) holds for r., .. Consider a
Lipschitz function h with compact support in (0,7¢), and set ho(r) = h(r +¢). We
choose ¢ to be sufficiently small that h.(0) = 0. Multiply (2.6) for h? and integrate
on [d,rg — €], for some small & > 0 to deduce

To—€ To—€ h2 A 2
/ hZ(Ar.)'ds + / (jfzrsl) + Ricc(’yé,’yé)h?) ds <0.
5 5 -

By the asymptotic behaviour of Ar. near r. = 0, and since h.(0) = 0, we can
integrate by parts and let 6 — 0 as above to get

T0—E& h2 A - 2 rTo—E€
/ (M + Ricc(vé,’y;)hg) ds < / 2h hL(Ar.)ds
0 0

m—1

glmﬁ(ﬁfﬁy+mwwwmﬁd&

J A A e e LEOLE

hence

m—1
It is enough to change variables to recover (2.5) for every Lipschitz h with compact
support in (0,79). A density argument gives (2.5) for every h € Lip([0,7o]) with
zero boundary conditions. O

REMARK 2.3. The above proof basically reflects the 1-dimensional case of the
implication (i) = (¢4¢) in Theorem 1.33 (see the proof of Theorem 1 of [FCS80]).
Indeed, (2.5) is equivalent to say

@ Rice(v,7)(s)
(28) )\f([O,TO]) 2 0, where L = 7@ — T
On the other hand, if Ar satisfies (2.6) on some segment 7|[,,], by (1.15) the

function s /A
u(s) = sexp {/ (W - 1) da}
0 m—1 g

is well defined, positive on (0, rg) and solves Lu > 0, see also Proposition 1.13.

PROOF OF THEOREM 2.1. If (2.4) admits a (smooth) solution g such that g
has a first zero at some r¢ > 0, then g solves

0= (Lg.ge = [ ePas - [ (R 2gas,

m—1

where L is as in (2.8). Therefore, by the min-max principle A¥([0,7,]) < 0, and
by monotonicity of eigenvalues AL([0,71]) < 0 for every 71 > 0. The above lemma
implies that v is not length minimizing after ro, so that there exists a cut-point
(in fact, a conjugate point) of o along ~. Since this happens for every v, M is
compact by Theorem 1.1. The argument above can be repeated verbatim for the
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Riemannian universal covering M — M to show that M is compact. Hence, the
fundamental group of M is finite. O

The “converse” of the above statement comes from an application of the matrix
Riccati comparison.

PROPOSITION 2.4. Let (M, (, )) be a Riemannian manifold of dimension m >
2, and let v : Rg — M be a unit speed geodesic emanating from some origin o.
Denote with Kyaq(s) the radial sectional curvature at y(s), and assume that

(2.9) Kiaa(s) < —=G(s).
If the solution g of

(2.10) ,
9(0)=0, g¢'(0)=1

is positive on RT, then there is no conjugate point to o along v. If M is complete

and this happens for every v emanating from o, then o has no conjugate points and

exp, ¢S a covering map.

{g”—Gg=0

PROOF. Let (0,s1) be the maximal interval such that o is free of conjugate
points on (0,s1). Assume by contradiction that s; < +oo. By the discussion in
Section 1.2, the Jacobi tensor J along « has nontrivial kernel at s;, and the function
B = J'J~! is unbounded from below as s — s7. Note that B solves, in a parallel
orthonormal frame along +,

B +B*+R,=0 on (0, s1)
(2.11) !
B(s)=s"T+o0(1) ass— 0" .
and R, is defined as in (1.30). By (2.9) and (1.32), R, < —G(s)I. Setting, in a
parallel orthonormal frame along v, B, = (¢’/g)1, B, solves

B,+B2=GI<—-R, on Rt
By(s)=s"'T+0(1) as s—0.

By the matrix Riccati Comparison 1.14, B > B, as a quadratic form. Hence, since
B, is defined on the whole RT, B cannot be unbounded from below as s — s,
contradiction. O

REMARK 2.5. The above proposition can indeed be proved as a direct appli-
cation of the Rauch comparison theorem ([Car92], p. 215). It should be observed
that Rauch theorem, however, is not a straightforward consequence of the sole
matrix Riccati comparison, but it also requires the Index lemma ([Car92], p.212).

Next corollary follows from Proposition 1.21.

COROLLARY 2.6. Let (M, (, )) be a complete, connected Riemannian manifold
of dimension m > 2. Assume that, along some unit speed geodesic v : Rj — M,
the radial sectional curvature K (s) satisfy

+o0
(2.12) () e RN, s [ (0)ul) <

Then, there exists no conjugate point to v(0) along v. Moreover, if (2.12) holds
for every ray emanating from some o € M, then o has no conjugate points and
exp, : I,M — M is a covering map.

B~ =
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The existence of a first zero of a solution g of either (2.1) or (2.4) can be
guaranteed, for instance, by classical oscillation results. Among the various criteria,
that of Hille-Nehari is one of the finest, see [Swa68], p.45. For the convenience of
the reader, we recall here this result in the simple form given by E. Hille, [Hil48].

THEOREM 2.7 ([Swa68], p.45 and [Hil48], Theorem 5 and Corollary 1). Let
K € C°(R)NL(+c0) be non-negative, and consider the ODE g"+ Kg = 0. Denote
with k(s), k. and k* respectively the quantities
“+o0
k(s)=s K(o)do, k. = liminf k(s), k* = limsup k(s).
s s—+00 s—+o00

Then,

- If the ODE is nonoscillatory, then necessarily ky, < i and k* < 1.
- If k(s) < 1 for s large enough, in particular if k* < 1/4, then the ODE is
nonoscillatory.

As a consequence, k, > i is a sufficient condition for the equation to be oscillatory.

REMARK 2.8. If K ¢ L'(400), the result applies with k, = k* = 400, and the
equation ¢” 4+ K g = 0 is oscillatory. This case is due to W.B. Fite [Fit18]. Note the
strict analogy with condition (1.52) for the positivity of g, although the techniques
used in [Hil48] to prove Theorem 2.7 are different from those of Proposition 1.21.

There are two main questions that, at the best of our knowledge, are still
almost unanswered. The first regards the search of conditions in finite form for
the existence of a first zero, that is, conditions involving the potential K only in a
compact interval. The second is how to deal with possibly negative K. In this last
direction, the first instance of a result that allows K to change sign is due to W.
Ambrose [Amb57] and A. Wintner [Win49]| (consult also [Gui92], Corollaries 3.5
and 3.6 for a different proof and a generalization). This was extended by R. Moore
[Mo055] to the following

THEOREM 2.9 ([Moo55], Theorem 2). Let K € C°(R). Equation g" + Kg =0
is oscillatory provided that, for some X € [0,1), there exists

S
(2.13) lim oK (0)do = 400,
s——+o00o 0

Setting A = 0 in Moore statement we recover Ambrose-Wintner theorem, which
improves on Fite theorem quoted in Remark 2.8. As Remark 1.22 shows, the result
is false if A = 1.

Moore result, although sharp from many points of view, requires that the neg-
ative part of K is, loosely speaking, globally smaller than the positive part. This
is the essence of the existence of the limit in (2.13). In Chapter 5, in a slightly dif-
ferent context, we will prove an oscillation result that allows K to have a relevant
non-positive part. In particular, see Section 5.2 for a detailed discussion.

We shift our attention to the first problem. A striking result in this direction
is due to E. Calabi [Cal67]. Since the techniques are very close to those presented
in Section 2.2, we provide a complete proof of the next

THEOREM 2.10 ([Cal67], Theorems 1 and 2). Let (M, (, )) be a complete Rie-
mannian manifold of dimension m, and assume that Ricc > 0 on M. For each unit
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speed geodesic vy, define

_ Rice(r',7/)(s).

(2.14) K. (s) e’

Suppose that, for every ~y issuing from some origin o, there exists 0 < a < b (possibly
depending on ) such that

(2.15) /:Mda>{(1+;log2)2—l}

Then, M is compact with finite fundamental group. In particular this happens if,
for every ~,

(2.16) lim sup (/0 v/ K (o)do — %log 5) = +o0.

s——+oo

1/2

PRrROOF. By Theorem 2.1, it is enough to prove that a solution g of
"+ K,g=0 on Rt
{ 9(0) =0, ¢'(0)=1
has a first zero. Suppose by contradiction that g > 0 on R*. Then, ¢ = ¢’/g solves
¢ +¢*=-K,<0 on RF
{ P(s)=1+0(1) as s—0".

(2.17)

Set t = t(s) = e® and define w(s) on the whole R by means of

(2.18) () = e (w(s) + ;) .

Then, w(s) solves
1
w 4+ w? < 1 on R.
We claim that w(s) € [-1/2,1/2] on R. Indeed, suppose by contradiction that, for
some so € R, w(sg) < —1/2. Let 9. be the general solution of ¥, + ¥2 = B? on R,

where ¢ € R is a parameter and B > 0. Depending on the initial data (i.d.), the
expression of v, is given by

B coth (B(s — ¢)) if the i.d. is < —B or > B,
(2.19) Ye(s) ={ +B if the i.d. is + B,
Btanh (B(s — c)) if the i.d. is in (—B, B).

Set B = 1/2. Since w(sg) < —1/2, we can choose ¢ sufficiently large that the
function

1 — 1
1. = = coth ¢ satisfies w(so) < Ye(s0) < —=.
2 2 2
By the Riccati comparison 1.12, w < . on [sg,+00), and since 9. — —oo as
s — ¢~ this contradicts the fact that w is defined on R. The case w(sg) > 1/2 can
be treated similarly.
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Choose now 0 < a < b, and set a’ = loga, b’ = logb. Then, changing variables
according to o = o (£) = e we get

) [ Koo = / )~ (Yo = / b \/ —uf(€) — uR(€) + 7de

On the other hand, using Cauchy-Schwarz inequality, w € [—1/2,1/2] and the
definition of a’,b" we deduce
(2.21)

(f wria)

INIA

IN

= [%logg—kl] —1.

Combining (2.20) and (2.21) we contradict the assumption (2.15). That (2.16)
implies (2.15) is immediate. O

REMARK 2.11. The conclusions of Theorem 2 of [Cal67] are slightly more
general than those presented above. Using this improved form, one can easily get
that under condition (2.16) the solution g of (2.17) indeed oscillates. In the next
sections, we shall call (2.16) the Calabi oscillation criterion.

In the subsequent years, it seems to the authors that no substantial new achieve-
ments have appeared besides the very recent result in [MRV], which we are going
to describe in a moment. Nevertheless, it shall be observed that the problem
of obtaining Myers type compactness theorems under the presence of a suitably
small amount of negative Ricci curvature has already been a flourishing field of
research, for which we refer the reader to [Wu91], [ER91], [RY94] and the refer-
ences therein. The techniques employed in these papers are of various nature and
go much beyond the purpose of the present work, in particular neither of them relies
on oscillation type results for a linear ODE. We stress that, however, the method
in [Wu91] via Jacobi fields is indeed closely related to our approach. Getting back

o [MRV], P. Mastrolia, M. Rimoldi and G. Veronelli have followed the ideas on
the proof of Calabi result to give the first condition in finite form for the existence
of a first zero of ¢” + Kg = 0 when K is only assumed to satisfy K > —B?2, for
some B > 0. Applied to the compactness problem for Riemannian manifolds, their
inequality improves on the application of Nehari condition ([Neh57], p.432 (8)),
which requires K > 0. As we will see in the next section, the techniques used for
Theorems 2.10 and 2.12 will also be a key tool in estimating the essential spectrum
of the Laplacian. We state the result in [MRV] in geometric form.

THEOREM 2.12 ([MRV], Theorem 5). Let (M, (,)) be a complete Riemannian
manifold of dimension m > 1 satisfying

(2.22) Rice > —(m — 1)B(, ),

for some B > 0. For every unit speed geodesic v issuing from o € M, let K. be
as in (2.14). Suppose that, for each such a 7, there exist 0 < a < b and A # 1 for
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which either

b 2Ba
e +1 1 b
(223) /a SK,Y(S)dS > B {b + a€23a—1} + 1 lOg (a>
or
b 2Ba 2
A A, a0+ A A=1 Aa—1
(2.24) /asKv(s)ds>B{b +a 623“—1}+4(1—)\) {a* =M1}

holds (if B =0, this has to be intended in a limit sense). Then, M is compact with
finite fundamental group.

PROOF. Again, we prove that a solution g of (2.17) has a first zero. Suppose
by contradiction that g > 0 on RT. Then, setting ¢ = ¢g’/g, by assumption (2.22)
¢ solves
¢ +¢*=—-K,<B? on RF
P(s)=1+0(1) as s— 0"
We compare ¢ with the general solution .. of ¥, + 12 = B? given by (2.19). From
Proposition 1.13 with the choices o = 1, G = B?, hy = ¢ and hy = 1)y we deduce
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R
on .
e2Bs _ 1

¢(s) < ¥o(s) = Beoth(Bs) = B

Moreover, with the same technique used in the proof of Theorem 2.10 to show that
w(s) € [-1/2,1/2], we get the bound ¢ > —B on RT. Now, consider the case
A # 1, and choose any 0 < a < b. Integrating by parts and using the estimate on
¢ we deduce

/a "PK(s)ds = / " (-9 (s) - 2 ())ds

-/ b [<s*¢<s»' ACCE QA) ¥ Z*] s
)\2

< o A _ N (Al gt
A A A2 A—1 A—1
< B — (0" —a™
>~ |: +a 1/)0((1)]+4()\_1)( a )a
contradicting assumption (2.24), as desired. The case A = 1 is analogous, and
B = 0 follows by taking the limit as B — 0. O

REMARK 2.13. With a slight improvement of the above technique, one can
also give an upper bound for the diameter of M. For details, we refer the reader to
[MRV], Remark 18.

The method developed in Theorems 2.10 and 2.12 seems to be hardly general-
izable to cover, for instance, the case

(2.25) K(s) > -B*(1+s)*%,  B>0, a> -2,

mainly because of the lack of a manageable form of the general solution of ¢/, +1?2 =
B?(1 +1r2)*/2. For this reason, a different approach shall be adopted. Note that,
when a > 0, (2.25) allows a lower bound that diverges as s — +o0; therefore,

proving the existence of zeroes of g when K satisfies (2.25) will lead to a nontrivial
improvement of Theorems 2.10 and 2.12.
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In Section 5.1, we will generalize Calabi oscillation criterion (2.16) for ¢’ + Kg =0
to the case when K has only to satisfy K(s) > —B2?s®, for some a > —2 and
s sufficiently large. Furthermore, under the mild requirement (2.25), we will also
provide a condition in finite form for the existence of a first zero of g. When o = 0,
this condition does not overlap neither with (2.15) nor with (2.24). As we will see in
Section 5.6, the negative part of the potential K has a peculiar role. In substance,
it enters the problem as some sort of weight for the manifold.

2.2. The spectrum of the Laplacian on complete manifolds

The study of the relations between the spectrum of —A on complete, non-
compact manifolds and the geometric data (e.g. curvatures, volume growth) has
been the core of an active area of research for the last four decades. Among the
various interesting problems, a basic question concerns the characterization of the
discrete and the continuous part of o(—A). For this purpose, estimates on Ar are
useful, so that the ODE theory of Riccati and linear equations naturally comes
into play. To introduce the argument, we give here a brief presentation of some
of the principal results in the literature that shall be useful in the sequel, and we
concentrate on proofs whenever the approach is close to the spirit of this paper.
In the next chapters, we shall apply our techniques and results to recover and,
possibly, to generalize some of the theorems described in this section.

We begin with the following simple estimate appearing in [Bro81] and [RRV97].

PROPOSITION 2.14. Let (M, (,)) be a complete Riemannnian manifold with a
pole o, and let r(x) be the distance function from o. Suppose that Ar > 0 on M.
Then,

_ 1, 2 . 1. . 2
(2.26) AR (M) > 1 1Ir\}lf (Ar)7, inf oess(—A) > — r(l;r)nﬁl&ic;o (Ar(x)) .
PrOOF. Let 2 C M be a open set. By the first Green formula we deduce, for
every smooth domain D € €2,

(2.27) vol(D) igf Ar < /D Ar = /8D(Vr, v) < vol(dD).

Hence, indicating with ¢(2) the Cheeger constant of 2, by Cheeger inequality,
[Che70], and the assumption Ar > 0 we get

_ )% 1/ . vol(dD)\* _ 1. 2
2.2 AR = S = (i 20 > (mfar)
(2.28) == 4(5%9 vol(D) ) = a\'a ="
The first inequality in (2.26) follow by choosing 2 = M, while for the second
inequality we consider Q = M\B,., we let r — +00 and we use Theorem 1.38. O

REMARK 2.15. Clearly, in estimating inf oess(—A) it is enough to assume Ar >
0 only outside some compact set. A sufficient condition for Ar > 0 to hold on
M\{o} has been provided by Corollary 1.23.

The characterization of the essential spectrum has been studied by many au-
thors, notably H. Donnelly [Don81b], H. Donnelly and P. Li [LD79], J.F. Escobar
and A. Freire [EF92], J. Li [Li94] and H. Kumura [Kum97], [Kum05]. The next
Theorem, due to Donnelly, has been refined by Kumura. The proof below is a
simplified version of that appearing in [Kum97].
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THEOREM 2.16 ([Kum97]|, Theorem 1.2 and [Don81b]). Let (M,{,)) be a
complete, non-compact Riemannian manifold with a pole o. Suppose that Ar(z) — ¢
as () — 400, for some ¢ € Ry . Then, oess(—A) = [c?/4,+00).

PROOF. Since gess(—A) C Rg is closed, applying Proposition 2.14 and Remark
2.15, it is enough to show that each A > ¢?/4 is in the essential spectrum of —A.
To do so, we shall exhibit a characteristic sequence for A, that will be obtained
by comparing M with a suitable sequence of manifolds (My,ds?). Since M has a
pole, we can consider global geodesic coordinates (r,#), where with the symbols 6,
Qg we respectively denote a local coordinate system and the volume form of S™~!,
m = dim(M). Let w = w(r,d) be the volume density, that is, the volume element
of M can be expressed as dV = wdr A Qy. Define

c2 —-1/2
Ae=[N—— .
(>-%)

First, we construct inductively a sequence {uy} C Lip,(M) close to a characteristic
one for X\. Fix k > 0. For each r; > 0, to be specified later, consider the interval
I, = [rg, 7 + 27)]. Define My to be [y, +00) x S™~1 equipped with the metric
ds? given, in polar coordinates (p,6), by

ds? = dp? + wi(p, )7 1d6?,

with wy,(p,0) = exp {c(p — r1) jw(rg, 6) the volume density of My, and let dV =
wrdp A Qg be the volume form. A computation shows that the function

2(p) = exp {C(p . k) } sin (p A:’“) :

satisfies z; + cz;, = —Az on [rg,+00). Hence, wi(p,0) = zi(p) is a solution of
Awy, + Awy, = 0 on My,. From the assumption Ar — ¢ as r(x) — +oo, for every k
we can suppose that rg is chosen in such a way that

1
(2.29) |[Ar(z) —c| < 7 on M\B;,.
Using (1.48), we deduce that
c— 1 < Ot <c+ 1
kK~ - k

and integrating on [rg, p] C I we get

w(re, 0) exp { (c - ;) (p— rk)} < w(p,0) < w(r, 0) exp { (c+ ]i) (p— rk)} .

Using the definition of wy(p, #) and the fact that p—ry < |I;| = 27\, the following
inequalities hold:

27 A 27 A,
wk(pﬁ)exp{—z }Swmmsmp,e)exp{ " }

Up to choosing k sufficiently large, we have therefore

1
(2.30) JWk <w< 2w, on I x S™L

Define uy(z) = z(r(z))xa,, where x 4, is the characteristic function of the annulus
Ay = I, x S"~1 ¢ M. For notational convenience, we agree on denoting with Ay
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also the annulus I, x S™~! C M. From the properties of 2, (2.29) and Green
formula on M} we deduce that

[Aug + MuglFo 4,y = /A |2 + 21 Ar 4+ Az, |2dV < / |20 2| Ar — c2wdr A Qg
k k
< z/ |z;€|2wkdr AQg = 3/ |Vwk\2de
Tk 4, k2 J a,
2 2 )
= _ﬁ /Ak kawdek = ﬁ Ak wdek
Mmoo, N
< 2 N ziwdr A Qy = ﬁHukHLz(Ak)

Normalizing uy, in L?, we have that

4\
. ukllpz =1, while Uk + ANkl 2a) < —=5 — as k — 4o0.
2.31 1 hil A A (Ag) 0 k

;2
Observe that, up to choosing r sufficiently large, we can suppose that the support
of uy is disjoint from that of ui,...,ux_1. Now, we approximate ug. Since —A

is essentially self-adjoint on C°(Ay), for every fixed k, by (1.77), there exists
{uk,j}; C C°(Ay) such that uy ; — ug in L? and Auy ; — Auy in L2 By (2.31)
and a Cantor diagonal argument, the functions vi = wuy  have pairwise disjoint
support and satisfy, for some C > 0,

{’Uk} C Ogo(M), ||UkHL2 > C, HAvk + )\’Uk”LQ —0 as k— +oo,

that is, {vx} is the required characteristic sequence for . (I

Very recently, in [KumO5] the author points out that, for property oess(—A) C
[c?/4,400) to hold, the requirement Ar — ¢ as r(z) — +0o can be weakened.
Indeed, up to the mild further requirements vol(M) = 400 and Ar > —¢ outside
some compact set, for some constant ¢ > 0, it is enough that

(2.32) |Ar — ¢l 2(an\B,) — 0 as r — +oo.

Via the Petersen-Wei method in [PW97], (2.32) is granted by an L? control of the
type

2 »
;/ (C ~ Rice(Vr, w)) AV — 0  as 1 — +oo,
vol(B,) Jg. \m—1 n

for some p > m/2. Since the techniques used to prove this interesting result are
somehow beyond the scope of the present paper, we will not elaborate on this
subject. The condition Ar — ¢ of Proposition 2.16 can be achieved via Riccati
comparisons, under suitable control on the radial sectional or Ricci curvatures.
This is the content of the following Corollary that collects some results of most
of the authors cited above. The technique of the proofs follows the same type of
argument of Theorem 2.12.

COROLLARY 2.17. Let (M, (, )) be a manifold with a pole o.

(i) ((Don81b]) Let K,,q satisfies Kyaq(z) < —G(r(x)), for some G € CO(R{)
such that

+oo

(2.33) G_ € L' (+0), T G_(o)do < i on R,
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and suppose that K,.q(z) — —B? as r(x) — +o0, for some B > 0. Then,

Uess(_A) = 32(777;1_1)27+OO) .

(#4) (ILD79]) Let K,q and G(r) satisfy the assumptions of item (i). If
Kiaa(x) = —o0 as z diverges, then —A has discrete spectrum.
(791) ([Li94], [Kum97], [EF92]) Suppose that the Ricci curvature satisfies
Rice(Vr,Vr) > —(m — 1)G(r),
for some 0 < G(r) — 0 as r — +00. Then, gess(—A) = Ry .

PRrROOF. (i) By Theorem 2.16, it is enough to show that Ar — (m — 1)B as
r — +o00. Without loss of generality, we can assume that —G(r) is the supremum of
the radial sectional curvatures at point « € 9B,. Define —G;(r) to be the infimum
of the radial sectional curvatures of points x € 9B,.. By definition, for every x € M,
X € Vrt

—Gi(r(7)) < Kraa(X) < =G(r(z)) on Ry,

and G;,G — B? as r — +00. By Proposition 1.21, and by Sturm argument, it
follows that the solutions g;, g of

{gll—GQZO {ggl_GigiZO

9(0)=0, ¢'(0)=1 9i(0) =0, g;(0)=1

are positive and increasing on RT, hence ¢ = (m — 1)¢'/g, ¢; = (m — 1)g./g; are
positive solutions of

2

m—1

¢2

mflz

¢+ (m—-1)G, ¢+ = (m = 1)G;.

By the Laplacian comparison Theorems 1.17 and 1.19 we deduce that
(2.34) (0<) o(r(z)) < Ar(z) < ¢;i(r(x)) on RT.

To prove that Ar(z) — (m — 1)B as r(z) — +oo, it is enough to show that
¢,6; — (m — 1)B as r — 4o0o. For convenience, we consider n = ¢/(m — 1),
1; = ¢;/(m — 1), and we prove that n,n; — B. Note that

Wt =G, N =G, <.
We deal with the case B > 0, the case B = 0 being analogous. For every ¢ > 0
small enough, let r. be such that G,G; € (—(B +¢)?,—(B —¢)?) on M\B,_. Set
for convenience B. = B — ¢, B¢ = B + ¢, and denote with v, 1; the solutions of
the following Cauchy problems on [re, +00):

{ v+t = (Be) { v+t = (B°)?

Y(re) =n(re) Yi(re) = mi(re)

Then, by the Riccati comparison 1.12, we get ¥ < n and 7; < 1; on [re,+00).
Taking into account the form of the general solution (2.19) of the ODE v’ +4? = B2,

and observing that the initial conditions n(r.), 7;(r<) are positive numbers, we get
the chain of inequalities

B. = lim 9(s) <liminfn(s) < limsupn(s)

s—+o0 s——+o0 s—+00

(2.35)

2.36
(2:36) < liminfn;(s) < limsupmn;(s) < ligrn Y;i(s) = B,
S—r—+00

s—+o00 s——+00
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The claim n,n; — B as s — 400 is proved letting ¢ — 0.
(#i) By Proposition 2.14 and the min-max theorem, it is enough to prove that
Ar(z) — +o0 as r(z) — +oo. Let G,g,¢,n be as in the proof of item (7). As

already observed, by assumption (2.33) the function ¢ is positive and increasing,
and by (2.34)

Ar = ¢(r) = (m —1)n(r),
where 7 is a positive solution of ' +7% = G. We prove that 1 diverges as r — +o0.
By the assumption K,,q — —o0, for every B > 0 we can choose rg > 0 sufficiently
large that G > B2 on [rg,+00). Comparing 1 with a solution of ¢/ + 92 = B? in
(2.19) with the initial condition 1 (rg) = n(rg) > 0 we deduce that ¢ <, thus

o S 1 _
hmlnfn(r)_rginooz/)(r) B,

r—r+00
and the sought follows letting B — 400.
(#i1) By Theorem 2.16, it is enough to prove that Ar — 0 as r — +oo. By the
Laplacian comparison Theorem 1.19
Ar < (m—1)g'(r)/g(r) = (m — 1)n(r),
where 7(r) solves /' +n? = G. Fix € > 0, and let 7. > 0 be such that G € [0,&?)
on [re,+00). Let v : R — M be a ray issuing from o, and define

(2.37) uy(s) = Aron(s)

m—1

By the Riccati comparison 1.12, formula (1.47), and Rice(Vr, Vr) > —(m — 1)&?
on [re,+00), we get that u, <1, on [re,4+00), where 1., solves

{ Wy Yy =g on [re,+oc)

Uy (re) = Ar(y(re)).

We claim that u,(s) > —e on [re,+00). Indeed, if by contradiction wu.,(r1) <
—e for some r1 > re, then by (2.19) (with e replacing B) the solution of (2.38)
with initial condition ¢~ (r1) = u(r1) tends to —oco in finite time. Thus, from the
Riccati comparison, this contradicts the fact that w. is defined on [r.,+00). By

the arbitrariness of v, Ar > —(m — 1)e on [r.,+00). Next, again by the Riccati
comparison 1.12, <1, where v is a solution of

{ W 2 =e? on [re,400)
Y(re) = n(re).

Since n(r.) > —e, the explicit solution ¢ of (2.39) tends either to e (if n(r.) > —¢)
or to —¢ (if n(r.) = —¢). Summarizing, we have showed that, on M\B,,

(2.38)

(2.39)

—e<Ar(x) < (m—-1n(r) —=e or —¢ as r — 400,
and Ar — 0 follows by the arbitrariness of «. O

REMARK 2.18. It is interesting to observe that, for (iii), the assumption (2.33)
is not needed. As a matter of fact, this requirement only guarantees that the lower
bound ¢ in (2.34) is positive. By Riccati comparison and the explicit formula (2.19),
¢ > 0 is enough to ensure that ¢ in (2.35) tends to B, and not to —B; as r diverges.
This allows to conclude that Ar — (m —1)B by (2.36). Loosely speaking, if B =0
we have no gap between B. and — B, so there is no need of (2.33).
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REMARK 2.19. We stress that there exist explicit conditions which are both
necessary and sufficient to ensure the discreteness of the spectrum of A on a mani-
fold. Such conditions are the results of various approaches, whose ideas are generally
unrelated to those described in this paper. For this reason, without any further
mention we refer the interested reader to [Kle88] and [CM11] for a detailed insight.

Next, we spend a few words about the discrete spectrum. When gegs(—A) # 0,
we can ask whether ogisc(—A) is empty or not. A celebrated theorem of S.T. Yau
[Yau76] states that a complete manifold with infinite volume does not support any
non-zero L? harmonic function, i.e. the eigenspace associated to the zero eigenvalue
is trivial. Furthermore, if vol(M) < +oo, the space of L? harmonic functions is the
1-dimensional space of constants. For eigenvalues A > 0, either in the discrete or in
the essential spectrum, things are much more complicated. Among the techniques
developed to prove non-existence of L? eigenfunctions of —A related to A > 0,
Rellich type integral identities turned out to be extremely useful. We suggest the
interested reader to consult [EF92], [DG92], [Don81la], [Don90], [Esc85] and the
references therein. The next theorem collects some of the results in these papers.

THEOREM 2.20. Let (M, {,)) be a manifold with a pole o.
(i) ([KumO02]) Suppose that the radial sectional curvatures satisfy
o s —B)
1 < Kpa(z) < -1+ 22—
) = K@) =2 TG
For some a > 0, 8 € [0,1] such that 2— (m —1)a— (m+1)8 > 0. Then,
there exist no L? eigenfunctions related to eigenvalues A whenever
(m—1) i
A> .
- (2— (m—1)a— (m—|—1)5)
(ii) ([DG9T7], Theorem 3.9 and [Esc85]) If M = (M,,ds?) is a model with
radial sectional curvature satisfying either

(i) Kyraga >0 or (i7) Kaa <0 and K4 >0,

then there exist no L? eigenfunctions related to positive eigenvalues.

on M\{o}.

REMARK 2.21. Observe that Theorem 2.20 and Corollary 2.17 jointly describe
the whole spectrum of R™ and of hyperbolic space, H?, of sectional curvature —B?.

REMARK 2.22. We mention that integral identities can be extended to analyze
the operator —A on the space of L? p-forms. For further insight, see [RS01] and
the references therein.

We conclude this section by giving an account of upper estimates for )\IA(M )
and inf oess(—A), which have been deeply investigated by many authors since the
‘70s. In their pioneering work [CY75], S.Y. Cheng and S.T. Yau proved, among
many other things, that a manifold M with at most polynomial volume growth
satisfies AP (M) = 0 ([CY75], Proposition 9). This is the case, for instance, of
Euclidean space R™ and of any manifold of finite volume. A few years later, M.A.
Pinsky [Pin81] turned his attention on Cartan-Hadamard manifolds, that is, simply
connected manifolds of non-positive sectional curvature. He showed that if, for some
B > 0, Kyaq — —B? sufficiently fast, then \{*(M) < (m — 1)2B%/4. His proof
relies on comparison techniques for ODE in a way similar to that used in Corollary
2.17. A first important extension is due to M.E. Gage [Gag80] and H. Donnelly
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[Don81b], who weakened the conditions by only requiring the completeness of M
and

Ricc > —(m — 1)B?(, ).
However, as shown by R. Brooks [Bro81] and M.E. Taylor [Tay89], sharp upper
bounds for A\72(M) and inf oegs(—A) can be obtained by only imposing growth
condition on the volume of geodesic balls. Adapting Brooks technique, Y. Higuchi
in [Hig01] extended his result by proving

THEOREM 2.23. Let (M, {,)) be a complete Riemannian manifold. Then,
(1) ([Bro81], [Tay89], [Hig01]). If vol(M) = +o0, then

a? log vol(B,.)
. i ss\— < —, = liminf —————~=.
(2.40) inf gess(—A) 1 where a lrlrﬁnirolof .

(#4) ([Bro84], [Hig01]). If vol(M) < +oo, then

a? 1
. o < _ — M 3 - p—
inf oess(—A) < T where  a lginig{ Tlog (Vol(M) vol(BT))}
Note that the results of Pinsky and Gage can be derived from this theorem
and the volume comparison Theorem 1.25. Moreover, (2.40) and Persson formula
(1.88) imply that

a2

4
In particular, if vol(B,) is subexponential and vol(M) = 4oo, then A\[®(M) =
inf oess(—A) = 0.

A2 (M\Bg) < for every R > 0.

REMARK 2.24. On the contrary, if vol(M) < +o0 it is easy to construct man-
ifolds where 0 = )\IA(M) < inf oess(—A), so that, by the min-max principle, the
discrete spectrum is non-empty. For instance, we quote the following example of
M.P. Do Carmo and D. Zhou [CZ99]. Let M = (M,,ds*) be a model manifold
whose defining function ¢ satisfies

r if rel0,1
9(7’){ <0

e’ if r e [2,+00).

Then, vol(M) < 400, hence \]®(M) = 0 by Cheng-Yau theorem. Furthermore, by
Theorem 2.23, inf oess(—A) < (m — 1)?/4. We prove that equality holds. Indeed,
for every h € R the function u(x) = e""(®) satisfies Au = (h>—(m—1)h)u on M\Bs.
The minimum of the coefficient of « in the RHS is attained when h = (m — 1)/2.
In this case,

(m —1)?
4
applying a result of J. Barta [Bar37], extended to non-compact domains by Cheng

and Yau [CY75] and H. Alencar and Do Carmo [AC93], we get

ANAM\B) > sup [inf (‘A“>}><m_1)g,

we C2(M\By) LM\B2 u 4
u>0

Au+ u=0 on M\Bs.

so that, combining with Persson formula (1.88) and the above upper bound for
inf oess (—A) we deduce inf oo (—A) = (m — 1)2/4.
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It is interesting to see what happens if the volume growth of the manifold is
faster than exponential, that is, if vol(0B,.) < exp{ar®} for some o > 1. In general,
there exists no essential spectrum and one may ask what is the rate of growth of
A2 (M\Bg) as an increasing function of R. We will address this problem in
Chapter 6, where we will also give a proof of (a weaker version of) Theorem 2.23.
We observe that the bounds that we will obtain could have interesting applications,
for instance, in estimating the volume growth of the Martin-Morales-Nadirashvili
minimal surface, see the next section. In Chapter 4, we will recover some of the
estimates from below with a different approach based on the critical curve of a
manifold, that will be introduced in Section 3.2. As we will see, lower bounds will
be the consequence of a non-Euclidean extension of the Hardy-Poincare inequality

(m — 2)? / u? / 9
2.41 - — < Vul®,
(241) 4 rm |22 T Rm| |

where m > 3 and u € H(R™), usually called the uncertainty principle lemma. The
link between the estimates in this section and those that we shall present reveals
to be nontrivial, and will be subject of investigation.

2.3. Spectral estimates and immersions

The min-max characterization of eigenvalues, Persson formula (1.88) for the
infimum of the essential spectrum, together with Barta inequality [Bar37| and its
extensions ([CY75], [AC93|, [BMO7Y]), are particularly useful when M is an iso-
metrically immersed submanifold of some ambient space N. Next example, a mild
generalization of a very recent result of G.P. Bessa, L.P. Jorge and J.F. Montenegro
[BIJM10], is instructive. In this paper, the authors addressed a question of S.T.
Yau [YauO00]: is the spectrum of —A on the Nadirashvili minimal surface discrete?
We recall that the Nadirashvili minimal surface, [Nad96], is the first example of a
complete, minimal immersion in R?* with bounded image. Unfortunately, it is not
known whether the Nadirashvili minimal surface is properly immersed or not (we
recall that a map ¢ : B — D is proper if the pre-image of every compact subset of
D is compact in B); this is one of the reasons why the tricky construction via the
Enneper-Weiestrass representation has been further refined by F. Martin and S.
Morales in [MMO05], [MMO06]. In this way they exhibit, for every convex domain
D C R3? a complete, proper, minimal immersion from the unit disk B C C into
D. Martin-Morales highly nontrivial improvement on Nadirashvili construction is
called in [BJM10] the Martin-Morales-Nadirashvili minimal surface. Note that
both Nadirashvili and Martin-Morales-Nadirashvili examples, however, cannot be
embeddings. In fact, embedded minimal surfaces of R® must be unbounded, as
showed by T. Colding and W. Minicozzi [CMO05]. In their paper, Bessa, Jorge
and Montenegro succeeded in proving that the spectrum of —A of the Martin-
Morales-Nadirashvili surface must be discrete ([BJM10], Theorem 1.2). As it will
be apparent, the properness assumption is essential for their argument to work.
Here we use their method to deal with a mildly more general situation. To state
the theorem, we first need some definitions and preliminary computations.

Suppose that (N™, (, )~), (Q%,(, )g) are two complete Riemannian manifolds
of dimension, respectively, n and ¢, let 0 < f € C®(N) and let N x; Q be
a warped product of N and @), that is, the product manifold N x ) with metric
((,)) =, )n+S*(, )g- Denote with ||| the norm induced by ({, )) on T(N x ;1 Q),
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and with V the connection of N. Let iy,ig be the standard inclusions of N,
respectively @, into N X Q, and let 7, g be the projections of N X ¢ @) onto its
components. We fix the index notation

rs,te{l,...,n}, af,ye{n+1,....n+q}, abce{l,...,n+q}.

Consider a local frame {E,} in a neighbourhood of a point of N, its dual coframe
{w*} and the connection forms {w’}. Similarly, let {E,,w” ,wi} locally describe
the geometry of ). Then, a local orthonormal coframe {¢*} for N x ;@ is given by
setting " = w", Y* = fw®. Accordingly, the dual frame {£,} is given by &, = E,.,
¢o = Eo/f. An inspection of the structure equations of N,  and N X ; () shows
that the connection forms {¢f'} of N x s Q) are given by

r__ ., a_,« a a fT' «
(242) % = Ws, 7% - wﬁa '(/)r - fTw - 71/) )
where df = f,w". For future use, we need to compute the Hessian of a smooth
function h on M x Q. Let {hap} be the components of Hess h in the basis {¢)?®1°}.
Towards this purpose, let dh = h 9" + ho®. We agree to denote with a subscript
N, respectively @, the projection of T(N x @) onto the subbundles generated by
{&,}, respectively {£,}, so that, for instance,

dyh = hp" = d(hoiy), doh=het® = d(hoig),

where the equivalences hold up to obvious identifications. Decomposing the expres-
sion for the covariant derivative

hr(ﬂ/}a = dhr - hﬂ/)f« - hoﬂl)?a hﬁawa = dhﬂ - hsq/}g - hoﬂ/}g
along the basis ", ¢%, and using (2.42) we get

(2.43)
(i) hys = &s(hy) — htwi(fs) = E E.(h) - Et(h)wﬁ(ES) = (NHess h)rs
(“) hra = ga(hr) - ht}fT = gr(ha> = har
(1) hay = "5+ €9(ha) ~ o (69)

where VHess h is the Hessian of the function hoiy € C*(N). In order to make
the Hessian of h oig to appear in the third equation, we write d(hoig) = Raw®.
From d(hoig) = dgh = hat® we deduce hy = fh,. The coefficients of QHess h in
the basis w® ® w® are given by the expression

(UHess h)ag = Eg(ha) — hywl(Es).

Taking into account that E,(f) = 0 for every «, we can rewrite (2.43), (iii) as

_ hafs Eﬁ<ha)_hw v(f%):hsfs 1
Py 7 das + 7 7 fwa 7 7 5ag+f2( Hess h)ap

Let now ¢ : M™ — N X @ be a smooth map, and define © = ho . Our next task
is to compute the Hessian of u. With the index convention i,j, k € {1,...,m}, let
{e;, 07, 9]‘} be a local description of the geometry of M. Then, the differential de,
its Hilbert-Schmidt norm |d¢||?, the generalized second fundamental form Vde
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and the tension field 7(¢) are given by
dp =it @&,  |del® = ¢fef,
Vdyp = go%@j ®60' R &, where
P07 = dof — 036] + Py,
7(¢) = ¢iia-
From the chain rule, we have
Hessu = Hess h(dy ® dg) + dh o Vdy,

hence, taking traces,

(2.44) Au = Z Hess h(de(e;), dp(e;)) + dh(T(p)).

Suppose now that h is a function that only depends on the points of N, so that the
mixed terms h,o vanish. Then, the first term in the RHS of (2.44) can be written

as
h’SfS (pasoa
f k3 (2

hes @505 + hapf o] = (NHess h)spf ol +

Consequently, we can rewrite (2.44) as follows:
(2.45)
Au =" "(NHess h)(dye(e;), dnp(e:)) + (Vh, Viog f) nlldqell® + (Vh, v ()
Next, let £ € R, and let sng be the solution of the Cauchy problem
sny + ksng =0
snk(0) =0, snj(0)=1 "
that is,

sin(VEr)/Vk if k>0,
snp(r)=4 r if k=0,
sinh(v—kr)/vV/—k  if k<O0.

Define cng(r) = snj(r). We are ready to state

THEOREM 2.25. Let N x; Q be a warped product as above. Let p(z) be the
distance function on N from a reference origin p, and let Br, C N be a geodesic ball
centered at p of radius Ry. Define k € R to be an upper bound of the radial sectional
curvatures at points of Br,. If k > 0, we restrict to the case Ry < 7/(2Vk).
Let M™ be a non-compact Riemannian manifold, possibly non complete, and let
@ : M — N™ x¢ Q7 be a smooth map whose image lies in the cylindrical region
Bpr, x Q. Assume that the following properties hold:

(i) ¢ Y(Bgrx Q) is relatively compact for every R < Rp;

2.46
(2.46) (43) liminf |dye(x)]|* > A > 0, limsup ||dge(2)]|* < B < +oc.
If
. cng (Ro)
2.4 1 A—————B 1
(2.47) imsup (i) (2)] < st (Ro) 11108 f[| oo o, )

then —A on M has only discrete spectrum.
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PROOF. For R € (0, Rp), let Qg = ¢ 1(Br xQ). By (i), {Qg} is an exhaustion
of M by relatively compact domains. Let jo € N be sufficiently large and, for every
J > jo, let R;, ©Q; be such that
(2.48)

1 1
ldvell* > 4; = A~ 57 0, ldeel*<B;j =B+ ;ooon M\Qg; = M\Q;

Clearly, we can assume R; T Rg. Set also D; = Bgr,\Bg,. Define, for r € (0, Ro)

Ry
ing(r) = / sng(s)ds,
and consider the function h: N x ¢ Q — R given by h(x,y) = ing(p(z)). From the
Hessian comparison Theorem 1.15, and since inj is decreasing, we deduce
NHessh = in}(dp® dp) + in}, (" Hess p)
cn
< —eng(dp @ dp) — snkﬁ«, ‘v —dp® dp) = —cng{, )N-

By formula (2.45), the Laplacian of u = h o ¢ is bounded as follows:

Bu < —engldngl? + snilVlog Flldqel + snilr(s)]
(2.49) cng
— s (2l + V108 Flldapl? + 176

By (2.47) and by (2.48), if j is sufficiently large and x € M\Q; we get

an(R(])

(2.50) s (Ro)

Aj - H|V10gf‘|‘co(pj)3j - ”7—(50)” > ¢,

for some ¢ > 0 independent of j. Therefore, since cny/sny is decreasing (on
(0,7/(2vVk)), if k > 0), (2.49) implies
(2.51) Ay < —c-sng < —c-sng(R;j).

Therefore, an application of Barta inequality, together with (2.51) gives

A , Au sng(R;)
. ) > | > K\ LY
(2.52) AT S (M\Q;) ]\/}I\lfj( o > e By’

and letting j — +oo with the aid of Persson formula (1.88) we deduce
sng(R;)

infoes(—A) > lim ¢ = 400
ebb( ) T j—o+oo ink(Rj) +
By the min-max characterization, —A has only discrete spectrum. O

REMARK 2.26. We observe that, loosely speaking, property () in (2.46) requires
that p(z) tends to the boundary of the cylinder uniformly as z diverges in M.

The next corollaries are immediate consequences of the above theorem. We
first consider the particular case when ¢ is an isometric immersion. As usual, we
denote with IT the second fundamental form Vdy, and with H the mean curvature
vector, normalized according to mH = 7(p) = Tr(II).
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COROLLARY 2.27 ([BJM10], Theorem 4.1). In the assumptions of the above
theorem, let

@ M™ = Br, Xy QT C N" x5 Q1

be an isometric immersion satisfying property (¢) of (2.46), and assume that m > q.
If

(m — gq) e (Ro)

2.53 li H(2)| <
(2.53) lgsogp\l (@)l m so(Ro)

q
- EHWlOg f|HCO(6BRU)’
then —A on M has only discrete spectrum. In particular, if ¢ is minimal and f|5p -
satisfies
(m — q) cng(Ro)

H|V10gf|HCO(aBRO) < q sng(Ro)’

then, the spectrum of —A on M is discrete.

PROOF. We only prove the first part of the statement, the second being an
immediate consequence. Since ¢ is isometric, {dy(e;)} is an orthonormal set, hence
ldnel® + ldeel? = [ldelf* = m,

ldgell® = pfes =) <Z<<d<p(ei)7Ea>>> <Y 1=g¢

a 7

and thus ||dyel||? > m — ¢. Inserting (m — ¢) and ¢ in place of A, B in (2.47) we
reach the desired conclusion. O

COROLLARY 2.28. Let M be a Riemannian manifold such that there exists a
proper harmonic map ¢ into some relatively compact ball Br, C N™. Denote with
k an upper bound for the radial sectional curvatures of points of Bg,. If & > 0,
assume furthermore that Ry < m/(2v/k). Then, if ||dp||> > C > 0 outside some
compact set, the spectrum of —A on M is discrete.

PRrROOF. Roughly speaking, it is enough to get rid of @ and f in Theorem
2.25. Indeed, the computations and the steps of the proof can be straightfor-
wardly rephrased in this slightly different setting, and by the harmonicity assump-
tion 7(¢) = 0 the conclusion follows easily. O

As a particular case of Corollary 2.28, we recover

COROLLARY 2.29 ([BJM10], Theorem 1.2). The Martin-Morales-Nadirashvili
minimal surface has discrete spectrum.

2.4. Spectral estimates and nonlinear PDE

Spectral theory is intimately related to existence and non-existence results for
semilinear elliptic equations. To justify this claim, we consider as a prototype
example the classical Yamabe problem. Let (M, (, )) be a Riemannian manifold
with dimension m > 3, volume form dV and scalar curvature s, and let

(2.54) (V=um=(),  0<ueC®M)
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be a (pointwise) conformal deformation of the metric. Adding a tilde to geometric

quantities referring to (M, (, )), dV = u2™/(m=2)qV . A computation shows that
the scalar curvatures are related by Yamabe equation
] m 4(m —1

(2.55) Au — —S(x)u + —S(x)uﬁ =0, where ¢, = Am=1)

Cm Cm, m—2
(see [Kaz85]). The existence of a conformal deformation of the metric with assigned
scalar curvature § is equivalent to the solvability of (2.55) with u > 0. Set L =
—A+s/¢m, L =—A+4+75/cp,. L is usually called the conformal Laplacian of M.
From the transformation law for A under a conformal change of the metric, that
is,

A =u " 7AG+2u w2 (Vu, Vo) V¥ ¢eCAM),
the following relations hold for every ¢ € Lip,.(M) (respectively, ¢ € C%(M)):

—2

— o S o 297, 5 2
Vol a7+ [ Zora¥ = [ vioPav - [ Equepav,

(2.56) M
Lo =u 2 L(ug).

From this and the variational characterization (1.78), the signs of AZ(2) and Xﬁ Q)
coincide for every 2 € M. Spectral assumptions on L such as stability, either
global or outside a compact set, are thus conformal invariants. As a consequence,
it is expected that the sign of Al'(M), for instance, be relevant for existence or
nonexistence of positive solutions u of (2.55). This is indeed true for a wider class
of nonlinearities. As an example we consider the following theorem, which combines
the method of sub-supersolutions as described in [AO85], [AO88] with ideas in
[BRS98a], [RRV94|, [RRV97]. This has been further extended in [PRS10] to
the present.

THEOREM 2.30. Let (M, (,)) be a non-compact Riemannian manifold of di-
mension m > 2, and let q(x),b(z) € CH(M), p € (0,1]. Let b(z) >0 on M and
strictly positive outside a compact set. Having set

By={xe M : b(zx) =0},
assume that \F(By) > 0, where L = —A — q(x). Suppose furthermore that
M) <.
Then, for every o > 1, the equation
(2.57) Au+ g(z)u —b(x)u” =0

L. . . . . 2,18 .
possesses a minimal and a maximal (possibly coinciding) positive C)!' solutions.

REMARK 2.31. Since the first eigenvalue of —A on B, grows like r=2 as r — 0,
for each g(z) € L°.(M) we have A(B,.) > 0 provided 7 is sufficiently small. One

may therefore think that the condition A'(By) > 0 expresses the fact that By is
“small”, at least in a spectral sense.

For the convenience of the reader, we divide the proof into several steps. The
first is a simple comparison.
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PROPOSITION 2.32. Let Q) C M be a bounded domain with Lipschitz boundary.
Assume that q(x),b(z) € C°(Q) and that b(z) > 0. Let u,v € C*(Q) N C(Q) be
solutions on  of

Au+ g(z)u — b(x)u’ < 0;
(2.58)
Av + g(x)v — b(x)v? > 0.

Withv>0,u>0and o> 1. If v <u on 0 then v < u on Q.

PROOF. The proof is modelled on that of the generalized maximum principle,
see [PW84]. Set w = v/u. A computation using (2.58) shows

Aw > b(z) (v —u ) w — 2(Vw, Viegv).
If, by contradiction, v > u somewhere on 2, let £ be sufficiently small that
Qo={zeQ : wkx)>1+e} #0.
Since v > u and b(x) > 0 on Q,
Aw +2(Vw,Vlogv) >0 on Q.

From w =1+ ¢ on 02, applying the maximum principle we deduce w < 1+ ¢ on

Q., contradicting Q. # (). O

Next, we state and prove a mild improvement of an original result of P. Li, L.F.
Tam and D. Yang [LTD98].

PROPOSITION 2.33. Let q(z),b(x) € CH (M), p € (0,1], b(z) > 0 and sup-
pose that By is compact. Let Q) be a relatively compact open domain with smooth
boundary containing By. If
(2.59) Au+ q(x)u — b(z)u’ =0, oc>1
has a positive weak supersolution u € H'(Q) N LS. (Q), then A\F(By) > 0. Con-
versely, if \Xf'(By) > 0, then (2.59) has a positive supersolution u € C**(Q).

PROOF. Suppose u € H(Q)NLZ () is a positive weak supersolution of (2.59)

loc
on Q and, by contradiction, assume that A*(Bg) = —a, for some a > 0. Then, by

the definition of A\¥'(By) we can find a sequence of open sets with smooth boundaries
Q;, 1 € N, such that

+oo
QiJrl €N e Q, n Q; = BOa
i=1

and, increasingly, \; = A\F(€;) — —a as i — +o0o. Corresponding to \;, there exists

a C?H positive eigenfunction v; such that
(2:60) Av; + g(x)v; = —Ajv; on £,
. v; >0 onf;, v;,=0 on 09;.

Note that, since v; > 0, on §2;,
8%

ov

(2.61) <o,

v being the outward pointing unit normal to 9¢2;. Using Green formula and the
fact that u > 0 solves Au + ¢(z)u < b(z)u” weakly on Q; we get

02/ u@w :/ uAvi—i—/ <Vvi7Vu)2/ —vgu (A + b(z)u” ),
aQ; ov Qs Q Q;

K 7
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that is,
(262) / uv; ()‘z -+ b(x)uo'*l) > 0.
Q;

Since Q; | By and u € L (), using both the continuity of b(x) and \; - —a < 0

loc

for ¢ sufficiently large we contradict (2.62).
To prove the converse, assume A(Bg) > 0. Let A, A’ be open sets with smooth
boundary such that

BocANeAeQ and M(A)>0.
Let u; be a solution of
{ Aup + g(z)ur = =M (M)u; on A,

(2.63)
u =0 on OA.

By elliptic regularity up to the boundary, u; € C’Q”‘@) ([GT98|, Theorem 6.6)
and, by Remark 1.28, u; > 0 on A. Since b(x) > 0 on Q\A’, we can define

2.64 = inf b> 0.
(2.64) p=dnf,

We claim that a sufficiently large positive constant us is a supersolution of (2.59)
on Q\A’. Towards this aim we let

(2.65) A = sup q.
Q\A

Note that A < 400 since € has compact closure. Then we have
Auz +qla)us —b@)u3 = up [qle) — b(a)uz ] < uz [A —Bug '] <0

provided uy > (A/B)Y (=1, Let now 1 € C°(A) be a smooth cut-off function
such that 0 < < 1,9 =1 on A’. Fix a positive constant v and define

u=7(Yur + (1 -Puz) € C*(Q)
Then, on A/, where u = yuy, we have
Au+ g(z)u — b(z)u” = — [A(A) + b(2) (vur)” ] yur <0
irrespectively of the value of v > 0. Moreover, on Q\A, where u = yus, we get
Au+ q(x)u — b(z)u’ =~ [q(a:)UQ - b(a:)ug’y”*l} .
Now, for v > 1 and since b > 0 on Q\A, we deduce b(x)y" > b(x)~, so that
Au+ g@)u — ba)u® < [Aus + gla)us — bz)ug) <0

because of our choice of ug. It remains to analyze the situation on A\A’. On this
set

(2.66) (A +q(@)) (Yur + (1 = P)uz) < C,
for some C > 0 sufficiently large. Now, since b(x) > 0 on A\A/,

(2.67) Kl\n{/ b(z) (Yur + (1 —Y)u)” > C*
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up to enlarging C further. Therefore, on A\A’ we have
Au+gq(z)u—ba)u” = v (A+q(x)) (Yur + (1 - P)u)
—b()y7 (Yur + (1 = Y)uz)”
< 7 (C-a"T0T) <0

up to choosing v > C?/(°=V_ Thus, u is a supersolution on Q whenever v >
max{1,C?/(e= 1}, O

Next, we proceed to construct solutions on relatively compact domains.

LEMMA 2.34. Let q(x),b(z) € C2H(M), € (0,1], b(z) > 0 and suppose that

By is compact and satisfies \¥(Bg) > 0. Let Q be a relatively compact open domain

with smooth boundary such that By € Q. Fix n € (0,400). Then, there exists

u € C%H(Q) which solves the problem

(2.68) { Au+ g(z)u — b(x)u” =0 on €,
u>0 on Q, u=mn on ON.

PROOF. By the definition of A\f'(By), there exists an open domain with smooth
boundary D such that By €@ D € Q and A(D) > 0. Let ¢» € C>°(£2) be a cut-off
function such that 0 < ¢ <1 and ¢» =1 on D. Fix

N > max {1 + sup[g(z)|, AR (M) + 1}
Q

and define
(2.69) q(z) = ¥(@)q(z) + N(1 - v(z)) € C*(Q).
Consider the operator L = —A — G(z). Since § = ¢ on D, we have )\f(BO) =

A(Bp) > 0. Furthermore, since N > A7 2 (M) + 1, there exists a sufficiently large,
relatively compact domain €2y such that

Qco  and M) <o.
We fix v >0 sufﬁAciently small in such a way that, if ¢ € C%#(Q;) is a normalized
eigenfunction of L on )y, that is, if ¢ satisfies
Lo =M(Q;) on @,
{ =0 on 0§

and ||g0||Lz(Ql) =1, then

U [Vl - i(a)e?] + 7 /

b(x)g? = A() + / b(z)g? < 0.
Q1

Q1

This shows that the operator L = ﬁ+7§(x) satisfies AL (Q;) < 0. Let ¢ € C2((y)
be an eigenfunction corresponding to A\¥(Q;). Then, ¢ is positive by Remark 1.28,
and satisfies

—Ly > vb(xz)y on £,
=0 on 0€).
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If we choose L
0<p<y7t [Supw} )
Q4
then the C># function v_ = p1) solves
Av_ + §(z)v- — b(z)v? >0 on Qy,
v_ >0 on Qf, v_=0 on 09;.

On the other hand, since Alﬁ (Bp) > 0, by Proposition 2.33 there exists 0 < vy €
C?H(€) satisfying

Avy + §(x)vy — b(x)v] <0 on €,
vy >0 on 0.

By the comparison Proposition 2.32, v < v4 on ;. Thus, by the monotone
iteration scheme (see [Sat72], or [Kur89] for a different approach), we find a
solution w € C%#(Q) of the problem

Aw + §(z)w — b(z)w” =0 on €,
w>0 on Q, w=0 on 0.

Note that w > 0 on 92 since Q C . We set wy = &w, { > 0. Then, it is
immediate to see that, since § > ¢q on 2, up to choosing ¢ sufficiently large

Awy + q(x)wy — b(x)w] <0 on (2,
wy >N on Of.

Since u = 0 is clearly a subsolution of the same problem, by the monotone iteration
scheme we deduce the existence of a non-negative solution u € C%#(Q) of the
problem (2.68). However, u > 0. Indeed, Au + (¢(z) — b(x)u®!)u = 0 and now
apply the strong maximum principle ([GT98], p.35) to conclude. O

In the next result we produce a solution blowing up at the boundary of €.

LEMMA 2.35. In the assumptions of Lemma 2.34, there exists a solution u €
C>H() of the problem

loc
{ Au+ g(z)u — b(x)u” =0 on €,

(2.71)
u>0 on €, u— 400  on ON.

PrOOF. By standard Schauder estimates (Chapter 6 of [GT98]), it is enough
to show that the sequence {u,}, n € N, with wu, solution of (2.68), is bounded
on any compact subset K of Q. Once this is proved, by Theorem 6.2 of [GT98]
{uy,} is bounded in C?#(K) for every domain K with compact closure in . Ascoli-
Arzela compactness result together with a Cantor diagonal argument yields, up to a
subsequence, u,, — u in the C? topology. As a matter of fact, u is again in Clzoé‘ ()
by passing to the limit in the definition of Hélder seminorm. If K C Q\ By, then
we can find a finite covering of relatively compact balls {B;} for K, i € {1,...,t},
such that b(z) > 0 on B;. We claim that for each B; there exists a constant C;
such that u, < C; on B; for every n € N. Postponing for a moment the proof of
this claim we deduce the existence of a constant C such that

(2.72) up(z) <C Vee K,VneN
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It remains to find an upper bound for u,, in a neighbourhood of By. Towards this
aim, let {IV;} be a decreasing nested sequence of relatively compact domains with
smooth boundary converging to By. By the compactness of By, we can choose j
sufficiently large that N; C Q. Furthermore, by the definition of A(By) and by
M(By) > 0, we can choose j big enough in such a way that

AT (N;) >0

is met. Now, 0Ny, is compact, therefore (2.72) holds on 9Ny, for some constant
Cy > 0. Let ¢ be the positive eigenfunction associated to AL(N;). Then, there
exists a positive constant .S > 0 such that

Sp>Cs > uy on ONy;, VneN

Since, on Naj,

A(Sp) + q(z)(Sp) = AT (N;)(Sp) < 0;

Auy + g(x)uy, = b(x)u? > 0,
we can apply Proposition 2.32 with b(z) = 0 to deduce the uniform estimate u,, <
S < Sellpe(n;) on Na;.
To finish the proof of of the Lemma is remains to prove the claim. Let Bsr be a
relatively compact ball of radius 3R such that b(z) > 0 on Bsg. Let u > 0 be a
solution of

Au+ q(z)u = b(x)u? on Bsp.
Then, if go = [|q(®)|| £ (B,p)» u satisfies
Au + gou > 0.

Thus, we can apply Theorem 8.17 of [GT98] to the operator A + ¢ to deduce the
weak Harnack inequality

supu < Clul|Lr(Bar)»
Br

for some p > 1 and with a constant C' depending on m, p, qg, R, the geometry of
Bsyg and the ellipticity constant of A on B3g. To give a uniform upper estimate of
lullLe (Byy), Observe that if ¢ € C2°(Bsg), ¢ = 1 on Bagr and we choose p = o + 1,
for any n > 1

[ullEn By < /B uo N,

3R

It is therefore enough to give a uniform upper bound for the RHS of the above. Set

2 1
n= M > 2’
oc—1
and note that n is twice the Holder conjugate of (o 4+ 1)/2. Multiply both sides of
(2.73) Au+ g(z)u = b(x)u’

by u¢" and integrating by parts we get

Joapion= [aier [onvup  [portuvu.vo)

Set by = infp,,, b > 0. An application of Cauchy-Schwarz and Young inequalities
to the RHS gives

2
®iS) < ap [ur+ L [ or2alivop.
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We now apply Holder’s inequality to both terms of the RHS to get

b [urtion < [bwpurtion < qo{ / u”+1¢"} { / ¢”}
el e

o+1
o—1

feowzt ol fo 2 oy ]

and the uniform Lt!-estimate follows. O

Simplifying, we obtain

REMARK 2.36. For a proof of L> estimates with a different method inspired
by a work of L. Ahlfors [Ahl38], the reader can consult the Appendix of [RRV97].

LEMMA 2.37. Let q(x),b(z) € C2H(M), € (0,1], b(z) > 0 and suppose that

By is compact and satisfies \XF(Bg) > 0. Ifu_ € C2*(M), u> 0, u # 0 is a global
subsolution of

(2.74) Au+ q(x)u — b(z)u’ =0, oc>1
on M, then (2.74) has a mazimal positive CL* solution on M.

PROOF. We fix an exhausting sequence {2} of relatively compact open do-
mains with smooth boundary such that

BO@Qk@Qk—H VkeN.

Having fixed k, according to Lemma 2.35 we can construct a blowing up solution
0<u€ C1 ’“(Qk) of the problem (2.71) with Q = . Note that, by Proposition
2.32,

(2.75) Up > U_ on €.

Similarly, ug1 < ug on Q. Since ug is monotone decreasing, by elliptic regularity
it converges locally in the C? topology to a Clzoc” solution of (2.74). Because of
(2.75), u > u_ on M, ad since u_ # 0, by the maximum principle u > 0 on M. If
@ > 0 is any non-negative C solution of (2.74), by Proposition 2.32 & < uy on Q,
so that letting k — 400 we deduce u < u. This proves that u is maximal. O

PrROOF OF THEOREM 2.30. By the above lemmas, assumption A(Bg) > 0
enables us to produce a positive maximal 01205 solution u provides we can find
some non-negative, non zero subsolution u_. The requirement A\Y'(M) < 0 is what
we need to construct u_. Indeed, we are going to produce as u_ the minimal
positive solution v. The method follows the lines of that of Lemma 2.34, where the
first step was a perturbation of L to produce some operator L satisfying AF(M) < 0.
Here, since \'(M) < 0 we can fix a sufficiently large relatively compact set Q with
smooth boundary such that AF(Q) < 0. Let ¢ € C*#(Q) be the corresponding
normalized eigenfunction. If ~ is sufficiently small, then

/ Vel — g(2)p® +1b(a)e = A(Q) + / b(x)e® <0,

Q



62 2. SOME GEOMETRIC EXAMPLES RELATED TO OSCILLATION THEORY

thus )xlz(ﬂ) < 0, where L = L++b(z). Let ¢ € C2#(Q) be a positive eigenfunction
corresponding to A(Q). Then 1 solves

=Ly = yb(2),
=0 on 0.

If we choose p < /(=1 [sup, 1/}]717 the function v_ = pt) solves

Av_ + g(x)v_ > b(z)v? on €,
- (2)_ > b(z)
v =0 on Of).

Lemma 2.33 guarantees the existence of a positive C?* supersolution vy of (2.76),
which by Proposition 2.32 satisfies v_ < vy. Then, the monotone iteration scheme
and the maximum principle give a positive, C** solution v with zero boundary
condition on 9. Choose now a sequence {2} of relatively compact domains with
smooth boundaries, and let vi, be the positive solution of Avy + g(z)vr — b(z)v] =
0 with zero condition on 9y constructed above. By Proposition 2.32, {v;} is
monotone increasing, and uniformly bounded by the procedure of Lemma 2.35.
Thus the elliptic estimates, together with Ascoli-Arzela and Cantor arguments yield
C? convergence of {v} to a C?* solution v > 0, which is obviously minimal, since
by Proposition 2.32 every positive solution w shall satisfy w > v on Q. This
concludes the proof. O

REMARK 2.38. If \F(M) > 0, it is possible to prove the triviality of any solution
u € Lipy,.(M), u > 0 of

ulu + q(x)u® — b(z)ut >0

satisfying suitable integrability assumptions. As a consequence, the spectral as-
sumption A¥(M) < 0 in Theorem 2.30 is necessary. We will come back to this
nonexistence result in Section 4.3, when we will prove a sharp Liouville type the-
orem on manifolds with a pole as a consequence of our ODE approach. Liouville
type theorems are a cornerstone in modern Differential Geometry and Geometric
Analysis. For a detailed treatment, together with many geometric applications, see
[PRSO08] and the references therein.



CHAPTER 3

On the solutions of the ODE (vz') + Avz =0

The purpose of this chapter is to introduce one of the main tools in our inves-
tigation of the ODE (vz’)’ + Avz = 0: the critical curve x(r). After a few brief
introductory considerations, we proceed discussing some of its properties related to
geometry. In particular, we focus on comparison results for y and we discuss the
behaviour of x as r — +00 depending on some relevant geometric quantities.

3.1. Existence, uniqueness and the behaviour of zeroes

This preliminary section is devoted to showing existence, in the Lip,,. class, of
a solution of the Cauchy problem

{ (v(r)2' (r)) + A(r)v(r)z(r) =0 on RT
Z(r)=0(1) as rl0", 2(0) =20 >0
under the assumptions
(A1) A(r) € L. (Rg)

(3.1)

(V1) 0<o(r) e LoRY), —— e L (RY),  lim o(r) =0

loc U(?") loc Ot

(V2)  o(r) /a Uo(lz) and % /OT v(s)ds € L([0,a]), for some a € RT
1

— TUIE r =0 as r +.
(V3) U(T)/O (¢)dz = o(1) asr—0

Clearly, (V3) and the third assumption in (V1) require the choice of a version of v.

REMARK 3.1. Both (V2) and (V3) are met if, for instance, a version of v is non-
decreasing on (0, a). By Proposition 1.6, this is always the case if v(r) = vol(0B,)
and a is sufficiently small.

Solving (3.1) is equivalent to finding z € Lip,,.(R{) satisfying

(3.2) () = 20 — /0 ﬁ {/O A(x)v(x)z(a:)dx} ds.

Observe that z/(r) = O(1) near 0 is automatically true if z € Lip,,.(R7). Next,
with a suitable substitution we prove both uniqueness and the fact that the zeros
z(r) if any, are at isolated points. Existence results for the Sturm-Liouville problem
(3.1) are classical and proved with fairly weaker regularity on A and v, for instance,
in Section 2 of the Lecture Notes of J. Weidmann [Wei87]. However, to keep the
paper self-contained, we report here a direct proof for the Lip, . class. As usual, this
relies upon the Banach-Caccioppoli fixed point theorem, together with an Ascoli-
Arzeld argument to deal with the singularity in r = 0.
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PROPOSITION 3.2 (Existence). Under assumptions (A1), (V1), (V2) there ex-
ists a solution z(r) € Lip,,.(Rd) of

{ (v(r)2'(r)) + A(r)v(r)z(r) =0 on R*

(3:3) z(0) = 29 > 0.

Moreover, if also (V3) holds, up to a zero-measure set Q, z’'(r) = 0asr — 0, r & Q.
If v is continuous, z € C*(RY) and, when (V3) is met, 2/(0) = 0; if A € C*(RY),
k>0, ve CHYRY), then z € CFF2(RT).

Proor. Assume A # 0 in LS. sense, the case A = 0 being easier. First, fix a

sequence R; T +00. We can suppose that a € (0, R;) for every j, where a is as in
(V2), and A # 0 on [0, R;]. Fix € € (0,a), and define

oelr) = { v(e) on (0,¢]

v(r) on [g,+00)

Then,
(3.4) ko(r, ) = — A(s)vo(s) / ' 1&”;)

belongs to L (R4 x Ry). Thus, by the Banach-Caccioppoli theorem (for instance,
one can consult chapter IX of [KF80]), Volterra integral equation of the second

kind
(3.5) w(r) = zp Jr/o ke(r, s)w(s)ds,

restricted to every interval [0, R;] where the kernel k.(r,s) is bounded, admits a
unique solution z. ; € L?((0,R;)). From (3.4), an integration by parts applied to
the integrable function —A(s)v(s)zs ;(s) and to the absolutely continuous one

/ " odx
s Ve ($>
gives

(3.6) 2 (r) = 20— /0 ' %@ { /0 ) A(:C)vg(a:)zg,j(m)dx} ds

on [0, R;]. This shows that z. ;(r), being an integral function, is absolutely contin-
uous on [0, R;], hence differentiable a.e. with derivative

1 N |
5 | Awr @z @ e (0.7,

Therefore, z. j(r) is a Lipschitz function on [0, R;]. By the uniqueness of solutions
of (3.5), we deduce that the functions {z. ,}, fit together on common intervals to
give a locally Lipschitz solution z.(r) on R{. What we want to prove is that, for
every R;, the family {z.}.c(0,q) is equibounded and equi-Lipschitz in ([0, R;)).
For the ease of notation, from now on we omit the subscript j and we consider the
problem on [0, R] C Rf. For every s < e observe that, because of (A1), (V2) and
the definition of v,,

ve(s)/savj(i) — v(e) U+/} S(es)Jrv(e)/:U((li),
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0 5 o[

For some uniform constant C independent of €. Thus, for 0 < s < r < a we have

(3.8) |ke(r, )| < CllAll L (o, r)-

hence

(3.7) <C

L=(0,a])

< 2a+

L>([0,a])

Next, we consider the case 0 < s < a < r < R. Because of (V1), on [a, R] v~! is
bounded. It follows that

ol = Ao { [ [

< Al Lo (0, ) (C + ||U||Loo([o,R])||U_1||Loe([a,3])R)

The case 0 < a < s < r < R is immediate:

ke (r, 8)| < (1Al Lo o, R 1V oo 0,8 0™ | 2o (10, ) R-
Therefore, there exists L = L(R,a) > 0 such that

(3.9) sup (s Jhe(ro)) <2

e€(0,a) \0<s<r<R
Using (3.9) into (3.5) and applying Gronwall’s lemma we conclude
(3.10) |2 ()] < z0el™ < zgel on [0, R)

This shows equiboundedness of the family {z.}.c(0,q). To show equicontinuity we
differentiate (3.6) to obtain

=L [ 2)ve(2) 2 (z)da a.e. on
(311)  2) = UE(T)/O A@e(@)ze(@)dz e on [0, R].

As in (3.7), using (V2) it is easy to see that there exists a constant C' > 0, inde-
pendent of ¢, such that

<C,
L>=([0,R])

%(') /0. ve(x)da

whence
(3.12) |z2(r)| = | All Lo (0,5 Cll Ze |l Lo (j0, 7)) < Croe*® ae. on [0, R]

This shows that {z:}.c(0,q) is equi-Lipschitz on every compact subset [0, R] C Ry .
The Ascoli-Arzela theorem and a Cantor diagonal argument on increasing intervals
yields a sequence {z., }, which converges locally uniformly to a locally Lipschitz
function z on RY. Clearly, v., — v in L=(R7). If we set

1 S

= A d

we(s) Ue(S)/o (2)ve () 2 (v)dx

using (3.11) and (3.12) we see that w., is locally a bounded sequence of LS -
functions converging pointwise to

_L ) Tr)v(x)z(x)ax a.e. on +
we) = o5 [ A@p@e@e ae on B
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By the dominated convergence theorem, for every » € RT w., — w in L((0,7]),
hence

Jim OT U:fs) { /0 " A@)e, (0)2e. (x)dx} - /O ' vc(lz) { /0 SA(x)v(m)z(a:)dx}

Because of (3.6) it follows that z satisfies the integral equation

(3.13) () = 20 — /0 ﬁ {/0 A(m)v(m)z(m)dm} ds,

hence the Cauchy problem (3.3). Note that, when v(r), A(r) are also continuous,
from (3.13) we deduce that z(r) € C*(RT). This concludes the first part of the
proof. Under the additional assumption (V3),

1 s
ZI r) < Allr a2 || Lo a ’/ v(s)ds
12 (r)] < | Al ((0,ap 121l o= ([0,a)) o) /o (5)

and this concludes the second part, while C**2 regularity follows easily from (3.13)
by iteration. O

— 0" as T — 0T,

REMARK 3.3. With a minor modification of the above argument we can provide
existence of a locally Lipschitz solution of the problem

{ (v(r)2'(r)) + A(r)v(r)z(r) =0 on [rg,+00)

3.14
(8.14) z(ro) = 20 € R.

when (A1) and (V1) are met on [rg, +00), for some ro > 0. Note that 1/v is required
to be bounded also in a neighborhood of 7.

REMARK 3.4. We observe that Sturm type arguments can be easily rephrased
for (v2’) + Avz = 0. Indeed, if 21, 2o denotes solutions of (3.3) with, respectively,
potential A; and A,, it is enough to differentiate F' = (vz])za — (vz})z; and to
proceed analogously to the proof of Theorem 1.9. Therefore, the properties of
being oscillatory and nonoscillatory are well defined and mutually exclusive also for
Lip,, solutions of (vz') + Avz = 0.

COROLLARY 3.5 (Existence and uniqueness). Under assumptions (Al), (V1),
(V2), there exists a unique solution z(r) € Lip;,.(R{) of the problem

(v(r)2'(r)) + A(r)v(r)z(r) =0 on Rt
2(0T)=20>0

PROOF. If z1, 29 are two distinct solutions of the Cauchy problem, by Sturm
argument they coincide on some interval [0,6). Fix R; 1 4+o00. Since the Cauchy
problem on I = [§/2, R;) with initial data (vz’)(d/2) = (vz])(6/2) is equivalent to
a Volterra integral equation with locally bounded kernel, by uniqueness (z1), I =
(22)|1, is the unique solution on each I;, hence on R*. O

The next proposition ensures that zeros of z(r), if any, cannot have cluster
points on RT. Note that usual methods cannot be directly applied to z since z is
not C', and we first need a suitable substitution.

PROPOSITION 3.6 (Isolated zeroes). Assume (A1) and (V1). Then, the zeros
of every solution z(r) € Lipy,.(Ry) of (3.3), if any, are at isolated points of Ry .
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PROOF. If 1/v € L'(+00), we set

(3.15) o= ([ ;@1 |

Clearly s : RT — I = (sg, +00) is a locally bi-Lipschitz bijection, where sg > 0. We
let 7(s) be the inverse function and we define g(s) = sz(r(s)), as classically done,
for instance, in [Lei50], [Moo55]. A first differentiation shows that g € Cllo’c1 (I),
and a further differentiation together with (3.3) shows that g solves

d?g | (A(r(s))v*(r(s))
3.16 — _— =0.
(3.16) FE ( i g
If the zeroes of g have a cluster point s on I, by Rolle theorem g(35) = ¢'(5) = 0.
By the uniqueness of solutions of the Volterra integral equation associated to

d? A(r(s))v*(r(s
g+( (())4(()))907
ds s

9(8) =4'(s) =0,
we deduce that g = 0 on (s, +00), and therefore that z = 0, which contradicts
z(0) = zp > 0. Thus, the zeroes of g are isolated on I, and by (3.15) it follows that
also those of z(r) are isolated on R*. When 1/v € L'(+00), since 2o > 0 we can

fix R > 0 sufficiently small that z > 0 on [0, R]. The above argument applies after
the change of variables

(3.17) s(r) = /T s and  g(s) = z(r(s)).

r V(s)
Indeed, s is a bi-Lipschitz bijection from [R,+o0) to Ry, and g € Cllo’;(Rg ) solves
d%g
152 + A(r(s))v*(r(s))g = 0.
U

From Proposition 1.6, (V1), (V2), (V3) are met when v(r) is the volume growth
of geodesic spheres of a complete, non-compact Riemannian manifold.

COROLLARY 3.7. Let (M, {(,)) be a complete, non-compact Riemannian man-
ifold of dimension m, and let K C M be either a point or a compactly embedded
submanifold satisfying dim(K) < m — 2. Define B, to be the geodesic ball centered
at K, and let v(r) = vol(0B,). Then, for every A(r) satisfying (A1), there exists a
unique solution z € Lip;,.(Ry) of problem (3.3). Moreover, z is C! in a neighbour-
hood of 0, 2/(0) = 0 and =z has isolated zeroes. Analogously, for each z| € R there
exists a unique solution of problem (3.14) satisfying also 2/(rg) = z{ and, if z # 0,
z has isolated zeroes.

REMARK 3.8. When K is a compact hypersurface, the compactness argument
in Proposition 1.6 is not necessary since v(0) > 0, and existence is easier to prove.
In this case, uniqueness follows once we also specify z'(0).

REMARK 3.9. Of course, the set of, say, Lip,,, solutions of (vz') + Avz =0
on [R,+00), R > 0, is a linear space of dimension two. By general theory, if z; is
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a Lip,, solution without zeroes on [R, +00) then another Lip,,, solution, linearly
independent of z1, has the explicit expression

T ds
21(7")/ —— if (v2)7le LY(RY);
r v(s)z1(s) !
22(r) = . 1
S
21(7")/ ——— if (vz})"t & LY(RT).
R+1 v(s)27(s) '
The classical change of variables exploited in the proof of Theorem 3.6 will be
repeatedly used throughout the paper. For this reason, we state next proposition
to avoid tiresome repetitions.

PROPOSITION 3.10. Let K € L2 (RY), and let g be a solution of

loc
{ g+ K(s)g=0 on RT
g(0)=0, 4¢'(0)=1.
Choose v satisfying (V1), (V2) and 1/v € L'(+00)\L*(0"), let r = r(s) be the
inverse function of

-1

(3.18) s(r) = (/T+O° ;2;) , and define z(r) = g(s(r))

Then, z solves

v(r)2'(r)) — 2 Y u(r)z(r) = on RT
1) o)) + (FEED ) oy =0 on R

3.2. The critical curve: definition and main estimates

In what follows, when we deal with (3.3) or with the Cauchy problem

{ (v(r)2'(r)) + A(r)v(r)z(r) =0 on [rg,+00)

+

3.20
( ) z(rg) = 20 € R,

for some rg > 0, we always assume the validity of (A1) and (V1), with the under-
standing that, for (3.20), these requirements are met on [rg,+00) and that 1/v is
bounded in a right neighbourhood of rg. The critical curve x, in the form given
below, has been introduced for the first time in [BMRO9], and in some special
cases in [BR97].

Throughout this section, we will require the further integrability condition

A e
(Vi) U(T)GLH ).

This condition is essential for defining x (7). As we shall see, the situation changes
considerably when 1/v is not integrable at infinity. We set

o 2= (i [ LT {(—; og [ ‘2))} € Lin(®"),
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Observe that, for every fixed r, x(r) depends on the behaviour of v on the whole
[r, +00), but not on that before r. From the definition, it follows immediately that

(3.22) /Fds— 1og{</+wzjj)>/</r+w£;>} VO<R<r

whence, letting r — +o00, we deduce that, for every v(r) satisfying (V1),

(3.23) Vx(r) & L (+00)

REMARK 3.11. We note in passing that, if 1/v is integrable at zero, by (3.21)
and (V1), x(0%) = +oco. The same happens when v(r) satisfies (V1) and is increas-
ing near zero, independently of its integrability at zero. Indeed, for every a > 0
and r € (0,a),

=l ([ [ s

for some constant C'(a) > 0, and the claim follows letting » — 0 by the arbitrari-
ness of a.

Although the critical curve x(r) is suitable to describe the oscillatory behavior
of the ODE (vz’) + Avz = 0, it is in general not easy to handle, both because of
its integral expression and for its lack of regularity. For geometric applications it is
often useful to bound v(r) = vol(9B,) from above or below by some function f(r)
with better regularity properties, and to introduce a critical curve x ¢ associated to
f exactly as in (3.21) with v(r) replaced by f(r). Of course this is meaningful if f
satisfies requirements similar to those for v(r). An important feature of x is the
homogeneity property xcy = Xy, for C > 0. However, simple relations between v
and f such as, for instance, v < f do not imply similar relations between y and
Xf. Indeed, in this case a more stringent condition is required.

PRrOPOSITION 3.12. Consider the functions v, f on some open interval I =
(ro,+00) C RY. Then,

(i) If v/f is non-increasing (resp. strictly decreasing) on I, x(r) < xy(r)

(resp. X(r) < x7(r)) on I;
(ii) If v/f is non-decreasing (resp. strictly increasing) on I, x(r) > xz(r)

(resp. x(r) > x¢(r)) on I;

PRrROOF. We consider case (), the second case being similar. Now x < xy on
if and only if, for every [R,7] C I,

/ercisg/;mds

and because of (3.22) this is equivalent to

(3.24) h(r)<h(R) Y[R cCI

=4 gL 6

where



70 3. ON THE SOLUTIONS OF THE ODE (vz’') + Avz =0

By adapting the reasoning in [CGT82], p.42, if v/f is non-increasing then h(r) is
non-increasing. Indeed,

SR = G ][] s
< MLl Tl
< [ G) ]+
= SRR = T

This proves (3.24). The above reasoning also shows that strict monotonicity of v/ f
implies strict inequalities between x and ¢, as can be easily checked. [

As a consequence of the Bishop-Gromov comparison Theorem 1.24, the above
result applies when v(r) = vol(0B,) and f is related to bounds on the Ricci tensor
or on the radial sectional curvature.

PROPOSITION 3.13 (Comparison for the critical curve). Let (M,{, )) be a com-
plete manifold of dimension m with a reference origin o € M, and let G € CO(RY).
Define x(r) as the critical curve associated to v(r) = vol(0B,.).

(i) Assume that
(3.25) Rice(Vr,Vr)(z) > —(m — 1)G(r(x)) VxelM.
and let g be a solution of
g'—Gg>0 on RY,
{ 9(0)=0, g¢'(0)=1.

Suppose that g >0 on RT. Then x < Xgm-1 on RT.
(#4) Assume that

(3.27) cut(o) = 0, Kiaa(z) < —=G(r(z)) on M.

(3.26)

and let g be a solution of
g'—Gg<0 on RY,
{ 9(0) =0, g¢'(0)=1.
Suppose that g > 0 on R*. Then x > xgm-1 on RT.

(3.28)

We now describe explicit examples of critical curves x and xs in some inter-
esting cases. Unfortunately, as already observed the defining expression (3.21) is
computationally difficult to handle. For this reason, explicit expressons can be
found only in few simple situations. Thus, in the general case we shall limit our-
selves to stress the asymptotic behaviour of y near 0% and +oco. We concentrate
on the case v(r) = vol(0B,.). From the asymptotic v(r) ~ wy,—17™ " as r — 0T in
(1.63), a straightforward computation using De I’'Hopital theorem yields

(m—2)

X(r) 4r2
_r
4r2log?r

as r— 07, if m > 3;
(3.29)

x(7) as r— 0T, if m=2.
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In particular, if we consider a manifold M and we let r(z) be the distance function
from a fixed origin o, (3.29) and v(r) ~ wy,—1r™"! imply that y(r(z)) has an
integrable singularity near o for every m > 2. Next, we consider the examples of
Euclidean and hyperbolic spaces.

EXAMPLE 3.14 (Euclidean space). Let M be the Euclidean space R™. Then,
v(r) = Wy_17™ "1, so we have to exclude m = 2 since (V1) does not hold. For
every m > 3, a simple computation gives

(m —2)°

_ +
(3.30) x(r) = 2 on RT.
Similarly, if v(r) = Ar® for r > ro > 0, where A > 0 and o > 1,
—1)2
x(r) = (o1 on [rg,+00).

4r2
We mention that a polynomial growth of type r¢ is the case, for instance, of tran-
sient metric trees (see [EFK11]) and some fractal spaces, and that many of the
arguments of the next chapters can be rephrased and extended to be applied in
these general settings.

ExaMPLE 3.15 (The hyperbolic space). Some computations are required for
the hyperbolic space H of sectional curvature —B? < 0. In this case, the volume
of geodesic spheres is v(r) = B~ sinh™ ' (Br). Set

1

2¢/x(r)

Denote, for convenience, with x,, the critical curve of H'5. From the recursive
relation

+oo
In(r) = / sinhlfm(Bs)ds, so that = Sinhmfl(BT)Im(T)-
T

(m—1)1,(r) = é cosh(Br) sinh™™(Br) — mI,2(r),
which can be proved integrating by parts, we deduce
m—1  coth(Br) 1 m
2¢/Xm(r) B sinh®(Br) 21/ Xmi2 (1)

Therefore, we can compute the explicit expression of x,,, for every m once we know
those of x2 and x3. If m = 3,

I(r) = B~ / o (coth(Bs))'ds = B’1<coth(Br) - 1),

hence

B2 3

If m = 2, we change variables according to ¢ = e®° to deduce
2 (T do 1 eBr +1
1. == — =—=1
2() = 3 /B o2-1 B *® (eB’" - 1)

Br 1 -2
(3.32) x(r) = B? {2 sinh(Br) log <ZBT i_ 1)] on H%.

and thus
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In what follows, particularly in Chapters 5 and 6, it will be useful to consider
bounds f for v of the following type:

(3.33) f(r) =Aexp {ara logﬁ r} , Aa,a>0, >0,

on I = R*" oron I = [rg,+00). In the easy case o = 1,8 = 0, that is, f(r) =
A exp{ar}, the critical curve is constant:

2
xf(r) = T on I.

In the general case, xs(r) cannot be explicitly computed in terms of elementary
functions, so we concentrate on the asymptotic behaviour as r — +00. Again using
De I'Hopital rule

2. 2 / 2
(3.34) xp(r) ~ <a4a ) P2 10g? 1~ [fo((:))} as 1 — +00.
Therefore, with the choice (3.33), the critical function x¢(r) is asymptotic to what
we shall call from now on the modified critical function X (r):

(3.35) Xp(r) = H}((:))} g

As we will stress later, xy and Y are deeply related. Here we limit ourselves to
observe that, if f(r) = g(r)™ ! comes from the Laplacian comparison theorem,

- 1 AGIN

i = |m-0%]
directly depends on a bound for Ar. The modified critical function, being asymp-
totic to x s when f is of type (3.33), will come in handy in Chapter 6 to control the
oscillations of (vz) + Avz = 0.

Combining Bishop-Gromov volume comparison theorem and Proposition 3.13,

we provide upper and lower bounds at infinity in some useful geometrical situations.
This is the content of the next three results. We begin with

THEOREM 3.16 (Upper bounds for x(r) on RT). Let (M,{,)) be a complete
manifold of dimension m > 2 satisfying

(3.36) Rice(Vr, Vr)(z) > —(m — 1) B? <1 + T(:E)2>a/2 on M,

for some B >0 and o > —2. Then,
(1) If a >0, x(r) < xs(r) on RY, where

2B a
(3.37) F(r) = B sinhm! (M (L4 )5 - 1]) ,
and
BQ(m — 1)2 o
xy(r) ~ — as r — +00.

(it) If a € (—=2,0), x(r) < xs(r) on RT, where

2B, .\1""
_ .(m—1)/2 1+<
(3.38) f(’l”) =T |:I2-¢1-a (2 T ar 2 >:| s
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and I,,(s) is the modified Bessel function of order v. Moreover,

BZ(m71)2 a
Xf(r) ~ — as r — +o0.

(iii) If o = —2,

B'(m—1)-1)" 1+ VIt 452
(3.39) x(r) < ( (m4 2) ) on RT, where B = %
r
PROOF. (i) The function g(r) = f(r)"/ =1 solves (3.26) with G(r) = B%(1 +
72)®/2, Then, by Proposition 3.13 we deduce xy < Xf, where f = ¢g™~!. An
application of De I’'Hopital rule gives, for some explicit C > 0,

f(r) ~ Cexp (%(1 + r)1+%) ,
(3.40)

o ds 1 1 —a/2 2B(m—1) 142
fs) ~ C B (1 +7) eXp(_ 2ra (LFT) )
r

The asymptotic behaviour of x s follows immediately.
As for (1), since I,,(s), v > 0, is a positive solution of the Bessel equation
,d?%I, dr,
s s
ds? ds

= 1 2\ v+2k
L(s) = 1;) T(k+1)D(k+v+1) (5)

(see [LebT72], p.102), a straightforward computation shows that g(r) = f(r)*/(m—1)
is a positive solution of the singular equation ¢” — B?r®g = 0 with initial condition
g(0) = 0, ¢'(0) = C > 0 for some positive constant C = C(«, B). Hence, since
a < 0, g satisfies

(3.41)

(3.42) { 9" = B*(1+r%)2g 2 g" — B*rg =0

9(0)=0,  ¢'(0)=C>0,
so that x < x, where f= (C~1g)™~1 is proportional to f. Since y in invariant
under multiplication by a positive constant, x < xy. Using
S

(3.43) I,(s) = \/(;%(1 +0(1)) as s — +oo

(see [Leb72], p.123) and De I’'Hopital rule we deduce, for some explicit C' > 0,
fr) ~ Cr—ae exp (MTH%) ’

24«

(3.44) oo g

S — 1 m—3) 2B(m—1) o

/r 7o~ O Emen T e (-2,
thus xs ~ [B*(m — 1)?/4]r® also when « € (—2,0). It remains to examine (iii).
The function
/ 1++vV14+4B2

gir) =¥, B =T
solves

g// _ B2(1 + TQ)_lg 2 g// _ B2T_2 =0
(3.45) ,

g(0)=0,  g(0)=0.
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Condition ¢’(0) = 0 requires some care. Let h be the (positive) solution of
R —B*(1+r%)~"th=0 on R{,
{ h0)=0,  K(0)=1.
Then, (hg' — gh')’ > 0 on RT. Since (hg’ — gh’)(0T) = 0, we deduce hg’ — gh’ > 0,
hence g/h is increasing. Applying both Propositions 3.12 and 3.13 we get
(B'(m —1) —1)*

2 on RT.
r

X(r) < Xum-1(r) < Xgm-1(r) =

O

REMARK 3.17. Observe that, in (iii), the upper bound (B’(m — 1) — 1)2/47’2
fails to have the right behaviour (3.29) at » = 07. This fact is due to ¢’(0) = 0 in
(3.45).

Next, we consider lower bounds for x(r) on negatively curved manifolds.

THEOREM 3.18 (Lower bounds for x(r) on RT). Let (M,(,)) be a complete
manifold of dimension m > 2 satisfying

(3.46) cut(0) =0,  Kraa() ngQ(Hr(x)?)a/ oo M,

for some B >0 and o > —2. Then,
(i) If >0, x(r) > xs(r) on RT, where f(r) is as in (3.38) and satisfies

B%(m —1)?
(3.47) xy(r) ~ %ra as r — +00.
(it) Ifa € (—=2,0), x(r) > xf(r) on RT, where f(r) is as in (3.37) and satisfies
(3.47).
(iid) If o = —2,
(B'(m—1) — 1) 1++/1+ 4B2
. > + e i e
(3.48) x(r) > TEESE on R, where B 5

PROOF. The proof is dual to that of Theorem 3.16. As for (i), since g(r) =
f(r)/(m=1) solves " — B?r®g = 0 with initial condition g(0) = 0, ¢’(0) = C(«a, B) >
0, when a > 0, g satisfies

{ g// _ 32(1 +T2)a/2g < g// _ B2r“g =0
9(0)=0, ¢'(0)=C.
By comparison, x > X7 =X/ where f: (C—lgym—t =Ct-mf.

Case (ii) is identical. It is enough to observe that, when o € (—2,0), g(r) =
f ()Y m=1) solves

{ g// . 32(1 +T2)o¢/2g < g// o B2(1 +,],.)ocg(7,,) < 07

g9(0)=0,  g'(0)=1.

We are left to the almost Euclidean case, that is, (ii). Consider h(r) = (1 4 )5’

Then, h(0) = 1, A'(0) = 0 and

B'(B — 1) B? B

——h(r) = —=h(r) <
(1—|—’I”)2 (T) (1—|—7‘)2 (T) >

(3.49)

h"(r) =
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Therefore, if g satisfy

g/l_B2 1+T2 a/29:0
(3.50) { (+r7)

9(0)=0,  4'(0) =1,

(¢’h—gh') > 0on RT and (¢’h — gh')(0) = 1, hence (g/h)’ > 0. This implies that
g/h is increasing, and applying Propositions 3.12 and 3.13

X(r) = Xgm-1(r) = xpm-1(r) = 5 (Zl+12)2 2 )

which concludes the proof. ([l

REMARK 3.19. If & = 0 in the above theorem, that is, K,.q(z) < —B?, we
indeed have the simpler lower bound

B?(m —1)?
4

To see this, by case (i) of Theorem 3.18, x > xym-1, where g = B~ 'sinh(Br).
Therefore, to prove (3.51) it is enough to consider the solution h(r) = exp(Br) of

{ " — B2h =0, B2(m — 1)2

(3.51) x(r) > xs(r) > on R*.

for which Xpm-1(r) = —— on RT.
h(0)=1, W(0)=B wm=s(r) 4

Comparing with ¢ (note that ¢g(0) = 0, ¢’(0) = 1), by Sturm argument h/g is
strictly decreasing, hence by Proposition 3.12 xgm-1 > xpm-1, as desired.

We now consider upper and lower bounds when the manifold M has possibly
non-negative radial sectional curvature. Note that, by the volume comparison the-
orem, if Kyaq > 0 then v(r) = vol(0B,.) < w,,_17™ 1. Hence, the case m = 2 has
to be excluded since 1/v & L!(+0c0). The proofs follow the same procedure as those
of Theorems 3.16 and 3.18, so we only sketch them.

THEOREM 3.20 (Upper bounds for x(r) on RT). Let (M, (,)) be a complete,
non-compact manifold of dimension m > 3 satisfying

B2
. i >m-1)——
(3.52) Rice(Vr,Vr) > (m —1) O on M,
for some B < 1/2. Then,
(i) If B <1/2, then x(r) < xs(r) on RT, where
7" 7 m—1 — 2
L (R e e e T

and

(B"(m—1)—1)
4r2

(it) If B =1/2, then x(r) < xs(r) on RY, where

Xp(r) ~ as r — +oo.

fir)y=0+ 7‘)771 logm_l(l +7)
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satisfies
(m —3)?
1672

(3.53) X (r) ,

= 5 if m=3,
4(1+7)2log*(1+7)

PROOF. It is enough to compare the critical curve with that of a model manifold
(M,,ds?), where g is the explicit solution of the Cauchy problem for the Euler
equation described in Remark 1.22. The behaviour of each critical curve can be
easily computed. In particular, (3.53) follows from

2 =75 log
+oo d ~ .
(3.54) / - m=3
o 9(

S)mfl _ 1
log(1+ )

m—1)

r if m>3;

if m=3.
O

Lower bounds can be found by comparing, again, with the solutions of Euler
equation. However, for future use, it is more convenient to compare with functions
g for which the critical curve is simpler. As we will see in Theorem 4.10, this will
enable us to deal also with some border line case for which the sole asymptotic
behaviour of the critical curve as r — 400 is not enough to produce a sharp result.

THEOREM 3.21 (Lower bounds for x(r) on RT). Let (M,(,)) be a complete,
non-compact manifold of dimension m > 3 satisfying

B2
3.55 t(o) = K, <— M,
(3.55) cut(o) = 0, ad(7) < 052 on
for some B < 1/2.
(i) If B<1/2 or B=1/2 and m > 3, then

(B"(m—1)—1)

1++vV1—-4B?

(3.56)  x(r) > on R, where B" =

4r2? 2
(#4) If B=1/2 and m = 3, then
1
(3.57) x(r) > on RT.

4(147)2log?(1 +7)

PROOF. In case (i), we consider the function h(r) = 5" which solves
2 2
(3.58) " : Pl < hE s
h(0) = 0.
Note that, in both the cases
B<1/2, m>3 and B=1/2, m>3
we have h!=™ € L!(+00). Now, if g is the solution of
2
T -
9(0)=0, ¢'(0)=1,

h =0;

g// _|_
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by Sturm argument g/h is non-decreasing. By Propositions 3.13 and 3.12,
(B"(m—1)—1)
4r?

To show (i), we compare directly with the solution g(r) = /1 + rlog(1l + ) of

on RT.

xX(r) = xgm-1(r) = xpm—1(r) =

1
"+ ——59=0,
(3.59) ST aa 2!

9(0)=0, ¢(0)=1.
Define f(r) = g(r)™~'. Since m = 3, by (3.53) x4m-1 can be explicitly computed
and has the expression in (3.57). O

To conclude, we consider estimates for y when we can only control the Ricci
or sectional curvatures in a neighbourhood of 400, that is, on [rg, +00) for some
ro > 0. The principal problem is to construct subsolutions and supersolutions
whose initial conditions allow the application of Sturm type arguments. The basic
step is the following technical lemma. For the ease of notation, we set

1
D(t) = 5( t2+4—t> on R,
and we observe that D is positive, decreasing on R, and such that D(0) = 1.

LEMMA 3.22. Let 0 < H € C([rg, +0)), for some ro > 0. Let hg,hy be fived
positive numbers, and define
! Hl
(3.60) O =lminl oy 0" =lmsup o
(1) Suppose that 0, > —oco. Let D, > D(0.), and let 8 < 0, be close enough
to 0. so that D, > D(0). Let r1 > rq be sufficiently large that
H/
2H3/2
Let C > 0 be a positive number satisfying

(3.62) C > max { ho, M .
DO H(’I’l)

(3.61) >0 on [r1,+00).

Then, the function

(3.63) h(r)=C {exp (DO / Mds> — 1} + ho

satisfies

n' —Hh >0 on [ry,+00)

h(’f‘l) = ho, h/(’f‘l) Z h,l.

(2) Suppose that 0* < +oo. Let 0 < D, < D(0*), and let > 6* be close
enough to 0* so that D, < D(0). Let 1y > ro be sufficiently large that
H/

2H3/2

Let C' > 0 be a positive number satisfying

C < min ho,L .
Do H(T’l)

<6 on [r1,+00).
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Then, the function
h(r)y=C {exp (DO/ \/H(s)ds> - 1} + ho

satisfies
h' — Hh <0 on [ry,+00)
h(’f‘l) :ho, h/(’)"l) Shl
PROOF. We prove item (1), the other case being analogous. By property (3.62),
h(r) defined in (3.63) satisfies h(r1) = ho, h'(r1) > h1. Moreover,
1 H’
1 —_ - R
(3.64) R — Hh = Cexp (Do / \/ﬁ) DoH [Do o+ 357
Using (3.61), D, > D(0) and the definition of D(t), on [ry, +00) the term between
square brackets is bounded as follows:
1 H’ 1
DO_D70+W>DO_D70+0>O.
Since, by (3.62), C' > hg, inserting into (3.64) we obtain h”’—Hh > 0, as desired.

+ H(C — hy).

In the next Proposition, we apply the above lemma to the particular case
H(r) = B?r®, together with the comparisons we have described in this section,
to derive upper and lower estimates for the critical function. In what follows, to
simplify the writing, we introduce the symbol f < g as r — 400 to mean that

lim Supr—>+oo (f/g) S L.

PROPOSITION 3.23 (Bounds for x(r) near +00). Let (M, {, )) be a non-compact,
complete Riemannian manifold, and let r(x) be the distance function from a refer-
ence origin o.

(i) suppose that Ricc(Vr,Vr) > —(m — 1)B?*r® on M\B,,, for some 19 > 0
and for some B >0, o > —2. Then,

B%(m —1)?
7(m4 ) re as r— +oo, if a> -2
x(r) S
(B'(m—1)—1)* .
2 as r— oo, if a=-2.

Where B' = & (1+ V1 +4B2).
(it) suppose that o is a pole and that the radial sectional curvatures of M
satisfy Kraa(x) < K(r(z)), where
“+o0
(3.65) 0< K € L'(400), r K(o)do <
Moreover, assume that Kaqa < —B%r® on M\B;,,, for some ro > 0 and
for some B >0, a > —2. Then,

on RT.

=

BZ -1 2
7(7)14 ) re as r— +oo, if a> -2
x(r) 2
(B'(m—1) —1)* ,
2 as r— oo, if a= -2

Where B’ = % (1 +V1+ 4B2).
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In particular, if o is a pole, Kiaq(x) < K(r(x)) for some K satisfying (3.65), and
Kypqa ~ —B%r® as r — 400, then

B?(m —1)?
%"‘ as r— oo, if a> —2;
x(r) ~
(B'(m—1)—1)* .
as r— +oo, if a=—2.
4r2

PROOF. (i). First, we extend the function B?r® continuously on [0,70] to a
non-negative function G(r) for which

Rice(Vr,Vr) > —(m — 1)G(r) on RT.
By Proposition 1.21, the solution g of
{ 9" —Gg=0
9(0)=0, ¢(0)=1

is positive and increasing on R*. Furthermore, by Proposition 3.13, y < Xgm—1 ON
R*. To apply Lemma 3.22, define H(r) = B?r® and note that

(3.66)

H' Q@ —0 as r — oo, if a>-2;
—_— 2
2H32 ~ 9B — _1/B it a=-2.
Thus
0, =0*=0, D(0,)=D(#*) =1 if a>-—2;

1 B
0, =0"=—1/B D(e*):D(e*):ﬁ(1+\/1+432):§ if o= —2.

We choose D > D(6,), 0 < 6,, and r1 > r¢ according to item (1) of Lemma 3.22,
and we consider the initial conditions hg = g(r1), h1 = ¢’(r1). Note that, since g is
positive and increasing, hg, hy > 0. Then, for every D > 1, by the assumption

Rice(Vr, Vr) > —(m — 1)B*r® = —(m — 1)G(r) = —(m — 1)H(r),

the function h(r) in (3.63) is a supersolution of (3.66) on [r1, +00) and satisfies

2B &
~ | expq D 7‘2“} if a>-2;
h(r1) = g(r1), K'(r1) > ¢'(r1), hir)~C { 2+«

DB

r if a=-2,

for some C > 0. Then, by Sturm argument g/h is decreasing, hence by Proposition
3.12

BQ -1 2
D27(m4 ) re as r — 4oo, if a> —2;
Xgm—1 S Xpm—1
! (DB(m —1) —1)° .
as r — 4oo, if a=-2.
472

Letting D | D(6*) we get the desired bounds.
Case (i7) can be proved similarly. Indeed, let G(r) be a continuous function satis-

fying

Krad(z) < —=G(r(x)) on M, G(r) = B*“ on [rg,+0), —G(r)< K(r) on R,
By Proposition 1.21, the assumptions (3.65) on K (r) ensure that the solution g
of (3.66) is positive and increasing on RT. This is essential to apply item (2) of
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Lemma 3.22 and to conclude along the same lines as for (¢). The last part of the
proposition follows from (4), (i¢) and a simple limit argument. O

COROLLARY 3.24. Let (M, (, )) be a non-compact, complete manifold with a
pole o and radial sectional curvature satisfying

Kraa(z) < =G(r(x)) on M\{o},

for some G € C°(R{) such that

—+o0

G_ € L'(+o0), r G_(0)do < on RT.

=

Let g be the solution of

9" —Gg=0
(3.67) /
9(0)=0, g¢'(0)=1.
Suppose that G(r) — +o0o as 7 — 400. Then, both x,m-1(r) and x(r) diverge as
r — +00.

PRrOOF. Clearly, by Proposition 3.13 it is enough to prove that xgm-1(r) — 400
as r — 4o0o. We choose any B > 0, and we let rg be such that G(r) > B? on
[ro,+00). Then, we apply item (ii) of Proposition 3.23 to the model manifold
(M,,ds?) with metric, in polar coordinates, ds* = dr? + g(r)?d#?, to deduce

2 2
The desired conclusion follows letting B — —+o0. |
COROLLARY 3.25. Let (M,(,)) be a non-compact, complete manifold with
radial Ricci curvature satisfying
Rice(Vr,Vr) > —(m — 1)G(r(x)) on M\{o},
for some G € C°(R{), G > 0 such that G(r) — 0 as 7 — +oo. Let g be a solution
of

" Gg=0
(3.68) { g

9(0)=0, g¢'(0)=1
Then, both xgm-1(r) and x(r) tend to zero as r — 4o0.

PROOF. The proof is dual to that of Corollary 3.24 and follows from item (i)
of Proposition 3.23. We leave the details to the interested reader. Il



CHAPTER 4

Below the critical curve

In this Chapter, we analyze some consequences of pointwise comparisons be-
tween A(r) and x(r). In particular, we concentrate on the case A(r) < x(r), and
we provide constancy of the sign of a solution z of (3.1) and estimates on its asymp-
totic behaviour at infinity. The results so obtained are then applied to the study
of geometric problems such as the index of Schrodinger type operators and related
uncertainty principle lemmas, and uniqueness of positive solutions of Yamabe-type
equations on complete manifolds

4.1. Positivity and estimates from below

In this section we prove the main ODE result reported in Theorem 4.1 below
and we subsequently prove its sharpness. We also discuss some comparisons with
previous results. In the various assumptions we keep the notation of Chapter 3.

THEOREM 4.1. Assume (A1), (V1), (VL1) and that

Foo ds

(4.1) —0 as r—0.

QF /
Furthermore, suppose that
(4.2) A(r) < kx(r) on R, for some k€ (—o0,1].
Then, every solution z(r) € Lip,,.(R{) of

(v(r)2'(r)) + A(r)v(r)z(r) =0 on R*
(4.3) { 2(0) =2 >0

18 positive on Rar and there exist r1 > 0 sufficiently large and a constant C' =
C(r1) > 0 such that

z2(r) = *C\/ %o /+OO if k=1
(4.4) boo gy 10VIT2
z(ry > C {/T v(s)} if ke (—o0,1).
<

on [r1,400). In particular if v(r)
exists ro > r1 such that

oo ds oo ds U
z(r) > —C4f : mlog/r 7o) if k=1;

“+oo dS (1*\/ﬂ)/2
¢ U ﬂsﬂ

< f(r) on [r1,+00), and k € [0,1], then there

(4.5)
z(r)

Y

if kelo,1).

81
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on [ra, +00).

PROOF. The idea of the proof is quite simple. Using (V1) and (V1) we define

1 teo ds
4.6 t:tr:—flo/ —
(4.6) (r) = —5log e
and we observe that ¢ : Rar — I = [tp,+00) is an increasing bijection, where ¢y € R
or ty = —oo according to whether 1/v € L'(0%) or not. Indeed,
(4.7) t'(r)=+x(r) >0,

thus, letting r(¢) denote the inverse function of ¢(r) and indicating differentiation
with respect to t with a dot,

1
4.8 r(t) =
- RVAE0)
Next, for a solution z of (4.3), we set
(4.9) B(t) = e'2(r(t));
clearly 8: I — R and § € Lip,,.(I). A simple computation using (4.8) gives
: ) Z(r(t))
4.10 =e'{ —=+2(r .
(4.10) B(t) { ) + 2( (t))}

Using the definition (3.21) of the critical curve, (4.3) and our assumptions it is easy
to see that the RHS of (4.10) is in Lip,,.. We can therefore differentiate again and
use (4.3) to deduce

(4.11) A(t) = {1 _ ;1((:((3)) } B(b).

Since zp > 0, there exists § > 0 such that z(r) > 0 on [0,d). Furthermore ¢(07) =
to > —oo, hence there exists a neighbourhood of ¢, where §(t) > 0. Since z €
Lipjo. (R ), by (4.1) it holds 2/(r)//Xx(r) — 0 as r — 0%, hence

(4.12) B(t§) = B(ty) = zoexp {t§} >0,

with the strict inequality if ¢, > —oco. Because of (4.11) and (4.2), 8 > 0 so that
B> 0 on I and, because of (4.9), this shows that z > 0 on R . Next, we fix t; € I
in such a way that 8(t;) > 0, (t;) > 0. Integrating 3 on [t1,t] and using the
convexity of S we deduce

t
B(t)=pBt1)+ [ Bds > B(t1) + (t —t1)B(t1) = Ct
ty

for some constant C' = C(¢1) > 0. Going back to z(r) using (4.6) and (4.9), having
set 1 = r(t1) we have the first of (4.4). To show the validity of the first of (4.5)
simply observe that the function h(z) = v/xlogx is increasing on (0,e~2) and use
v < f. When k < 1, estimates can be improved as in the second inequalities
appearing in (4.4), (4.5). Indeed, from (4.11), 3 > (1 — k)8 on [t;,+00) and,
comparing with the solution v of ¥ = (1 — k) with the same initial data of 3, we
find

B(t) > Cexp {t\/l — k} for some C > 0.
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The second estimates in (4.4) and (4.5) follow from (4.6) and (4.9) as before. Note
that, in (4.5), the restriction k € [0, 1] is necessary since, for k < 0, the exponent

(1 —+/1—Ek)/2 is negative. O

REMARK 4.2. In virtue of Remark 3.11, condition (4.1) is met provided, for
instance, v(r) is non-decreasing in a neighbourhood of zero.

REMARK 4.3. The proof of Theorem 4.1 can be repeated verbatim to prove

both the positivity and the lower bound for the Lip,,, solution of
(4.13) (v(r)2'(r)) + A(r)v(r)z(r) =0  on [rg,+o0)
. z(ro) = 20 > 0, v(ro)2'(ro) = 0.

whenever A(r) < kx(r) on [rg,+00), & < 1. More generally, the same holds for
every nonzero solution on [rg, +00) whose initial data at ro satisfy
Z'(ro)

(4.14) 2(ro) > 0, X

+ 2(ro) > 0,

as one can argue from (4.9) and (4.10).
As an application of Theorem 4.1 and Remark 4.3, we state the following

COROLLARY 4.4. Assume (A1), (V1), (V11) and A < x on [rg, +00), for some
ro > 0. Let r1 > 0. Then, every nonzero solution z(r) € Lip,,.([r1, +00)) of

{ (v(r)2'(r))" + A(ru(r)z(r) =0 on [ry,+00)

(4.15) z(r1) =2z €R

is nonoscillatory.

PROOF. Suppose by contradiction that z(r) oscillates; then, there exists a point
ro > max{rg, r1} such that z(rs) > 0 and v(rq)z’(r2) > 0, for otherwise it would be
easy to deduce that z = 0. Hence, (4.14) is met with ry replacing ro, and according
to Remark 4.3, z > 0 on [rg, +00), contradiction. O

To put the above corollary into perspective, we shall compare it with the ex-
isting literature. For instance, R. Moore [Moo55] has extensively studied the
equation (vz')’ + Avz = 0, adapting and improving a number of previous criteria.
In particular, he proves the following

THEOREM 4.5 ([Moo055]|, Theorem 6). Assume (A1), (V1), (VL1) on [R, +00),

and set . ( /T+°O % > ( /R TA(S)v(s)ds).

Then, a solution of (vz') + Avz = 0 is nonoscillatory provided that there exists
some k € R such that

1
(4.16) —k—VE<H(@) < —k+Vk< 1 for r sufficiently large.

In particular, z is nonoscillatory whenever

1imsup/ A(s)v(s)ds| < 4oc.
R

r——4o00
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To relate the two criteria, suppose that A < x. Without loss of generality, we can
assume that A > 0. Indeed, if a solution z of (vz’)’ + A;vz = 0 is nonoscillatory,
where A1 = max{A,0}, then by Sturm arguments (see Theorem 1.9 and Remark
3.4) each solution z of (vz’)' 4+ Avz = 0 is nonoscillatory. From the definition (3.21)

we get
/RT A(s)v(s)ds < /RT x(s)v(s)ds = i </s+oo Uc(lz))_l‘R’

hence by (3.22)

H(r)gi—i{/;oo;(lz)//;m;(lz)}Ti as r — +oo.

Therefore, since A > 0, choosing as k each of the (positive) roots of k + vk = 1/4
condition (4.16) is met. Hence, Moore criterion is more general than Corollary 4.4.
However, this latter may be of independent interest for its simplicity. Moreover, as
we will see later on, it will be a key step to improve other nonoscillation criteria.
In particular, see Section 5.7. The reader be warned that, although by Sturm
arguments the negative part of A helps the nonoscillatory behaviour of z, in general
the lower bound —k — vk for H cannot be removed. Counterexamples, such as
Example 2 in [Moo55]|, are related to fast oscillations of the potential A. In
this respect we stress that, differently from the requirement A < Y, the integral
condition (4.16) is not automatically preserved when applying Sturm arguments.

REMARK 4.6. It seems that in the literature a systematic use of the change of
variables (4.6) to study (4.3) has not been considered. However, we mention that
in [Moo55] the author somehow exploited it at the end of the proof of Theorem
17.

When f(r) has the expression (3.33), estimate (4.5) for £ = 1 has the following
behaviour at infinity:

+oo d +oo d
(4.17) 1/ 5 / — = eXp{—fT log r}r 2 loggr

while if f is of polynomial type, namely f =Ar*, a>1, A >0, we get

+o0 d +oo d .
(4.18) ,/ > / = T logr

Despite of its simphc1ty, Theorem 4.1 enables us to produce estimates from below for
linear ODE of the type (4.3) in a sharp and considerably easy way. In the literature,
only partial results are known, see for instance [BR97] and [BRS98b]. In these
papers much effort has been done to prove positive lower bounds for solutions of

2"+ (m-1)%L ' +Az=0 on RF,
2(0T) =z > 0, 2/(07) =0.

However, both the lack of an explicit critical curve for general g and the tricky,
but somewhat involved, techniques used, have forced the authors to consider only
the cases g(r) = r (Euclidean setting) and g(r) = B~!sinh(Br) (for H%). In both
cases, we stress that the estimates at infinity obtained by the authors (Theorems
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2.5 and 3.2 of [BR97]) are the same as those given by (4.17), (4.18).
Next result is somewhat dual to Theorem 4.1, and shows its sharpness.

PROPOSITION 4.7. Assume (Al), (V1), (VL1), (4.1) and
A(r) =z kx(r)  on [ro,+o0),
for some rg >0 and k € (—o0,1]. If
(4.19) { (v(r)2'(r)) + A(r)v(r)z(r) =0 on [rg,+00)
z(ro) = 20 > 0.

admits a solution z(r) € Lip,,.([ro, +oo)) which is positive on [rg,+00), then nec-
essarily, for some positive constant C(r1),

—+oo —+oo
_C / ds / ds k=1

0 - c[/f‘” )

PROOF. If A(r) > kx(r), the function B(¢) introduced in the proof of Theorem
4.1 satisfies 8 < (1 — k)8, B(to) > 0, where tg = t(rg). Therefore, 8 is below some

straight line (k = 1) or some exponential curve (k < 1) at 400, and estimate (4.20)
follows at once by using (4.6), (4.9). O

z(r)

IN

(4.20)

if ke (—o0,1).

Next, we apply Theorem 4.1 to the study of the equation ¢’ — Gg = 0, with
initial conditions g(0) = 0, ¢’(0) > 0, and we prove Proposition 1.21.

REMARK 4.8 (Proof of Proposition 1.21). By Sturm argument, ¢’/g > ¢'/g and
g > g on RT, where g solves the same Cauchy problem of g with —G_ replacing
G. Hence, without loss of generality we can assume G < 0. Furthermore, again
by Sturm argument, we can assume that g satisfies ¢’ — Gg = 0, in place of the
inequality. From the initial conditions, we can choose € > 0 small enough that
g,9" > 0 on (0,e]. We are going to show that g,¢’ > 0 on [e, +00). Towards this

aim we define
1 oo
w(s) = el
Then, by (1.52) and G < 0, we have w > 0 and w satisfies w’ + w? < G on RY.
Since w — 1/(4s) is bounded in a neighbourhood of zero,

h(s) = s'/*exp {— /0 ( :OO G(T)dT) da} = st/*exp {/O (w(a) 410) do}

is well defined and positive on RT. A computation shows that

G(o)do on RT.

1
W=hw>0 h"—Gh<0 on RF, h’(s)zzs’%Jro(l) as s — 0t

Comparing with g, we deduce (g’h — gh’)’ > 0. Since g(s) ~ s as s — 0" we get
(¢’h — gh’)(0F) = 07, thus ¢'/g > h'/h > 0 on RT. The quotient g/h is therefore
increasing, and integrating on [e, s] we deduce

g(s) > h(s)zig >0 on [g,400),
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which proves that g > 0 on RT. Consequently, g’ > h/g/h > 0 on RT. To prove
the final part of the proposition, it is enough to apply first the change of variables
in Proposition 3.10, and then Theorem 4.1. It is easy to see that A(r) < x(r) is
equivalent to (1.54), and that the lower bound (4.4) is of order /slog s at infinity.

EXAMPLE 4.9. Further understanding is provided by the following examples,
which serve the purpose to introduce some conditions related to Chapter 5.
(1). Equation (4.11) suggests the application of classical oscillation criteria, for
example Hille-Nehari Theorem 2.7, to ensure that z(r) is oscillatory (hence, a pos-
teriori, that it has a first zero). Indeed, by (4.9) B(t) oscillates if and only if so does
z(r). Oscillation of J is guaranteed whenever the potential in (4.11) is eventually
non-negative, that is, when

(4.21) A(r) > x(r) on [R,400),
and provided

A D

that is, under (Vy,1), changing variables according to (4.6) and (4.7),

am) [ [ ) [T (A A0 o

This latter is equivalent, by (3.22), to

(4.24) lim inf ' VvV x(s)ds /+<>0 (A(s)—x(s)) ds > 1

x(s) 4

On the other hand, again by Hille-Nehari theorem, z(r) is nonoscillatory whenever

" Feo s) — x(s
(4.25) /R \/X(s)ds/ <A()X(§)()> ds < i for r big enough.

The last two inequalities are not particularly appealing, since they require a careful
balancing of the integral behaviour of /X on [R,r] and on [r,+00). In Chapter
5, working directly on the ODE (vz’)’ + Avz = 0, we will prove a different, sharp
oscillatory condition with a fairly neat expression in terms of the critical curve.
Furthermore, our criterion will not require (4.21).

(2). First zeroes of solutions of (4.3) may appear even when A(r) is sufficiently
above x(r) in a compact region, but small and below x at infinity. For instance,
consider the problem

{ (™12 (r)) + A(r)r™~'z(r) =0 on R,

(4.26)
2(0) = z9 > 0, 2'(0) =0,

with m > 3, OSAECO(Rg) and

= zg(m - 2)27“2(7"’3) on [07 (W/zo)ﬁ}

(4.27) A(r) B )
< w% on |:(7T/Zo)m + 1,+oo> .
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Then, by Propositions 3.2, 3.5 and Remark 4.3, problem (4.26) has a unique C?
solution z on R with finitely many zeroes, and it is immediate to verify that

z(r) = r* ™ sin (zor™ %) on [O, (W/Zo)ﬁ] .
Thus, z(r) has a first zero in (7/ zo)l/ (m=2) " The following elementary computations

serve the purpose to introduce what shall reveal to be a finite form condition for
the existence of a first zero of z. We fix 0 < R <r < (W/zo)l/(mfz) and compute

(4.28) /R (\/@ - \/@) ds = z0 (12 — B2 — mz_ 2 1og (%) .

Note that the LHS of the above equation measures the area (with sign) between the
graph of y/A(r) and that of the critical curve y/x(r) on the interval [R, ] before
the first zero. A simple computation shows that

(4.29)

1 R +oo 3
—= <log/ A(s)s™ 1ds + log/ 81_’”ds> = log <\f> — (m — 2)log R.
2 0 R <0

Thus, the difference between (4.28) and (4.29) is equal to

(m; 2) log (Jf)) + 2o (rm*Q — Rmfz) — log <\/§> .

20

The above function on the region

D= {(R,r) e [o, (w/zo)ﬁ} X [o, (w/zo)ﬁ} r > R}

has a positive absolute maximum: indeed, it is positive when restricted to R =
r € [(V3/20)"/ =2 (r/20)"/(m=2)]. Concluding, by continuity for every choice of
initial data zp we can find 0 < R < r < (ﬂ/zo)l/(m_Q) such that

(4.30)

/RT (\/m— m) ds > —% <10g /OR A(s)s™ 1ds + log/—shOO Sl—mds> .

R

We shall see below that the above inequality is the condition of Corollary 5.2 for
the existence of a first zero. The interest on such a condition lies in the fact that
only the LHS depends on r, thus (4.30) reveals how much A must exceed x on some
compact region [R,r] to force the existence of a first zero, and the bound is given
only in terms of A before R and of v(r) = r™~1L.

4.2. Stability, index of —A — ¢(z) and the uncertainty principle

An easy but significant geometric application of Theorem 4.1 is the following
spectral estimate for manifolds with a pole. For the convenience of the reader, we
state part (7) under general assumptions on M, while for (44) and (i) we exploit
our estimates.

THEOREM 4.10. Let (M, (,)) be a complete m-dimensional Riemannian man-
ifold with a pole o € M. Denote with r(x) the distance function from o.
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(i) Let G € CO(RY) and let g € C%(R{) be a solution of
' —Gg<0 on RY,
{ 9(0) =0, ¢'(0)=1.
Assume that g >0 on RY, g!=™ € L!(4+00) and
(432) Kona(z) < —G(r(x)).
Suppose that q(x) € LS (M) satisfies

4(@) < xgn-1(r(@))  on M.

(4.31)

Then, there ezists a positive weak solution w € C*(M\{o}) N C*(M) of

(4.33) Aw+g(z)w <0
such that
© ds T (s
(4.34) w(zr) < — —_— log/ — as r(x) — o0
r(z) g(S)m ! r(x) g<s>m !
In particular,
(4.35) MNMYy>0  with L=—-A—q(x).
(#4) Assume
B2
4.36 >3, Kpa(r) < ———— M,
( ) m =z 9, d(x) (1 +r(x))2 on
for some B € [0,1/2], and that, outside some geodesic ball Bp,
(4.37)
1
x) < p— if B=1/2, m=3.
4(1+7r(x)) log? (1 +r(x))
B"(m—1)—1)
o) < Blm =V =) if B<L or B=1, m>3,

4r(x)?

where B" = 1(1++/1—4B?). Then, L = —A — q(x) has finite index.
(#i1) Assume

a/2
(4.38) m > 2, Kiaa(z) < —B? (1 + r(x)2> on M,
for some a > —2, B > 0. Suppose that q(x) satisfies
(4.39)
BQ -1 2
lim sup (q(m)r(z)_o‘) < Bim = 1) if a> -2, a#0;
r(x)—+oco 4
B?(m —1)?
q(z) < % outside some Bp, if a=0;
B'(m—1)—1)°
q(z) < (B'(m — 1) 2) outside some Bp, if a=-2,
4(1+r(x))

where B' = 1(1+v/1+4B?). Then, L = —A — q(x) has finite index.
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PROOF. (i) We let A € C°(R) be such that q(z) < A(r(z)) on M and, for
some 19 > 0,
(4.40) 0 < A(r) < xgm-1(r) on RT, A(r) = xgm—1(r) on [rg,400).
Let z(r) be the C? solution of
)L (r)) + A(r)g(r)™lz(r) =0 on RT
(4.41) (9(r) (r)" + A(r)g(r) (r)
2(0) = 2z > 0, Z'(07) =0,

which exists by Corollary 3.7. According to Theorem 4.1 and Proposition 4.7, by
(4.40) z is positive and satisfies

+oo +oo
mllog/ ml as 1T — +oo.

Note that, by (4.41) and A(r) > 0 we deduce 2'(r) < 0. By the Laplacian compar-
ison theorem and (4 32),

(4.42) Ar(z) > (m—DLZTE) Ao

Having defined w(x) = z(r(x)) € C?(M\{o}) N C*(M) we then have

/

Aw = 2Z"+2ZAr<z’'+(m-— 1)9—2’
(4.43) g
= g (9" 1) = —A(r)z < —ga)w

pointwise on M\{o} and weakly on M, since Ar has a mild singularity at r = 0.
The spectral estimate (4.35) follows from (4.33) and Theorem 1.33.
(i) By Theorem 3.21 we can consider

g(r)=+1+rlog(l+r)  when B=1/2, m=3,
g(r)y =rB" when B<1/2 or B=1/2, m > 3.
Combining (3.56) and (3.57) with assumption (4.37), in both cases
q(z) < xgm-r(r(z))  on M\B,,
for every r1 > R. Choose 0 < A € C%([ry,+00)) such that ¢(z) < A(r(z)) on
M\B,, and (4.40) is met on [ry,+00), and consider the problem
{ (g(r)™ =1 (r))" + A(r)g(r)™~t2(r) =0 on [ry,+00)

4.44
(4.44) z(r1) > 0, Z'(r) =0.

By Remark 4.3, the C? solution z(r) of (4.44) is positive. Moreover, a first in-
tegration and the initial condition z'(r;) = 0 give 2/ < 0. This is essential for
w(z) = z(r(x)) to be a weak solution of

—Lw =Aw+q(x)w <0 on M\B,,,

as computation (4.43) shows. The finiteness of indy, (M) is a consequence of Theo-
rem 1.41.
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(4ii) By the comparison Proposition 3.13, x > xym-1 on R*, where g solves
(4.31) with equality sign and G(r) = B2(1 + r2)®/2. An application of Theorem
3.18 on the model manifold (Mj, (, )), with metric (, ) = dr? + g(r)2d6?, gives

B?(m —1)?
Xgm-1(r) 2 %TO‘ as r — +o00, if a>-2;
(B'(m—1)2 —1)° .
Xgm-1(r) > TEESE if a=-2,

from these and (4.39) we deduce, both for @ > —2, a # 0 and o = -2, ¢(z) <
X¢(r(x)) on M\B,,, r sufficiently large. The rest is again as in (4i). When o = 0,
there is no need to require that q(z) is strictly below B?(m — 1)2/4 near infinity,
since by inequality (3.51) the less demanding requirement of (4.39) is enough. O

REMARK 4.11. Ttem (i7) of the above theorem contains the case of Euclidean
space, that is, B = 0, and the required bound (4.37) on g(x) becomes the well
known
(m — 2)?

4r?

REMARK 4.12. With the aid of Proposition 3.23, item (iz), we can weaken the
assumption (4.38) by requiring K,.q < —B?r® outside some compact set, up to the
further mild condition (3.65).

q(z) < outside some Bp.

REMARK 4.13. To prove cases (ii) and (zi¢) we have, as a matter of fact,
constructed a solution w of Aw + ¢(x)w < 0 (outside some ball Br) with the
asymptotic behaviour (4.34) as r — +o00. As it is clear from Theorem 4.1 and
Proposition 4.7, if

q(x) < kxgm-1(r(z)) on M\Bg,

for some k < 1 and R > 0, the same procedure yields a solution w satisfying

(1-vV1-k)/2
/+°° ds
r(x) g(s)m—l

These explicit barriers will be useful later.

w(z) < as r(x) = 4oo.

REMARK 4.14. It is worth to point out that, in the Euclidean setting, S. Ag-
mon in [Agm85] has obtained sharp upper and lower bounds for the decay of
eigenfunctions of L = —A — ¢(x) related to eigenvalues \ < inf gess(L). His ODE
approach, used to deal with the case q(x) = o(r(z)~!), has been recently extended
by H. Kumura [Kum] in the setting of complete Riemannian manifolds. Their ODE
arguments, however, are somewhat different from those described here. It would
therefore be interesting to compare the two methods, or to achieve Agmon-Kumura
results with the aid of the techniques developed in this paper. In this respect, we
feel that next Sections 5.6 and 5.7 could be useful.

With a little change of perspective, Theorem 4.10 gives the following non-
Euclidean extension of the uncertainty principle lemma in (2.41). We prove the
theorem in two somehow different ways, which are closely related. The first one
is by directly exploiting Theorem 4.10, and the second one relies on an important
observation in [LWO06].
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THEOREM 4.15 (Non-Euclidean uncertainty principle). Let (M, (,)) be a com-
plete Riemannian manifold of dimension m > 2 with a pole o and radial sectional
curvature satisfying

(4.45) Kraa(z) < —G(r(2)),
with G € CO(RY). Let g € C%(RY) be a solution of
{g”—GgSO on R,
g(0)=0, 4¢'(0)=1.
Suppose that g > 0 on RT and g*=™ € L'(+o0). Then, for every u € H(M),
(4.47) / (Xgm-1 0T)u® < |Vul?.
M M
FIRST PROOF. By the regularity of g, x,m-1 € C°((0,&0]) for some gy > 0.
Choose 0 < € < g9 and apply case (i) of Theorem 4.10 with the choice
inf[()d Xgm—1 if ’I“(x) < g;
g=(7) = .
Xgm-1(r(x)) if r(z)>¢
to deduce A< (M) > 0, where L. = —A — g.(z). Hence, for every u € C>°(M),

(4.48) /qEUQS/ |Vul?.
M M

Now observe that, if M is complete, H'(M) is the closure of C2°(M) in the H*
norm. This can be seen as follows. For every u € H'(M), consider a family of
cut-off functions {p,} C C>°(M) such that

(4.46)

2Q

0<¢p, <1, or =1on By, supp(p,) C Bay, Ver| <

)

for some C > 0 independent of r (see [Gaf54]). It is straightforward to see that
up, — uin HY(M) as r — +oo. It is enough to approximate each up, € HE(Ba,)
by C2°(Bs,) functions {u, ;};, and to use a Cantor diagonal argument. Therefore,
(4.48) holds for every u € H'(M). Since 0 < g- T xgm-1 on M, letting £ — 0 and
using the monotone convergence theorem we reach the desired inequality. (]

SECOND PROOF. Consider the following function:

+oo s
(4.49) G(z) = / d

@ 9" H(s)
By the Laplacian comparison Theorem 1.17,
/
1
Ag:(mfl)g(r)— Ar <0

g(r)y™  g(rym=1
on M\{o}. Whence, for every a € RT the function G, = min{G,a} is positive,
bounded on M and it is a weak solution of AG, < 0. A straightforward computation
shows that w = /G, is a positive, weak solution of
[ViogGal®
4
By Theorem 1.33, for every u € Lip (M)

2
/|v1oiga| UQS/‘W‘Q’

Aw + <0.
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and letting a — 400, by monotone convergence we get
V1 2
(4.50) /%zﬂ < /|vu\2 Vu € Lip,(M).

This can be extended to u € H'(M) by density as in the previous proof. It is
immediate to verify that
[Vlog G(x)[?
R IDL s r(a).

O

REMARK 4.16. Note that G in (4.49) is the transplantation to M of the Green
function G(o,z) for the model (M,,ds?), which exists by the non-parabolicity as-
sumption g'=™ € L(+00) (see [Gri99]). The second proof of the above theorem
is inspired by the following observation of P. Li and J. Wang in [LWO06]: consider
a non-parabolic manifold M, possibly incomplete, and let G(z,y) be its minimal
positive Green kernel. Then, for every fixed y € M, the function

ValogG(z, y)* _ |[V.G[?

1 = ag @Y
is a good Hardy weight for the uncertainty principle lemma, that is,
V.67
4G2
Indeed, having observed that G,(x) = min{G(z,y),a} is superharmonic for every
a € RT, the proof of (4.51) goes along the same lines as the second proof of Theorem
4.15.

(4.51)

u? < / |Vu|? Vu € Lip,(M).

It should be observed that, in the very recent paper [AK], K. Akutagawa and
H. Kumura have proved a similar uncertainty principle lemma. More precisely, let
M be a complete manifold with a pole. Then, for every u € C°(M),

1 1 1 1
4.52 z2> — + —(Ar)? — Z|Hessr|* — =Ri 2,
(4.52) /M [Vu| _/M [4r2 +4( T) 2| essT| 2R1(:C(V7“,V7‘) u

The idea of the proof is to combine the one-dimensional Hardy inequality (see for
instance [HLP52], Theorem 327), an integration by parts in normal coordinates
and formula (1.46). Since, in (4.52), Ar and |Hess r|? appear with different signs, it
is difficult to estimate the RHS by means of comparison results. It would be inter-
esting to compare (4.52) and (4.47) for a general manifold with a pole. However, we
postpone this matter to a forthcoming paper. A somehow related question will be
discussed after the next estimates for AI'(Br), Al (M) and inf oess(L). In the case
L = —A, the result below should be compared with Theorem 2.17, item (iz). The
interested reader can also consult the papers by M.A. Pinsky [Pin78] (for surfaces
with a pole), R. Brooks [Bro81] and H. Donnelly [Don81b].

PROPOSITION 4.17. Let (M, (, )) be a complete Riemannian manifold with a
pole o, and let K.»q,G, g satisfy the assumptions of Theorem 4.15. Let L = —A —
q(z), where q(x) € Ly (M) Then,

(4.53)

M(Br) 2 inf (g (@) —a@)). MO0 2 inf (g (1) a(@) )

inf oess (L) > liminf (Xgmq(r(x)) - q(x))

r(x)—+oco
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In particular, if (xgm—1(r(z)) — q(x)) — 400, then L has only discrete spectrum.

PROOF. These inequalities follow immediately from Rayleigh characterization,
the decomposition Theorem 1.38 and the uncertainty principle. Indeed, for the last
relation,

V|2 — ¢
infoes(I) = lim g Ju VO —ad?
T—=+400 \ 0£4C(M\B;) [os 02
_ 2
> lim ( inf S Oegm— q)¢>
r—+oo \0#£¢eCe (M\Br) Joy @2

> i i m—1— ().
SR
The other estimates are proved similarly. If x jm-1(r(x))—q(x) = 400 as x diverges,
then oess(L) = (), and by the min-max theorem o (L) is a divergent sequence of non-
negative eigenvalues, each of finite multiplicity. (I

REMARK 4.18. As an easy consequence of our estimates for y m-1(r), in par-
ticular inequality (3.51), we recover a theorem of McKean [McK70]. Indeed, if
Kiaqa < —B? on M, the next lower bound for the spectral radius of —A on M
holds:

B?(m —1)?
—_A .
AT (M) > Tlelg+ Xgm-1(1) > —

REMARK 4.19. Suppose that L = —A. Then, combining Corollary 3.24 and
Proposition 4.17, we immediately get a proof of item (iz) of Corollary 2.17 by using
the critical curve instead of comparisons for Ar.

On the links between x and Y, I. We pause for a moment to comment
on the estimates in (4.53). Assume for simplicity that ¢(z) = 0, that is, that
L = —A. Tt is useful to compare the proof of Proposition 4.17 with the classical
method to prove lower bounds of )\fA(B r) that we described in Proposition 2.14.
As we realize by comparing (4.53) and (2.26), we need a closer look to the mutual
relationship between the C! curves

() and (””‘2‘199'(<:)>)2=>zgm-1<r>,

since y and X enter in spectral estimates with identical tasks. Note that X is the
modified critical function of (3.35) for f(r) = g(r)™~!. For convenience, we omit
writing the subscript f. The above problem is nontrivial, and we begin with some
observations that will be recalled in next sections to deal with part of the question.
First, comparing with (3.29) we observe that y and X have a different behaviour
near r = 0, since by the properties of g(r)

(m—1)
472
In [BR97] the authors found, for Euclidean and hyperbolic spaces, the first instance

of a critical curve, that for the present considerations we shall call ©(r). They
proved that, if A lies below O, a solution z of (g™ ~12') + Ag™~1z = 0 is positive

(4.54) X(r) ~ as r— 0T,
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and has an explicit lower bound at infinity. Although the lower bounds coincide
with those in (4.1), for the hyperbolic case they found for © the curve

B?(m —1)?
4

One might ask if this is a general property, that is, if X can replace x as a critical
curve for (at least C') volume functions. If this were true, —A — ¢ must have
non-negative spectral radius for every ¢ < x. By the approximation procedure of
Theorem 4.15, this is equivalent to requiring that the uncertainty principle holds
with x replaced by X. By (4.54), this is impossible if m = 2. Indeed, if u = 1 in
a ball By around o, from ¢(s) ~ s, ¢’(s) — 1 as s — 0 we deduce that, for some
small C' > 0,

coth?(Br) = X(r) (they excluded, however, the case m = 2).

Xgm-1(r(z))dV (z) > C 1 g/(ss) 2g(s)ds:+oo.
B 0 g(s)

Therefore, if m = 2, ¥ can never be used as a critical curve. This justifies why, in
[BR97], the authors assume m > 3 even for the hyperbolic case. The situation for
m > 3 is more subtle. However, it is known that on R™ the constant (m — 2)%/4
is sharp for the uncertainty principle. Since, on R™, Y(r) = (m — 1)%/(4r?), X is
not a critical curve for R™ for any m. Essentially, the problem is that ¥ is too big
with respect to x in a neighbourhood of +oco. Indeed,

x(r) | (ﬂll

2
> >1 as r — +oo.
x(r)

m—2

However, by (3.34), for non-polynomial volume growths f(r) as in (3.33) it holds
X ~ X as r — +00, so we need finer estimates. This discussion will be considered
in detail in the remark “On the links between y and ¥, III”, at the end of Section
5.3 below. The key difference between x and X is that x(r) takes into account the
values of f on the whole [r, +00), while Y merely depends on f in arbitrarily small
neighbourhoods of r. For this reason, since /\IA(B r) only depends on the geometry
of Bg, X should be, at least conceptually, more suitable than x to yield a lower
bound for A\] ®(Bg). Indeed, at least for small R, by comparing (3.29) and (4.54)
the curve X yields better estimates for )\IA(BR) than y. However, deciding which
curve gives better estimates for )\IA(B r) when R is big seems more complicated.
In this respect, the following ODE characterization of x in terms of Y is useful.
Suppose that f is non-decreasing on R*. Then, from their very definitions,

+oo s
459 2vk-R - (o [ 5 —1ows(9) = 5BV

f(s)
hence y(r) = 21/x(r) € C*(RT) is a solution of Bernoulli equation
(4.56) v =y —2VX.

From the form of the ODE, we argue that
(4.57) X(r) > x(r) (resp. < x(r)) if and only if  x/(r) <0 (resp. > 0),

and that x = X if and only if both are constants, which implies f(r) = Aexp{ar}
for some A,a > 0.
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4.3. A comparison at infinity for nonlinear PDE

The spectral estimates of Theorem 4.10 also provide barriers at infinity help-
ful to compare subsolutions and supersolutions of semilinear elliptic equations on
unbounded domains. This is the core of the following theorem, which improves
on Theorem 3.1 and Corollary 3.3 of [RRV97]. In what follows we consider the
prototype nonlinearity b(x)u?, o > 1 of Yamabe-type equations. Note that the case
of a bounded domain has already been dealt with in Proposition 2.32. The basic

step is the following general

THEOREM 4.20. Let (M,(,)) be a Riemannian manifold, let g(z) € LS (M)
and let L = —A — q(x). Assume that there exists a nonzero, weak solution 0 <
we COM\Q) N HL (M\Q) of the inequality Lw > 0 on M\Q, for some relatively
compact domain Q. Let

0 <b(x) € Lis.(M), o>1,

loc

and suppose that u,v € Lip,,.(M) are weak solutions on M of the following in-
equalities:

(458) { Au+ q(z)u < b(z)u” u>0 on M;
Av + g(x)v > b(x)v? v>0 on M.

If

(4.59) u—v=o(w) as x diverges,

then one of the following cases occur:
(1) v<u on M;
(2) b(x) =0 a.e. on M, v =Cu for some constant C > 1 and both satisfy
(4.58) with equality signs.

PROOF. By the maximum principle ([GT98], p.35), w > 0. First, we extend w
to a positive function w on the whole M. For instance, this can be done by taking
a relative compact set ' such that Q € €', a cut-off function 0 < ¢ < 1 compactly
supported in ' and satisfying ¢» = 1 on , and defining w = ¢ + w(1 — ¢). Note
that w = w on M\, so that Lw > 0 weakly on M\'. For notational convenience,
we write again w and 2 in place of w and Q. Let € > 0, and define u. = u+cw on
M. Then, u,. is a weak solution of Au. + qu. < b(x)u” —eLw, that is, by definition
and by (4.58), the following inequalities hold for every 0 < ¢ € Lip,(M):

G - /M<w€,v¢> + /M qued /M ba)ue — ¢ /M wLo

(i1) —/M<Vv, V¢>>+/M que /M b(z)v7 .

Suppose that case (1) does not occur. Then, by (4.59) the Lipschitz function
7. = (v? —u2), is compactly supported and nonzero for ¢ sufficiently small, hence

0. ={zeM:v(z) > u(z)}

IN

(4.60)

v

is a nonempty, relatively compact open set. Since v > u. > einfg_ w > C(g) > 0
on O, for some positive constant C(g) > 0, the functions ¢1 = v /ue, ¢2 = - /v
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are admissible for (4.60). Choosing ¢ in (i) and ¢» in (iz), and subtracting the
two resulting inequalities we deduce

Vu. Vv Vul? |Vl
7/ <7*77V’Ys>+/ <|2|| 2|>7€
. Ue v . uz v

g/@ b(z) (u” Jue —v"_l)fye—a/M wL(v:/ue)

=

Inserting the expression for v, and rearranging we get

Uge 2
/ ‘Vug — —Vv’ +/
o. v o.

< / b(z) (v fue — 07 1)y — E/M WL(e /ue).

€

2

v
Vv — —Vu,
uE

(4.61)

Let V' be a smooth, relatively compact domain such that @ € V, and let 0 <¢ <1
be a smooth function such that ¢ =1 on  and ) = 0 on M\V. Then, from the
properties of w

[ty = [ witnju)+ [ wb@=vpen) > [ i),

Since u is bounded from below by a positive constant on V, applying the dominated
convergence theorem we deduce that

| wtieu)

Hence, letting & — 0 in (4.61), using Fatou lemma and the last two inequalities we
finally get

(4.62) 0< /
{v>u}

Therefore, v/u is constant on every connected component I' of {v > u}. Clearly, T
must have no boundary, for otherwise letting x — 0I' we would deduce u = v on
I', contradiction. By connectedness, v = Cu on M for some C' > 1 and inserting
into (4.62) we deduce

/ b(x)(1—C?)(1 —Cco Hutt = 0.

Case (2) follows immediately. O

< liH(l)E |:-/ IVw||V (e /ue) | + |qw¢76/us] =0.
e— v

lim &
e—0

2
Vu — EV’U
v

o—1 o—1 2 2
S/{v>u}b(x)(u — 077 ) (v —u®) <0.

REMARK 4.21. We recall that, by Theorem 1.41, the existence of w satisfying
the assumptions of the above theorem is equivalent to the requirement indy, (M) <
+00.

REMARK 4.22. As in Theorem 3.1 of [RRV97], ind; (M) < 400 can be re-
placed with the existence of a solution w of
Lw > —ob(z)u’'w  weakly on M\Q.

In other words, indy (M) < 400 can be substituted for the requirement that the
solution u of the Yamabe equation is a stable solution (in the sense of calculus of
variations) outside some compact set.
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Clearly, the above comparison has an obvious, companion uniqueness result for
weak solutions of Au + g(x)u = b(z)u’, where b > 0 and b # 0 on M. Note that,
by the maximum principle, each non-negative solution u of Au + g(x)u < b(x)u?
is either strictly positive or identically zero. If the assumption indy (M) < +oo is
strengthened to AL(M) > 0, with minor modifications in the proof one can even
consider the case u = 0 (set us = ew). The resulting statement is a Liouville type
theorem that we present for the particular case of manifolds with a pole. Suppose
therefore that (M, (, )) has a pole o and radial sectional curvature controlled as
usual:

(4.63) Kraa(z) < —G(r(x)) on M,
for some G € C°(R{). Once a solution g of

g'—Gg<0 on RT,
(4.64)
0)=0, ¢(0)=1
such that g > 0 on RT and g'=™ € L!(+00) is given, by Theorem 4.10 condition
(4.65) q(x) < xgm-1(r(x)) on M\Bg, for some R >0

implies indy, (M) < +oo, and the same with R = 0 ensures A\¥(M) > 0. Further-
more, we can construct a radial weak solution w of Lw > 0 with the asymptotic

(4.66) w(x) < — o as r(x) = 4oo.
(w) g(s 1 r(z) g

As an immediate application of Theorem 4.20 and the above discussion, we state
the following

COROLLARY 4.23. Let (M, (, }) be a manifold with a pole o and radial sectional
curvature satisfying (4.63). Let g be a solution of (4.64) such that g > 0 on RT
and g'=™ € L'(+00). Let g(z) € L2, (M), and assume that

q(x) < Xgm-1(r(z))  on M\{o}.
Let ¢ > 1 and choose 0 < b(z) € L{S. (M), b # 0 on M. Suppose that 0 < v €
Lip,,. (M) satisfies

(4.67) Av + q(x)v > b(z)v?
and

(4.68) wv(z)=o0 (—

Then, v =0 on M.

) as r(x) = 4oo.

@) 9(s ml @) 9(s

REMARK 4.24. Tt is worth to realize that, if ¢ satisfies (4.64) with the equality
sign, one does not obtain a sharper result. This is due to the appearance of two
opposite effects. Indeed, consider the solution A of

W' — Gh =0,
h0)=0,  K(0)=1.

Sturm argument and Proposition 3.12 imply g < h and xgm-1 < xpm-1, so that
(4.65) is more demanding than the requirement g(z) < xpm-1(r(z)). On the con-
trary, since —/z log z is increasing near 0, substituting g with h in (4.68) gives a
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smaller bound at infinity. Thus, the above result has to be interpreted as follows: if
q(x) is sufficiently small to lie below xym-1(r(z)), and not only below xpm-1(r(x)),
then for v = 0 to hold on M it is enough that (4.68) is met with g instead of the
larger h.

We spend a few words to comment on the role of the spectral radius of L, and
to compare Theorem 4.20 and Corollary 4.23 with the previous literature. Suppose
for convenience that b(x) > 0 on M. As we have seen in the proof of Theorem
2.30, if Al(M) < 0 there is no obstacle to the existence of a nonzero solution
0 <w € Lip;y.(M) of

(4.69) Av+ q(x)v > b(x)v?.

Indeed, v can even be compactly supported. By the subsolution-supersolution
method and the positivity of b(z), this is enough to construct positive solutions u
of Au+q(x)u = b(x)u. On the contrary, if \'(M) > 0 each positive solution w of
Lw > 0 is a barrier that forces a minimal growth of any subsolution v > 0. Such w
has been specified by imposing an upper bound on the radial sectional curvature of
M. The same idea is the core of other type of Liouville theorems, although they are
obtained with quite different techniques. For example, by Theorem 1.3 and Section
3 of [BRS98a] no positive, bounded subsolution v can exists if A¥(M) > 0 and v
satisfy some suitable integrability conditions. These can be rephrased in terms of
upper bounds of v once a controlled decay is imposed on ¢(z), b(x) and Ricc(Vr, Vr)
is bounded from below. It is curious to observe that the geometrical requirement
is opposite to (4.63). We will now show that these results do not contain Theorem
4.20.

Towards this aim, let (M,,ds?) be a model manifold with metric, in polar
coordinates, ds? = dr? + g(r)2d#?, where g € C*(R{), g > 0 on RT and

r if re0,1];
(4.70) (r) =
! exp {

1
1r“10gﬁr} if re2,40), a>0,>0.

Clearly, setting G = —¢” /g = —Kyad, g solves (4.64). The volume element is g™~ !,
and choosing a LyS, function ¢(x) such that q(z) = xgm-1(r(z)) on M\By, the

supersolution w has the behaviour

+o00 ds +oo ds
w(r) =< -— ———— log ——
@) V / 9(s) / 9(s)

(3 _].
P log 2 rexp{—m2 r logﬁr}

as r — +o00. Hence, assuming u —v = o(w), by (4.66) there exists C' > 0 such that,
for r >> 1,

)

1 . Cc 1
faB,,. (u—wv)*~ fé)BT. w? " pactl log” r

In other words, (4.68) in general does not imply

(4.73) ( / N >) ¢ L (+0),

(4.72) € L'(+o0) since a > 0.
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thus Theorem 4.20 is not contained in Theorem 4.1 of [BRS98a]. Note that the
exponent 2 in (4.73) is special for the validity of the uniqueness result. Indeed,
it cannot be substituted with any p > 2, see [BRS98a] and [BRS98b]. The
same model manifold can be used to prove that Corollary 4.23 is not contained in
Theorem 1.3 of [BRS98a] (see also Theorem 8.9 of [PRS08]). This last result
states that a bounded, non-negative solution v € C?(M) of (4.67) is identically
zero provided

(4.74)

(1) M(M) >0, (2) b(z) >0, q(x) <Cb(x) for some C >0,

(3) ql@p?eLi(M),  (4) ( ABTU2>_1¢L1(+OO)~

Indeed, choose 0 < ¢ =b < x on M, g =b= x on M\Bs, so that (1), (2) are met.
By Corollary 4.23, v = 0 provided v = o(w), where w has the asymptotic behaviour
in (4.71). By (4.72), the condition v = o(w) does not automatically imply (4). As
for (3), by the expression of x, for every r > 2

+o00 1s 1 +oo 1s
2 _ m—1 2 - n3a—1 38
qu~ X g(r) / T } log / —— T =<7 log™” r
ABT |: r Q(S) ! T Q(S) !

which is non-integrable at infinity. Hence, by the coarea formula, not even (3) is a
consequence of v = o(w).

Once we specialize Theorem 4.20 to manifolds with a pole and to the explicit
g of Theorem 4.10 (items (i) and (4i)), we obtain the next result that improves
on Theorem C' of [BR97].

COROLLARY 4.25. Let (M, (, )) be a complete Riemannian manifold of dimen-
sion m with a pole o, and let ¢(z),b(z) € L3> (M). Suppose that one of the set of

loc

assumptions (i7), (i) of Theorem 4.10 is met, and that b(z) > 0, b £ 0. Let o > 1,
and let u,v € Lipy,.(M) be such that

Au + g(z)u < b(z)u?, u>0 on M,
Av + g(z)v > b(x)v?, v>0 on M.
Then, v < u on M provided

(4.75)
(m-1)B" —1 .. Be [07 1/2) or
uU—v=o0 (r*f log r) for (i7),

B=1/2, m>3;
u—vzo(log_%rloglogr) for (ii), B=1/2, m=3;
U—v=o0 (rH(m“)% exp {—%TH% }) for (i), a > 0;
u—v=o0 <r1+% exp {—B(Qﬁ;”rl"’%}) for (iii), a € (—2,0);
u—v=o0 (7“_(7”71;3’71 log r) for (iii), a = —2.

as r — 400, where B” = 2(1+ /1 —4B?) and B’ = (1 + V1 + 4B?).

PrOOF. By Theorem 4.10, if g(z) satisfy the requirements of cases (ii) and
(#41) then indy (M) < 400, where L = —A — ¢(x). Furthermore, by Remark 4.13,
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there exists a positive solution w of Lw > 0, outside some compact set, with the
behaviour (4.66) as r(z) — +o00. Since b # 0 excludes case (2) of Theorem 4.20, to
prove that v < w on M it is enough to check, for each explicit g(r) as in the proof
of Theorem 4.10, that the asymptotic (4.66) for w(x) coincides with the bound in
(4.75).
As for (i),

32

G(r) = *ma

DN | =

and a good choice is to consider
g(r) =+v1+rlog(l+r) when B=1/2, m=3;
g(r) =rB" when B<1/2 or B=1/2, m > 3.
Estimate (3.54) gives (4.75) at infinity. To deal with case (¢ii), set
G(r) = B*(1 +r%)*/2,
When « > 0, we can choose
g(r) = Tl/zfﬁ (;_BO/H‘;) )

up to a positive normalizing constant (see also the proof of Theorem 3.18). Estimate
(4.75) follows from (3.43), (3.44). When « € (—2,0), g(r) has the form

1 . 2B 1+a
g(’l") = ESth (2—|—0¢ [(1+T) +3 _ 1}) 5
and (4.75) is a consequence of (3.40). In the polynomial case @ = —2 we use
(4.76) g(r) = (1477

Note that the different conditions at 0 with respect to those of (4.31) are, however,
compatible with Sturm argument. Indeed, if h solves (4.31) with equality sign,
(Wg —hg') > 0 and (h'g — hg')(0) = 1, hence h'/h > ¢'/g on RT. By the
comparison Proposition 3.12, (4.76) is suitable for (4.44) and to yield the radial
supersolution w(x). O

REMARK 4.26. Observe that, in (4.75), the estimate for case (i), a € (—2,0)
fits with that for (ii), @« > 0 as a 1 0. Analogously, that for (iii), a = —2
approaches the bound in (i7) when B — 0. As a particular case, we recover the
asymptotic behaviours in Theorem C of [BR97] for R™ and for the hyperbolic
space H7F:

u—vzo(r_%logr) for R™, m > 3;

u—vzo(rexp{—wr}) for HY, m >2, B> 0.
REMARK 4.27. According to Remark 4.13, if we replace assumptions (i4), (i)
of Theorem 4.10 with the corresponding requirements on ¢(z) that imply
q(z) < kx(r(z))  on M\Bg,

for some k < 1, we can provide a whole range of bounds of type (4.75) depending
on k. We leave the computational details to the interested reader.
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The next Corollary applies the above comparison result to a relative of the
Yamabe problem.

COROLLARY 4.28. Let (M,(,)) be a complete Riemannian manifold of di-
mension m > 3 with a pole o and scalar curvature s(z) < 0, s # 0. Define
q(x) = —s(x)/cm, where ¢, = 4(m — 1)/(m — 2). Suppose that one of the set of
assumptions (i7), (#47) of Theorem 4.10 is met. Let f : M — M be a conformal
diffeomorphism that preserves the scalar curvature, and define v > 0 according to
()= uﬁ@ ). If the decay conditions in (4.75) are met with v = 1, then f is
an isometry.

PROOF. In our assumptions, by (2.55) u > 0 is a solution of

0=Au— Mu + @uiﬁjf; = Au+ q(z)u — q(x)ugif2
Cm Cm
Since v = 1 is clearly another solution, by Corollary 4.25 we deduce v < 1. Revers-
ing the role of v and v we deduce u > 1, thus v = 1 and f is an isometry. O

Our next task is a brief discussion on the sharpness of Corollary 4.25. Towards
this aim, we consider M = R™, m > 3, and the coefficients ¢(z), b(x) satisfying
(m —2)? r(z)m=2(e=1)/2
q(z) < (22 (z) < o+1 2
r(z) (logr(z))” " (loglogr(z)) (logloglogr(x))
and equal to the upper bounds for r(xz) >> 1. Then, it has been proved in

[BRS98b] that Au+g(z)u = b(x)u? has a family of distinct, positive solutions u,,
a > 0, satisfying

uq(0) = a, Ug () ~ r(a:)*mT_2 logr(x) as r(x) — 400,
coherently with case (ii), B = 0 of (4.75). As a second example, we recall that in
Section 4 of [BRS98a]. Consider the standard hyperbolic space H™ = Hj*. By
means of suitable conformal transformations, we are going to produce a family of
solutions {u,} of

m+2 — — —
Au, — s(x)ua =3 where s(x) _ 7m(m 1)(m — 2) _ 7m(m 2).

Cm Cm 4(m — 1) 4
Towards this aim, let D™ be the unit disk of R™, and let (, ), m be, respectively,
the Euclidean and the Poincare metric on D™:

m—2

<A7/>:(1‘|l:17|2)2<,>:un{42<,>7 where u=(1_2x|2> 2

Let a > 0, and consider the solutions

m+2

oy = @ By + ™G, = B~ on (0,1)
a - _ 2

m(m — 2)a Ba(0) = spizaz: Bu(0) =0,

Clearly, they give rise to a family of solutions

m+2

we () = Ba(r(z)) of  Apmw, =wg"? on (D™, (,)).

By (2.56), the functions v, = u~'w, are solutions of

)

" —_9 m m+2 m+2 —_—
Am%%:u R =up? on (D™ ().
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Now, consider the radial model (M, ds?) of the hyperbolic space, with metric, in

polar coordinates, ds?> = dr? + sinh®rd#?. The map T : (M,,ds?) — (Dm,m)
given, in polar coordinates, by

T @ (r,0)— (tanh%,@)

is an isometry between the two models of H™, so that

U (%) = va(T(x)) = (2 cosh? 7’(2z)> S Ba <tanh T(;))

is a family of distinct solutions of

Au, +

with the property that
9—(m—2)/2
(4.77)  ug(x) ~ [

This decay is slower than the desired r exp{—(m — 1)r/2}. The reason is that the
potential g(z) = m(m — 2)/4 is much below the critical curve x of H™; indeed, by
(3.51)

MW—I)‘(W‘W} T as r(@) - oo

< 1.

x(r(z)) = - <_S(x)> - 1Q(CL‘) where k = mm —2)

4  m(m —2) k (m —1)2
Consequently, the bounds (4.75) can be improved, according to Remarks 4.13 and
4.27, to the following requirement for H™:

U+oo s Tl—ﬁl—k)/z
U—v=0 N
r sinh s

so e~ (m=2)7/2 ig sharp as the minimal growth allowed when L is the conformal
Laplacian on H™. As far as we know, Corollary 4.25 is not contained in previous
results. In this respect, note also that it does not overlap with the very general
comparison Theorem 17 of [PRS06].

Cm

=o0 (e_mT_l(l_V 1"“)7") =o0 (6_ m;%) ;

4.4. Yamabe type equations with a sign-changing nonlinearity

In Section 4.3 we have considered, on a non-compact manifold M, Yamabe-type
equations

(4.78) Au+ g(z)u = b(z)u’

where the coefficient b(x) of the nonlinearity is non-negative. The case where b(x)
in (4.78) is allowed to change sign reveals to be the most challenging one, and very
little is known either about the existence or about the non-existence of positive
solutions. As an application of the techniques presented in this paper, we are
going to obtain a sharp existence result on model manifolds under suitable growth
conditions on |b(z)|. What we present in this section is part of the forecoming paper
[BMR].

Historically, to the best of our knowledge, the existence problem for (4.78) with
o < (m+2)/(m — 2) has been mainly studied via a combination of concentration-
compactness methods and variants of the mountain pass theorem inspired by the
seminal paper of H. Brezis and L. Nirenberg, [BN83]. Among the literature we
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limit ourselves to quote [Zha04] for both a sharp result and an up-to-date account
of the problem, and we suggest the reader to consult the references therein for
futher insight. Usually, this variational approach requires the validity of some
global Sobolev-type inequality on M (commonly expressed as the positivity of a
Yamabe-type invariant) which, on non-compact manifolds, turns out to be a quite
restrictive assumption. In the Euclidean setting and when a(xz) = 0, W.M. Ni
[Ni82], and later W.Y. Ding and W.M. Ni [DN85], have studied the problem with
different techniques and have given optimal conditions for the existence of positive
solutions of (4.78) in terms of the growth of |b(x)|. Furthemore, they have described
a whole variety of phenomena to illustrate how subtle is the dependence of u upon
the behaviour of b(x). As an application of the results in Chapter 4, we are able to
extend the original ideas in [Ni82] to the case of model manifolds and general a(z).
These results seem to be new even for the hyperbolic space, see [BR97]. First, we
recall our starting point, Ni result, which will be recovered as a corollary of the
main Theorem 4.35.

THEOREM 4.29 ([Ni82], Theorem 1.4). Consider the Euclidean space R™, m >
3, and let 5(x) € C°(R™) be a function satisfying

(4.79) [s(@)| <

for some 1 > 2 and for some constant C > 0. Then, the Euclidean metric (, ) can
be conformally deformed to a complete smooth metric {, ) of scalar curvature s(x)
and satisfying

(4.80) Ci(,)e<(,),<Cs(,)s VazeR™

for some 0 < Cy < Cy. Furthermore, Cy can be chosen to be as small as we wish.

Note that the bound in (4.79) can be improved. Indeed, already in [Ni82] it is
shown that

(4.81) O p—

r(x)? log2 r(z)
is sufficient, and later on M. Naito, [Nai84], has refined (4.81) up to the following
sufficient condition for the existence of the conformal deformation:

(4.82) [s(z)| < B(r(x)), for some B such that rB(r) € L' (+0c0).

Moreover, he has also proved that (4.82) is sufficient to improve (4.80) to the
property that

for r(xz) >> 1.

() = C( )a as r(x) = 4oo,

for some constant C' € (0, C3]. The case C' = 0, that is, when the conformal factor
u — 0 as r(z) — 400, reveals some further problem, and the sole (4.82) is not
sufficient to ensure the existence of a positive u decaying to 0, as has been shown
in [LIN88].

Condition (4.82) is essentially sharp. In fact, by Theorem 1.13’ of [Ni82] or
Theorem A of [BR97], no conformal deformations of R™ exist whenever the new
scalar curvature s(x) is required to satisfy

- C
(4.83) s(z) < @ loar(@) for r >> 1.

for some constant C > 0.
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REMARK 4.30. In virtue of Ni and Naito results, one could ask whether the
condition

(4.84) 3(x) < —B(r(x)) <0 and rB(r) ¢ L*(4o0)

prevents from the existence of any positive solution of Au = —3(z)u” on R™.
This is conjectured in [CL87] and, to the best of our knowledge, it is still an open
problem. In [Lin85], [KN84], [CL87], a number of steps have been moved towards
the solution of this conjecture, giving rise to non-existence conditions slightly more
demanding than (4.84), see in particular Theorems 2.2 and 2.3 in [CL87].

We now come to our main results. Let (M,,ds?) be a model manifold, and
denote with v(r) = wy,_19(r)™ ! the volume growth of its geodesic spheres centered
at the reference origin. Note that v satisfies (V1), (V2), (V3). We further assume
(Vi1). We need the following

LEMMA 4.31. Suppose that v is as above, and let A € LS (RT) be such that

loc

A < kx on RT, for some k € (—o00,1]. Let B € L (RS), B >0, and o > 1. For

loc
each fized o > 0, consider a Lip,,. solution z, of
(vz,) + Avza + Bu|za|7 t2a =0 on [0,e4)
(4.85)
24(0) = a >0, z,,(0) = 0.

for some €4 > 0. Let h and h be positive solutions of

(vh') + Avh > 0 on R* (vh') + Avh <0 on R*
(4.86) { h(0) =1, R'(0) = 0. { h(0) =1, Rh'(0) = 0.
on RY. Suppose that B(r) satisfies

(4.87)
x(r)—A [ [Tee ds L
_Cih(r)“ / f k=1,

(r)
B(r) < CW u*“vc(ls)]“ VITR)/2

when r > ry, for some large r1 and for some constant C > 0. Then, there exists
ap > 0 such that, for every a € (0,a0), 2o can be extended to a positive, locally
Lipschitz solution on RT of (4.85) satisfying

oy
=
A

if ke (—o0,1),

(4.88) %B(r) < zo(r) < ah(r)  onRY.

REMARK 4.32. The local existence for (4.85) is ensured, for instance, via the
Picard iteration argument or a modification of Proposition 4.3. This last procedure
also gives 2/ (0) = 0, and positivity follows from the initial data and from continuity.
Furthermore, in our assumptions, Theorem 4.1 guarantees the existence of positive
solutions h, h of (4.86).

PROOF OF LEMMA 4.31. On the interval [0,e,) we consider the function & =
Za/h. From (4.85), (4.86) and B > 0 we deduce

{ (h2vg') <0 on (0,e4)
£0)=a, £(0)=0.
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Integrating we obtain & < 0, and therefore £(r) < £(0) = a. In other words,
(4.89) za(r) < ah(r) on [0,e4),

We now look for a lower bound of z, on [0,e,). Towards this aim we observe that,
since A(r) < kx(r) on R, we can define A € Lip,,.(R{) in such a way that
A<E§kx on RT, A= kx on [ry,+00),
Next, let w be the solution of
(vw) + Avw =0 on R
(4.90)
(0) =1, w'(0) = 0.

Then, by Theorem 4.1 w > 0 on RT and it satisfies the estimate

+oo +oo
“ glog/ ds if k=1,

wir) = MW J?JWQ

Hence, using assumption (4.87) we deduce the existence of a constant C; > 0
sufficiently large such that

XN

w(r)
(4.91)

if ke (—oo,1).

(4.92) B(r) <y on RY.

Note that, for the existence of C, it is necessary that A < A on R* and therefore
that the strict inequality A < ky holds.

For any 3 > 0 we set wg = fw, and consider ¢ = 2, — wq/2. Then, by the
initial conditions for z, and w, /2, ¢ > 0 on some maximal interval [0,&,) C [0,&4).
From (4.85), (4.90), (4.92) and (4.89) we get

(ve') = —Bu|zo|” — Avze + vaa/g

= —Avp+ (A- A)vwg 2 — Bu|za|”

(4.93) . A-A
> —Avp+ (A - Awy s — Clv( o Jw

= —Avp+ (ﬁ— A)vwg /o (1 — 2010/7_1) ,

(ah)?

hence (vy’) + Avp > 0 on [0,&,) provided v < (2C;)~1/(e~D = ag. Next, on
[0,2,) we define n = ¢/h. Using (4.86) and ¢ > 0 we get

{ (h2vn') >0 on (0,&,)
n(0) =a/2,  7'(0)=0.

Integrating, we get 7’ > 0, hence from 7n(r) > n(0) = /2 we finally get n > «/2.
Since, by construction, n(é,) = 0 whenever &, < &4, we deduce that necessarily
o = €4 and thus

(4.94) Zo 2 Way2 + %71 on [0,€q),
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completing the proof of (4.88) restricted to [0,e,). Since h,h,w are defined and
positive on RT, z, cannot explode in a finite time and can therefore be extended
to a positive solution on the whole R™. O

REMARK 4.33. Without loss of generality, we can assume that h = h is the
solution of (vh')' 4+ Avh = 0 with initial condition h(0) = 1, A’(0) = 0. Indeed, if we
call y(r) such a solution, by Sturm argument h < y < h on RT. We have preferred
to keep h, h distinct since, to make condition (4.87) more explicit, we only need an
explicit A that solves a differential inequality.

REMARK 4.34. We observe that the first step in the above proof consists of
getting rid of the linear term Avz by taking a positive solution h of (vh')’ + Avh = 0
and considering ¢ = z,/h. The price we have to pay is that a weight h? for the
volume is introduced. However, as soon as we have a good control on h, this trick
enables us to extend many classical results. For a detailed discussion, we refer the
reader to the next Section 5.6.

THEOREM 4.35. Let (M,,ds®) be an m-dimensional model manifold, denote
With v = wy,—1g™ ' the volume growth of geodesic spheres centered at the reference
origin, and suppose that (Vi1) is met. Let o > 1, and let A(r(z)) € CEM(M,),
0 < pu <1 be a radial function satisfying

A(r) < kx(r) onRT,

for some k € (—oo,1]. Let h, h be positive, C? solutions of (4.86) on R*. Consider
a function b(x) € C’fof( 4) satisfying
(4.95)
+oo
ba) < —cXr@ ( 1/ ds o / k= 1;
() 7"(90) v( r(z) v
(1-V1-k)/2
kx(r(z)) — A(r(x)) /+°° ds
b(z)] < C if k€ (—o0,1),
e e VAT et

outside some ball, and for some C' > 0. Then, the equation
(4.96) Au+ A(r(x))u —b(z)u® =0

possesses infinitely many 01205 solutions on My, {u;}jen. For each of them, there
exist constants 0 < Cy ; < Cy ; such that

(4.97) CLJ’}_L(T‘(I)) < wuj(z) < Cyh(r(zx)) on M,.

Furthermore, Cy; | 0 as j — +oo. If A(r) and b € C®(My), then {u;} C
> (My).

PRrROOF. First of all we prove the theorem in case h = h = y is a solution of

(vy") + Avy =0
(199) L= v =0

Next we choose a function B(r) > 0 on Rf, B € L2 (R{) such that |b(z)| <

loc

B(r(x)) on M, and satisfying (4.87). This is possible because of (4.95). By Lemma
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4.31, there exists g > 0 such that for each a € (0, ) we have a positive solution
Zo on Ry of (4.85). Setting wa () = 24(r()), wa solves

Awy + Awy —bwf < Awy + Aw, + Bw?

(03
g/
= 20+ (m-— I)EZ; + Az, + Bz,
= v [(v2l) 4+ Avze + Bvzd] =0
and has the property that

(4.99) y(r(x)) < walz) < ay(r(z))

|9

on M. Next, we define
a
Yo = 53/ — Za/4-
Then, y,(0) = a/4 and, by (4.88),
@
2
Therefore, using (4.99),

(67

(07
Y= Ya= 2y—za/42(§—z>y=zy~

« @]
ZySya§§y§waSozy-

Furthermore,
Za/4 7
IAY A N = Buvz® —B % o
(vy,) + Avy vz 4 = Bu <3 h—zu) U
But o
_Fop o zh 1
ih — Zoz/4 ih 4

and it follows that y, solves
(vyn)' + Avya > Bvd™ 7y,
Defining §, = 4”7 Ty, we have
(v3a)" + Avga > Bogg.

As a consequence, @, (z) = Jo(r(z)) satisfies

(4.100) A&y + Ay — bl > (B — b)wl > 0
and
(4101) 47T Sy(r() < @al2) < 47T Sy(r() < Sy(r(@)) < wal@)

on M,. By the monotone iteration scheme, [Sat72], there exists a solution uq(z)
of (4.96) satisfying

(4.102) Wo < Uy < Wy

on M,. Furthermore, if A(r) and b are smooth, then u, is smooth by elliptic
regularity. From (4.101) and (4.102) it follows immediately that

475 ay(r(2)) < ua(z) < ay(r(z))

The procedure can now be iterated, simply replacing o = «y with, say, as =
_2041_q
o—1

a. Note that the corresponding positive solution u,, is strictly below
Uq, = Uq. In this way we obtain the required sequence of solutions. If h # h, we
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reason as in Remark 4.33. Let y be a solution of (4.98). Then, by Sturm comparison
h <y < h, thus the validity of (4.95) implies the validity of the analogous of (4.95)
with y replacing h. Applying the previous proof we get a sequence of solutions u;
such that

Crih(r(x)) < Cryy(r(x)) < uj(z) < Cpyy(r(x)) < Cyjh(r(z))
on M,. This completes the proof of the theorem. ([

To better appreciate the above theorem, we give two geometric applications.
Firstly, we deduce Theorem 4.29 as an immediate corollary.

PROOF OF THEOREM 4.29. Defining v as in (2.54), u must be a positive solu-
tion of (2.55), which on Euclidean space reads as

5| m 4im —1

ﬂum—2 =0, where ¢, = M

Cm m— 2

Set 0 = (m+2)/(m —2), b(x) = —5(z)/cm, and realize R™ as a model manifold
with g(r) = r, so that x(r) = (m — 2)?/(4r?). To apply Theorem 4.35, we choose

A=0,h=h=1andk > 0small enough in such a way that 2+ (m—2)1=x1=k V;fk <l
This is possible since [ > 2. Then, |b(z)| < Cr~! implies the inequality

Au +

(4.103) Ib(z)| < Cr(x)—z_(m_g)@’

which is (4.95) in our setting. Thus, the existence of the desired conformal defor-
mations follows from Theorem 4.35. g

Secondly, specializing the main theorem to the hyperbolic setting, we get the
following extension of Ni result.

COROLLARY 4.36. Consider the hyperbolic space HY of sectional curvature
—B? and dimension m > 3, and let 3(z) € C°°(H}) be a function satisfying

(4.104) |5(z)| < Ce2B=Or(),

for some § > 0 and for some constant C' > 0. Then, for every € > 0, the Poincaré

metric (, ) can be conformally deformed to a smooth metric (, ) of scalar curvature
s and satisfying

(4.105) Cre= CBHIr@) () < () < Coe@B-Ir@)( 1y Vg eHE,

for some 0 < €y < Cy. Furthermore, for each fixed ¢ > 0, Cy and Cy and can be
chosen to be as small as we wish.

PROOF. The scalar curvature of H? is —m(m—1)B2, thus the conformal factor
u in (2.54) has to satisfy
B2 - 2 5| m+2 4 - 1

m(m )u—|- 5(@) uner = 0, where ¢, = M

4 Cm m—2
Set 0 = (m+2)/(m—2), b(z) = —5(z)/cm, A(r) = B*m(m —2)/4, and realize H'y
as a model manifold with g(r) = B~!sinh(Br). Hence, v(r) = g(r)™ ! satisfies
(Vp1) and, by Remark 3.19 and Proposition 3.23, for every r € RT

B?(m —1)? B?(m —1)?
x(r) > % and x(r) — % as r — +oo.

(4.106) Au+
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We let k; = % < 1. Note that k; is the smallest k for which
m(m — 2)B?
4
For kg < k1, kox(r) — k;omT*lB2 < A(r). Hence there exists 11 = ri(kg) >> 1
such that on [r1, +00), kox(r) < A(r). We define A on R so that A < A on R{

and A(r) = kox(r) on [r1,+00). We let h be the solution of
(vh') +Avh =0  on RT
{ h(0) =1, h'(0) = 0.
Then, by Theorem 4.1 and Proposition 4.7, h > 0 on RT and

Blm —1)(1 — vI—ko)
2

Moreover, since A < A, h solves the first of (4.86) and can therefore be used to
verify condition (4.95) in Theorem 4.35. Choose k € (k1,1). Then A < kx(r) on
R} and

[/+°° ds} 1-v1i=k)/2 - {_B(m D1 - VIZR)

= A(r) < kix(r) on RT

(4.107) h(r) < exp {— r} as r — 400

r} as r — +o00.

v(s) 2
Thus, for o = %a
kx(r) = A(r) _ (k= k1)x(r) o
> > — — — —
7 () > ho () > C’exp{QB(m (1 —+/1 ko)r}
for some constant C' > 0 depending on k, k1. This implies that (4.95) is satisfied if
on H'Z
(4.108)
~ B(m -1
I5(2)| = epm|b(z)] < Cexp {(2) [0(1 ~V1—ko)—(1-VI— k)} r}

for some constant C' > 0. Next we observe that for

B(m—1 B(m —2 m + 2
kOTkl, %U(l—\/l—ko)—)a (2 ):B 9

and for 5

-1 -2
%(1_1/1_@ _>BmT
We can therefore choose kg and k sufficiently close to k; so that
(4.109)

k1 ky,

%B(m—1)(1—\/1—ko)ZBmT_?—sm;2
%B(m S -VIZR) < BmT’2 +smT*2
m+ 2 m— 2 B
2B -6 = BT~ — BT —5§§(m—1){0(1—\/1—%)—(1—\/1—]@)}

Thus (4.104) implies the validity of (4.108) and therefore of (4.95). Applying
Theorem 4.35 we get the existence of infinitely many solutions u of (4.106) such
that

7B(m—1)(21—\/ﬂ) 7B(m—1)(12—\/1—ko)T(I)

(4.110) Cie "@) < u(z) < Coe on HE,
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where C7,Cy can be chosen as small as we wish. From (4.109), we deduce

m—2

B(m—2)
Crem (B2 e

)r(@) <wu(z) < 0267(3(72_2‘)76”72)’“(“") on HY.
- 4

Since (, ) =um™=2(, ), we get the desired (4.105). O

REMARK 4.37. The lower bound in (4.110) is sharp. In this respect, see the
discussion after Corollary 4.28, Theorem 4.23 and Remark 4.27.

REMARK 4.38. The estimates for |b(x)| in Theorem 4.35 are sharp. Indeed, in
the hyperbolic setting, by Corollary B of [BR97] no conformal deformations of H
exist if we require that

@) <~y ogr@)

which shows the necessity of § > 0 in (4.104). In the spirit of Naito improvement
of Ni result, this motivates the next

62Br(w)
for r(x) >>1,

Conjectures:

(1) The Poincaré metric can be conformally deformed to a new metric of
scalar curvature s(z) provided that there exists S(r) such that

[s(z)] < S(r(z)) and e 2BrS(r) € LY (+00).
(2) If
S(x) < =S(r(z)) <0 and e 2B7S(r) & LY (+00),
then the Poincaré metric cannot be conformally deformed to a new metric

of scalar curvature s(x).

We mention that, in the forecoming paper [BMR], we improve and complement
the results of this section and we move some steps towards the solution of these
conjectures.

4.5. Upper bounds for the number of zeroes of z

Once we know that the number of zeroes of z solving (4.3) is finite, say, n (for
instance, this is always the case when z comes from the radialization of an operator
L = —A — ¢(z) with finite index), the next step is to determine upper bounds for
n. In passing, we note that, by classical Sturm-Liouville theory ([Wei87], Theorem
14.2), n is also the index of the self-adjoint extension of the operator

d d
-1 el oo m+
o (vdr> +A on C°(Ry, vdr).

This section rests upon some ideas in a recent paper of T. Ekholm, R.L. Frank and
H. Kovarik, [EFK11], in which upper bounds for the index of Schrédinger operators
on metric trees are derived from inequalities on the corresponding radialized ODE.
The analytical core is the following weighted Hardy-Sobolev inequality.

THEOREM 4.39 ([OK90], Theorem 6.2). Let 2 < ¢ < +o0, &1 € L (RY).
Then, the inequality

(4.111) < / m In(T)U(T)I"dr) Y g / e Par

L=—v
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holds, for some S > 0 and for every absolutely continuous v such that u(r) — 0 as
r — 400 if and only if

7 = sup { Illzaqo.) 11780 2 ey < +00:

If this is the case, the best constant S satisfies
T<S<T(1+Q)1/q (1+2>1/2 if q<+oo

(4.112) - 2 q

S=T if q=4o0.

A direct application of Theorem 4.39 gives

THEOREM 4.40 ([EFK11], Theorem 2.15). Let A, v satisfy assumptions (Al),
(V1), (VL1), and let z be a Lipy,, solution of (4.3). Let {z;}}_, be the zeroes of
z, n < 4+o0o. Let w : RY — Rt be an integrable function such that, for some
2<q< 400,

(4.113)

= | ([ ww )™ [

_ v(s) +°°E
¢=sm Ksi‘[t%] w<s>> L

Setp=q/(g—2) if ¢ < +o00, p =1 if ¢ = +o0. Then, there exists an optimal
constant Np(w) > 0 such that

< 400 if q¢ < +oo;

< 400 if ¢ = +o0.

“+oo
(4.114) n < Ny(w) ; Ay (r)Pw(r)dr.

Furthermore, N,(w) satisfies

np—1 1\? :
Ny(w) < (1+9p') (1—1—;) cr if q < +oo;
(4.115)

where p’ =p/(p—1) = q/2.

PrOOF. We consider the case ¢ < 400, the remaining case being simpler.
Because of (4.113) we can apply the Hardy-Sobolev inequality of Theorem 4.39

with the choice
q—2

£(r) = Volr), n(r) =v(r)iw(r)~ =

([

for every u with compact support in Rar , where

to deduce
—+oo

2/q
w(s)qf|u(s)|q(15) 352/0 /()20 (s)ds

(SIS

o\ 1/a 9\ 1/2
\/ESSS\/g(l-Fi) (1+> if ¢ < +oo;

q
S =+C if ¢ = +o0.
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Let u = zXx[z,_,,z,], where 29 = 0. Then, integrating by parts and using Holder
inequality with conjugate exponents p and p’ = q/2 we get

Zj _2 ?/a Zj
</ v(s)éw(s)%z(s)wds) 352/ (' (5))%v(s)ds

- 2/? A(s)v(s)|z(s)Pds < S? K Ay (s)v(s)|z(s)|*ds

J Zj—1

zj _2 4 2/a Zj
< 52 (/ w(s)%v(s)le(s)Vds) (/ A+(8)pw(5)d5>

Simplifying and taking the p-th power we obtain

1§52p/J Ay (s)Pw(s)ds.

J

1/p

Estimate (4.114) and the bound (4.115) follow at once summing up with respect to
J- O

Clearly, it would be nice to find suitable functions w such that conditions
(4.113) are automatically satisfied. The problem is addressed in the following

COROLLARY 4.41. Let A,v,z, {z;}}_; be as in the previous theorem, and let
X be the critical curve. Assume also that 1/v ¢ L'(0%). Then, for every fixed
p€[l,+00)

(4.116) n < <2p_ 1>2p_1/0+00 l ;(s)rplA+(s)Pds

PrROOF. We begin with the case p > 1. Let ¢ be such that p = ¢/(¢—2) < +o0.
To apply the previous theorem, we will find w(r) such that

(/Orv(s)%w(s)—qfds)wq/;wU“E') =1 on RY,

so that C = 1. An algebraic manipulation with the aid of the initial condition
1/v ¢ L*(0T) and the definition of x gives

q+2

ST 1 in.
v =2 ( xm)

An application of Theorem 4.40 taking into account the upper bound (4.115) yields

q+2

Rewriting with respect to p we get (4.116). The case p = 1 is obtained by setting
q = +o00. The choice

1
2¢/x(r)

+o00o
sup @ / E =1 on RT,
s€[0,r] w(s) r U(S)

w(r) =

implies
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hence C' =1 and (4.116) follows at once from the definition of w(r), (4.114) and
(4.115). O

Despite their simplicity, it should be stressed that, in some unfortunate cir-
cumstances, (4.116) is not sharp. Indeed, assume that A < y on Rt and A = x
on [rg,+00), for some 19 > 0. Then, after ro the integrand in estimate (4.116) is

x(s), which is non-integrable by (3.23). However, as we saw in Proposition 4.1,
n =0 and (4.116) is useless.

By means of the change of variables in Proposition 3.10, we can also give a

corresponding statement for solutions g of ¢’ + K(s)g = 0.

COROLLARY 4.42. Let K € L° (RY), and let g be a solution of

loc
{ g+ K(s)g=0 on RT,
9(0)=0, 4¢'(0)=1.
Then, for every p € [1,+00), the number of zeroes n of g satisfies

m—1 2p—1 +oo
(4.118) n < < p2p ) / o7 K, (0)Pdo
0

We note that the role of the critical curve x seems to be ubiquitous in deriv-
ing the validity of Hardy-Sobolev inequalities like that of Theorem 4.39, although
sometimes there is no evidence of it in the formulas. Corollaries 4.41 and 4.42 are
simple examples. In this respect, the treatise [OK90] is a wealth of information.

On the links between x and Y, II. Before proceeding, we would like to
make a few further observations on the relation between y and Y discussed at the
end of Section 4.2. We proceed with a reasoning for the m > 3 dimensional case.
Our task is to see whether X can replace x in the uncertainty principle lemma, that
is, in Theorem 4.15, and furthermore if this replacement gives a better result.

With the aid of Theorem 4.39, we obtain the following necessary condition on
X to be a critical curve on a model manifold.

PROPOSITION 4.43. Let (My,ds®) be an m-dimensional model with metric
given, in polar coordinates, by ds®> = dr? + g(r)?d0?. Suppose that m > 3, and
set f(r) = g(r)™~L. If the uncertainty principle lemma

(4.119) /M %f(r(z))uz(x)dV(z) < /M |Vu(z)|2dV(x)

holds for every u € Lip, (M), with X5 = [f'/(2f)]* the modified critical function,

then
i >
g (ry ) 21
where xf(r) is the critical function of f(r).

PROOF. By restricting (4.119) to radial, compactly supported Lipschitz test
functions u(r(z)), the following inequality holds for every u € Lip (R ):

T S s) 2 +o0
(4.120) /0 (2199((5))> u?(s)g(s)™ ds S/o (u'(s))%g(s)™ *ds.

Applying Theorem 4.39 with the choices

(4121) ¢=2, S<1, &) =gr)" 7, nr)=——"Agr)™ T =€),
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by estimate (4.112), the validity of (4.120) forces the inequality 7% < 1, where
(4.122)

T2 :iglgTZ(r) and T2(r) = </OT [(g(s)mgl),:rds> </T+OO g(gifH>7

for otherwise the sharp constant S in (4.111) would be strictly greater than 1.
Note that, through a standard approximation procedure, (4.111) holds for every
absolutely continuous u converging to zero at infinity if and only if it holds for
every u € Lip,(Rf). By the Cauchy-Schwarz inequality and the definition of the
critical curve (3.21) for v(r) = f(r), we deduce

() » 40" / s 1
ftl r . g(S)m71 o /Xif (7") ’
and combining with T2 < 1 we get the desired inequality. (I

It is worth to observe that, with the choice (4.121), inequality (4.120) has the
expression

(4123) [Teres [Tear vuetn .

This is often called a (1-dimensional) Caccioppoli inequality. By a standard tech-
nique, which we now briefly recall, if £ is non-negative and convex (and this is
often the case by its very definition and the properties of g), (4.123) holds up to
a factor of 4. As a consequence of the estimates (4.112) of the sharp constant in
Theorem 4.39, this means that T' < +o00, where T is as in (4.122). Without loss of
generality, we can limit ourselves to prove Caccioppoli inequality with u compactly
supported in RJ. We integrate £”(£u?) > 0 by parts, we use Young inequality and
£ € C=(Ry), £(0) = 0 to get, for every 6 € (0,1),

/Om ¢eu” = - /Om ¢(eu) = - /O+°°(€,)2u2 - /Oﬂo 26€

- [ ey [ ewr,

+OO/22 . 1 +002 N2 _ +OO2/2
/O (£ u §|:661(%f,1)5(1_5):|/0 & (u') —4/0 & (u')*,

as desired.

0

IN

IN

hence



CHAPTER 5

Exceeding the critical curve

In this Chapter we give some sufficient conditions to guarantee that a solution
2 € Lipy,.(R{) of the problem

(51) { (U(T)Z/(T))/ + A(?")U(T)Z(’/‘) =0 on R-‘r’
2(0) =20 >0

either has a first zero or it is oscillatory. One of the main features of our results is
that we do not require A(r) to be non-negative. However, the case A(r) > 0 is more
transparent, easier to handle and sufficient for some geometric applications. For
this reason, we first deal with A > 0. Throughout this section we shall also consider
a bounding function f defined on RS’ and satisfying the following requirements:

(o] 1 (o]
(Fl) f € Lloc(Rg)v ? € LIOC(RJ’_)? 0 <v< f on RS_

5.1. First zero and oscillation

The techniques used in the proof of the next theorem remind some in the work
of M.P. Do Carmo and D. Zhou [CZ99]. Observe that assumptions (A1) and (V1)
have been introduced in Section 3.1.

THEOREM 5.1. Let (A1), (V1), (F1) be met, and assume that z € Lip,,.(Ry)
is a positive solution of

(v(r)2'(r)) + A(r)v(r)z(r) =0 on RT,
2(0)=2>0
Suppose A >0 and A #£ 0. Then

(5.2)

R
(5.3) U(T)EL(-F )

and for every 0 < Rog < r such that A # 0 in L*°([0, Ry])

(5-4) /R (x/@— m> ds < —% <log ORD A(s)v(s)ds + log /:O Jf};) :

PRrROOF. We define

(5.5) y(r) = —“()“ € Lipyo. (BY).

Because of (5.2) and (V1), y satisfies Riccati equation

2
(5.6) y' = Av+ % a.e. on RT,  with y(0) =0.

115



116 5. EXCEEDING THE CRITICAL CURVE

Since A > 0, ' > 0 a.e. on RT and, for every Rg > 0 such that A 2 0 on [0, Rg]

Ro
(5.7) y(r) > y(Ro) > ; A(s)v(s)ds >0 vV r e [Ry,+00)

Using (5.6) and Young inequality ea® + ¢~ 1% > 2|al|b], a,b € R, € > 0 we also
deduce

(5.8) y' >2yVA  ae. on [Ry,+00)
From (5.7) and (5.8) we infer

Ro r
(5.9) y(r) > ( ; A(s)v(s)ds> exp {2/1?, \/A(s)ds} on [Ry,+00)

Moreover, from (5.6),

y 1
(5.10) = 2> a.e. on [Rg,+00),
y v
and integrating on [r, R] we get
1 1 R ds R ds
5.11 727+/ 72/ —.
>4 V) W@ e T )
Letting R — +0o we obtain (5.3), and using (5.11) into (5.9) we reach the following
inequality:
’ 1 fo 1 fods
(5.12) VA(s)ds < —=log A(s)v(s)ds — = log —.
Ro 2 0 2 6

Letting R — +o00, inequality (5.4) is simply a rewriting of (5.12). Indeed, by (F1)
and (3.22) for x¢(r)
(5.13)
1 e ds 1 oo ds 1 oo ds "
—flog/ —S—flog/ —:—flog/ ——I—/ v/ xr(s)ds.
20w T 2 e 2 ey f) e VY
O

COROLLARY 5.2 (First zero). In the assumptions of the previous theorem, let
A >0, A # 0. Suppose that either 1/f ¢ L'(+oc0) or otherwise there exist
0 < Rg < r such that A # 0 on [0, Ry] and

(5.14)
r 1 Ro T ds
/ (\/A(s) - 1/Xf(s)) ds > —= log/ A(s)v(s)ds + log/ —

Ro 2 0 Ry [f(s)
Then, the solution z € Lip,.(R7) of (5.2) has a first zero. Moreover, in this second
case, this is attained on (0, R], where R > 0 is the unique real number satisfying

v 1 Ro 1 R ds
(5.15) VA(s)ds = —=log A(s)v(s)ds — = log —.
Ro 2 0 2 r f(s)

PROOF. When 1/f ¢ L'(+00), the existence of a first zero for z is immediate
from Theorem 5.1. Suppose now that 1/f € L'(+00). Then (5.14) is equivalent to
say that (5.4) is false for some 0 < Ry < r. Hence, z has again a first zero thanks
to Theorem 5.1.



5.1. FIRST ZERO AND OSCILLATION 117

As for its positioning, we first note that (5.4) comes from (5.12), that we write
as

R: VA(s)ds < —% <log ORO A(s)v(s)ds + log /TR ;2;) VR>r

and valid for R before the first zero of z. Let H(R) denote the RHS of the above,
which may be thought to be defined on (r, +00). Note that H is continuous, strictly
decreasing for R € (r,+0), and H(R) — +oco0 as R — rT. Using (3.22), we rewrite
(5.14) as

r f(s)

Comparing the last two inequalities, we deduce the existence of a unique R > r
such that (5.15) holds. For every € > 0, Theorem 5.1 gives the existence of a first
zero on (0, R + €), so that letting ¢ — 0 we reach the desired conclusion. (Il

T 1 Ro +oo ds
VA(s)ds > —3 log A(s)v(s)ds + log/ — .
Ro 0

REMARK 5.3. In case 1/f €£1(+m), by slightly modifying the above proof it
can be shown that the solution R of (5.15) still gives an upper bound for the first
zero of z. Note that, in (5.15), the only requirement on Ry is that A Z 0 on [0, Ry].

As already underlined in Example 4.9, (2), inequality (5.14) is deep since the
right hand side of (5.14) is independent both of r and of the behavior of A after Ry:
if (5.4) is contradicted for some 0 < Ry < r < R, the left hand side represents how
much must A exceed a critical curve modelled on f in the compact region [Ry, ]
in order to have a first zero of z, and it only depends on the behavior of A and f
before Ry (the first addendum of the RHS), and on the growth of f after Ry.

REMARK 5.4. It is worth observing that, in order to obtain (ilél)7 we need to
assume A > 0 on the whole RT and not, a posteriori, only on (0, R).

REMARK 5.5. The assumptions of Theorem 5.1 and Corollary 5.2 can be weak-
ened. Indeed, the reader can check that all the reasonings in both proofs are still
valid even if z satisfies the differential inequality

(v2') + Avz <0,

provided that the initial condition is such that
!/
y(0*) = ——(0%) =0

(see inequality (5.7)). In particular, a mild singularity of z as r — 07 is allowed if
v(r) tends to zero sufficiently fast. This will be useful in Section 5.7.

THEOREM 5.6 (Oscillation). Assume that (Al), (V1), (F1), A > 0 hold on
[ro, +00), for some 1o > 0. Let zy € R\{0}. Suppose that either

(5.16) ﬁ ¢ L'+00) and  A(r)o(r) € L'(+00)
i ERSS an im su ' s) — (S s = 100
(5.17) ) € L (400) d 1H+of/R (\/m \/xs( )> ds = +
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for some (hence any) R > ro. Then, every solution z(r) € Lipy,.([ro, +00)) of
(5.18) { (v(r)2'(r)) + A(r)v(r)z(r) =0 on (rg,+00)
z(ro) = 20
is oscillatory.
PROOF. First, we claim that the two conditions in (5.17) imply that
A(r)u(r) & L' (+00).

Indeed, from (3.23) and the second condition of (5.17) it follows that \/A(r) &
L (+00), and from Cauchy-Schwarz inequality

(o) ([ 65 = ()

we prove the claim by letting » — +oc0.
Next suppose, by contradiction, that z(r) has constant sign on [, 4+00), for some
0 > ro. We define y as in (5.5). Then y € Lip,,.([o, +o0)) and satisfies

2 /
y=Av+L oy = _U0z0) g
v z(0)
From A > 0, y is non-decreasing. Integrating we get
R
619y Z Ry + [ AW YrsR>o
0

In both cases considered in the theorem the non integrability of A(r)v(r) ensures
the existence of R > p such that

R
y(0) +/ A(s)v(s)ds > 0,

therefore y > 0 on [R,+00). Now, we argue as in Theorem 5.1. In particular,
integrating (5.10) on [r, R] we get

1 1 1 R g4 R g -
(5:20) y(r)zym‘y(éf/r O AN O

so that 1/f € L'(+00), which contradicts (5.16). As for (5.17), from 3’ > 2yv/A

a.e. on [R,+00) we deduce

(5.21) y(r) > y(R) exp {Q/RT Mds} vV r>R.

Combining (5.19) and (5.21) with (5.20), letting R — 0o and using the definition
of xf(r) we obtain
(5.22)

[ (VA - o) as< -5 [mg <y<g> “f ’ A(s)v(s)ds> = o oy

To complete the proof we let r — 400 along a sequence realizing (5.17) to reach
the desired contradiction. (]
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REMARK 5.7. Condition (5.16) is due to W. Leighton, [Lei50]. The version
in [Swa68], Theorem 2.24, does not assume A > 0, but the author substitutes the
second requirement in (5.16) with the existence of

(5.23) Tginoo ; A(s)v(s)ds = +oo,

for some p € RT. The argument is as follows. Assume by contradiction that z has
constant sign on [g, +00), and define y as in (5.5). Integration of ¢y’ > Av with the
aid of (5.23) gives the existence of R > p such that y > 0 on [R, +00). By (5.5) it
follows that, if z > 0 (resp z < 0) on [R,+00), 2/ < 0 (resp 2z’ > 0) on [R, +00),
thus z(+00) exists and is finite. Let 2o be the other linearly independent, positive
solution of (v2’)’ + Avz = 0 on (R, +0o0) given in Remark 3.9:

T ds
5.24 = —_ -
(5.24) sl = +() [ s
Repeating the above argument for z; we deduce that zo(+00) exists and is finite.

Letting 7 — +oc in (5.24) and using 1/v ¢ L*(+oc0) we reach the desired contra-
diction.

REMARK 5.8. By (3.22), (5.17) is equivalent to either one of the following
requirements:

too ds
(7)  limsup (/ VA(s)ds + = log/ ) = +o0;

r—+400 f(s)
(5.25) -
) liril—?-lolop (/ VA(s)ds + = log/ J%) = +o00,

where fw Cf as r — 400, for some constant C' > 0.

Here are some stronger conditions which imply oscillation, and that will be
used in the sequel.

PROPOSITION 5.9. In the hypotheses of Theorem 5.6 on some interval [ro, +00),
and assuming also 1/f € L*(+00), equation (5.18) is oscillatory if, for some R >
ro, one of the following conditions is satisfied:

(1)  A(r) > xys(r) on[R,+00) and +/A(r) §ZL (+00);
y Jr VA(s)ds

77)  limsu

(i) rero0 Jr V/xz(s)ds =

e A(r)
717)  liminf
SRS Vxs(r)

T \/ s)ds

JFOC ds ’
f(s)

(v) v LY (+00), A is non-decreasing and, for some sequence {r,} 1T +oo,

lo
A(ry) > inf {1gff(s)}

> 1;

iv) limsup ——F——
( ) r——+o00 —llogf

>7n 2 r—r,
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PRrOOF. Implications (i), (i4), (éi4), (iv) are immediate from (3.22) and (3.23).
Regarding (v), we proceed, by contradiction, as in Theorem 5.6, restricting the
problem on [g, +00), ¢ > Ry. Since A(r) is non-decreasing and v(r) ¢ L'(+00), we
can choose R > p such that

R
y(9)+/ A(s)v(s)ds > 1.

Using the monotonicity of A, v < f and the definition of x, (5.22) becomes

r 1 +oo ds 1 +oo ds
\/M(T_R)S/Rmdsé_il()g/r v(s)g_Qlog/T Ol

for every R < r; (v) contradicts this last chain of inequalities. O

Condition (5.17) in Theorem 5.6 exhibits clear analogies with Calabi condition
(2.16) for the compactness of a complete Riemannian manifold M with non-negative
Ricei curvature. Indeed, this latter can be quite easily deduced from (5.17). To-
wards this aim, consider the problem

(5.26) { 9"+ K(s)g=0

g(O) =0, gl(o) =1,
with
(5.27) K(s) = K. (s) = 2ec0570(s).

m—1

Here v is a unit speed geodesic on the complete Riemannian manifold M issuing
from some reference origin o. As already observed in the proof of Theorem 2.1, M
is compact with finite fundamental group provided we can prove the existence of a
first zero of g for each ~.

THEOREM 5.10 (Calabi criterion, [Cal67], Theorem 1). Let (M, {,)) be a com-
plete Riemannian manifold of dimension m > 2 such that

Ricc >0 outside some compact set C.

Suppose that there exists an origin o for which, along every unit speed geodesic ~y
issuing from o, we have

. s 1
(5.28) lim sup (/S v/ K (o)do — 3 log 3) = +00,

s—+00

for some S > 0 such that C C Bg(o), and with K. defined as in (5.27). Then, M
is compact and has finite fundamental group.

PROOF. We prove that, in our assumptions, g of (5.26) oscillates. Indeed,
defining 7, z(r) as in Proposition 3.10, condition (5.28) is equivalent to the oscilla-
tory condition

T 1 —+o00 d
lim sup (/ A(s)ds + = 1og/ 8) = 400
r—+00 R 2 r U(S)

of Remark 5.8 (with v(r) = f(r)) applied to the ODE (3.19), up to changing
variables in the integrals according to (3.18). ]



5.2. COMPARISON WITH KNOWN CRITERIA 121

5.2. Comparison with known criteria

In the previous section we have observed that (5.17) is substantially equivalent
to Calabi criterion for the oscillation of
d2%g
@ + K(s)g = 0,

once the substitution (3.18) is performed. In the light of the link between (5.18)
and

b (f oo

obtained via the change of variables (4.6) with
B(t) = e'z(r(1)),

we can compare (5.17) and (5.28) with some classical oscillation criteria for (5.29).
Observe that § oscillates if and only if so does z. Changing variables as in (4.6)
and using (4.8), we rewrite (5.17) as the following condition for the oscillation of
(5.29):

Ao N
(5.30) liriligop/T< @) 1>d = +o00.

On the other hand, a direct application of Calabi condition (5.28) to (5.29) yields
oscillation whenever
A(r(t))
x(r(t))

(5.31)

—1>0, thatis, A(r)>x(r), atleastfor r>>1,

and

(5.32) lim sup [/t ( Alr(0)) _ 1) do — %logt

t—+oo [JT x(r(o))

Condition (5.30) has the advantage, on (5.32), that A > x is not required. Further-
more, the negative part of the integrand in (5.30) may even be non-integrable in a
neighbourhood of +o0o. However, if A > x, (5.32) is in general better than (5.30).
This can be seen, for instance, in the case

M: = on 00), where
NCC IR [T, +0c), where C > 1.

Again, since A may lie below X, (5.30) is not contained in Hille-Nehari Theorem
2.7, so that (4.24) in Example 4.9, (1) does not contain (5.17). However, since

Alr(s) Alr(s) res ; A(r(s)) ros
B3 A Xron ~ S Xy T e 2 gy 2t e =)
Hille-Nehari condition

[T A Y L
ltlinﬁilo“/t (x<r<s>> 1>d 71

is sharper than (5.30) when A > x. To show that (5.17) is not fully contained in
the previous results, we therefore need to compare it with the oscillation criteria

= +o00.
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for (5.29) that allow a changing sign potential, as in the Moore condition on the
existence of

(5.34) dim /Tt o (i((:((g)))) - 1> do = +oo.

for some A € (0,1) (see Theorem 2.9). However, it is not hard to construct a
function h : [T, +00) — R satisfying

lim sup /t ( h(o) — 1) do = 400,

t—+oc0 JT

but for which .

lim o (h(o) —1)do

t——+oo T

does not exist. This is possible since o* ¢ L!(400). Therefore, (5.30) may yield
information even in some cases when Moore theorem is not applicable. Thus, the
next proposition can be used as an independent oscillation test.

PROPOSITION 5.11. Let K € L2 ([T, 4+00)), and consider the ODE

loc
9"+ K(t)g=0.
Assume that K > —B2, for some B > 0. Then, the ODE is oscillatory provided

(5.35) lim sup /Tt ( K(o)+ B - B)da = +oo.

t—+o00
PROOF. The case B = 1 reduces to (5.30) with

Ky~ ACW)

x(r(t))
Note that if we fix some critical function x, for instance, that of a polynomial
volume growth, then by (4.6) A is uniquely determined by K and viceversa. This
enables us to apply (5.30) directly to ¢’ + Kg = 0. For general B, we reduce to
the case B = 1 by setting §(t) = g(B~!t). Since g solves g’ + B~2K(B~t)g = 0,
we conclude by changing variable in (5.30). O

REMARK 5.12. Expression (5.35) has the same structure as (5.28), and it will

be generalized in Theorem 5.41 to the case of a non-constant negative lower bound
for K.

We observe that (see also Proposition 3.10), the choices
oo s \ !
5.36 s(r) = / ) , g(s) = sz(r(s
(5.36) o=( 5 (5) = s2(r(s))

and
+o0 (s
(5.37) t(r) = 1 log/ s B(t) = e'z(r(t))

are different ways to produce an equation of the type ¢” + Kg = 0 from (vz’) +
Avz = 0. Furthermore, z,g, 8 share the same oscillatory (or nonoscillatory) be-
haviour. Therefore, combining the two changes of variables we can pass from the
ODE 3+ Ff = 0 to the ODE ¢’ + K g = 0 or viceversa according to which potential,
F or G, is easier to handle for the specific problem under consideration. In fact, it
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can be checked through (5.36) and (5.37) that, if g solves ¢” + K(s)g = 0 on some
[S, +00), then B(t) = e~ tg(e?!) and it satisfy

B(t) + (4K(62t)e4t - 1) B(t) = 0.
Viceversa, if 3 solves 3+ F3 = 0, then g(s) = ,8(% log s) and it solves

d’g  K(t(s) +1
ds? 452

The above observation gives rise to the next

g=0.

PROPOSITION 5.13. Let K € L{2.([s0,+00)), for some so > 0. Then, the

loc

equation g" + K(s)g = 0 oscillates if and only if, for some (hence any) B > 0,
a > 0, the same happens to one of the following ordinary differential equations:

(i) B(t)+ad® (‘H((E;ew)e‘m - 1) A(t) = 0;

N 1 9 logt _

PROOF. As for (i), it is enough to set
(5.38) B(t) = e~etg(B e,
while (%) is obtained by means of the change of variables

logt
t)=vVtg| — |-
o) =i (55 )

Clearly, in both cases g oscillates if and only if so does f. |

It is worth to observe that case (i) of Proposition 5.13 enables us to deal
with an ODE with non-negative potential whenever K is bounded from below. For

instance, applying Hille-Nehari Theorem 2.7 to (i¢) and changing variables, we get
the following simple criterion.

COROLLARY 5.14. Assume that K(s) > —B? on [sg, +00), for some B > 0.
Then, a solution of ¢” + K (s)g = 0 oscillates if

+oo
liminf 5% /
S

s5——+00

(B> + K(c))do > E,

6230 2

while it has eventually constant sign when

+oo 1
eQBS/S 35+ (B> + K(0))do < on [s1,+00),

B
2
for some s1 > sp.

This is, roughly speaking, the “Hille-Nehari type” counterpart of Proposition
5.11. Clearly, compactness results for manifolds satisfying

Rice(Vr, Vr) > —(m — 1) B?
follow from Proposition 5.11 and Corollary 5.14.
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5.3. Instability and index of —A — ¢(x)

Corollary 5.2 and Theorem 5.6 can be applied to yield upper bounds on the
bottom of the spectrum of a Schrédinger operator L = —A — g(z). We let v(r) =
vol(0B;.), and we denote with g(r) the spherical mean of ¢(x), that is,

_ 1 O
q(r) = m /85; q € L. (Ry)

Observe that, by the coarea formula,

(5.39) /ORq(s)v(s)ds = /OR (/(S‘BS q) ds = /BR q.

THEOREM 5.15. Let (M, {,)) be a complete Riemannian manifold of dimension
m > 2, and let q(x) € LY. (M) be such that its spherical mean q(r) satisfies

loc

(5.40) q(r) =0, q(r)#0.

Let f(r) satisfy (F1) with v(r) = vol(0B,) on RT. Consider the following assump-
tions:

(i) either
1/f ¢ L' (+00)
or 1/f € L'(+00) and there exist v > R such that g(r) £ 0 on [0, R] and

(5.41) /Rr<\/@—m>ds>—;(log/BRq-l—log/}:OOf(i));

(it) either

(5.42) 1/f ¢ L (+00),  aqlz) ¢ L'(M)
or
(5.43) 1/f€ L'(+c0)  and limsup/ <\/@— ./Xf(s)) ds = +o0
r—+oo JR
for some large R.
Then,
- under assumption (i) the Schrodinger operator L = —A—q(x) has negative
spectral radius, that is,
(5.44) A(M) < 0;

- under assumption (ii) L has infinite index.

Furthermore, if
(5.45)  f(r) = Ar%exp {aro‘ log” 7“}, for some Aja,a >0, >0, 0 €R,

(5.43) is equivalent to

" 6—1
(5.46) limsup [ | VaGIs - gretog® r - S0 S togr — D loglogr| =+
R

r—+o00

while if f(r) = Ar®, for some a > 1, then (5.43) is equivalent to

" -1
(5.47) lim sup {/ Vq(s)ds — a 5 logr| = +oo.
R

r—+00
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Proor. We follow the reasoning outlined in the Introduction. By Corollary
3.7, we choose a locally Lipschitz solution z(r) of (5.2), with A(r) = g(r). According
to Corollary 5.2, z has a first zero at some R. We define ¢(x) = z(r(z)) if € Bp,
¥(x) = 0 otherwise, so that ¢ € Lip,(Bg). Using the coarea formula and Gauss
lemma, and integrating by parts, we obtain

/B Vol? - qlap? = /B VYl — a(r)e?
(5.48) f 8

R
= —/0 2(r)[(v(r)2'(r))" +q(r)v(r)z(r)]dr = 0.

By the min-max characterization (1.78) and domain monotonicity we conclude
MA(M) < 0. The proof of (ii) is similar. Let  be any relatively compact set
of M, and let R be sufficiently large that 2 € Bgr. By Corollaries 3.7 and 5.6, a
solution z of (5.18) is oscillatory. Let Ry, Ry be two consecutive zeroes after R, and
define ¢ (z) = z(r(x)) on Bg,\Br,, and zero otherwise. Then, as in (5.48) we get

[ el @ =o.
Br,\Q

and by domain monotonicity AX(M\Q) < 0. By Theorem 1.40, indz, (M) = +oo.
When f(r) has the expression (5.45),

+oo 1/1
(5.49) / f(z) ~ (aa) pl-a? 1og7ﬁrexp{ —ar® logﬁr}7

and we conclude using Remark 5.8 to get (5.46). The case of a polynomial f is
analogous. O

As an immediate application of the above result, we state a particular version
of Theorem 2.30. It seems to us that this is the first instance of an existence result
for Yamabe-type equations that does not require pointwise bounds on either the
sectional or the Ricci curvatures.

THEOREM 5.16. Let (M, (,)) be a non-compact Riemannian manifold of di-
mension m > 2, and let ¢(x),b(x) € CO*(M), p € (0,1]. Suppose that b(z) > 0 on

loc
M. Denote with G(r) the spherical mean of q, and assume

(5.50) g>0 on RT, g#0.
Let f satisfy (F1) with v(r) = vol(0B,) on R*. If either
1/f ¢ L' (+00)

or 1/f € L'(+00) and there exist r > R such that ¢ # 0 on [0, R] and

(5.51) /};(mM)dw;(log/mqﬂog/mﬁz)),

R

then, for every o > 1, the equation
(5.52) Au+ g(z)u — b(x)u” =0

L. . . L. . 2, .
possesses a minimal and a mazimal (possibly coinciding) positive C)!' solutions.
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On the links between x and Y, III. This last observation is related to those
at the end of Sections 4.2 and 4.5. Indeed, case (i¢) of Theorem 5.15 can be used to
show that, in many instances, the function  is not an adequate critical function.
Towards this purpose, we suppose that (M, ds?) is a model manifold, and we set
f(r) = v(r) = g(r)™!. Furthermore, we assume that g is non-decreasing and
g'™™ € LY (+00). Let g(z) € L, (M) be such that 0 < ¢ < ¥ on M and ¢ = X on

loc

M\ By, and define, as usual, L = —A — ¢(z). For R > 1, by (4.55) we deduce

[ (VAR = VA@) ds = = [ (los2/x0) ds = 5108 (

as r — +oo. If the critical curve satisfies the property

1
o w)) +0(1)

(5.53) lim inf x(r) = 0,
then, by (i7) of Theorem 5.15,
(5.54) indp (M) = +o0.

As a consequence, whenever (5.53) is met, the uncertainty principle cannot hold
with x replaced by ¥, for otherwise (by our definition of ¢(z)) the operator L should
have non-negative spectral radius on M, contradicting (5.54). By Corollary 3.25,
condition (5.53) is satisfied if, for instance,

(5.55) Rice(Vr, Vr)(z) > —(m — 1)G(r),

for some non-negative G € C°(R{) such that G(r) — 0 as r — +00. On the other
hand, it is easy to construct examples when g(r) has faster than exponential growth
and  is better than Y. For instance, if

o(r) = exp {ar®}

—— on [rg,+00), where a>0, a>1,
o

then x(r) = a?a?/4r*(®=1) is increasing on [rg, +00), thus, by (4.57), x > X on
[ro, +00), as can be seen also by a direct computation. The case of exponential
growth reveals to be the most subtle. In fact, it may also present an unpleasant
feature that we describe for the prototype example of H%, the hyperbolic 3-space of
sectional curvature —B? < 0. As observed at the end of Section 4.2, in [BR97] the
authors proved that Y is, indeed, a critical function on each manifold of dimension
m > 3 satisfying K.a < —B2. Since by (3.31) x is decreasing on H%, applying
(4.57) we conclude that ¥ > x on RT, that is, X is better than x as a critical curve
on H%. This particular case motivates the following

Questions:

(1) Which is the optimal uncertainty principle on the hyperbolic space HE
or, more generally, on manifolds satisfying K,.q < —B2?
(2) Why, in this setting, X¥ may be better than x?

5.4. Some remarks on minimal surfaces

The aim of this section is to present a typical situation where the case 1/f &
L'(+00) in Theorem 5.15 occurs. Such example concerns minimal surfaces with
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finite stability index in some ambient 3-manifold. To begin with, and to fix no-
tations, we recall some preliminary facts. Suppose we are given an isometrically
immersed hypersurface

@: M™ — N™L

where N is orientable. We fix the index notation i,j,k,t € {1,...,m}, and we
choose a local Darboux frame {e;,v}. Let R,Ricc,s (resp R,Ricc,3) be the cur-
vature tensor, the Ricci tensor and the scalar curvature of M (resp. N), denote
with II = (h;;) the second fundamental form of the immersion in the direction of
v, with |I]? the square of its norm and with H = m~'h;v the mean curvature
vector. Tracing twice the Gauss equations

(5.56) Rijit = Rijit + hichje — hithjg
we get
(5.57) s =35 — 2Ricc(v,v) + m*H? — |I1|?.

A minimal immersion ¢ is characterized by H = 0, which is equivalent to say
that ¢ is a stationary point for the volume functional on every relatively compact
domain with smooth boundary in M. If we restrict to those variations of the volume
functional that are driven by functions f € C°(M) satisfying

=

then it can be proved that the stationary points are characterized to be the constant
mean curvature (shortly, CMC) hypersurfaces. In both the minimal and the CMC
cases, we say that ¢ is stable if it locally minimizes the volume functional up to
second order, and unstable otherwise. Analytically the condition of stability is
expressed by

/ V| — (|II\2 + Rice(v, V))wQ >0 YV e CE(M),
M

that is,

(5.58) M{(M)>0, where L=-A—(|II+Rice(v,v)).

Following S.T. Yau and R. Schoen [YS79], the potential in L can be rearranged to
make the scalar curvatures appear. Indeed, by (5.57)

Rice(v,v) + [II? = = (53— s+m?H?—|II]?) + |II?
(5.59)

N = N

(5—s+m*H?*+ |II?).

In particular, if M is a CMC surface with Gaussian curvature K, this gives the
following expression for the stability operator:

Rion 1
(5'60) L=-A- (RiCC(V,U)+ ‘]]|2) = A — 3 (4H2 +35+ |II|2) + K.

Next, we recall that a surface M is of finite topological type (or, equivalently,
finitely connected) if it is homeomorphic to a compact surface ¥ with finitely many
points {p1,...,pn} removed. In this case, around each p; we can choose a small
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open disk D; in ¥ such that the D; are pairwise disjoint and M is homeomorphic
to X\ (U; D;). Then, we can define the Euler characteristic of M as

e (3 (U2 o

The stability operator in (5.60) has the general form L = —A -V +aK, where V €
L2 (M) and a > 0 is a constant. In the case V = 0, the operator L, = —A + aK
has been investigated by D. Fischer-Colbrie and R. Schoen in connection with the
type problem for a Riemann surface. In the celebrated paper [FCS80], they pose
some questions about topological restrictions deriving from spectral assumptions.
With the aid of a powerful integral inequality due to T. Colding and W. Minicozzi
[CMO02] (which has its germ in the work of A.V. Pogorelov [Pog81]), P. Castillon
[Cas06] and later J.M. Espinar and H. Rosenberg [ER11] succeeded in solving most
of the problems in [FCS80]. Colding-Minicozzi method has been independently
developed by W. Meeks, J. Perez and A. Ros in [MPROS8]. Starting from the
estimates in [Cas06], [MPRO8], and combining with Theorem 5.15, we shall now
recover some well-known interesting results in the literature.
We begin with a topological Lemma.

LEMMA 5.17 ([Cas06], Lemma 2.4). Let (M,(,)) be a complete Riemannian
surface, and let {Q;} be any exhaustion of M.

(1) If M is of finite topological type, there exists jo such that, for every j > jo,
XE(Q;) < xe(M);
(1) If M is not of finite topological type, lim; x g(§2;) = —oo.

Next, we describe the estimate in [Cas06] and [MPRO8]. A partial and less
powerful result with the same method has appeared in our recent work [BMR09],
when we still did not know about the papers of P. Castillon, W. Meeks, J. Perez
and A. Ros. We apologize to these authors for the omitted citation.

Set

I(r) = vol(0B,), k(r) = /B K.

PROPOSITION 5.18 ([Cas06], Propositions 3.1 and 3.2, and [MPROS8]). Let
(M,{,)) be a complete Riemann surface, and let V € L3 (M) be such that V_ €

loc

LY(M). Fiz a constant a > 1/4, and suppose that the operator L = —A —V + aK
has finite index. Then, M is of finite topological type,

VelLY (M) and  vol(B,) < Cr?
for some C >0 and for r € RT.

PROOF. By Theorem 1.40, let Ry be sufficiently large that AL (M\Bg,—1) > 0.
We choose R > Rg + 1 and we consider a function
¢R =0 on 8BR07
5.61 Vg € Lip(Br\Br such that
( ) (Br\Br,) Yr=1 on OBRg.
Denote with ¢, r the constant

(5.62) Con = / (IVerf? + akyd — V2]
Br\Br,
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Let now r > R and let f, : [R,7] — [0,1] be a C? function such that

(5.63) FRY =1,  fG)=0, fi<0, fl>0,

and set ¢,.(x) = f-(r(z)). Then, by the coarea formula and integrating twice by

parts
(5.64)

/BT\BR aKy? a/RT £ UaB K] dt = —a /};(ff(t))’k(t)dt— ak(R)

= a/RT( 2(t))" [/Rtk} dt — ak(R).

Now, from (1.21)

/t k(s)ds < 27r/t xe(s)ds —I(t) + I(R),
R

R

and since (f?)” > 0, the RHS of (5.64) is bounded above by

(5.65) 2va [ (20))" [ / XE} dt—a [ (720100t — ah(R) ~ 20/ (RI(R),
Therefore, setting

Yr(x) if r(x) € [Ro, R];
(5.66) Pr(z) =< fr(r(z)) if r(z) € [R,7];

0 otherwise,

combining (5.62), (5.64), (5.65) and A\ (M\Bg,_1) > 0 we get

o
IA

[ (v aez - vl

IN

/r ((fé(zf))2 — a(ff(t))”)l(t)dt + 27a /T(ff(t))” U}; XE} dis

R R
+[en = ak(R) = 2afmUR)| - [ Vi

Now, the Euler characteristic of the compact surface with boundary, B,., is bounded
above by 1. We can thus set

(5.67) E=ER)= sup xg(s), E(R) € (—o0,1].
SE[R,+00)

Again, since (f2)"” > 0, integrating by parts we obtain

2ma /Rr(ff(t))” VF: XE} dt < 2raF /Rr(ff(t))”(t — R)dt = 27aFE,
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so that
0 < /M Vw2 + a2 — V2]
(5.69) < [ (o7 -ty
+ [ca,R — ak(R) — 2af'(R)I(R) + 27mE} - /M V2.
Choose

B
r—1
r(t) = ;
no = (=)
where § > 1 has to be specified later, and note that (5.63) are met. A straightfor-
ward computation gives f.(R) — 0 as r — 400 and

o [ (1roy? - ety ar = S0 L2 [

Since a > 1/4, the constant
cg = —(ﬁZ(l —4a) + Qaﬂ)

can be made as big as we wish, up to choosing § big enough. In particular, the
RHS of the above equality is negative provided cg > 0. If we assume r > 2R, from

(r — )22 (t)dt.
R

28—-2

/ Cr— 252 )dt > / T/z(r—t)QﬁJl(t)dtz (g) ’ vol(B,/2\Br),

R R

inserting into (5.69) we obtain

r c ,r2ﬁ—2
/ ()2 = alf2w)" Jupar < ~ g (s VO Bes2\Br)

R
1(B,2\B
S _EﬁVO( T/Q\ R);
(r/2—R)?
for some ¢z only depending on . Thus, from (5.68) we deduce the following
estimate:

E VOI(BT/Q\BR)
7 (r]2 - R)?

as 1 — +00. Since V_ € L(M) and v, 1 1 pointwise on M\ Bg, we get from (5.70)

(5.70) + /B . V2 < cop+ a(2TE — k(R)) + o(1).

lim V2 < limsup / Vip? 4+ lim V_4p? < 400,
r——+00 B,\Br r—+o0o JB,\Br r——+oo B,\Brg

hence V € L*(M) by the monotone convergence theorem. The bound vol(B,) <
Cr? for r >> 1 is immediate from (5.70), and by the asymptotic (1.63) the same
estimate holds near » = 0 up to changing C. To prove that M is of finite topological
type, we consider

r(z) — Ry if r(x) € [Ry,Ro+1),
1 if r(z)€[Ro+1,R)],
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so that

Car = (/ [[Vr|* + aKyg] +/ V¢§>
Bry+1\BR, Br\Br,
+ak(R) — aK(Ro + 1)

IN

C+ ak(R),

where C is a constant depending on a, on the geometry of M on Br,+1 and on the
L' norm of V on M\Bg,. Inserting into (5.70) and letting » — +oo we deduce
that

C +2raFE z/ V.
M\Br

Hence, E cannot diverge as R — +oo. By definition (5.67) and Lemma 5.17, M is
of finite topological type. O

REMARK 5.19. We note in passing that condition vol(B,.) = O(r?) implies the
parabolicity of the surface, according to a result in [CY75] (see also Theorem 5.1
of [PRSO05], together with Lemma 5.22 below). Hence, each end E with respect
to some compact set K is conformally parabolic. Since M is of finite topological
type, if K is sufficiently large then F is a cylinder, so that E must be conformally
diffeomorphic to the punctured disk (D\{0},|dz|?) C C, as shown in ([Cas06],
Proposition 3.3).

REMARK 5.20. A posteriori, since M is of finite topological type, by Lemma
5.17 the constant E can be chosen to be x(M). Furthermore, in inequality (5.70),
only ¢, r depends on the choice of ¥g in (5.61). If we vary ¢r among the class A
of Lipschitz functions that are zero on 0Bg, and 1 on OBR, the best value of ¢, r
is realized by the L-capacity

capy (Bir\Ba,) = inf [ (IV0P +akK? - Ve?).

Br\Bgr,

Clearly, cap;,(Br\Bg,) is non-increasing as a function of R, and we can define
CapL(M\BRo) = lim CapL(BR\BRf))'
R—+o00

Consequently, if we set v* = limsup,_, ., vol(B,)/r?, letting first » — +oo and
then R — 400 along a suitable sequence we deduce

(5.71) cgv™ < capy (M\Bg,) +a (27rx(M) - hmsup/ K) .

R—+o0c JBRr
In particular, if K € L'(M), we can easily recover the classical Cohn-Vossen
inequality [CV35]. Indeed, for every R we consider the harmonic potential of
Bgr\Bg,, that is, the solution ¢ € A of A¢pr = 0 on Bg\Bpg,. Since M is para-
bolic by Remark 5.19, ¢ — 0 uniformly with all its derivatives on compact sets as
R — 400, and integrating by parts

o1 —
[ et = [ waenp= [ oo
Br\Br, BRr\Br, 0BRg, v
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as R — 4o00. Hence, by Lebesgue dominated convergence theorem and the defini-
tion of L-capacity, capy(M\Bg,) = 0, thus (5 71) becomes

/ K <2mx(M) - * < 2x(M).

It should be stressed that the Cohn-Vossen 1nequality holds for every complete
Riemann surface with finite topology and K € L'(M). The excess 2nx(M)— [,, K
has been the subject of an intensive research, aiming to relate it to isoperimetric
constants of the ends (A. Huber [Hub57], R. Finn [Fin65], A.L. Werner [Wer68]),
to the volume ratio of spheres and balls (P. Hartman [Har64a] and K. Shiohama
[Shi85]) and to the behaviour of Busemann functions (K. Shiohama [Shi84]).
REMARK 5.21. If L is stable, with minor modifications inequality (5.70) can
be improved to
~ VOI( r/2

(r/2)2 / V2 < 2amx (M) + o(1).

Indeed, it is enough to set Rg = R = 0 and to define ¢..(x) = f.(r(x)) in (5.66).
Therefore, letting r — 400 we deduce

(5.72) cgv* +/ V < 2amx(M).
M
The next Lemma is a calculus exercise, see [RS01].
LEMMA 5.22.
1
If ———¢L* th —— ! .
i F Lo e o # L (eo)

We are ready to prove the next Corollary. Some of the implications have already
been proved in a paper of R. Gulliver [Gul88] when the ambient manifold is real
analytic.

COROLLARY 5.23. Let ¢ : M? — N3 be a complete, non-compact surface with
constant mean curvature H in an oriented 3-dimensional manifold N having non-
negative scalar curvature 5. Suppose that M has finite stability index. Then, M
has finite topology and

(z) If H # 0, then vol(M) < +oo0.

(#) If H =0, then

(5.73) vol(B,) = O(r®) as r — 400, soy, |[II]* € L'(M)
and
(5.74) limsup/ K > —oo0.
r—-+4oo

In particular, if K+ € L'(M), then K € L'(M).
PROOF. Since, by (5.60), the stability operator is

2 = 2
LA<4H+;+|U>+K

It is enough to apply Proposition 5.18 with the choices V = (4H?+35+|I1|?)/2 and
a =1 to get that M has finite topology, 0 < V € L!(4+00) and vol(B,) = O(r?),
that is, (5.73) when H = 0. If H # 0, from V € L'(40o0) we deduce that necessarily
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vol(M) < +o00. By Lemma 5.22, from vol(B,) = O(r?) we obtain (vol(0B,.))"* ¢
L'(+0c0). Hence, from (ii) of Theorem 5.15, improved according to Remark 5.7 and
applied to the stability operator with the choice f(r) = vol(9B,.), we deduce that

liminf/ (V—-K) < +o0,
r—+oo Jp

thus the inequality in (5.74) follows. If KT € L'(M), then K~ € L'(M) for
otherwise fBT K — —oo, which contradicts (5.74). Hence, K € L*(M). O

We now examine the case H = 0 a little bit further. It should be stressed that
K+ € LY(M) follows from simple arguments once we sharpen the assumption that
N has non-negative scalar curvature to the higher demanding request Ricc > 0.
Indeed, if N has non-negative Ricci curvature, by (5.57) and (5.73) we get also

0<2Kt =st <5+ |II> € L}(M).

We thus have the following result, that should be compared with Corollary 1 of
[FC85].

COROLLARY 5.24 ([FC85], Corollary 2.1 and [Gul86]). Let » : M? — N3 be
a complete, non-compact minimal surface in an oriented 3-dimensional manifold N
satisfying Ricc > 0. Suppose that M has finite stability index. Then, M has finite
topology, vol(B,.) = O(r?) and

(5.75) Ricc(v,v), 50, [I1)?, K € LY(M)

Using item (¢) of Theorem 5.15 we also recover the following celebrated result of
M.P. Do Carmo and C.K. Peng [CP79], D. Fischer-Colbrie and R. Schoen [FCS80]
and A.V. Pogorelov [Pog81].

THEOREM 5.25. Any complete, non-compact, stable minimal surface ¢ : M —
N of a 3-manifold with Ricc > 0 is totally geodesic, has non-negative sectional
curvature and Rice(v,v) = 0 on M. Moreover, if N is Ricci flat, M is flat. In
particular, there exist no complete, non-compact stable minimal surfaces in any 3-
manifold N whose Ricci tensor is positive in the complementary of a set of (m—1)-
Hausdorff measure zero.

PROOF. By Corollary 5.23 and Lemma 5.22, (vol(0B,.))~! ¢ L'(+00). Hence,
by Proposition 5.15, item (¢) with

f(r) = vol(0B,), q(z) = Ricc(v,v) + [II]*> >0
we deduce that necessarily
Ricc(v,v) + |IT)? = 0.

Since both terms are non-negative, M is totally geodesic and Ricc(v, v) = 0. In par-
ticular, Ricc is not strictly positive on (M), which has positive (m — 1)-Hausdorff
measure since ¢ is an immersion. It follows that no such M can exists if Ricc > 0
in the complementary of a set of (m — 1)-Hausdorff measure zero. By (5.57),
2K =3 > 0, with equality sign if N is Ricci flat, and this concludes the proof. O
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5.5. Newton operators, unstable hypersurfaces and the Gauss map

In this section we shall present a recent application of our ODE results to
the theory of hypersurfaces f : M™ — R™*! with some constant higher order
mean curvature, [IMR11]. In this case the geometry is often suitably studied with
the aid of the Newton operators. This is probably due to the fact that they are
the principal part of some Jacobi operator of geometrically interesting variational
integrals, see the discussion before Proposition 5.27 below. As it will be apparent
in a moment, the techniques of Chapter 5 can be quite easily adapted to cover also
this case. We begin with some preliminary material.

Let f : M™ — R™*! be a connected, orientable, complete, non-compact hy-
persurface of Euclidean space, let v be the spherical Gauss map and denote with
A the shape operator in the direction of v, that is, the (1,1) version of the second

fundamental form. Associated with A we have the principal curvatures ki, ..., kn,
of the immersed hypersurface and the symmetric functions S;:
Si=S8i(k)= > kiki... ki, je{l...m}, So=1,
i1 <ip<...<ij
where k = (k1,...,kn). Define the j-mean curvature of f via the normalization
Hy =1, (@)Hj =S,
J

Thus, for instance, H; is the mean curvature and H,, is the Gauss-Kronecker
curvature of the hypersurface. Note that, when changing the orientation v, the odd
curvatures change sign, while the sign of the even curvatures is an invariant of the
immersion. By Gauss equations (5.56) and flatness of R™*! it is easy to see that

(5.76) Hy = (”27“) o= ;(Z‘) @),

where s(z) is the scalar curvature of M. The j-mean curvatures satisfy the so-called
Newton inequalities

(5.77) H? > H; 1Hj1,

equality holding if and only if p is an umbilical point (see [HLP52]). We stress
that no restriction is made on the sign of H;_1, H;, H; ;. Furthermore, by Gérding
inequalities [G59] we have

Hy>H?>...>H"
on the connected component of

Fj:{k:(kl,...,km)eRm : Hj(k)>0}

that contains the positive cone C' = {k € R™ : k; > 0V i} (see [HL95] for more
information). We call this component I‘;r. As a consequence, if H; > 0 for some
jed{l,...,m} and k € F;’, by Gérding inequalities H; > 0 for each 1 < i < j.
Repeated applications of Newton inequalities give

(5.78) HiHiy1 —Hi2>0  on T}, vie{0,...,j—1}
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Indeed, the case j = 1 comes directly from (5.77), while the case 7 > 1 follows
inductively by using (5.77) again:

Hiq Hi
H,H,., = H,H, > H,
1Hiva i = 2 M=

The Newton tensors P;, j € {0,...,m}, are inductively defined by
Py=1, P; = 5;1 - APj_4,

> Hiqo.

and satisfy the following algebraic properties.

LEMMA 5.26 ([BC97]). Let {e;} be the principal directions associated with A,
that is, Aez = kie;, and let S;(A; ) be the j-th symmetric function of A restricted to
the (m — 1)-dimensional space ei-. Set S;,r1 =0. Then, for each 1 <j <m —1,

(1) AP] = PjA;
) Pje; = Si(Ai)es;
) Te(Py) = 2 85 (Ai) = (m = 5)S5;
4) Te(APy) = 32, kiSj(Ai) = (J +1)Sj413
) Te(A%P)) =30, k7Si(Ai) = S18j41 — (7 + 2) S
From (2) of the above lemma, and the definition of P,,, it follows that P,, = 0. To
each j-th Newton tensor we associate a well defined, symmetric differential operator
L;, acting on C2°(M) by setting
(5.79) Lju = Tr(P;Hessu) YV ueCr(M),
Note that, since f: M — R™*! A is a Codazzi tensor. Thus L; can be written in
divergence form, precisely
Lju = div(PjVu),
see [CY75], [Ros93]. L; naturally appears when looking for stationary points of
the curvature integral

A (M) = / S,dVa,
M

for compactly supported variations that, for j > 1, are required to preserve the
volume. It has been first noticed by R.C. Reilly in [Rei73] that the stationary
points of A; are characterized as those immersions having constant S;y;, which
generalize the case j = 0 of constant mean curvature immersions. Afterwards, in
[BC97] and [Elb02]| the authors computed the second variation of A; in ambient
spaces even more general than space forms. For this latter, they obtained for the
Jacobi operator the expression

Tj = Lj + (Slsj+1 — (] + 2)Sj+2) = Lj + Tl"(Agpj).
The last equality follows from property (4) of Lemma 5.26. Since, for j = 0,

52— 28, = (Zk) —2Zk,»k:j=<zi:ki>2— (;m)z—zi:k? = [I1%,

i<j

To = A+|I1|? is the classical stability operator for minimal and CMC hypersurfaces.
In general, L; is not elliptic. However, there are a number of sufficient conditions
to guarantee this fact, and the next four are suitable for our applications.
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PROPOSITION 5.27. Let M be an m-dimensional connected, orientable hyper-
surface of some space form N.
(t) ([HL95]) Suppose that S;41 = 0. Then, L; is elliptic if and only if
rank(A4) > j.

(1) ([HL95], [HL99]) Suppose that Sj11 = 0. Then, L; is elliptic for every
1 < i < j provided that rank(A) > j, and that there exists a point p € M
satisfying H;(p) > 0 for every 1 <i < j.

(#i7) ([BCIT]) If M has an elliptic point, that is, a point p € M at which A
is definite, and Sj41 # 0 at every point of M, then each L;, 1 < ¢ < j is
elliptic.

(iv) ([Elb02]) If Hy > 0 on M, then both Ly and Ly are elliptic.

Furthermore, we can choose the orientation in such a way that
in (i1), H; > 0 on M for every 1 <i < j;
in (i4i), H; >0 on M for everyi € {1,...,m —1};
in (i), Hy >0 on M.

REMARK 5.28. Condition (4¢) deserves some comment. Indeed, under the as-
sumption Sj4q1 =0, by (i) L, is elliptic, thus P; is definite on M. Since H;(p) > 0,
it follows that P; is positive definite at p and hence on the whole M. Thus, by (1)
and (5) of Lemma 5.26,

0 < Te(A*P)) = —(j +2)Sj42,

thus S;12 < 0 on M. Now, p satisfies Hj12(p) < 0 < H;(p) for 1 <1i < j. By an
algebraic lemma ([HL99], Lemma 1.2), this is equivalent to say that the curvature
vector k(p) belongs to 81";. A connectedness argument, together with the rank
condition, shows that k(q) € oT' j for every ¢ € M, which is a sufficient condition
for each L;, 1 <1i < j to be elliptic. See [HL95], [HL99] for more details.

We are now ready to prove the following

THEOREM 5.29. Let f: M — R™*! be a connected, complete orientable hyper-
surface such that, for some j € {0,m — 2}, Hjq1 is a non-zero constant. If j =1,
assume that Ho > 0 on M or, if j > 2, assume that there exists a point p € M at
which the second fundamental form is definite. In both cases, choose the orientation
given by the spherical Gauss map v in such a way that H; > 0 for every 1 <i < j.
Set
(5.80)

N [T .
w51 =m-p(") [ =i [ s w@=m-n[ s
J o8, B, 0B,
Fiz an equator E C S™ and suppose that either

(i)  wj(r)~t & L' (+00) and Hy & LY(M) or

(ii) wj(r)~t € L' (+00) and

_ ~1/2
o qs 1 [ (") H;
lim inf 4 /v1 (r)v; () S ( k ) ke .
r—+00 s ’Uj(S) 2 m—73— 1

(5.81)

Then, there exists a divergent sequence {xr} C M such that v(zy) € E.
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PROOF. Clearly, the possibility of choosing the orientation of M in such a way
that H; is positive for every 1 < ¢ < j follows from Proposition 5.27. Fix an equator
E of S™ and assume, by contradiction, that there exists a sufficiently large geodesic
ball By, such that, outside B,,, v does not meet E. In other words, v(M\B,,) is
contained in the open spherical caps determined by E. Indicating with a € S™
one of the two focal points of E, (a,v(x)) # 0 on M\B,,. Let C be one of the
connected components of M\ B,,; then, v(C) is a subset of only one of the spherical
caps. Up to replacing a with —a, we can suppose u = (a,v) > 0 on C. Proceeding
in the same way for each connected component we can construct a positive, smooth
function v on M\B,,. A computation due to R.C. Reilly [Rei73], H. Rosenberg
[Ros93], H. Alencar and A.G. Colares [AC98], shows that, for a general immersion
fiM™ = R™FL

(5.82) Ti(a,v) = —(VSj11,a).

Hence u turns out, by the constancy of S;1, to be a positive solution of Tju = 0 on
M\B,,. Since Tj is elliptic by (ii7) of Proposition 5.27, an application of Theorem
1.33 gives A; ' (M\B,,) > 0. We shall now show that the assumptions of the
theorem contradict this fact. Towards this aim, we first note that, since H; > 0,
v;(r) satisfy the assumptions of (V1). Taking into account Lemma 5.26, for r > g
we define

1

v (r)

. 1
683 A= [ (S8 -2 = s [ TR,
9B, vi(r) Jog,
Then, A(r) > 0 since, in our assumptions, P; is positive definite. Furthermore,
A(r) satisfy (A1), hence by Remark 3.3 there exists z € Lip,,.([ro, +00)) solving

{ (03 (r)2"(r))" + A(r)v;(r)z(r) =0 on (ro,+00)

5.84
(5:84) 2(ro) =20 >0

and z has isolated zeroes. Using (5.78)

. m N m
818541 — (J +2)Sj42 = m<j N 1>H1Hj+1 -+ 2)<j n 2>Hj+2 =

m
Jj+1

(5.85) = (

)(mHlHj+1 —(m—j—1)Hj42)

m
> i+ 1)H{H; 1 >
_<j+1>(j+ VHy j+1 >0,
so that

L

m—j—1 "

550 Ay =G ([T Vi [ - ).
J+1 0B,
If 1/v; € L'(+00), then under (5.81), (i), and by the coarea formula we deduce
Av; ¢ L*(RT). Hence, we can apply (5.16) of Theorem 5.6 to deduce that every so-
lution of (5.84) is oscillatory. The same conclusion holds when 1/v; € L((1,400)).
Indeed, combining (5.81), (i7), and the lower bound (5.86), condition (4i) of Propo-
sition 5.9 is satisfied with the choice f(r) = v;(r). Let now R < Ry < Ry be two
consecutive zeros of z(r) after R. Defining ¢ (x) = z(r(z)) on the annulus Bg,\Bg,



138 5. EXCEEDING THE CRITICAL CURVE

and zero on the complementary set, by the coarea formula and the definition of A(r)
we deduce
(5.87)
/ (518541 — (J +2)Sj42)9* = /
M

Ry

Rs

22(s)A(s);(s)ds = (m — ) /M S ()2,

Thus, by property (3) of Lemma 5.26, the above identity and the coarea formula,
integrating by parts we deduce that

(=T, 0) > = /M<ij,vw> — (818541 — (j +2)S;12)0?

IN

Tr(P;)| V| — (S18j41 — (5 4 2)Sj42)0° =

M
(m=3) | 8[190f* ~ )]

Ra
/ [((5)2 — A(s)22(5)]o;(s)ds

Ry

R2

= —/ [(vj(5)2'(5))" + A(s)v;(5)2(s)]2(s)ds = 0.
Ry

Therefore, by the domain monotonicity )\I_TJ (M\By,) < 0, and we reached the

desired contradiction. (]

REMARK 5.30. As a matter of fact, the orientability of M is not needed. If
M is non orientable, v is not globally defined. However, changing the sign of v
does not change either the assumptions or the conclusion of Theorem 5.29, since
the antipodal map on S™ leaves each E fixed. If {(a,v) # 0 on M\B,,, the normal
field X = (a, v)v is nowhere vanishing and globally defined on M\ B,,. This shows
that, in any case, every connected component of M\ B, is orientable.

We clarify the role of (¢) and (i¢) of Theorem 5.29 with some examples. First,
we deal with the case j # 1, and we assume that v; is of order 7% (resp. e*") as
r — 400, for some k > 0. Then assumption (i7) requires that v;(r) is of order at
least 7%=2 (resp. e*"). Roughly speaking, v; has to be large enough with respect
to v;. Under additional requirements on the intrinsic curvatures of M, the volume
comparison Theorem 1.24 allows us to control the volume of 9B, and (ii) can be
read as Hq not decaying too fast at infinity (with respect to H;). When j = 1,
that is, when M has constant scalar curvature s, by (5.76) and the definition of the
critical curve x,, condition (i7) reads as

/+OO ds N H_1/2 _ m(m — 1)

e Camiate(r)
In some sense, vi(r) does not have to grow too fast. Loosely speaking, by the
estimates for the critical curve in Section 3.2, v1(r) shall not grow faster than
exponentially. This shows that condition (i7) requires the balancing of two opposite
effects. The same happens for (i) with 7 = 1. Indeed, this is a consequence of the
Cauchy-Schwarz inequality and of the coarea formula:

(o) ) =05

v1(s) 2 s '
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Finally, we stress that (i) and (i4) are mild hypotheses as they only involve the
integral of extrinsic curvatures at infinity. In particular, no pointwise control is
required.

Given the hypersurface f : M™ — R™*! we shall now identify the image of
the tangent space at p € M with the affine hyperplane passing through f(p) in the
standard way. We have the following result:

THEOREM 5.31. Let f : M — R™*! be a complete, connected orientable hy-
persurface with Hjy1 = 0, for some j € {0,...,m —2}. If j > 1, assume that
rank(A) > j at every point. Furthermore, if j is even, suppose that there exists
p € M such that H;(p) > 0. Define v; as in (5.80), and set

sjra(r) = /8 1S +2l-

J

If either
(i) Juj(r)|~t & LY (+o0) and Hjio & L'(M) or

(i3) |vj(r)|~t € LY (+o0) and

lim inf 8j+z(r)\vj(r)|[ ;) 2\/:’

then for every compact set K C M we have

(5.88)

U mm=rm,
pEM\K

that is, the tangent envelope of M\K coincides with R™+1,

PROOF. We start observing that we can assume that v, is positive on RT.
Indeed, in our assumptions, by (i) of Proposition 5.27 the matrix P; is either
positive definite or negative definite everywhere. Thus, (3) of Lemma 5.26 implies
that either H; > 0 or H; < 0 on M. If j is odd, we can change the orientation of M
in such a way that H; is positive, whence v; > 0 on RT. On the other hand, if j is
even, this trick cannot be used and we have to rely on the existence of p € M with
H;(p) > 0 to deduce that v; > 0 on RT. Applying (5) of Lemma 5.26 we obtain

0 < Tr(A%P)) = —(j +2)Sj12, hence Sj12 <0 on M.

Now, suppose by contradiction that, for some K, the tangent envelope of M\K
does not coincide with R™*!. By choosing cartesian coordinates appropriately, we
can assume that the origin 0 satisfy

o¢g |J mm

peEM\K

Then, the function u = (f, v) is nowhere vanishing and smooth on M\ K. Further-
more, we can arrange the sign of u on each connected component in such a way
that « > 0 on M\K. Again, by a computation in [Rei73], [R0s93] and [AC98],

(5.89) Tj(Fu) = £ [=( + DSjr1 = (VSj1, )] = 0.
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Note that here the assumption H; 1 = 0 is essential. It follows that Al_Tj (M\K) >
0. Defining

0<A(r) = : /63 Te(A*P)) = —(j +2) : /BB Sjpo=(j+ 2)5j+2(7")

v;(r) v;(r) v(r)

under assumptions (i) or (i4) the ODE (v;z")" + Av;jz = 0 is oscillatory. To show
this fact, we rest upon the same oscillation criteria used in the proof of Theorem
5.29. The rest of the proof is identical to that of Theorem 5.29. ([

REMARK 5.32. In the statement of Theorem 5.31, we have excluded the case
7 =m — 1 since for j = m — 1 our requirements cannot be met. Indeed, condition
Hji1 = 0 is the vanishing of the Gauss-Kronecker curvature, which implies that
the second fundamental form is everywhere singular. Therefore, rank(A4) > m — 1
is automatically false.

REMARK 5.33. Again, according to Remark 5.30 we can drop the orientability
assumption on M. Indeed, if the tangent envelope of M\K does not cover R"™+1,
the vector field X = (f, v)v is a globally defined, nowhere vanishing normal vector
field on M\ K, hence M\ K is orientable.

REMARK 5.34. In the same set of assumptions of Theorem 5.31, we can prove
a version of Theorem 5.29 that deals with the case H;11 =0 on M.

We mention that the problem of determining the tangent envelope of an iso-
metric immersion M < R™*! has been addressed by B. Halpern [Hal71] when M
is compact and orientable. More precisely, he proved that

(5.90) LJLM¢RWJ
reM

if and only if M is embedded as the boundary of an open star-shaped domain of
R™*1 Some years later, H. Alencar and K. Frensel [AF91] extended this result
when the ambient manifold is a space form. In case M is non-compact there
are many examples satisfying (5.90), for instance cylinders over suitable curves.
However, if M is minimal, then M is totally geodesic provided (5.90) is true and the
tangent envelope is closed in R™*1, as shown in [AF91]. When m = 2, things are
more restrictive. In fact, T. Hasanis and D. Koutroufiotis in [HK®84] have proved
that the only complete minimal surfaces in R? for which (5.90) holds are planes.
Note that the original proof of Hasanis-Koutroufiotis theorem is a consequence of
(5.89) and Theorem 5.25. Indeed, if

U M #R?

zeM

then by formula (5.89), case j = 0, u = (f, ) > 0 turns out to solve Au+|IT|?*u =0
on M. Hence, M is stable on R?, thus totally geodesic.

Our last result is a splitting theorem for constant mean curvature (CMC) hy-
persurfaces whose Gauss map is enclosed in a sufficiently small region. We begin
with the following

DEFINITION 5.35. Let bym € N, 1 < b < m, and let {w,}, « € {1,...,b}
be a set of orthogonal unit vectors of S™ C R™*+1. We define the (closed) b-cup,
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C({wa}) € S™, as the set
CHwa}) = {v €S™ : (v,wy) >0 forevery a€{1,.. .,b}}.

Clearly, a 1-cup is a closed hemisphere. Before stating the theorem we recall
that, having fixed a compact set K, each connected component of M\K is called
an end of M. By a compactness argument, it can be proved that the number of
ends of M\ K is finite.

THEOREM 5.36 (Splitting and codimension reduction). Let ¢ : (M™,g) —
R™*! be a connected, complete, oriented CMC' hypersurface with spherical Gauss
map v. Define

I )
ar) = vol(9B,) /OBT 11T

Assume that vol(0B,) < f(r), for some f(r) € L, (RY) such that f~1 € LS (RT)N
L'(+0), and that

(5.91) 13;3?010;) /R (\/@ - M) ds = +o0,

for some R > 0. Suppose that there exist b € {1,...,m} and a compact set K such
that, for every end E of M\K, v(F) is a subset of some b-cup (possibly depending
on E). Then,

(1) v(M) is a subset of some totally geodesic S™~° C S™, where
Smt =8™N < {w,} >+

for some set of orthonormal vectors {wq }2_; C R™TL.
(2) There exists a totally geodesic (m — b)-submanifold ¥og C M such that
(M, g) is isometric to

Yo x R®,  with the product metric gize + (5 Ire;
(3) The composition of ¢ with the isometry in item (2) can be written as
? ¢ (pt) € To x R” > (p) + t"wq,

where {wy} is the set in item (1). Furthermore, ¢ maps X into the affine
subspace W = ¢(po)+ < {wa} >* for some (hence any) po € o, and
@ : X9 — W has mean curvature H.

REMARK 5.37. Condition (5.91) is satisfied, for instance, when M has mean
curvature H # 0 and

(5.92) lim sup log vol(9B,) « 2H

r——+00 r \/m
(in particular, when H # 0 and M has subexponential volume growth). Indeed, by
Newton inequality m|II|?> > H? and thus g(r) > H?/m for every r € RT. On the
other hand, by (5.92) for each a € (v*,2|H|/y/m) there exists a constant C' > 0
such that vol(0B,) < Cexp(ar) = f(r). Since x¢(r) = a?/4, we get

(5.93) /Izr(\/@—\/%)dsz<5{%—;)(r—}{)—>+oo

as 7 — 4o00. Thus, under (5.92), M is a cylinder over an (m — b)-dimensional sub-
manifold ¥y provided that the Gauss map of the ends of M is enclosed in b-cups.
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Viceversa, CMC immersions of cylinders often satisfy (5.91). As an example, con-
sider a compact, (m — b)-dimensional hypersurface ¥ : ¥y — R™ %! with constant
mean curvature H # 0, and the product CMC immersion

e=Uxid : By x R® — R™H = Rm~0+1 x RY,

Then, again by Newton inequality g(r) > H?/m, and moreover (since Xy is com-
pact) v(r) < Cr™@{®:2} for some C' > 0. Whence, computing Xy, the validity of
(5.91) is immediately checked.

PROOF OF THEOREM 5.36. First, by (i7) of Theorem 5.15 and assumption
(5.91) we deduce that
(5.94) indy (M) = 400,  where L =—A—|IT)?.
Let {E1,...,E;} be the ends with respect to K. For each j € {1,...,t}, let
C({wa,j}a) be the b-cup containing v(E;), and define u,; = (v, wq,;) on M. By
formula (5.82), in our assumptions

Ug,; € C(M), Aug j+ [II*u0 ;=0 on M, Uq,; >0 on Ej.
Define uq on M\K by setting uq(z) = uq j(z) if € E;. Now, the equivalence
(#i1) < (v) in Theorem 1.41 and (5.94) imply that necessarily u, = 0 on M\K,
that is, ua,; = 0 on E; for every j. By the unique continuation principle [Aro57],
Uq,; = 0 on M, that is,

v(z) L< {wa,jta,; > for every x € M.
The dimension of the vector space Z =< {wq,;}a,; > is at least b, since {wq;}a
is an orthonormal set for each j. Therefore, we can choose a collection of at least
b orthonormal vectors {w,} C Z such that v 1< {ws} >. If S77? is the totally
geodesic (m — b)-sphere determined by
S™N < {wa} >,

item (1) is proved.
To show (2), let ¢ € M and let U, be a neighbourhood of ¢ such that v, is an
embedding. Since v L w,, we deduce

Weq € T<p(q)<p(M).
Therefore, since ¢ is a smooth isometric diffeomorphism between U, and ¢(U,),
the definition
_ -1
Xalg) = ‘P*,w(q)(wa)
is well posed and gives rise to an orthonormal set of smooth vector fields {X,} on
M. We are going to prove that the distribution
D : qge M+ D(q) =< X,(q) >+
is integrable. To do so, we prove that the associated ideal
ker(D)={neT*M : n(v) =0V v e D}.

is a differential ideal. Through the Gram-Schmidt procedure we can find, locally
in some neighbourhood U C M, a set {e;} € TM, i € {1,...,m — b} such that
{ei, Xa,v} is a Darboux frame for ¢, that is, {p.e;, v« Xs} is an orthonormal
basis of Tp(U). Note that p,X, = w,, and define for notational convenience
& = @.e;. Denote with {6°, 0% 6™*1} the coframe dual to {&,wa, v}, and with
{w?}, 1 < a,c < m+1 the connection forms of R™*1. If, as usual, we omit writing
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the pullback ¢*, {#*,0°} is an orthonormal conframe on M, its connection forms
are {wp}, 1 < A, B < m, 6™*! = 0 and ker(D) is the ideal generated by {6°}.
From the equation
0 = dwy = wi& + wlwg +wm
we argue 0 = w!, = w? = w™T!. Hence, by the structure equations
d0% = —wi A —wi AO° —wh AT =0 €T,

as desired. In the same way, every distribution X7 is integrable. Denote with X
the maximal leaf of D passing through some py € M. From

W*<’>:@:1(Lwa<’>)zov

each X, is a Killing vector field. From |X,| = 1 and the completeness of M, the
flow ®“ generated by X, is defined on the whole R x M. This can be seen as follows:
suppose by contradiction that there exists a maximal integral curve v : [0,¢0) — M
of X, such that ty3 < 4+oco0. Then, by standard theory, v eventually lies outside
every compact set. Since M is complete, r(y(t)) — 400 as t — ty. From

r(v(t)) — r(v(0)) = /0 (Vr,7(s))ds < /0 i | Xo(7(s))|ds = to,

this necessarily implies ¢ty = +00, a contradiction. If we set

ang = Ltpilw

@

T . (t,x) € R x R v 2 4 tw,,

by standard theory and the definition of X, the commutation ¢ o ®F = U o ¢
holds on M for every t € R. Since

[Xo, Xp] = [07 (wa), 07 (wp)] = @5 Hwa, ws] =0,

the vector fields {X,} pairwise commutes. Thus, by standard theory, ®% o @tﬂ =
<I>f o ®% for every a,f,s,t. Furthermore, X, is invariant under the flows {®#}.
This follows immediately since w,, is invariant under the flows {¥#} on R™*!. We
define the following map

b - Yo xR — M
(p.t) > DL o0dl 0. 0®L(p),

where t = (t1,...,t™). We prove that ¢ is a diffeomorphism. First, ¢ is injective.
Indeed, suppose by contradiction that

(5.95) PP, 0 @g;}l 0...0®l(q) =% 0 @i’[}l o...0®}(p)

for some (g,s) # (p,t). Then, if s = t, applying to both terms the composition of
diffeomorphisms (97 o @i’b_}l o...0®},)"! we obtain ¢ = p, contradicting (g, s) #
(p,t). Suppose now that s # ¢t. Up to renaming the coordinates, we can assume
that s® # t*. Then, setting

Z]:@Zb_}lo...o@il(q), ﬁ:@i’;llo...o@tll(p)
and applying <I>lltb to (5.95) we obtain p = éls]bftb (¢), so that
(5.96)  @(B) =90y (@) =Wy 0 9(q) = (q) + (s° — t*)wp.

By their very definition, p and ¢ belong to some maximal leaf of the distribution X;-.
Since p, q € X, p and ¢ belongs to the same leaf 3, and can therefore be connected
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by some curve o C X. From g(o’, X}) = 0 for every value of the parameter, the
curve p o o has tangent vector always orthogonal to wy, hence

(5.97) (@) € p(p) +wp .
This contradicts (5.96) and s® # t*. Next, we show that ¢, is a diffeomorphism.
By dimensional consideration, it is enough to show that ¢, is injective. Let (p,t)
be a point of ¥y x R?, and denote with

Ji + o — g x R, jp + RE =y x R®
the standard inclusions. If 9, is the partial derivative with respect to t%, from
$.(9a) = Xo we deduce that ¢, is injective on (j,)«(TR?). Furthermore, from the
commutativity of the diagram

(5.98) S My xR— " g

b
\ <I>tb/
b1 =
Pl >
M M

b—1

we deduce
rank((¢ o ji).) = rank((®% o...0 @}, 04),) = rank(i,) = m — b = rank((j¢)).

Therefore, ¢, is injective also on (j;)«(T%g). Let (V,Y) € T(Xg xR?) = TE,®TR?
be such that ¢.(V,Y) = 0. Then,

(5.99) 0= 6.(V,Y) = 6. () + ()Y ) = 62 ()sV + 6.(ip). Y.
From the properties of the flows {®“}, it is not hard to show that

[(90j0)(T0)| 1 [(90n)- (TRY)] = {0},

thus in (5.99) we must have ¢.(ji)«V = ¢.(jp)«Y = 0. Since ¢, is injective on
(jp)«(TR®) and on (j¢)«(T%o), V = 0 and Y = 0. This proves that ¢, is injective.
By the implicit function theorem, ¢ is a local diffeomorphism and an open map.
Being injective, ¢ is a global diffeomorphism between £y x R? and its image, which
is an open subset of M. The last step is to show that ¢ is, in fact, surjective. Since
M is connected, it is enough to show that ¢(Xy x R®) is closed.

Towards this aim, we first claim that the image S; = ¢ 0 j;(X) is a whole maximal
slice of D. Let p; € Yo, define g1 = ¢ o ji(p1) and let Xy be the maximal slice
containing ¢;. To show that S; C 3, let g2 € S and define py € ¥y in such a way
that g2 = ¢ 0 ji(p2). Then, let v : [0,1] — Xy be a curve from p; to ps, and define
oc=¢ojroy:[0,1] = S;. From the diagram (5.98), and since each X, is a Killing
field invariant under the flows ®7, we can write

(5.100)

9(0', Xa) = g((@% 0. 00k oiog),Xa) =g((®ho...oBh).(i07), Xa)

= g((Z © 7)/7X04) =0,
hence o is contained in the maximal slice 3, thus by the arbitrariness of ¢go =
o(l) we get S; C X;. To prove the converse, if by contradiction S; is properly
contained we can choose some ¢ € ¥;\S;. Now, pick a segment ¢ C ¥; from a
point g1 € Sy to q. Applying <I>Iitb 0...0 <I>17t1 to o we would have a curve v from
some point p; € ¥g C M to p = (blitb 0...0 <I>£t1 (¢). Proceeding analogously to
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(5.100), we deduce v L X, for every a, hence v C ¥y. Therefore, p € ¥y and
q= (I)?b 0...0 <I>%1 (p) € S, against our assumption. This proves the claim.
To show that ¢ is surjective, let

(5.101) q € o(So x RY),

and let T be the maximal slice of the distribution D containing q. Then, as above
we can construct $ : T x R? — M which is a diffeomorphism with open image
&(Y x RY). From (5.101), necessarily ¢(39 x R?) and ¢(T x R?) have nonempty
intersection, that is, there exist py € %o, p1 € T and suitable s, € R such that

$(p1.t) = b o... 0P} (p1) = P o...0DLi(p2) = B, 5),
so that
Topr=®h_go...0Pu_u(p1) = (p1,t —s).
Since ¢(Xo,t — s) is the whole slice Xy, T = ¥;_; and from ¢ € T we deduce
q € Et—s C ¢(ZO X Rb)a

as claimed. We are left with the Riemannian part of the splitting. Let h = ¢*g be
the metric on ¥y x R?. We can choose {e;,d,} as a basis of 3y x R?, where {e;} is
an orthonormal basis for ¥g. Let {67,dt“} be the dual coframe. Then, the metric
writes as

h=hi;0' @607 + hit' @ dt™ + hg;dt’® @ 67 + hapdt™ @ dt”.
Applying to the couple of vectors (e;,e;), (e;,0n) and (Oq,d3) and recalling that
0+ (0a) = X, it is immediate to deduce that
h=0"®0" +dt™ @ dt°.
This also implies that %y is totally geodesic in (3 x R, k), hence in (M, g). A-
posteriori, Y is properly embedded in M. To prove (3), we have already observed
in (5.97) that every curve in ¥y is mapped into the affine (m + 1 — b)-space
W = o(po)+ < {wa} >+, where py € o,
whence p(Xg) C W. From the commutation ¢ o * = U* o ¢ we get

P(p,1) = poi(p,t) = p((®f0...0®1)(p) = (¥po...0Un)(0(p) = ¢(p) +1 wa.
It is easy to see that, in the basis {e;, 4} of T(Z¢ x R?), the second fundamental
form I1 of ¢ has the block structure

_’ﬁ( (I1(eise;)) 0O ),

0 0

thus the mean curvature of ¢ is that of the immersed hypersurface ¢ : 3o — W =~
Rm—b-&-l. O

5.6. Dealing with a possibly negative potential

In this section we describe how to deal with the possible negativity of A. The
search of some sharp estimates that enables us to rewrite in a general form the
results of Chapter 5 for A < 0 seems to present some technical difficulties. For
this reason, we prefer to outline a general method that we shall apply in the next
sections in special situations for which the sought results are particularly appealing.
For instance, a case when the method is quite effective leads to the discovery of
a range of Calabi type conditions for the compactness of a complete Riemannian
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manifold. We shall consider this in Section 5.7 below.
Hereafter, we require the validity of (A1), (V1), (V2), (V3), (F1) as defined at the
beginning of Chapters 3 and 5. Let z € Lip,,.(R7) be a solution of

{ (v2')Y + Avz=0  on RT,

(5.102) A

or of the analogous problem on [rg, +00). According to the proof of Theorem 5.1,
the function y = —vz’/z is locally Lipschitz on D = R{\{r : z(r) = 0} and solves

2
(5.103) y = Av + %

Choose a function W € L (Rf) such that

loc

(5.104) W >0 ae onRT, W+A>0 ae on R,

For instance, W can be taken to be the negative part of A. To apply the results of
the previous sections, we need to produce, starting from (5.102) and W, a solution
Z of a linear ODE of type (vZ') + Avz = 0, for some new volume function v and
some A > 0. Towards this purpose, consider a solution w(r) € Lip,,. of

(vw’) = Wow >0 on R
(5.105)

w(O‘*‘) =wgy > 0.

Note that from (vw’)” > Wow we deduce w’ > 0, hence w has a positive essential
infimum on Ry . Therefore, the function Z = z/w is well defined on Ry and solves

(5.106) { ([w?)Z) + (A+W)[pw’]Z <0 on RF
Z(0) = z0/wo > 0,
Setting
_ e (n)]Z(r) o= Ur)e'(r)
h(r) e ;o b(r) = O

a simple computation shows that

h2
(5.107) h(r) = w?(r) [y(r)—b(r)] and h satisfies B > (A+W)[w?v]+ —

w?v
The proofs of Theorem 5.1, Corollary 5.2 and Theorem 5.6 can be repeated verbatim
to allow A < 0 simply by replacing

y with h, A with A+ W, v with vw? and f with fw?,

As already observed in Remark 5.5, the inequality sign in (5.107) and (5.106) is
irrelevant for the proofs of Theorem 5.1, Corollary 5.2 and Theorem 5.6.

It is worth to observe the following fact: as clearly expressed in (5.106) and
(5.107), the negative part of A, or in other words W, acts to produce a weight w?
for the manifold. We underline that this approach has already been used for the
proof of Lemma 4.31, see Remark 4.34. For particular choices of W (r), to express
the results in a simple form one needs an explicit w solving (5.105) or, at least,
sharp estimates for w at infinity. In the next section we will consider some special
cases that shall clarify the above observations.
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5.7. An extension of Calabi compactness criterion

Using the method of the previous section, we are able to determine either the
existence of a first zero, or the oscillatory behaviour, of a solution g of ¢’ + Kg =0
even when K is not assumed to be non-negative near infinity. As a first main
consequence we have the next geometric result.

THEOREM 5.38 (Compactness with sign-changing curvature). Let (M, (,)) be
a complete Riemannian manifold. For each unit speed geodesic vy issuing from some
fized origin o, define
_ Rice(y/,7')(s)
N m—1 '
Assume that one of the following set of assumptions is met.
(i) The function K. (s) satisfies

(5.108) K. (s)

K,(s)>-B*(1+ SQ)OL/2 on RT,

for some B > 0 and a > —2 possibly depending on . Having set
0 < Ay(s) = K, (s) + B2(1 + s2)**

suppose also that, for some 0 < S <'s such that A, # 0 on [0, 5],

[ (- )

(5.109)
S /SA() 2(0)do + 1 /+°o do
D) og o ,YO"U} o )do og o w2(0_) 5
where
sinh (22 [0+ =1])  if az0;
(5.110) w(s) = S (%SH%) if a€(=2,0);
sB' if a=-2,

and B' = (14+ V14 4B2)/2.
(i3) The function K,(s) satisfies

B? n
K’Y(S) > m on RT,
for some B € [0,1/2] possibly depending on . Having set
B2
0< Ay(s) = Ky(s) — (L

suppose also that, for some 0 < S < s such that A, # 0 on [0,5], the
inequality (5.109) holds with

(148" — (148" if Be[0,1/2);
V1+ slog(l+s) if B=1/2,
and B” = (1+ 1 — 4B?)/2.

Then, M is compact and has finite fundamental group.

(5.111) w(s) =
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PrROOF. By Theorem 2.1, M is compact and has finite fundamental group
provided we prove that, for every + issuing from o, the solution g of

{ 9"+ Ky(s)g =0

9(0)=0, ¢'(0)=1

has a first zero. Note that, both for (5.110) and for (5.111), the critical curve related
to w? exists since 1/w? € L'(+00).

(). As observed in the proof of Theorem 3.16, the function w in (5.110) is a positive
solution of

(5.112)

w" — B*1+5)*?w>0  onR*
whose initial condition, in the cases o € (—2,0) and a > 0, is

(5.113) w(0) =0, w'(0) =C > 0.
Consider the function z = g/w. Then, by the previous section, Z solves
(5.114) (w?Z') + A, w?Z<0  onRT.

In order to apply Corollary 5.2 to the differential inequality (5.114), we shall make
use of Remark 5.5. From (5.113), in each case of (5.110) we get

2% /
(5.115) w; (0+) = <w2‘(; - ww') 0+) =o.
By Remark 5.5, this initial condition enables us to apply Corollary 5.2, and the
inequality (5.109) implies that z (hence g) has a first zero. Case (i7) is analogous.
Indeed, by Remark 1.22, w in (5.111) is a solution of the Cauchy problem

" B? w —
(1+5)2
g(0)=0, ¢'(0)=C=>0.

O

REMARK 5.39. We recall that, by (3.22), inequality (5.109) is equivalent to the
somehow simpler one

(5.116) /SS \/Ay(o)do > —% <1og /OS A, (o)w?(o)do + log /S+°0 u%) .

In the statement of the theorem, we have preferred to use the form (5.109) to put
in evidence that the RHS does not depend on s, as opposed to conditions like (2.15)
and (2.24) where both a and b appear in the LHS as well as in the RHS.

We note that, for m =3, B =1/2in (5.111), for « = 0,—2 in (5.110) and for B =0
in (5.111), assumption (5.116) can be further simplified. Indeed,

s~ VI+4B?
—_— for (5.110), a = —2 and for B = 0;
V14 4B? ( )
T do
/S wa) B~ [coth(Bs) — 1] for (5.110), a = 0;
1
—_ for (5.111), B=1/2 =3.
10g(1+s) or ( )? / I m

To generalize Calabi oscillation criterion, we prove the next Proposition, which
follows easily from the discussion of the previous section.
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PROPOSITION 5.40. Suppose that
K,G e LS (RY), K(s) > —G(s) on [, +00),
for some sqg > 0. Let w be positive solution of

w” — G(s)w >0 on [sg,+00).

Then, any solution g of ¢" + K(s)g = 0 is oscillatory provided that either

(5.117) ¢ L'(+00)  and (K(s) + G(s))wz(s) ¢ L' (+00)

1
w?(s)
or 1/w? € L*(+00) and
(5.118) I (/S\/K()JFG( Jdo + 11 /+OO do ) +

. im su o o)do + = lo —— | = +0.

SR 2%, wo)
PROOF. The function z = g/w solves
w?Z') + (K + G)w?Z <0 on [sg,+00
(5.119) (~ )+ ( ) [s0, +00)
Z(s9) > 0.

By Remark 5.5 the inequality sign in (5.119) is irrelevant. Therefore, we can con-
clude by means of Theorem 5.6 and Remark 5.8. (I

THEOREM 5.41 (Generalized Calabi criterion). Let K € L (Ry), and let g # 0

loc

be a solution of g + Kg = 0. Then, g oscillates in each of the following cases:
(1) K satisfies

(5.120) K(s) > —B%s® when s > so,

for some B >0, a > —2 and sq > 0, and the following conditions hold:
(5.121)

° B? 1+4B2
for ao= -2, limsup (/ K(o)+ —do — E log 3) = +00;
s—4o00 so g 2

s 2B«
or o > —2, 1m su o)+ o%do — 52 = +o00.
f 2, limsup (/ VK(o) + B20°d +1>
s——+oo so a+2
(2) K satisfies
B2
(5.122) K(s) > — when s > sp,

52

for some B €[0,1/2], so > 0, and the following conditions hold:
(5.123)

s B2 V1 —4B2
for B<%, lim sup </ \/K(U)—2d0—10g8> = 400;
s——+00 so g 2
s 1 1
B=1 1 K — ——do — = logl = ;
for 2, [limsup (/0 \ E(0) = —5do— 5 log 0gs> +00;
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PROOF. (1). Set G(s) = B?s® in Proposition 5.40. Then, w” — B%s%w = 0
has the particular positive solution
2B |,a .
w(s)—\/ﬂﬁ <2+a8 2) if a>—2;
1++v1+4B? .
= - lf o = _27
2
where I,,(s) is the Bessel function in (3.41). In both cases, 1/w? € L'(+00), and
computing the asymptotic behaviour with the aid of (3.43) we get

/+°° do
s wo)

Therefore, condition (5.121) is equivalent to (5.118), and ¢” + K¢ = 0 is oscillatory
by Proposition 5.40.

(2). The proof is the same. Indeed, it is enough to consider the following positive
solution w of w” + B%s™2w = 0:

(5.124)

w(s)=s%, B

Cexp (—%81+%) if a>-2;

Csl=2B = 0 g—V1+4B? if a=-2.

1++v1—-4B?

w(s)=s"", B'=""Y"_""7 if Bel0,1/2);
(5.125) 2
w(s) = y/slogs if B=1/2.
Again, in both cases 1/w? € L'(+0o0). O

REMARK 5.42. Observe that setting B = 0 in (5.123) we recover the original
Calabi condition (5.28). Moreover, Theorem 5.40 also generalizes Proposition 5.11,
where the case a = 0 has been proved with a different method.

REMARK 5.43. Clearly, when K > 0 on [sg,+00) the limitation B € [0,1/2]
in (5.122) covers the more interesting cases. Indeed, if (5.122) is met for some
B > 1/2, then the oscillatory behaviour of g already follows from Hille-Nehari
Theorem 2.7.

Combining the technique described in this section with Theorem 4.1 and Corol-
lary 4.4, we also obtain an improvement of Proposition 1.21.

THEOREM 5.44 (Positivity and nonoscillation criteria). Let K € LS (RY).
(1) Suppose that
1
(1 _1|_ 5)2 [1 + log?(1 + s)] on RT.
Then, every solution g of
9"+ Kg=0
{ 9(0) =0, ¢'(0)=1

is positive on R™ and satisfies g(s) > Cy/slogsloglogs, for some C >0
and for s > 3.

(5.126) K(s) < 5

(5.127)
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(2) Suppose that
(5.128) K(s) < L [1 + 1} on [sg,+00),
452 log? s
for some sq > 0. Then, every solution g of g¢" + Kg = 0 is nonoscillatory.
ProoOF. (1). By Sturm argument, it is sufficient to prove the desired conclusion

under the additional assumptions that g satisfies (5.127) with the equality sign, and
that

1
K(s)zm.

Let w(s) = /1 + slog(1 + s) be the solution of (5.127) with K (s) = [4(1 + s)?]~!.
Then, z = g/w solves

w2z’ S) — =7
(5.129) W) [KE) - atry
20)=1, F(0)=0.

Applying Theorem 4.1, Z is positive provided

w?Z=0 onRT,

1
4(1 + 5)2log*(1 4 s)’

Sy SXe(s) =

that is, (5.126), and Z satisfies

e oo dcr /+°° da _ 1oglogs
\/logs’

for some C' > 0 and s sufﬁmently large. The lower bound for g follows at once by
the definition of Zz.

To prove (2), again by Sturm argument we can assume that the inequality K >
1/[4s%] holds. Indeed, suppose that we have shown that a solution g of g +IZ'§ =0
is positive on some interval [sg, +00), where

R(s) = maX{K(s), 4;}

and assume by contradiction that a solution g of ¢ + Kg = 0 oscillates. Let s1, s9
be two consecutive zeroes of g after sg, chosen in such a way that g > 0 on (s1, s2).
Then, g solves g” + f(g > 0 on [s1, $2]. By Sturm separation Theorem 1.9, (i), §
should have a zero on (s1, s2), contradiction. Proceeding along the same lines as for
(1) with the choice w(s) = y/slogs, and using Corollary 4.4, we reach the desired
conclusion. (I

REMARK 5.45. Consider the particular case
1 c?

452 N 452log? s’

for some ro > 0 and ¢ > 0. Then, if ¢ < 1 Theorem 5.44 implies that g + Kg = 0 is

nonoscillatory. On the contrary, when ¢ > 1, by (5.123) g” + Kg = 0 is oscillatory.
We observe that, on [rq, +00),

(5.130) K(s) = on [rg,+00),

1 too 1 ¢ [t do 1 c?
- < K(0)do < < -
1<) Blodesgdso | e 4 Tlogs'
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hence the Hille-Nehari criterion cannot detect neither the oscillatory nor the nonoscil-
latory behaviour of g depending on c.

The proof of Theorem 5.44 suggests an iterative procedure to improve our
oscillatory and nonoscillatory criteria with an arbitrary precision. In the general
case, suppose that we are given an ordinary differential equation of the type (vz’) +
Avz = 0, with v such that y can be defined. By Sturm argument, there is no loss
of generality if we assume that A > x. An explicit solution w of

(vw") + xvw =0

/ oo dO’ Foo da

and it is positive on some mtervall [s0, +00). Then z= z/w solves

is given by

(©2) + (A—x)vz =0 on [sg, +00),
where ¥ = vw?, which implies that 2, and therefore z, are nonoscillatory if (vw?)~! €
L (+00) and
A(S) - X(S) < Xow? (S)a
and oscillatory if (vw?)~! € L!(4+00) and

lim sup /s <\/A(o) — VXow2 (@ )do = +o00,

s—+00 Jsg

or equivalently if

(5.131) lim sup (/8 VA(o) — x(o)do + llog /+OO da) = foo.
s—+oo \Jsg 2 s v(o)w?(o)

Now, the procedure can be pushed a step further by considering z. This enables

us to construct finer and finer critical curves. As an example, we now get a first
refinement of the conditions of Theorem 5.44. Suppose that

1 1
Kis)> —+————
(s) 2 45 4s2log? s
on, say, [2,+00). Then, as in the proof of Theorem 5.44, define w(s) = /slogs
and v(s) = w(s)? = slog? s. Since w is a positive solution of w” + (4s2)"'w = 0 on

some [s1,+00), z = g/w is well defined and solves (vz') + Avz = 0 on [s1, +00),

where
1 1

> -
452 7 4s2log® s

+°° dO’ /+°° do  loglogs
-~ Jogs

is a solution of (vw})" + xvwy = 0, positive after some sy > s1. Setting

= Xuw?(s) = x(s)-

Now, the function

v2(s) = v(s)wa(s)? = slog slog®log s,
then

() € L' (+00),
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and the function zo = z/ws is a solution of (vez4)’ 4+ Agveze = 0 on [sg, +00), where

Aofs) = As) = X(8) = K(5) = 15~ o>

Thus 2o, and hence z and g, is nonoscillatory provided

1 1 1
As(8) < X, (8), that is, K(s) < — + + )
2(8) < Xu (9) (5) 452 4s2log’s  4s2log? slog?log s

and, by (5.131), it is oscillatory if

li / ! d L loglog1 +
im su ————do — = logloglogs | = +o0.
s—>+o<1>o 402 442 log® o g 0808108

The general result that improves on Theorem 5.44 with an arbitrary degree of
precision follows by means of an inductive procedure, and we leave the technical
details to the interested reader.

We now observe that the explicit solutions of w” — B2sw > 0 can be used, via
the change of variables (5.36), to produce positive, explicit solutions w of (5.105),
for suitable W. This trick enables us to get simple extensions of spectral estimates
for Schrédinger operators, which are particularly appealing in the case of R™, see
the next Theorem 5.46.

To be more precise, let w be as in (5.124), so that w € C*([sg, +00)) and

" _ B%2s% = 0.

According to (5.36), choose some function v satisfying, as usual, (V1) and 1/v €
L' (+00), and define

o-([7F) o

Then, s : RT — RT, s(sg) = rg > 0, and

w(r) = /Tm %Iﬁ (;fa Urm Ut)}lg) if a>—2;

an =/ - ey - a2

By Proposition 3.10 and the definition of y, w solves

([ )

+oo o
w([)
roov(s)
Setting

(5.133) W(r) = 4B> (/:OO ds) - x(r),

(5.132)

0 = (v —
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we can now use the machinery described in Section 5.6 to improve Theorem 5.1,
Corollary 5.2 and Theorem 5.6, together with their applications, in case A > —W
on [rg, +00) by replacing

v(r) with o(r)w?(r), where w(r) is as in (5.132),
A(r) with  A(r) 4+ W(r), where W(r) is as in (5.133).

In particular, by Theorem 5.6 and Remark 5.8, a solution z of (vz') + Avz =0 is
oscillatory whenever 1/[w?v] € L' (+o00) and

(5.134) lim sup (/ VA(s) + W (s)ds + %log /;Oo W(;(Q) = +00.

r—-+4o0

From the geometric point of view, it would be desirable to substitute W (r) with

Wy(r) = 4B° (/:Oo f(z)) o X (r).

Unfortunately, we have not been able to prove a comparison result for the function
W similar to the one for the critical curve. For this reason, we only consider the
prototype case of R™, m > 3, where v(r) = f(r) = w,_17™ 1. Note that the next
theorem is a further refinement of Theorems 4.10 and 5.15, and definitely improves
on a classical result of M. Reed and B. Simon [RS78], and W. Kirsch and B. Simon
[KS88].

THEOREM 5.46 (Index of Schrédinger operators on R™). Let g(z) € L2 (R™),
m > 3, and denote with G(r) the spherical mean of ¢ on 0B,.. Define L = —A—q(x).
(1) Assume that G(r) satisfy

q(r) > — Pt on [R,+00),

for some ¢ > 0 and p > —2. Then, L has infinite index on R™ provided
(5.135)

nt2

s) + c2st

o> =2, lim sup [

r—+00

T /(i — 2)2 + 4¢2
w=—2, lim sup [/ VGq(s) + c?s72ds — (m )2+ 4c logr
R

= 4o00.

T— 00 2

(2) Assume that q(r) satisfy

2

a(r) = % on [R,+00),
for some ¢ € [0, (m — 2)/2]. Then, L has infinite index on R™ provided
(5.136)
P 2 m
S {O,m>, lim sup [/ —c—d — ¢ logr| =
2 r—-+o00

= +o00.

-2 " —2)2 1
c:mT, lingrlo%) [/R \/q(s)f%d‘sf§loglogr
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(3) Suppose that

(m—2)?2 1
4r(x)? b log? ((m — 2)r(z)™=2)

Then L has finite index.

(5.137) q(z) <

PROOF. Reasoning as in (i7) of Theorem 5.15, to prove (1) and (2) it is enough
to guarantee that a solution z of

(rm1Y 4+ ArmTtz =0, where A =7
oscillates. We begin with proving (1). By the above discussion, z oscillates provided
(5.134) is met with v(r) = 7™~! @ as in (5.132) and W as in (5.133). We show

that, for suitable choices of o and B in the definition of W, (5.134) is equivalent to
(5.135). Set

- 2 - 2m—2 o
(5.138)  a= % B=c(m—2)" 33 =c(m-2)"2%.
m —

Then, u > —2 is equivalent to o > —2,

w2 2+«

(5.139) 5 = (m—2)=

and

too gs \ 0
5.140 W(r) = 4B? —— = c*rh.
(5.110) =1 ([T) e
As for the weight w, from (5.132), (5.139), (5.138) and the asymptotic behaviour
(3.43) we get

m— © 2 ©
~ C’lr_TQJr# exp (CTH_?) if p>-2;
(r) ~ 2+p
Oy r(m=2(B'~1) if = —2.

for some constant C7 > 0 that may vary from line to line, hence

1 4 I
+o0 ds Ci— exp <— ¢ r1+2> if u>-2;
(5.141) / e~ 2c 2+p

@2(s)sm 1 /
Cyr—(m=2)(2B'-1) it u=-2,

where

(m—2)2B' —1) = (m —2)V1+4B2 = \/(m — 2)% + 4¢2.
Combining (5.140), (5.141) and Remark 5.8, we get immediately that (5.134) is
equivalent to (5.135).
The proof of (2) is similar. Indeed, it is enough to consider the positive solutions
w of w” + B* 2w = 0 in (5.125), where B = ¢/(m — 2), and to proceed as in (1).
As for (3), denote with A(r) the RHS of (5.137). By the procedure of Theorem
4.10, it is enough to show that a solution z of (r™~12")' 4+ Avz = 0 is nonoscillatory.
Changing variables according to Proposition 3.10:

~1

)= ([TA5) mmearh g = s,
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we obtain that g(s) solves

g"(s) + o g(s) =0
Since
A 1
st 482 log®s|’

the nonoscillatory behaviour of z follows from Theorem 5.44, (2) applied to g. O

REMARK 5.47. Another extension of the classical result in [RS78], [KS88] to
the case of complete Riemannian manifolds has been recently found by K. Akuta-
gawa and H. Kumura [AK]. Their method is very close to that used by S. Agmon
in [Agm85], see also Remark 4.14. Hence, it would be interesting to investigate
the interplay between their approach and the one presented in this work. In this
respect, further interesting results can be found in [Kum11].

Question:

(3) Is it possible to extend Theorem 5.46 on general manifolds, without re-
quiring the exact behaviour of vol(0B,)?



CHAPTER 6

Much above the critical curve

In this Chapter, we consider the problem of controlling the distance between
consecutive zeroes of oscillatory solutions z € Lip,,.([ro, +00)) of

(6.1) (v(r)2'(r)) + A(r)v(r)z(r) = 0.

For ¢ € (g, +00), we set R1(p) and Ra (o) to denote the first and the second zero of
z after o. Our aim is to provide an upper bound, depending on z, of the difference
Rs(0) — R1(0). In the first section below we prove one of our main results of the
paper. The last two sections are devoted to some geometric applications, especially
on the growth of the index of Schrédinger operators on balls and on the spectrum
of the Laplacian on a “punctured” manifold.

6.1. Controlling the oscillation

We begin with some preliminary considerations. Let us assume, for the mo-
ment, that A, v satisfy (V1), (Vp1), (A1) and A > 0 on [rg, +00), for some ¢ > 0.
In this setting, by Theorem 5.6 we know that (6.1) is oscillatory provided

lim sup /TT (m- \/)@) ds = 400,

r—-+oo

where x(r) is the critical curve. It is reasonable to expect that larger contributions
of the integral of v/'A with respect to that of V/X near infinity produce “thicker”
oscillations of z. As we have seen in the proof of Theorem 4.1, under the change of
variables (4.6) and the definition (4.9) of 8(t), equation (6.1) transforms into

(6.2) ﬂ + {i((:((;))) - 1} 5=0 on [to, +00), to= t(?“()).

We set

and we suppose that
A(r) > x(r) on [rg,+00),

for some positive constant ¢ > 1. This implies h(t) > ¢ — 1, and by Sturm
separation Theorem 1.9, (i¢), there is a zero of (t) between every pair of consecutive

zeros of a solution B(t) of
B+ (2-1)B=0.
These solutions are explicitly given by
(6.3) B(t) = Cy cos(V/ e — 1t) + Cysin(v/c2 — 1t).

157
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Thus, since the distance between consecutive zeros of j is 27 /v/c? — 1, indicating
with T3 (7) and T5(7) the first pair of consecutive zeros of 3(t) after 7 > ¢y, we have

4
TQ(T) — T](T) S 27,
c?—1
and, in particular,
67
Tr(r) =17 <
2(7) T Ve -1

To return to z we use (4.6) and we observe that, if ¢ = r(7), by (4.9) r(T;(7)) =
R;(0). Hence, we are led to

11 /+°° ds +11 /+°° ds < 67
e () —— +=lo — < —,
2% Jpm o) T2% ), ue) T Ve
and therefore

oo TE ) e {E=

Now, suppose we have a good knowledge of v(r), namely, something like
Bexp{br?} < wv(r) < Aexp{ar®}

for » >> 1 and some positive constants

(6.5) 0<B<a b<aiff=a, BL<A if f=a, b=a.

Then, a simple computation shows that there exists a universal constant C' > 0
depending only on those in (6.5) such that

oo () el 2 (52) o <o

for o >> 1. If a = B, it is immediate to deduce
R 1/8
lim sup 2(0) < (ﬂ) < +00.
o0—+0o0 0 b

However, note that for a > 8 conclusions of this type cannot be obtained from the
previous reasoning. Furthermore, observe that the assumption

(6.7) v(r) < exp {Aro‘ log” r} as r — oo
implies
(6.8) lm 1200

0—+o0 o

while, if v(r) =< r¢ log” r as 7 — +o0, for some a > 1 or a =1 and 8 > 1,

Ry (o)
o
Although the above argument is particularly elementary, in order to obtain the
useful conclusions (6.8) and (6.9) we need to know the precise behaviour of v(r) at
infinity. In geometrical problems v(r) represents vol(0B,.), and this latter can be
estimated from above by a lower bound on the Ricci tensor, and from below by an
upper bound on the sectional curvature K together with the requirement that the
cut-locus of the fixed origin is empty. To require all these estimates on Ricc and

(6.9) =0(1) as 0 — +oo.
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K and a further matching of the two bounds on vol(9B,) is a highly demanding
request from the geometric point of view. We want to obtain the same kind of
results on Ry(0) — R1(0) under the sole one-sided bound

vol(0B,) < f(r).

This goal requires a new approach to the problem. Nevertheless, before proceeding
we push the previous method a step further to better grasp the situation at hand.
We observe that, to deduce (6.8), it is enough to be able to replace in (6.4) v(r)
with

f(r):AeXp{aro‘logﬁr}, Aa,a>0, 3>0.

Note that we are not requiring here v < f. An inspection of the proof of the
comparison Proposition 3.12 suggests that this happens if x > x ;. Therefore, this
yields the following

PROPOSITION 6.1. Let (M,(,)) be a complete Riemannian manifold with a
pole o and radial sectional curvature satisfying
a/2
(6.10) Kpaa(z) < —B? (1 + r(x)2> ,

for some B > 0 and a > —2. Set v(r) = vol(0B,.), and let A € L{°.(R) be such

loc

that A(r) > c*x(r) for some ¢ > 1 and r >> 1. Then, the ODE (vz') 4+ Avz =0
is oscillatory and, denoting with Ra(0) the second zero of z after o,

(6.11) i T2@

o0—>+o0 o

PROOF. By the comparison for the critical curve (Proposition 3.13) x > xgm-1,
where g > 0 solves

9(0)=0, ¢'(0)=1.
Accordingly, by (6.4) and the proof of Proposition 3.12

s Ui A b {1 =

for some C' > 0. As for the proof of Proposition 3.18, explicit g are given by
1/2 2B 1+% ; .
CT/Iﬁ(mT“) if a>0;

{ g/l_B2(1_’_,r.2)a/29§0

(6.12) g9(r) =
Btsinh (22 [(141)E 1)) if a€(-2,0)

for a suitable C' > 0. Computing the asymptotic for g™ ! with the aid of (3.43),
and arguing as at the beginning of this chapter up to (6.6), it is easy to obtain
(6.11). O

The above theorem shows that a two-sided bound on v(r) is not really necessary:
the lower bound suffices. However, it should be stressed that (6.10) implies x >
Xgm-1, 0 that assumption A > c?x cannot be replaced by the more manageable
A > CQXgm—l. This is, in some sense, the counterpart for the lack of an upper
bound for v. If we add a corresponding upper bound for x, with an application of
Theorem 3.16 we deduce the following useful
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PROPOSITION 6.2. Let (M, (,)) be a complete Riemannian manifold of dimen-
sion m > 2 with a pole o and curvatures satisfying

a/2

Kraa(x) —B? (1 +r(sc)2) :

IN

(6.13) o
Rice(Vr,Vr) > —(m— 1)§2 (1 + T($)2>

for some B,B > 0 and o, & > —2. Set v(r) = vol(OB,), and let A € L2 (RE) be
such that
A —1)2

() (m—1)

liminf —
r—+oo re 4

Then, the ODE (vz')' 4+ Avz = 0 is oscillatory and, denoting with R2(p) the second
zero of z after o,

lim
0—+0o0 o

In Propositions 6.1 and 6.2, since o > —2 the polynomial case for the growth of
v(r) is excluded; this is not an accident. With a minor modification of the arguments
at the beginning of this section, we can provide a simple counterexample. Consider
v(r) = rm~1and A(r) = ¢x(r) on [rg, +00), and let z be a nontrivial solution of
(6.1). Then, B(t) constructed as in (4.9) solves 3 + (¢2 — 1) = 0 on [tg, +00), so
that /3 has the expression (6.3). Then, there exists C' > 0 such that To(7) — 7 > C,
and changing variables we are led to

+oo —+oo
7ol g2
o S Ry(0) S

Computing the integrals we deduce

R2(Q) > em€2 > 1.

lim inf
o—+0o0 0

We underline another important feature of the above counterexample: the potential
A, coinciding with a multiple of y, has the same polynomial order of decay at
infinity; in fact, a quadratic decay. One may ask what happens if A decays more
slowly at infinity and v(r) = r¢, for some a > 1. With a repeated application of
Sturm separation Theorem 1.9 to the ODE (6.2), it is not hard to see that (6.11)
is satisfied. The next step is to understand what happens if v(r) has portions with
polynomial growth, but A is modelled on a curve that decay more slowly than 2.
Towards this aim, it is worth to observe the critical curve associated to a volume
function v(r) that present fast oscillations between polynomial and exponential
bounds. In this respect, the following example might be useful. Let v(r) be defined
as follows: if n € N,

( n3 4+ 2(e"t2 — n3)(r —n) if renn+3l;
v(r) =
(n+12+2(e"2 —(n+ 1)) (n+1—7r) ifren+in+l
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Then, v(n) = n?, v(n +1/2) = e"*/2 and

/nn-‘rl % _

n+1/2 n+1/2 3logn 3log(n + 1)

2(6n+§ —n3) 2(6n+% —(n+1)3) 2(6n+% —n3) 2(6n+% —(n+ 1)3)'
If n > ng and ng is sufficiently large, then

n—+1/2 n+1/2< 1 n—+1/2 o1
ets —(n41)3  entt/4 T en’ 4(entz —n3) T~ etz

Therefore, denoting respectively with | x| the floor of € R and with [z] the ceiling
of x, we deduce

Hence we finally get

oo ds 1
6.14 — X — s — .
(6.14) /T o) " e as T — 400
This gives that, as r — 400, 1/x(r) is is of the same order as

6’)"

n3 4 2(e"tz — n3)(r — n)

T

if r€n,n+ i

h(r) = .

(n+1)34+2(e"tz — (n4+1)3(n+1—7r)

ifren+in+1]

Observe that h(n+ 1) = 1 for every n € N, while h(n) = e"/n® quickly diverges
as n — +oo. This implies that x(r) may present high peaks where v(r) has its
“holes”.

Now, let f(r) be an upper bound for v, for instance f(r) = e”. Then, the critical
function modelled on the upper bound is x; = 1/4. Therefore, one cannot expect
that a pointwise bound on A in terms of x ¢ could imply a pointwise control of A
with respect to x. However, the peaks of h(r) above the function 1/4 are somehow
not “massive”. This is a consequence of (3.22) and (6.14):

T R
Since oscillations are provided under an integral control of A and y, we may think
that non massive peaks are negligible in estimating the distance of consecutive
ZETroes.
The above discussion can be summarized in the following question. Assume that
1/v € L'(400), and that we can control the volume only from above; for instance,

(6.15) v(r) < f(r) = Aexp {ara log” r}7 Aa,a>0, 3>0.
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Suppose that A > ¢?y for some ¢ > 1. By (3.34) and (3.35), this latter condition
reads

(6.16) A(r) > 2 @ r2@=D1og?P p ~ 2 MG =710

‘ B 2/(r) !
as 7 — +oo. From condition (5.17) and the non-integrability of /Xy we know
that z is oscillatory. Note that the decay of x; at infinity is slower than r~2. Do
assumptions (6.15) and (6.16) imply

R R
lim sup M <C, or even lim 2(0)
otoo 0 )

=17

To answer this question, throughout this section we shall require the validity of the
following properties on [rg, +00), for some ¢ > 0.

(Vl + VLl)

0 < v(r) € L2 ([ro, +00),  —— € L. ([ro, +00)) N L} (+00)

v(r)
(F2)  feClro,+o0)) , f(ro)>0
(F3)  f is non decreasing on [rg, +00)
(F4)  o(r) < f(r) a.e. on [ry,+00)
f(r)
f(r)
(A2) A€ Ly.([ro,+00)), A(r)>0 on [rg,+o0)

(A3)  limsup /T: (m - m> ds = 400

(F5) Vr>r

> for some D >0, p<1

1
Dr#

r—+00

(A4d) FJc¢>0 suchthat +/A(r) > cm - ;J;/((:)) on [rg,+00)

Clearly, f as in (6.15) meets requirements (F2), (F3), (F5) and, by (6.16), (A4)
implies (A3) when ¢ > 1. Furthermore, in the above assumptions, every solution z
of (6.1) is oscillatory by Theorem 5.6, and the zeroes of z are isolated.
Next, we introduce two classes of functions: for f € C°([rg,+0)), f > 0 on
[r0, +00), h, k piecewise C° and non-negative on [rg, +00), ¢ > 0 we set

A(f,h,c) = {g : [ro, +00) — Rg piecewise C° such that
(6.17) ( (1= &g(r)f(r+g(r) + h(r))c> . +OO}

limsup | su 1
r=too \ee(0,1) f(r+ (1—E&g(r)+ h(r))

(6.18)
B(f,k,c)= {g : [ro, +00) — R piecewise C? such that

( §g(r)f(r+(1f)g(r)+k(r))c> . m}

lim sup
r——4o0

cco) [ (r+g(r) + k() - F(r + k()"
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DEFINITION 6.3. We shall say that f satisfies property (P) for some ¢ > 0 if|
whenever

h(r), k(r)=0(r) as r — +oo, and g€ A(f,h,c)UB(f, k,c),
then g(r) = O(r) as r — +o0.

LEMMA 6.4. The function f(r) = Aexp {aro‘ logﬂr}, for Aa,a >0, >0
satisfies property (P) for every ¢ > 1.

PRrROOF. Let h and k be non-negative and such that h(r), k(r) = O(r) as
r — +oo and let g € A(f,h,c). Assume, by contradiction, the existence of a
sequence {r, } — +oo with the property
(6.19) 9(ra) — +00 as n — 400
Tn

Without loss of generality we suppose g(r,) > 1V n and we define &, =1 — ——

g(Tn) :
Then

(1 —=&0)g(rn) f(rn + g(rn) + h(ry))* _ flrn +g(rn) + h(ra))°

O T+ (L= £)g(rn) + () F(m T L+ ()

= oxp {ac(ra + gra) + h(r)"log” (r + g(ra) + h(ra) +
—a(c+ 1)(rp + 14 h(ry))“ logﬁ(rn + 1+ h(m))}

= exp {acg(rn)a logB(rn + g(rn) + h(ry)) {Qn — En} } ,

with

w o= (i)
S W(lJrranr rn

h(rn))o‘ log? (rn + 1+ h(ry))
IOgB(Tn + g(rn) + h(rn)) .

Note that Q,, — 1, while 3,, — 0 as n — +oc0. Their difference is thus eventually
positive, so ©,, = +00 as r — +o00, but this contradicts the fact that g € A(f, h, ¢).
Observe that here any ¢ > 0 would work. Similarly, we let g € B(f,k,c) and we
reason again by contradiction. Let {r,,} be as in (6.19). Then

flrn+ (1 =8)g(ra) + k(ra))°
f(rn+9g(rn) + k(rn)) - f(rn + k(rn))©

cg(ra) exp {ac(t — ) g(ra)® (14 ¢ (575 + E2)) "

O, = &g(rn)

log? (v + (1= E)g(r) + b(r)) — aglra)® (14 5725 + 42

log? (1 + g(ra) + k(ra)) — acrg (1+ 2222) "10g? (r, + k(ry)) }

v

€g(rn) exp {ag(rn)a IOgﬁ(Tn + (1= 8)g(r) + k(rv)) [Qn - En} }
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with
_ c(l— &) — logﬁ(rn +g(rn) + k(ry)) Tn k(ry) “
e ( O o+ (1 - €l + k(rn») (1 glr) g(rn>)
_ . re E(rn)\* log” (1, + k(1))
o= g(rn)® (1 - Tn ) logﬁ(rn + (1 =&g(rn) + k(rn))

Since ¥, — 0 as n — o0, for every fixed ¢ > 0 we can choose n such that
eventually ¥,, < e. Moreover, since V £ € (0, 1)

IOgB(Tn +g(rn) + k(ra))
IOgﬂ(Tn + (1= 8)g(rn) + k(ry))

and using now ¢ > 1, we can choose a suitable £ such that €, > 2¢, if we choose ¢
sufficiently small. Now letting n — +0co we obtain that ©,, — 400, which implies
g € B(f,k,c), a contradiction that proves the lemma. |

as n — +oo

Note that the assumption « > 0 is necessary. It is not hard to see that, if f(r)
has polynomial growth, then f does not satisfy property (P) for any ¢ > 0.
Now, we are ready to prove our main technical result.

THEOREM 6.5. Assume the validity of (V1 + V1), (F2), (F3), (F4), (F5),
(A2), (A3), (A4) and that f satisfies property (P) for the parameter ¢ > 0 required
in (A4). Let z £ 0 be a locally Lipschitz solution of (5.18) on [rg,+00). Let
0 € [ro,+o0), and let R1(0), R2(0) be the first two consecutive zeros of z(r) on
[0, +00). Then

(6.20) Ry(0) —0=0(0)  as o— +o0.

Moreover, in case f(r) = Aexp {ara logBr} with A,a,a > 0, B > 0 we have the
estimate

2
1\ &
(6.21) lim sup f2(0) < (C+ )
o—+oo 0 c—1

for any ¢ > 1.

PROOF. As we have observed, z(r) is oscillatory. Having fixed ¢ € [rg, +00),

let
U= [Q, RQ(Q))\{Rl(Q)}’

and on U consider the locally Lipschitz function

v(r)z'(r)
y(’l") = Z(T)
solution of
2
(6.22) y =Av+ S ae on [ro,+00).

Because of (A2) and (V1 + Vi), by (6.22) y is non-decreasing on U. In fact, from
(A4), (F5), (V1 + Vi1) we can argue that y is strictly increasing on U, so that

(6.23) y(Ri(0)") = —o0, y(Ri(0)”) = +o0, y(Ra(0)”) = +oo0.
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To see this we only have to prove that y cannot have finite limits. For instance,
denote with R a zero of z. If y(r) 1 L < +oc asr — R,

(6.24) v(R)Z'(R) = 7}1_I>I}1% v(r)z2'(r) = 71i_{r}1%y(r)z(r) =0,
therefore z(r) should solve
{ (v(r)2'(r)) + A(r)v(r)z(r) =0 a.e. on RY
z(R) =0, v(R)z'(R) = 0.

In other words, z(r) should be a locally Lipschitz solution of Volterra integral

problem
[ Az as=— [ e [ soas

(6.26)
"1
0= [ 71

where the last equality follows integrating by parts. Since v(r) is bounded away
from zero on compact sets of RT, the kernel of Volterra operator is locally bounded.
Therefore, (6.26) has a unique local solution, which is necessarily z = 0 on [rg, +00).
This contradicts z Z 0.

Since y is increasing, U can be decomposed as a disjoint union of intervals of
the types

(6.25)

LC{reU : y(r) e[-11]} interval of type 1
(6.27) LiC{reU : y(r) >1} interval of type 2
IsC{reU : y(r) < -1} interval of type 3
To fix ideas we consider the case y(p) < —1, which is “the worst” it could happen.
The remaining cases can be dealt with similarly and we shall skip proofs. In this
case we have
U=LULULUI,UIL Ul

where, for each i € {1,2,3},

I; is the first interval of type i, after ¢ and before R;(o);

I! is the first interval of type i, after R1(p) and before Ra(p).
For i = {1,2,3} we set |I;| = ¢;(0) and |I]| = g}(0). We are going to prove that, in
the above hypotheses, each ¢;(0), ¢i(0) is O(p) as g — +o0.

We consider at first an open interval J of type 3 so that J could be either I3
or I§. Set P(p) < Q(p) to denote its end points; thus gs(0) = |J|(0) = Q(0) — P(0)
and g3(p) is clearly piecewise C°([rg, +00)). We have y(Q) = —1 and y(P) < —1 if
y is defined in P, otherwise y(PT) = —oo. As in Theorem 5.1, (6.22) yields

Yy > 2¢/A(r)|y] = 2/ A(r)(—y) a.e. on J.
Fix r € (P, Q] and integrate on [r, Q]. Recalling that y(s) < y(Q) = -1V s € (P, Q)]

we have
Q
(6.28) y(r) < —exp {2/ \/A(s)ds} Vre(PQ

Since y'/y* > 1/v, integrating on [P + ¢, r] for some small £ > 0 we obtain

1 1 " ds
(6.29) WPy e F)
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and letting e — 0T

1 1 " ds " ds
6.30 >4 [ 2> [ 22 vre(PQ)
(6.30) i =y @ e 7 2 e 70 (P.Q

Now, because of (A4)

2/TQ VAls)ds 2 "/TQ ];/éss)) ds = log (ﬂQ))

7r)
77 = (71) -

Substituting into (6.30) and using (F3) we obtain
@\ [ ds fQ)
Suppose now that J = I3, so that P(9) = g and Q(0) = 0+¢3(0) . Since r € (P, Q),
there exists £ € (0, 1) such that
r=o+(1-8gse), r—-P=(1-8ge)
and since r is arbitrary, from (6.31) we obtain
(1 —8)gs(e)fe+gs(0)*
1
o o+ 1-Om@)+ =

In this case, it follows that g3 € A(f,0,¢) and then g3(0) = O(p) as ¢ — +0.
We will deal with the case J = Ij later.

and therefore, from (6.28),

(6.32)

Next, we consider an interval J of type 1. Set P(p) < Q(p) to denote its end
points; thus g1 (o) = |J|(0) = Q(0) — P(p) and g1 (o) is piecewise C°([rg, +00)). In
this case y(P) = —1, y(@Q) = 1 and |y| < 1 on J. We integrate Riccati equation
(6.22) on [P, Q] to obtain

2:/QyQMSZ/QA@n@ms+/Qy%@dsz/QA@n@m&

P P P u(s) P
Now, without loss of generality we can suppose to have chosen o sufficiently large
that (V1 + V1), in particular 1/v € L' (+00), implies

—+oo
/ sy
o v(s)
so that

(6.33) /Q‘“<L

p v(s) ~
From (6.33), using (A4), the generalized mean value theorem and Holder inequality
it follows that, for some Ry € [P, @),

/pQ AlsJo(s)ds /PQ ok /PQ T (?8)2 v(e)ds pQ e

T (él((f]:S)))Q /pQ”(S)dS /pQ 2 (e > @-FY,

2

v
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or, in other words, using (F2), (F3) and observing that (F5) implies that f’ is
eventually positive,
2V2 f(Ro)
C (RO
Now, if J =1, P(0) = 0+ g3(0), Q(0) = P(g) + g1(0) and there exists 6 € [0,1]
such that Ry = 0+ g3(0) +0g1(0). Substituting in (6.34) and using (F5) we obtain
2v2 f(o+ gs(o) + 0g1(0)) < 2DV2
¢ flle+gs(e)+0q(e) — ¢
If o < 0 we immediately obtain ¢;1(0) = O(p). We turn our attention to the
case u € (0,1). Using the already known equality g3(0) = O(p) and inequality
(x 4+ y)* < x# 4+ y#, there exist constants K1, Ko > 0 such that
K K ®
(o) _ S 291(0)"
4 oK 0
Using a simple reasoning by contradiction, (6.36) implies g1(0) = O(p) as ¢ — +oc.
It J =1,

(6.34) >Q-P.

\

(6.35)  gi1(0) < (9 + g3(0) + 991(@))#~

(6.36)

P(o) = o+ (g91+92+93)(0) +g5(0),
Qo) = P(o)+g1(0),
Ry = o+ (g1 +92+93)(0)+ g5(0) + 09 (o),
and substituting into (6.34)
(6.37) 40 < 2v2 f(o+ (g1 + g2 + g3)(0) + g5(0) + 09 (0))

¢ f'(o+ (914 92+ g3)(0) + g5(0) + 091 (0))

We will come back to this inequality later to prove g¢f(0) = O(p) as ¢ — +o0.
Indeed, by the same argument as above, the only things that remain to show for
this purpose are g2(0) = O(p) and g5(0) = O(p) as ¢ — +o0o, and we are going to
prove these facts now.

We consider an interval J of type 2 and again let P(p) < Q(¢) denote its end
points. Clearly y(P) =1 and y(Q) € (1, +00]. Again

/
1
y' >2y/A(r)y  and y—z = a.e. on J.

>
Y v
Fix r € [P,Q). Using y(P) = 1, integration of the first inequality on [P, r] yields
(6.38) y(r) > exp {2 / \/A(s)ds} VrelPQ)
P

while integrating the second on [r, Q — ¢), for some small € > 0, and proceeding as
n (6.29), we have

1
(6.39) e / o vrera)

Thus, observing that
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we deduce from (6.38)
1
y(r

A
/N
==
2|
~ | —
N———
o

Finally, substituting into (6.39)

(6.40) 12<f(7")>c TQ s~ 0-n (f(”)c vre(PQ)

f(P) f(s) f( ) \f(P)
Suppose now J = I so that g2(0) = Q(0) — P(0),
P(o) = o+gs(0) +91(0);
Qle) = o+gs3(e) + () +92(0),
and since r € (P, Q), for some £ € (0,1) we have
ro= o+ (1 -89g2(0) +91(0) + g3(0);
Q-—r = £g9(o0).

Substituting into (6.40) yields

(6.41) sup £g2(0) flo+ (1 = &)g2(0) + g1(0) + g3(0))°
. ce0,1) f(o+ 92(0) + 91(0) + g3(0)) f (0 + g1(0) + g3(0))°

Thus, setting (g1 + 93) () = k(o) since g1(e) = O(e) and g3(e) = O(e) as ¢ — +o0,
we have that k(g) = O(p) as ¢ — 400 and

g2 € B(f7kac)7

and so g2(0) = O(p) as o — +oo.

We can now deal with the case J = I}. We have already shown that g, (o) +
g2(0) + g3(0) = O(p) as p — co. We go back to (6.31) with J = I} = (P(p), Q(0)):
note that now

P(o) = 0+ g3(0) + g1(0) + 92(0),  Q(0) = P(o) + g5(0)-

Since r € (P, Q), for some £ € (0,1) we have
ro= o+ (1 -8g5(0) + (g3 + 91+ 92)(0);
r—pP = (1-8g(0),
and substituting into (6.31) we obtain

(1—&)g3(0)f(o+ g5(0) + (g1 + g2 + g3)(0))°
642) S RN (- )0 + (91 + g2+ g2)(0) !

Thus, setting h(0) = (g1 + g2 + 93)(0), h(0) = O(p) as 0 — +oc and so we have
g5 € A(f, h, c) therefore g5(0) = O(p) as o0 — +oc.

Coming back to inequality (6.37), we can now claim that ¢j(0) = O(p) as
0 — +0o0.
The last case is J = I} so that ¢g5(0) = Q(0) — P(e). Now we have

P(o) = o495+ +92+95+31)(0)
Qo) = Plo)+g5(0)
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and since r € (P, Q) there exists £ € (0,1) such that
ro= o+ (1-8g(0) + (95 + g1+ 92+ g5+ 91)(0)
Qo) —r £95(0)

Setting k(o) = (93 + 91 + 92 + 95 + 91)(0), we have already proved that k(o) = O(o)
as ¢ — +o0o. Substituting into (6.40) yields

- £g5(0)f(e+ (1 —§)g5(0) + k(o))°
ec.1) fle+g5(0) +k(0))f(o+ k(o))

(6.43) <1

Thus we have
95 € B(f,k,c),
therefore g5(0) = O(0) as ¢ — +o0, and this shows that
Ra(0) — Ri(0) < Ra(0) —0= (93 + 91+ 92+ g5 + g1 + 93)(0) = O(0)

as ¢ — +00, so we have proved the first part of the theorem, that is, (6.20).
To conclude, we shall estimate the quantity

K = limsup M
0—+o0 o
Looking at the group of equations (6.32), (6.35), (6.41), (6.42), (6.37) and (6.43), we
first note that each of the functions g;(¢) and g¢;(p) involved in the proof, shortly
g(0), satisfies one of the following inequalities, for ¢ > 7o and for some suitable
function h(g) which is known to be O(p):

(1—=¢&)g(o)f(o+ g(o) + h(0))° ,
644) s (- 69(0) + A@) T = for ga and gs.

2v2 f(o+ h(o) + 0g(0)) ,
(6.45)  g(o) < ¢ Flo+h(o) +09(2) for g; and ¢,
£9(0) flo+ (1 —&g(o) + h(0))*

(6.46) sup

S0 ot o) P i) flothloy = Treeand g

For the sake of simplicity, we perform computations in case

f(r):AeXp{aro‘}, a,\,a > 0.
We shall determine K by computing, in each of the three cases above,

K; = limsupM

o—+oco 0
(the index j corresponds to the cases satisfied by g; and g}), and then summing
the terms ”inductively” following the changes of the known function h case by case.
For this purpose let

h
H > limsup (—Q)
o—+oo 0
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Consider at first inequality (6.45): we immediately find that, for this choice of
/s

glo) . 2v21 1 <2\/§1<l+h(g>+g<g)>1“
o = ¢ oaa(o+h(e)+09(0))*! T caa o* 0 0

We claim that K; = 0. Indeed, suppose by contradiction that there exists a di-

vergent sequence {p,} such that ¢g(0,)/0n — K1 > 0. Then, evaluating the above

inequality along {o,} and passing to the limit we obtain 0 < K; < 0, a contradic-

tion. We now focus our attention on (6.44). By an algebraic manipulation

1 flo+(1=8glo) + (o)
9(e) = 1= ¢ flo+glo)+h(o)e

Due to the form of f, better estimates can be obtained by choosing £ near 1. For
0 > 1, we choose £ = (0 — 1)/p. For the ease of notation let z(p) = g(0)/0, so that
x(p) is bounded on [rg,4+00) because f satisfies property (P). With this choice of
¢ we have

vVEe(0,1).

Flo+2(0) + h(0))+!
(6.47) 2O = (0T ow(e) + hle))"

thus substituting
z(p) < Aexp{aga [(c+ 1) (1 + ﬂj) + h(gg))“ —c (1 +z(o0) + h?)? }

Suppose now that K3 > 0, and evaluate this inequality along a sequence {o,} such
that 2(0,) = K3. Choose 0 < 6 < K3, and let n be large enough that the following
inequalities hold:

z(on) > K3 — 0, 2(0n) <0
This yields: o
(6.48)
z(on) < Aexp{agﬁ [(c—i— 1) <1 +0+ h(@gn))a —c (1 + K3 =4+ h(an)>a] }
Suppose now that K3 satisfies ' ’
(6.49) ug}%}{(cﬂ)(Hﬂ)a (14 K3+ 1)} <0,

and compare it with (6.48). We can say, by continuity, that there exists a small
6 > 0 such that the expression between square brackets is strictly less than 0.
Letting now p,, go to infinity in (6.48) we deduce 0 < K3 < 0, a contradiction.
Note that (6.49) holds if and only if

K «
(c—l—l)—c(ﬂjl—l-l) <0 VueloHl,

that is,

Ky > (”1)01 (1+ H).

C

Hence, if K3 > 0, we necessarily have

(6.50) K < (”1);—1_ (1+ H).

C
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The same technique can be exploited when dealing with (6.46): from

1 f(e+9g(0) +h(0)) - flo+N(0))°
65D 900 < e T o)g(e) + M0

we deduce that it is better to choose £ near 0, so we set £ = 1/p and, with the same
notations above, we obtain

vEe(0,1)

fle+ ou(0) + (o) - flo+ h(e)*

z(0) < flo+ (0 —1D)z(o) + (o))

Thus,

z(o) < AeXp{ag“ [(1 + (o) + h(Qg))o‘Jr

(o B o 2

Next, if Ko > 0 we choose a sequence {g,} realizing K5 and we consider n suffi-
ciently large that

n — 1
(QQ)>(1—(5)7 Ky —d<ax(on) < Ka+9

obtaining the estimate

hon)\
x(on) < Aexp {ag% . [(1 + (Ko +90) + (g)) +
On
(6.52) \ 5 ) )
+C(1+(é771)> —C(1+(1—5)(K2—5)+ ;@n)) :|}

Now, if K satisfies

(6.53) clo. {(1+K2+N)“ +e(l+p)° —0(1+K2+u)°‘} <0,

wel0,H]

we reach a contradiction proceeding as in the previous case. Similarly to what we
did above this yields the bound

1
(6.54) Ky < Kc—Cl) —1| 1+ H).
To simplify the writing we now set
1\ * >
() 2|5 ]
c c—1

To estimate g3(0)/0, we shall use (6.50) and, from (6.32), we deduce h(p) = 0 and
thus H = 0. Therefore, we get

W =

K3 <W.

We have already shown that K7 = 0. Next, to estimate g2(0)/0 we shall consider
(6.54). By (6.41) h(o) = g3(0) + g91(0), so we can use for H the sum W +0 =W,
hence

Ky < Z(1+W).
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Proceeding along the same lines we obtain the estimates
Ky <W(I4+W4+Z1+W));
K1 =0;
K} < Z(1+W+Z(1+W)+W(1+W+Z(1+W))).

Summing up the K; and the K ;, we obtain the surprisingly simple expression

3 2
KSZ(Kj+K]’-):(W+1)2(Z+1)2—1:(2“:1) -1,
j=1

therefore the upper estimate (6.21) holds true. With few modifications it can be
seen that, adding the logarithmic term in the definition of f, the value of K does
not change. d

REMARK 6.6. One might ask if, varying the choice of the level sets in (6.27),
one could obtain better estimates. It is not hard to see that, for every choice of
fixed level sets, (6.21) does not change.

The discussion at the beginning of this section motivates the following

Question:
(4) TIs it true that, in the assumptions of Theorem 6.5,

im 2@ _ g,
o——+o0 o

6.2. The growth of the index of —A — ¢(z)

As an immediate example, we quote the following estimate for the growth of
the index of Schrodinger operators.

THEOREM 6.7. Let (M, {, )) be an m-dimensional complete Riemannian man-
ifold such that

(6.55) (vol(0B,))™ ! € L (4+00), vol(0B;) < Aexp {ar“ log” r},

for some Aya,a0 >0, 8> 0. Let q(x) € LS. (M), and let G(r) be its spherical mean.

loc
Assume that, for some rg >0 and ¢ > 1,

2
6.56 q(r) > ¢ aa p2e=1) 15928 Yr>rg.
B g
Then, L = —A — ¢q(x) has infinite index and

indy, (B,
(6.57) liming 22 Br) o @
r—+00 logr 2 IOg (c+1)

c—1

PROOF. In our assumptions (6.55), (6.56), by Theorem 6.5 and the previous
observations (vz') + Avz = 0 with A(r) = q(r) is oscillatory, thus L has infinite
index by the same technique as in Theorem 5.15. Note that (6.57) is equivalent to
proving that

2
indg, (B, 1 1\~
lim inf — L(Br) > , where p = et .
r—+co  logr log 1t c—1
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Fix € > 0. Then, by Theorem 6.5 there exists R = R(¢) such that on [R,+00)

2
Ry(r) <= (c—i—l .
= \e—-1 '

r

Proceeding as in Theorem 5.15, on M\ B, we can find a radial function )y (x), with
support strictly inside B,,_,, whose Rayleigh quotient is zero, hence A\(B,_,) < 0.
Starting from Ry(r), the second zero after Ry(r) is attained before . Ro(r) < pr,
and we can construct a new Lipschitz radial function 15 (x) whose Rayleigh quotient
is zero. Moreover, the supports of 15 and v are disjoint. In conclusion, the index
of L grows at least by 1 when the radius is multiplied by p., hence

indz(B,) > indy(Bg) + [logug (%)J ’

where |s| denotes the floor of s. Therefore we have

(6.58) Jim inf 242 (Br)

>1 Ve>0.
r——+00 logui r

Changing the base of the logarithm yields
inL (BT) > 1

(6.59) lim inf > Ve>0,
r—+oo  logr log pie
and letting e — 0 gives the desired conclusion. (I

6.3. The essential spectrum of —A and punctured manifolds

Our purpose here is to apply oscillation estimates to find sharp bounds for the
spectral radius of M\ Bg as a function of R, when the volume growth is faster than
exponential. To see which kind of bound we should expect, we readapt Do Carmo
and Zhou example 2.24. Let (M, ds?) be a model manifold with

r on [0,1];

6.60 r) = e
(6.60) g(r) exp{m_ :

} on [2,+00),
for some a > 0, o > 1. Note that, for r > 2, vol(0B,) = exp{ar®}. Welet b € (0,a)
and set
(6.61) up(z) = exp { — br(z)*} on M\B,.
A simple checking shows that
Aup 4+ Ap(r)up =0 on M\ B,
where Ap(r) is defined as
(6.62) (1) = a?bla — b)r2 @Y 4 oo — 1)bre =2,

Observe that, in case a = 1, Ap(r) = b(a — b), while, if a > 1, A\p(r) is strictly
increasing on (19, +00), with r¢ sufficiently large that

20(a —b)ry + (¢ —2) > 0.

Up to further enlarging ry, we can also assume that

a—11 a
— < = for r > rg.

(6.63) 2a 1o 2
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Barta theorem [Bar37] gives, for every b € (0,a), R > ro,

A2 (M\Bg) > inf (-A“”)z inf  Ap(r) = M\(R).

M\Br Up [R,+00)
The choice
joo o1l
2 2a R«

maximize Ay(R) and b € (0,a) because of (6.63). Then, for R > rg

_ a? (a—1)2 1 o
so that
lim inf /\IA(M\BR) > a”a’
R +oo R2(a—1) - 4 -

Note that for a« = 1 the above reduces to
2
A2 (M\Bg) > az for every R > ro,

coherently with Theorem 2.23. This example, for vol(0B,) < Cexp{ar®}, C,a > 0,
a > 1, suggests to look for an upper bound of )\fA(M\BR) of the form

OlRQ(afl)
with Cy = Ci(a,a) > 0. The guess is indeed correct:

THEOREM 6.8. If M is a complete, non-compact Riemannian manifold such

that

(vol(0B,))~ ! € L*(4o0), vol(0B,) < Aexp {ar"‘ log” 7“}
for r large and for some A,a,a >0, B >0, the following estimates hold:

- If0<a<1 then
M 2(M\Br)=0 VY R>0.
- Ifa=1, =0 then

a2

ATA(M\BR) < %

- Ifa>1 then

-A 2.2

M\B 1

(6.65) lim sup A (M 2R) <4 s ? (C+
Rotoo \ R2(0=110g?’ R 4 ce(1,+o0)

4(a—1)

REMARK 6.9. Note that (vol(0B,))~! € L'(4+00) implies vol(M) = oo from

Schwarz inequality

n ds R
/ vol(@B)/ vol(90Bs)ds > (R—T)Q

letting R — 4o00. Therefore, the cases o € (0,1) and a = 1,8 = 0 already follow
from Taylor-Brooks-Higuchi Theorem 2.23 (see also [CZ99]). We have decided to
add them to the statement of Theorem 6.8 since they can be easily proved with our

techniques.
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We stress that, while the hypothesis vol(M) = oo is essential as already ex-
plained in Remark 2.24, the stronger assumption (vol(9B,))~! € L'(+o0) is for
convenience: if it fails, we will show in the next lemma that A{(M\Bg) = 0 for
every R > 0.

LEMMA 6.10. Let (M, (,)) be a complete Riemannian manifold satisfying
vol(9B,) < f(r) on (rg,+00)

for some rq sufficiently large and some f € C°([rg,+o0)). Fiz R > 0.
- If M has infinite volume and (vol(0B,))~! & L!(+00) then

(6.66) A2 (M\Bg) = 0.
- If (vol(0B,.))~! € L' (+00), then for every e > 0 there exists r1 = r1(g) >
R such that
+oo ds 2
11og
—A . T f(s)
. M\Bpg) < f|l-—0—m—=
(6.67) AL S (M R)_{rglml SRr—— } +e

PROOF. Set v(r) = vol(0B,). We begin with the case 1/v € L'(+00). Up to
further enlarging ro, we can assume that

+oo d
ro > R, / el <1
T0 U(S)
and let € > 0. We define on [rg, +00)

IOg +o0 da
Ae(r)—{inf [1f5 HE)

2

b

Then, A.(r) > e, A.(r) is continuous and non-decreasing. By Remark 6.9, M has
infinite volume, thus we can apply (v) of Proposition 5.9 to obtain that

(v(r)zL(r)) + Ac(r)v(r)z(r) = 0

is oscillatory. Let g1 < g2 be two consecutive zeroes of z. after rg. Define ¢(x) =
ze(r(z)) on B,,\B,,. By the domain monotonicity of eigenvalues and integrating
by parts we have

s>r 2 s—r

o, m, [VOIP  [2[2(s)20(s)ds

_ Jo1 "¢
fBQz\Bm ¢2 lez ZE(S)QU(S)dS

2 A (s)z:(s)%v(s)ds
_ ‘o Q;()Ei) () SAE(QQ)
f@l ze(8)%v(s)ds
Thus we get (6.67) with r; = p2 (note that r depends on € since z.(r) does).
In case 1/v ¢ L'(+00) and M has infinite volume, by Theorem 5.6 equation

(vz") + Avz = 0 is oscillatory whenever A(r) > ¢ > 0: indeed
+oo

0 < AT2(M\Br) < A{ 2 (Bg,\By,)

IN

+o0o
A(s)v(s)ds > 5/ v(s)ds = 4o0.

To To

Choosing A.(r) = € and using the Rayleigh quotient as before we deduce (6.66) at
once. g
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LEMMA 6.11. If 1/v € L*(+c0), the previous lemma yields in particular the
weaker estimate
2

+0oo ds
1log J, 2
(6.68) ATA(M\BpR) < {lim inf l—sz“} } VY R>0.

r—+00 r

PRrROOF. This follows immediately from the next observation: if we substitute
in (6.67) “inf” with the greater “liminf”, the latter does not depend on Ry(g). We
can thus fix a particular Ry(e), compute the “liminf” and then let e — 0. O

We are now ready to prove Theorem 6.8.

ProOOF. First, we apply Lemma 6.11 to estimate )\IA (M\Bg) when the volume
growth is at most exponential. Towards this aim suppose that (vol(0B,.))~! €
L' (+00) and that

(6.69) vol(9B,) < f(r) = Aexp{ar®} 0<a<l, A,a>0.
Due to our choice of o we easily see that
+00 ds
1log [, 765 @ o
_Z ~ =7 as r — +o0.

2 r 2

Because of this we can apply Lemma 6.11 to deduce that, for every R > 0,
0 if 0<a<l,;

6.70 AT (M\BgR) < ’
(6.70) o \R)_{a2/4 if o=1.

The above works also when vol(9B,) < A exp{ar® log? r}, with a < 1,8 > 0, since
it is enough to observe that

exp {aro‘ logﬁ r} = O(exp {ar&}> for every 1> a > a.
We are left with the case « > 1, 8 > 0. For ¢ > 1 and r > R we define
2
A(r) = {c (?) 1 log? r}

Note that A(r) is monotone non-decreasing and, by Theorem 6.5 and the previous
observations (vz’)’ + Avz = 0 is oscillatory. Hence, proceeding as in Lemma 6.10
we have for R > r

AT (M\BR) < A(o2),

where g2(R) is the second zero of the solution z of (5.18) after R. By Theorem 6.5,
for every € > 0 there exists r1(¢) such that, for every R > r;

(iji)i(l—ka)

Therefore, from the monotonicity of A(r) we get

(Z—i_i)i(l—ka)

pa(R) < R

A2 (M\Bg) < A (

R) V R >ri(e).
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Using the definition of A(r), up to choosing £ small enough and ro > 7 large
enough we deduce that, for every fixed ¢ > 1,
4(a—1)

2 1 o
f R2(a=1) ]og2ﬁ R | (Zi_ 1) (1+2¢) V R > rae).

(12

AT (M\BgR) <

Thus, letting first R — +o00 and then ¢ — 0, and minimizing over all ¢ € (1, 4+00)
we finally have

R2(a=1)]og* R 4 ce(ltoo c—1

_A 2 9 4((\;—1)
AT 2 (M\Bg) A 2 <C+ 1>
R—+oc0 o ) ’

(6.71) lim sup <

as desired. O

REMARK 6.12. The infimum of the function

4(a—1)
2 <c+ 1)
c—1

is attained by the unique positive solution ¢ of a(c + 1)(c — 1) = 4(a — 1)¢, which
can be computed, although its explicit expression is not so neat.

REMARK 6.13. It is worth to point out that estimate (6.71) fits with the esti-
mate (6.70) for « =1 and 5 = 0.

REMARK 6.14. As in the introduction of this section, one can study a model
manifold whose function g(r) is of the following type:

r r € [0,1];

g(r) = a
(r) exp{ ar logﬁr} r € [2,400),

m—1
for which the volume growth of geodesic spheres is
exp {aro‘ log”? 7‘}.
With the same computations, one obtains for R sufficiently large
A2 (M\Bg) > CR**~D1og®” R,

for some C' > 0. This shows that the estimate of Theorem 6.8 is sharp even with
respect to the power of the logarithm.

We briefly describe an interesting application, due to M.P. Do Carmo and D.
Zhou in [CZ99], of spectral estimates to constant mean curvature hypersurfaces.
Let ¢ : M™ — N™*! be a CMC, orientable hypersurface into an orientable ambient
manifold N. Let v be a chosen orientation of M. We refer to Section 5.4 both for
notations and basic background. The Jacobi operator associated to the stability of
M is

L=-A— <|II\2 + Rice(v, 1/)),

And M is called stable, respectively of finite index, if so is L.
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PROPOSITION 6.15 ([CZ99], Theorem 4.2). Let ¢ : M™ — N™1 be a CMC
hypersurface with vol(M) = 400 into an oriented, complete Riemannian manifold.
Assume that M has finite stability index, and that

lim inf log vol(B)

r—-+00 T

=a < 400.

Then,
o 1 (a®
H < — i lim inf Rice(v, v) | .

m T—00

In particular, if M has subexponential growth and Ricc > 0, then M is minimal.

PROOF. By Theorem 1.41, there exists ro > 0 and a smooth w > 0 on M\B,,
satisfying Lw = 0. Then, By Theorem 2.23 and Persson formula (1.88), for every
R>nrg

2

a _ . Aw . _
T2 OACONBR) 2 - it S =l (|11 4 Rice(v.v) )
> mH?+ inf Ricc(y,v),
M\Bg

where the last step follows from Newton inequality |I1|? > mH?. Letting R — 400
we deduce the desired estimate for H. O

REMARK 6.16. As observed in Theorem 5.23, if M is a surface and N> has
non-negative scalar curvature then vol(M) < +oo. Therefore, for m = 2, the
assumptions of Proposition 6.15 can be satisfied only when the scalar curvature of
N is somewhere negative.

In a similar fashion, Theorem 6.8 can be used to obtain information on the
volume growth of the Martin-Morales-Nadirashvili minimal surface

¢: M — B(0) CR?

introduced in Section 2.3. We recall a few preliminary facts to put the problem
into perspective. It has been observed in [PRS05], Theorem 3.9 that M, being
minimally immersed into a bounded region of R?, cannot be stochastically complete
(see [Gri99] for a beautiful and detailed account on stochastic completeness). Since
M is complete, it follows from the sufficient condition in [Gri99], Theorem 9.1 that

necessarily
r

log vol(B;)
In particular, vol(M) = +occ and the growth of vol(B,) is faster than exp{ar?}, for
each a > 0, at least along some divergent sequence {r;}. However, to the best of
our knowledge more precise lower bounds on vol(B,) have still to be found. For
instance, it is not clear whether vol(0B,) can be bounded from above by some
function

€ L' (+00).

flr)=Aexp {ara log? r},
for some suitable choices of A,a > 0, « > 2 and 8 > 0, or if M has faster volume
growth along some divergent sequence. We briefly describe here a possible way to
get more information.
The basic step to prove the discreteness of the spectrum of the Martin-Morales-
Nadirashvili is inequality (2.52) of Theorem 2.25. In our setting, the manifold
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Q@ reduces to a point, no f appears, k = 0, sng(r) = r, m = 2, Ry = 1 and
|dy¢|? = |dep|? = 2. Hence, by (2.50), we can choose ¢ = 2 and (2.52) becomes

2R
1— R%’
Suppose that we have a good knowledge of the links between |p(z)| and the intrinsic
distance r(x). For instance, suppose that we can provide a bound of the type
lo(x)] < T(r(z)), for some explicit, strictly increasing 7 : RT — (0,1) such that
T — 1asr — +oo. Then, from Q7(,y C B, and the monotonicity of eigenvalues
we deduce that

Al_A(M\QR)z where QR:{IEM:|<p(1‘)|<R}@M.

27 (r)
1—T2(r)
Now, M satisfies 1/v € L'(400), for otherwise by Corollary 6.10 we would have
inf oess(—A) = 0, contradicting the fact that M has discrete spectrum. Hence,
Theorem 6.8 can be applied. If

vol(0B,) < f(r) = Aexp {ar“ log” 7‘} for some A,a, a«>2, 3>0,

< A2 (M\B,).

then we obtain

lim su 27(r)

i

ros o [1—T2(r)]r2e=D 1og* r
This shows that a careful analysis of the growth of 2T°(r)/[1 — T?(r)] as a function
of r allows to deduce lower bounds on the growth of vol(0B,), at least along a
divergent sequence, that could possibly be faster than r2. As a matter of fact, the
above procedure can be carried on even for faster growths of type

(6.72) f(r)=Aexp {aebT}, A,ab > 0.

Indeed, f as in (6.72) satisfies property (P) of Definition 6.3 for every ¢ > 1. Thus,
adapting the proof of Theorem 6.8, it can be shown that if vol(M) = 400 and

vol(0B,) < Aexp {aebr}, A,a,b>0,

then, for every p > 0,
: AMAM\B,) | _
lim =0
r—+oo \ exp {2b(1 + p)r}

However, the problem of finding an explicit T'(r) seems to be hard task. Never-
theless, maybe it could be more manageable than a direct estimate for vol(9B,),
mainly because of the technique employed to construct M.

< +o0.
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