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Abstract

By the Teichmiiller Theory it is known that every complete non-compact
hyperbolic surface with finite volume presents one or more ends called cusps.
These surfaces can always be seen as Gromov-Hausdorff limits of families
of complete, noncompact, hyperbolic surfaces whit funnel-like ends. In this
thesis we consider a Riemannian manifold (M, g) of dimension n > 2 with
constant negative scalar curvature equal to —n(n — 1) whose ends are cusps
and we prove the existence of a family of complete constant scalar curvature
metrics (ge)e>0 converging to g smoothly on compact subset of M, as e — 0.
The cusps of g are replaced with funnel-like ends in each metric of the
family. An important feature of these ends is that they can be foliated by
hypersurfaces whose mean curvature is constant and ranging from —m(e)
to n — 1, where m(e) > 0 and lim,_,o+ m(e) =n — 1.

As a byproduct of our construction, we are able to select totally umbilical
solutions to the Einstein constraint equations with apparent horizons. We
recall that a triple (M, g, K), where (M, g) is a Riemannian manifold and
K is a symmetric (0, 2)-tensor on M, is said to be a solution of the Einstein
constraint equations if the following system is satisfied

Scaly — |K |2 + (trgK)? = 2A (1)

divy K = dtrK.

In this text the cosmological constant A is assumed to lie in the interval
[-n(n —1)/2,n%(n — 1)(n — 2)/2). Whenever it is nonempty, the boundary
OM of M is called an apparent horizon if its outward null expansion 6 is
vanishing. It is worth recalling that the outward null expansion of M is
defined as

0y =—trgK + K(v,v)+ (n—1)H,

where v is the exterior unit normal of M view as an hypersurface in M,
and H is the mean curvature of M computed with respect to v.

In the setting described above, the triple (M, ge, Age), with A = /1 + 71(1217’31),
automatically provides a solution to the Einstein constraint equations. More-
over it is possible to truncate each end of g. along the leaf of the CMC foli-

ation with mean curvature H = X\ € [0,n — 1), producing an hyperboloidal



solution with apparent horizons. Finally, we prove that these relativistic ini-
tial data (M, g, Age) verify the Riemannian Penrose inequality conjecture.
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Chapter 1

Introduction

Initially, the idea was to generalize in arbitrary dimension a famous fact de-
scending from the Teichmiiller theory (see [83]). Briefly, it is known that ev-
ery complete hyperbolic metric with finite volume defined on a non-compact
surface, whose ends are cusps, can be obtained as Gromov-Hausdorff limit
of complete hyperbolic metrics with funnels (see [43], [86]). Both cusps and
funnels are ends diffeomorphic to semicylinders, but geometrically the cir-
cular slices of the first ones shrink toward the infinity whereas the circular
slices of the last ones initially shrink but then, after reaching a minimal
geodesic, they begin to expand toward the infinity. This fact is not the most
famous fact of the Teichmiiller theory, which studies the moduli space of
complete hyperbolic metrics with finite volume existing on a given surface
(usually but not necessarily oriented and of finite type) up to isometries
(called Teichmdiller space), but rather it is a tool used in this theory. Since
the Teichmiiller theory considers metrics with finite-volume and funnels do
not have finite volume, usually the previous fact is presented in a differ-
ent way. They are considered surfaces of finite-type with boundary and
the complete hyperbolic metrics on it must have finite volume and geodesic
boundary. However every geodesic boundary can be uniquely extended to a
funnel and viceversa every funnel can be cut along its minimal geodesic to
give raise to a surface with geodesic boundary. In any case, our initial goal
was to extend the fact that every cusp can be seen as limit of funnels in
higher dimension and not just for hyperbolic surface. The first problem was
then to define cusps and funnels in general dimension. We also had to decide
what kind of requirement use in dimension n > 3 to replace the hypothesis
of hyperbolic metrics for surfaces, since in dimension n = 2 there is essen-
tially a unique concept of curvature. If on one hand it was not a problem
to extend the definition of cusps for any dimension considering manifolds
with constant sectional curvature(this definition already exists in literature,
see [59] for instance, although our definition is a little more general since
we will not set conditions on the curvature), on the other hand (cfr Sec 2.1)
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the right setting for extending the definition of funnels turned out to be the
one of Riemannian manifolds with constant negative scalar curvature. The
result we could prove was then the following: Given a Riemannian manifold
(M, g) with negative constant scalar curvature and cusps, it is possible to find
a family of metrics with negative constant scalar curvature (gz) that replace
the cusps of g by ends asymptotic to funnels (or more precisely, to funnel-
like ends. See Definition 2.1) and such that g- — g as € — 0 smoothly on
compact subsets of M. Moreover every end of g. contains a unique minimal
graph-hypersurface. The proof of this result was achieved with a Yamabe
problem approach (see [55] or Section 5.7 for a quick introduction), working
with weighted functional spaces (originally introduced in [40] and used in a
setting close to our by [71] and [41]). The existence of the metrics g. could
be deduced by [10], however if we would apply their result we would not be
able to deduce the convergence of g. to g, so we had to choose a different
way to face the problem (see Section 3.5).

With similar arguments of the proof, we think it is simple to generalize
a second famous fact of the Teichmiiller theory, which actually follows from
the one above. In fact if one consider a simple loop geodesic of a complete
hyperbolic metric (a point in the Teichmiiller space) and if one shrink the
length of this geodesic describing a curve in the Teichmiiller space, then con-
cretely the surface develops a neck which becomes longer and finer as the
geodesic shrinks as in Figure 1. The limit case when the geodesic collapse
to a point (namely when its length is zero) splits the neck in two different
ends (cusps) and is not a point of the Teichmiiller space (it changed the
topology of the surface!). In particular we can consider two different com-
plete hyperbolic surfaces with finite volume and we can glue them through
their cusps (in couples, not necessarily all the cusps) simply reverting the
previous discussion. In higher dimension we think that it is possible to glue
Riemannian manifold with constant negative scalar curvature whose ends
are cusps just through their cusps (see Section 4.4), using the techniques of
our main result with some simple adjustments.

Let us come back to the construction of the metric g. approximating g
described some lines above. We asked if the minimal hypersurface included
in the ends of g, is actually a leaf of a CMC foliation, as it happens in the 2-
dimensional case. The presence of a CMC foliation for the ends of manifolds
would have been very interesting. In fact there are physical consequence
related to this problem. For instance one can try to use it to define a
mass (even more a center of mass) in the spirit of the milestone [46]. This
problem was overstudied for asymptotically flat manifolds, but in our case
the funnel-like ends turned out to be asymptotically hyperbolic. Although
some authors like [66] and [5] studied the problem of the existence of a
CMC foliation for some classes of asymptotically hyperbolic manifolds, the
funnel-like end did not fall inside this classes of manifolds. However we
could adapt the arguments of [5] to prove what we expected: the ends of
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ge could be foliated by CMC hypersurfaces. Let us explain the physical
consequences emerging from this result one step at a time. First, both (M, g)
and (M, g:) can be regarded as totally umbilical solutions of the Einstein’s
constraint equations. This is not yet a consequence of the CMC foliation
but is simply related to the constant scalar curvature. More precisely (see
Subsection 4.1.2) this means that there are Lorentzian manifolds satisfying
the Einstein’s field equations that contains (M, g) or (M, g.) as isometrically
embedded totally umbilical (that is with extrinsic curvature proportional to
the induced metric) space-like hypersurface (see [17] or Chapter 4 for an
introduction). Due to the presence of a CMC foliation, we are also able to
find apparent horizons (see Section 4.2) in (M, g-). Without discussing now
this meaning, it is now sufficient to know that this implies the presence of
black holes in the spacetime associated to (M, gc). Here they are important
two observations. One is that our black holes are exotic in the sense that
their gravitational ends do not propagate spherically (as when one consider
usual spherical black holes), but are rather toroidal (the literature is less
rich in this setting, however toroidal black holes have been considered in
[1]). The other is that since (M, g-) tends to (M, g) as € — 0, then the same
happens to their respective associated spacetimes. The black holes of the
spacetime relative to (M, g.) run away toward the infinity as e — 0, and
that is why the spacetime relative to (M, g) do not present black holes and
(M, g) has not apparent horizons.

As we mentioned before, another consequence of the existence of a CMC
foliation of our asymptotically hyperbolic manifolds is that we can consider a
positive mass m. of (M, g.), despite the most celebrated Positive Mass Theo-
rem considers asymptotically flat manifolds. Actually there exists a Positive
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Mass Theorem defined for asymptotically hyperbolic manifolds whose ends
are topologically semicylinders with spherical base, but we mentioned that
our ends are semicylinders with toroidal base and the literature is not very
deep in this direction. Therefore the mass was defined following the analo-
gies with the works of [5] and [24]. Once defined a mass, at least when n = 3,
the presence of a CMC foliation (including an apparent horizon) for (M, g:)
introduces to a well-known problem, called Riemannian Penrose inequality
conjecture. For an introduction to this problem, we recommend [24]. Most
of the results about the Penrose inequality concern asymptotically flat man-
ifolds. In general, and particularly in our setting, the Penrose inequality
is still a conjecture. For the manifolds (M, g.), assuming for simplicity the
existence of a unique end, it is equivalent to show that

A\ 12 A\ 3/2
£ £ <
<167r> +4<167r> = MM

where A. is the area of the apparent horizon of (M, g.). Notice that the
constants 16w do not have a physical meaning (for spherical slices, they
simplify some computation) since the mass m. is definite up to multiply by
numerical constants. Precisely, the right value for m. (or equivalently of
the constants that can replace 16m) is chosen in such a way that there is a
model satisfying the Penrose inequality as an equality. In fact, the Penrose
inequality often contains a rigidity statement: if it holds as an equality, the
considered manifold is isometric to a model case. We were able to show that
the Riemannian manifolds (M, g.) strictly verify the Penrose inequality. If
the Penrose inequality conjecture was true in general, then this heuristically
means that our spacetime do not present singularities with exception of the
Big Bang and of singularities within event horizons (therefore not observable
from outside). This is known as the Cosmic censorship hypothesis (see [44]
or [79] for an introduction).

Contents

The Chapter 2 gives the definitions of cusps and funnel-like ends (a sub-
class of asymptotically hyperbolic ends), which are the possible ends we will
consider in this text. The Chapter 3 is so organized. In Section 3.1 we
state the main result. Namely, we consider a Riemannian manifold (M, g)
with cusps and constant negative scalar curvature, and we build a family of
metrics (ge ) on M which is in some sense close to g for small € and preserve
the constant scalar curvature. Every metric g. has asymptotically hyper-
bolic ends which can be foliated by CMC hypersurfaces, one of the leaves
is minimal. The proof of the main result begins in Section 3.2, where we
build approximate solutions h., which can not be chosen as exact solutions
ge since they lack a constant scalar curvature in a compact subset of the



CHAPTER 1. INTRODUCTION )

ends of M. The exact solutions will be obtained via a conformal transfor-
mation of h., this reduce to a non-compact Yamabe problem. This is solved
by a fixed-point approach in Subsection 3.5, after introducing a suitable
weighted space of functions where to work in Section 3.3 and proving an a
priori uniform estimate for the linear operator associated to our problem in
Section 3.4. After that, we have to check the existence of a CMC foliation
for the ends of g.. In Section 3.6 we prove that such a foliation exists on a
compact subset of the ends, then in Section 3.7 we extend it to the whole
ends. Due to the existence and the properties of the found CMC foliation,
we can apply the main result to the General Relativity. In Chapter 4 we
will see in what sense the manifolds involved in our main result can be seen
as solutions of the Einstein’s constraint equations with apparent horizons.
We are also able to check the validity of the Riemannian Penrose Inequality
for our manifolds. This inequality is still a conjecture for general asymp-
totically hyperbolic manifolds. Finally we included an appendix containing
useful result which are applied in Chapter 3.



Chapter 2

Special ends of Riemannian
manifolds

This chapter treats particular types of ends which can be encountered when
considering non-compact ends equipped with a warped product metric with
constant negative scalar curvature. These ends will be the main characters
of this text and are called cusps and funnel-like ends since their defini-
tions, which is given in the next sections, extend the 2-dimensional notion
of “cusps“and “funnels"respectively. Actually we will give the two men-
tioned definitions without assuming any hypothesis on the scalar curvature,
however we have been inspired by the following observation. Notice that by
Proposition 5.1, a warped product which can be written as dr? + 1 (r)*/"g,
where (X, ) is a scalar flat manifold of dimension n — 1, have constant nega-
tive curvature equal to —n(n —1) if and only if it holds ) = %21/1. So we can
take 1(r) = ae™/? + be=""/2 for some a,b € R such that ¢» > 0. In practise
the definition of funnel-like end comes from the case a # 0 and b # 0, up to
a translation of r, whereas the definition of cusp comes from the case b =0
(or a =0, up to replace r by —r).

2.1 Funnel-like ends

Definition 2.1. Let (M, g) be a complete Riemannian manifold of dimen-
sion n > 2. A funnel-like end is an open subset of M diffeomorphic
to (rp,+00) x X for some rg < 0 and some compact Riemannian manifold
(3, 9) of dimension n — 1, such that

nry\4/n _
Il(so,+00) x5 = dr? + & (2 cosh (7>> g, (2.1)
with € > 0.

The origin of the name descends from the fact that the areas of the slices
{r}xX increase as r — +00 so that they recall a funnel. By Proposition 5.1 a

6
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funnel-like end has constant negative scalar curvature if and only if Rz = 0,
and it is never hyperbolic nor Einstein (except for n = 2). In dimension
n = 2 we get precisely the usual concept of funnel. By Lemma 5.4 the slices

{r} x ¥ have second fundamental form II = £ (2 cosh (%))Mﬂ tanh(nr/2)g
and therefore constant mean curvature H = (n — 1) tanh(nr/2) computed
with respect to the unit normal vector field 0,.. It is possible to prove
that the funnel-like ends are conformally compact, more precisely they are
asymptotically hyperbolic. We recall that a Riemannian manifold (Z,~) is
called conformally compact if Z is the interior of a compact Riemannian
manifold (Z ,4) with non-empty boundary and if there exists a smooth non-
negative function w: Z — R (called boundary defining function) such that
{w=0}=0Z,dw#00ndZ and y = w24 on Z. If moreover |dlogw|, — 1
as w — 0, then (Z,7) is called asymptotically hyperbolic. The reason of this
name descends from the fact that on a conformally compact manifold the
curvature tensor R of v takes the form

Riju = —’dw|%(7ik7jl —vivik) + O(w), asw — 0,

thus it holds sec(y) — —1 as w — 0 if and only if (Z,~) is asymptotically
hyperbolic. Let us check that a funnel-like end is asymptotically hyperbolic.
First set t = r 4 loge so that

g=dt* +e* (1 + 5”6_’“)4/”?].

From this expression we see that g is asymptotic to dt? +e* g independently
from €, so we will check the thesis for the latter metric. We chose w(t) :=
e~! and we claim that it it the wanted boundary defining function. The
function w is positive, w — 0 as ¢t — +oo and |dlogw| 424 e2t5 = 1, moreover
W (dt? + ' g) = dw? 4 § can be extended as a smooth cylindrical metric up
to the boundary {w = 0}, corresponding to ¢ — +oc. This proves the claim.

2.2 Cusps

Definition 2.2. Let (M, g) be a complete Riemannian manifold of dimen-
sion n > 2. A cusp is an open subset of M diffeomorphic to (sg, +00) x 2
for some sp € R and some compact Riemannian manifold (X, g) of dimension
n — 1, such that

9l(so,400)xs = ds* + e >°g. (2.2)

The origin of the name descends from the fact that the areas of the
slices {s} x ¥ decrease exponentially as s — 4o00. By Proposition 5.1 a
cusp has constant negative scalar curvature if and only if Rz = 0. Similarly
it can be shown that a cusp is Einstein (Ric, = —(n — 1)g) if and only
if g is Einstein (Ric; = 0) and that a cusp is hyperbolic if and only if
g is flat. In dimension n = 2 we get the usual definition of cusp. By
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Lemma 5.4 the slices {s} x ¥ have second fundamental form II = —e~25g
and therefore constant mean curvature H = —(n—1) computed with respect
to the unit normal vector field ds. A cusp is not conformally compact, in
fact it can be easily shown using Gauss Lemma that in suitable coordinates
a conformally compact metric can be written in the form do? + w=2(0)G,.
Here G, is a family of metrics on ¥ tending to a limit metric Gy on X,
as 0 — 400, and w(oc) — 0, as 0 — 4o0o0. In particular the sections
{o = const.} become “larger” when approaching the infinity, whereas in
the cusps they shrink. We already discussed in what sense every complete
hyperbolic surface with finite volume presents a cusp in a neighbourhood of
every puncture. This result can be actually extended on higher dimension
by the Margulis thick-thin decomposition [19, pag. 133]. Namely, every
complete hyperbolic manifold with finite volume contains a compact part
(thick part) whose complementary set (thin part) is the finite disjoint union
of open subsets each one isometric to ((80, +00) x B, ds? + e_25§), where
(X, g) is some flat manifold. Therefore the ends of a complete hyperbolic
metric with finite volume are all examples of cusps.



Chapter 3

Complete hyperbolic metrics
with funnel-like ends

3.1

Statement of the main result

Theorem 3.1 (Main result). Let (M,g) be a n-dimensional Riemannian
manifold (n > 2) with constant scalar curvature equal to —m(n — 1), con-
sisting of a compact core and k cusps (see Definition 2.2). Fori=1,...,k
fix a positive parameter €;, one for each cusp. If € = (e1,...,€k) is small
enough then there exists a metric g on M such that:

(1)
(2)

(3)

3.2

The metric ge has constant scalar curvature —n(n — 1);

The metric g replaces every one of the k cusps of g with an asymptot-
ically hyperbolic end. More precisely each of these ends is conformal
and asymptotic to a funnel-like end (see Definition 2.1);

The metric g. smoothly converges to g as € — 0 on compact subsets of
M;

Every asymptotically hyperbolic end of g. is foliated by a family of
weakly stable CMC hypersurfaces whose mean curvatures span (—m,n—
1) C R, for some positive m = m(e) € R which can be different for each
end and satisfies lime_,om = n — 1. Moreover the area Areag, (Xmin)
of the minimal hypersurface Xin C M belonging to an asymptotically
hyperbolic end of g- is comparable to 5?71, where €; is the parameter
relative to the involved end. This means that there exists a constant
¢ > 1 independent of e such that c71e] ™' < Areag (Smin) < ce 1.

Approximate solutions

The metric g. that we are going to build for small € in order to prove
Theorem 3.1 will turn out to be a small perturbation of an approximate

9
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solution h.. In this subsection we define the metric h. and we study its
main properties. The metric h. is an approximate solution meaning that
it fulfills the requirements of Theorem 3.1 but the first point (its negative
scalar curvature is not constant in the whole manifold M).

Consider (M, g) as in the hypothesis of Theorem 3.1. For simplicity we
will suppose that (M, g) is a Riemannian manifold of dimension n > 2 with
constant scalar curvature Ry, = —n(n — 1) and with a unique cusp. By
definition this means that there exists a subset U C M such that M \ U is
relatively compact and U is diffeomorphic to [sg, +00) X ¥ with

glu = ds* + e~ %3, (3.1)

As a consequence of Proposition 5.1, necessarily (3, g) is a compact manifold
of dimension n — 1 with zero scalar curvature. Without loss of generality we
can assume sop = 0. Introduce now a smooth cut-off function n: M — [0, 1]
vanishing outside the cusp U and coinciding with 1 in {s > 1} C U, then
define for € > 0 the metric

g, in M \ U

€= 2 —2s n.ns\4/n = (32)
ds* +e %% (1 4+ n(s)e"e™)”"g inU.

The metric h., which will be called approximate solution, has an asymp-

totically hyperbolic end isometric to a funnel-like end. To see this, set

r = s+loge, then in {s > 1} it holds

he = dr? + & (2 cosh (7;7’))4/719. (3.3)

By construction Ry,_ +n(n — 1) vanishes everywhere outside the region {0 <
s < 1}. We have the following estimate:

Lemma 3.2. The following inequality holds for the scalar curvature of the
approximate solutions h. defined above. For every k € N there exists C' > 0
such that for small € > 0, one has

| Rh. +n(n = Dllgrp) < C<", (3.4)

where €*(M) can be equivalently computed with respect to he or g. The
constant C only depends on n, k and n.

Proof. We restrict ourselves to the case where 0 < s < 1. For bounded s
the metrics ¢ and h. are comparable and so are their induced norms. By
Proposition 5.1 it follows that that in {0 < s < 1} one has

n-—- 16nens 77(5) + 7”7(5)

R 1) =4
he + n(n ) n 1+ n(s)e”ens’
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so it is sufficient to prove that

a (em ii(s) + nij(s) )‘ <o

S | dsk 14 n(s)enens

s€[0,1]

for some constant C; = Ci(n,k,n). That is true since we are bounding a
ratio whose denominator is greater than 1 and whose numerator consists on
products of derivatives of €, 7j(s) + nn(s) and 1 + n(s)e"e™, all bounded
in terms of n, k and ||n

ha- O

We conclude this subsection analysing three remarkable behaviours of
he as the parameter € tends to zero depending on the subset of M where
one wants to consider this limit. The first lemma involves the compact core
of M.

Lemma 3.3. The metrics he in (3.2) converge to g as € — 0 in €°°-norm
on compact subsets of M.

Proof. Let © be a compact subset of M, we can suppose without loss of
generality that Q@ = M \ {s > C} for some large C. Since h. coincides with
g outside the cusp, the lemma holds away from {0 < s < C'}. By the local
expression of g and h. in this region, it is sufficient to prove that

dk

lim sup ﬁ(n(s)e e

e—=0 s€[0,C]

for every kK € N. This follows from the boundedness of €™ and of the
derivatives of the cut-off function 7, and we are done. O

The second lemma describes the behaviour of h. along the end of M.

Lemma 3.4. Let us consider the coordinate t = s+2loge. Then the metrics
he defined in (3.2) converge to the metric dt?+e?*'g with all their derivatives
uniformly on subsets of the form {t > a}, a € R, ase — 0.

Proof. 1t is sufficient to observe that

he = dt* +e* (1 + ane_”t)4/n§ (3.5)
on {s > 1} = {t > 1+ 2loge}, then the thesis follows with a symmetric
argument as in the previous Lemma 3.3. 0

Finally, we notice that by (3.3) the metric h. collapses to dr? as ¢ — 0
in a neighbourhood of {r = 0}, which is an bottleneck region between the
compact core of M and its end. However, the next lemma shows that it is
possible to introduce a conformal factor which not only prevents the collapse
of h: but also makes it to converge to a cylinder.
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Lemma 3.5. Let us consider the coordinate r = s + loge. Then for ev-
ery a € R the Riemannian manifold {|r| < —loge + a} equipped with

g2 (2 cosh (%))_4/n he defined in (3.2) converge in the Gromov-Hausdorff
sense to the cylinder R x X as € — 0.

Proof. Let p = p(r) be the solution of the 15*-order ODE

pr)=¢! (2 cosh <%>>_2/n, p(0) = 0. (3.6)

Since p > 0, this function is actually a new coordinate on {|r| < —loge+a}.
A direct computation from (3.3) gives

g2 (2 cosh (%))74/n he = dp* +3.

Thus the manifold {|r| < —log e+a} equipped with the metric e~ (2 cosh (%))_4/71 he
is isometric to the limited cylinder ({|p| < po},dp®+g) for some py =
po(a,e). The positive constant pg is given by

1 —loge+a dr
PO = — / 2/n
€ Jo (cosh(nr/2))
and tends to +o0o as ¢ — 0, for every fixed a € R. This implies the thesis. [

As first goal, we want to perturb the approximate solution h. with a
conformal factor in order to get a metric g. with constant negative scalar
curvature on M.

3.3 Weighted functional spaces

The Yamabe Problem

Consider a perturbation of the approximate solution h. in the form
4
ge = (14+wv.)"2he, ifn>3 and ge =€*h., ifn=2. (3.7)

Here v, is smooth on M and such that the conformal factor is positive. If we
want ge to satisfy R,. = —n(n—1), then by Proposition 4.5 this is equivalent
to solve the well-known Yamabe equation

(Ap. —2)ve = 3Ry, + 14 Q(v2) if n =2,
(3.8)
(Ap, —n)ve = 48;21) (Rp. +n(n—1)) (1 +v:) + Qve) if n >3,

where @ is a quadratic remainder defined as

Q( ) eV _ 9y —1 if n =2, (39)
v) = n '
e L
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A remarkable property of the quadratic remainder is that its coefficients do
not depend on the parameter € > 0.

REMARK 3.1. It is very important to point out that the original part of
this text is not to prove the existence of a smooth solution v, of the Yamabe
equation (3.8). In fact the existence and uniqueness of such a solution in this
context is guaranteed (at least for n > 3) by classical works like [71], [12]
and [13]. For what concerns the case n = 2, analogous results can be found
in [86] and [87]. It is also possible to use the literature (cfr. Theorem 1.2 of
[9]) to show that v, tends to zero along the ends of M. In short the points
(1) and (2) of Theorem 3.1 can be easily deduced by well-known results, but
this does not hold for points (3) and (4). In fact the originality of this text
involves an estimate for v. which will look like

||v€||%,)§,a(M’h€) < Ce™ (3.10)
The precise definition of this norm is treated in the next subsection, basically
it gives us two information. Firstly it implies that v; and its derivatives tends
to zero as € — 0. This will allow us to deduce point (3) and to prove that
there is a CMC foliation on a compact subset of each end of (M, g.), if €
is small enough. Secondly it implies that for fixed € the function v, (and
derivatives) decrease exponentially as it approaches the infinity. This will
allow us to extend the compact CMC foliation to the whole end of (M, g.).
For these reasons we decided to infer the existence of a solution v, of (3.8)
(which is a posteriori the same solution provided by the literature) with a
different method (fixed-point), that also gives us the estimates (3.10).

The proof of the existence of a smooth solution v. of the Yamabe equa-
tion satisfying (3.10) is so organized:

e We conclude this Section introducing the space of functions %f’a (M, he)
where to face the problem and we motivate the decision for this choice.

e In Sections 3.4 we prove some a priori estimates (Proposition 3.7) for
the operator Aj_ — n. This requires some preliminary lemmas.

e In Section 3.5 we apply the fixed-point method under the guise of a
contraction theorem, getting the desired result.

Weighted Holder spaces

The usual Riemannian functional spaces of (M, h.) are not the right choice
to solve the Yamabe equation (3.8). The reason is hidden in the behaviour
of h. far away from the compact core of M as ¢ — 0. We recall that h. is
close to g for small € > 0 on compact subsets of the form M\ {s > const.} by
Lemma 3.3, it collapses around {r = 0} as ¢ — 0 but a suitable conformal
rescaling makes it to be close to a cylindrical metric by Lemma 3.5, whereas
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it is close to the asymptotically hyperbolic metric dt?> + e*'g on subsets of
the form {t > const.}, with ¢t = s + 2loge, by Lemma 3.4. These three
distinct behaviours of h. suggest the next definition.

Definition 3.1. The manifold M is the union of K, N and &, with the
following definitions:

e The compact core K := M \ {s > 3} is a relatively compact subset,
which we improperly denote as I = {s < 3}. It contains a neighbour-
hood of the cut-off area of 7, see (3.2);

e The neck region N := {2 < s < —2loge — 2} is a neighbourhood
of {s = —loge}. In this region is useful to work with the variable
r = s+ loge so that N' = {|r| < —loge — 2} is centred at {r = 0}. It
is also convenient to define a new variable p by

pry=¢! (2 cosh (%))_2/71, p(0) = 0; (3.11)

e The funnel-like end £ := {s > —2loge — 3} is the end of (M, g.).
In this region is useful to work with the variable t = s+ 2loge so that
E={t>-3}.

A qualitative picture of this partition of M is represented in Figure 3.3.
We can finally define the announced space of functions on (M, h.).

Definition 3.2. Fix k € N, a € (0,1) and § € R. Given an open subset
U C M and a function f € €%*(U), we define

I/

where gey1 = dp? + § and gan = dt? + . In the equation (3.12) above, we
have set

%);C‘“(U,hg) = Hf ‘Kkv“(lCﬂU,g)+||f ((a”kva(NﬂU,gCyl)+Hf”cggﬁa(gm(]’gah)a (3'12)

F ke = max sup [VU ]|+ sup ’
1fllgwe pervng) = max sup [Vg f] pgeknU dg(p, q)

we have also set

v k) v k)
= j | é lf(p) g 1f(Q)|g 1
[llgr.a max sup |VY) floes+ sup ey ey cy
7lke NG gex) J<k NmU’ geyl o " ptgeNTU dgcyl(p7Q)a

and finally we have set

. (k) )
= i sup VG fly +sup 0TI Mo Dl

f k,a
” H%‘S (NU.gan) k en pEqeENU dgah(p7 Q)a

The Banach space containing the functions that satisfy || f y < +oo

€y (Uphe
is then denoted ‘Kf’a(U, he) and can be regarded as a weighted Holder space
(see [41] [9]).
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REMARK 3.2. Apparently the parameter ¢ is not involved in the right-hand

side of (3.12). This optical illusion comes from the fact that both ge,1 and
gan are written in terms of variables p and ¢, which depend on ¢.

We observe that the three different norms used to define | f||_ .0 (Uhe)

5 ste

are equivalent in the overlapping subsets of M, uniformly in €, as showed in
the next lemma.

Lemma 3.6. In the setting of Definition 3.2 there exists C' > 0 independent
of € > 0 such that

{Cluf“?a‘)kva(lCﬂ/\/',g) < N fllgrewnk g < Cllfllgraicnr,g)
—1
c Hf”cgf’a(gm\/,gah) < ”f”%’kva(J\/'ﬂé’,gCyl) < CHchg;“»ﬂ(gm/\ﬂgah)

(3.13)

for every f € €F(M).

Proof. For the first inequality, we notice that on CNN = {2 < s < 3}
the norm induced by the metric g = ds? + e~2%g is equivalent to the norm
induced by the metric ds>+g. This is true because e~2* is uniformly bounded
above and below by positive constants for 2 < s < 3, and the same holds
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for the absolute value of its derivatives. On the other hand, by (3.11) and
r = s+ loge, it can be computed that

Jeyl = e2s (1 + sne—ns)_‘l/n d52 +3.
Since €% (1 + 5"e_"s)74/ " can be uniformly bounded above and below by
positive constants for 2 < s < 3, and the same for the absolute value of its
derivatives, also the norm induced by gy is equivalent to the norm induced
by ds®? 4 g on KNN. This shows the first inequality. The second one can be
proved similarly on ENN = {—3 < t < —2}, but in this case one has also
to notice that for —3 < t < 2 the weight function € is uniformly bounded
above and below by positive constants. O

We conclude this subsection motivating why we considered the definition
(3.12) to study elliptic problems on (M, h.).
The norm on K

In the compact part K of M the norm ||- H(gk,a( Knu,g) 1s essentially the unique
reasonable choice. One could equivalently replace this norm by norm

(k) (k)
(7) Vi, f(p) = Vi f(@)]n.
Ska = max sup |V + su .
Ik (enDhe) J<k ICOZI}| he d p#qEIIC)mU dn. (P, @)

induced by h.. The fact that those norms are equivalent descends from
Lemma 3.3, namely there exists C' > 0 independent of small € > 0 such that

CH - llgranvg) < - lgragnvn < Cll - llgraxnu,g)

for every f € €%*(M). However, the choice of || - |0 (cnu,g) has the
advantage of being independent of €.

The cylindrical norm on N

As mentioned many times, the usual norm of h. degenerates as € — 0 on the
neck region N of M and therefore the same would happen to its induced
metric. For this reason, in order to study (N, he) for small € it is useful
to consider a sort of blow-up. Precisely, we observe that by Lemma 3.5
the metric e 2 (2 cosh (%))_4/ "he coincides with geyl o N, which does not
collapse as €. Replacing h. by gcy1 has then some advantages, the most
essential are the Schauder estimates (Lemma 3.11) uniformly in small €,
which differently fail in a collapsing setting such as (N, h:) when ¢ — 0.
Notice that this blow-up of the neck region becomes negligible near ON,
meaning that gey is comparable with g on £ NN and is comparable with
he on N'N & in the sense of Lemma 3.6.
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The weighted norm on &£

Here is where the word ”weighted” assumes its full significance. The norm
Il - ||<bﬂ§;m (ENU.gun) in the funnel-like end is actually coherent with the classical
weighted Hélder norm defined for asymptotically hyperbolic manifold or,
even more generally, for conformally compact manifold [40, pag. 53], [41,
pag. 206], [9, Definition 2.2]. In fact we recall that g,n, as well as he, is
conformally compact with boundary defining function e~*. These weighted
norms provide a good environment where to develop the theory of particular
elliptic operators, such as Aj_ — n (cfr.[41, section 3]). Indeed the non-
compactness of the manifold is in some sense balanced by the introduction
of a weight function along the end and some classical results that holds on
compact manifold can be traduced in this non-compact case, such as the
Schauder estimates ([41], Proposition 3.4) and results about isomorphisms
([41], Theorem 3.10). With such kind of results we will be able to invert
Ap, —n and transform the Yamabe equation (3.8) in a fixed-point problem.
Notice that by Lemma 3.4 one could equivalently replace g,y by h. in the

definition of || - ||(Fk,a(gng D) and all the what follows would hold as well.
G s ,9a

3.4 Linearization of the problem

In this section we analyse the equation (Ap, — n)u = f and, with the help
of the functional setting introduced in the previous subsection, we prove the
following proposition.

Proposition 3.7. Let (M, h.) be the Riemannian manifold defined in (3.2)
and fir o € (0,1) and (n —1)/2 < § < n. Then for every f € %Q’Q(M, he)
there exist a unique u € ‘552’0‘(M, he) such that (Ap. —n)u = f. Moreover
there exists g > 0 and C' > 0 such that

Hu‘|<g§v&(M7hs) <C Hf”g(;)»ﬂ(M,he) ) (3.14)

where the constant C' > 0 is independent of u, f and e € (0,&9).

The proof of the proposition above will be given after a short list of
lemmas. We need a couple of lemmas that are Liouville-type results, in
the sense that we want to conclude u = 0 from the assumption that u
solves the condition (A —n)u = 0 and has a certain decay along the ends
of particular manifolds. We also need some lemmas concerning the Interior
Schauder estimates for the case of non-compact manifolds such as cylinders
and conformally compact manifolds.
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3.4.1 Preliminary Lemmas
Liouville-type results

We present two results about the injectivity of A — n in the cuspidal and
the asymptotically hyperbolic case.

Lemma 3.8. Let (M,g) be a complete Riemannian manifold of dimension
n > 2 containing a compact subset U such that M \ U is diffeomorphic to
(0,400) x X, where (3,g) is a compact Riemannian manifold, and such
that glanu = ds? +e725g (namely (M, g) is the manifold with a single cusp
introduced at the beginning of Section 3.2). Suppose that u is a €>-function
on (M, g) satisfying Agu = nu. If |u|,|0su| < C for some C > 0, then
u = 0.

Proof. Let Q =: M\ {s > so} denote a compact subset with smooth bound-
ary. Multiplying Aju = nu by v and integrating by parts on 2 we get

ou
uAgu + |Vul? :/ U—-.
/Q g ‘ |g 50 88

The right-hand side is bounded by C?Area({s = so}), therefore [, nu® +
|Vu|§ < Cre~(®=Dso for some constant C; independent of sg. Taking the
limit for sg — +o00, we get u = 0. O

Lemma 3.9. Suppose that u is a €>-function on (R x X, dt? + e?'g), with
(2,9) a compact Riemannian manifold of dimension n — 1. Suppose Au =
nu. If |ul,|0pu| < Cmin{l,e %} for some C > 0 and (n —1)/2 < 6, then
u = 0.

Proof. Similarly to the previous lemma, we integrate Au = nu by parts on
Q= {—top <t <ty}, for some large ¢ty € R. Then

/nu2+|Vu]3 S/ ou +/ ou
Q {t=—to} {t=to}

Ua U—
for some constant C7 > 0 independent of tg. Taking the limit for tg — +oo

875 S Cl (ef(nfl)to+e*25toe(n71)t0)7
we get the result for (n —1)/2 < 4. S

REMARK 3.3. The two lemmas above are stated in the precise way that
they will be used. We are not saying that these results are sharp for what
concerns the bound of the function u along the ends or the restriction of
din ((n —1)/2,n). About the last argument, we recall that the operator
Ap. — n studied in Proposition 3.7 is an isomorphism for ¢ € (0,n) but we
will get the uniform bound (3.14) for a smaller range of ¢ exactly because
of the restriction done in Lemma 3.9. We emphasize here that this will not
imply a loss of information about the control of the solution v, of (3.8), in
fact if 6 > ¢’ then Cf’o‘(M, he) C C(];,’O‘(M, h), thus the best control for v, is
got when ¢ is close to n.
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Interior Schauder Estimates

We are going to state ad hoc Interior Schauder Estimates for particular Rie-
mannian manifolds. Despite these results can be extended in more general
settings, we tried to keep the background as conformal as possible to the
proof of Proposition 3.7, where they are applied.

The first lemma we want to prove is a simple translation of the classical
Schauder estimates in the setting of our Riemannian manifold with a cusp.

Lemma 3.10. Let (M, g) be a complete Riemannian manifold of dimension
n > 2 containing a compact subset U such that M \ U is diffeomorphic to
(0,400) x X, where (3,g) is a compact Riemannian manifold, and such
that glanu = ds? +e725g (namely (M, g) is the manifold with a single cusp
introduced at the beginning of Section 3.2). They hold the Schauder estimates
for the second order elliptic operator A—n in K :={s < 3} C K" := {s < 4},
that is for every k € N and o € (0,1) there exists C > 0 such that

lullgresngieg) < C (1A = m)ullgraperg) + lullgoper )

for every u € €F+2(K', g).

Proof. This result will follow applying the classical Schauder estimates (cfr.
[40], Corollary 6.3) on a finite covering of K by local patches. Since K’ is
bounded, then R := min{1,injrad(K’,¢g)} > 0 and we can assume

» Ve ) = Vi (@)l
ok = max sup v .| 4 sup
ehe () i<k U | g o 0<d(p,q)<R/2 dy(p,q)*

for every open subset U C K'. By compactness of K it is possible to find a
finite number of balls {V3} 3 centred at some p € K with radius R/4 covering
K. Denoting by Ug the ball concentric to V3 with radius R/2, we have by

construction
KkclvsclJusck.
B B
The classical Schauder estimates then assert that

[ullgrra.avy,g) < Cp (H(A — n)ullgraw,g) + ||U|’<50(U5,g))

with Cg > 0 independent of u. Since Ug C K’, then

max ||u
B

Cr+2.0(Vy,g) < Ing)iX Cﬁ (H(A — n)u G (K g) + ||u||<g0(;g’g)) .

We got the thesis if we prove that there exists ¢ > 0 independent of u such
that

||U”<gk+2,a(](:’g) < CmELX Hu GhH20 (Vg g)-
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By construction K C (Jg Vp, it follows that it is enough to check the estimate
above for the Hélder coefficient of ||ul[4n+2.a(x 4. Namely, we have to check
that for every p,q € K such that 0 < d(p, q) < R/2, there exists 5 such that

k k
V5 u(p) = Vi u()
dg(p, @)™
The proof of this fact is standard. Choose 3 such that p € Vz. Then two

cases may occur. If ¢ € Vg then the thesis follows with ¢ = 1. If ¢ ¢ V3 then
d(p,q) > R/4 and therefore

’9 S cHu

Crt2e(Vg,g):

IVEu(p) — V) u(q)|
d(p, q)*

with ¢ = 2(R/4)™°. O

< (R/9)™ (VP up)lg+ VI u(a)lg) < ellullgrroy, g)

The second lemma we want to prove concerns the cylinder. We want
to show that an analogue of the previous proposition can be applied to the
cylinder without involving the diameter of the larger open subset.

Lemma 3.11. Consider the cylinder (R x X, gey1 = dp? + §) with compact
fiber (2,g) and let L be a second order uniformly elliptic operator on R x M
of the form

L=0+ Ag+a(p)d, + b(p), (3.15)

for some smooth function a(p), b(p). Fix D > 0 and D' := D + d, for
some 0 < d < D, and consider the following encapsulated open subsets () :=
{lp| < D} and ¥ :={|p| < D'}. There exists a constant C > 0 such that if
it holds Lu = f for some f € €**(Q, gey1) and some u € €2V, gey1)
then one has the following estimate

lullgrszo@gn < C (Iflhgraqr g + lelgo gy ) - (316)

The constant C only depends on (X,g), a € (0,1), k € N, a lower and a
upper bound for d and an upper bound for ||a

(é)k,a(R) and Hb”(gk,a(R) .

Proof. 1t is not restrictive to suppose that

. Vienf () = VienF(@)lgey
fllgr.a = maxsup |[VY) f|+ sup =i R4 =
|| ”C@” (U,gey1) i<k Uy | Geyl | 0<dgcy1 (p.q)<R/2 dgcyl (p7 q)a

with R = injrad (R x X, gey1). Notice that R > 0 by compactness of 3. The
idea is to cover Q and €’ by smaller compact cylinder in order to apply the
classical Schauder estimates. For pg € (—D1 4+ d, D1 — d), set

Voo = (po—d,po+d) x¥ and U, = (po—2d,po+ 2d) x ¥.
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By construction

UV =9 and [JU, ="

o o
Up to covering ¥ by a finite number of coordinate patches as in the proof
of the previous lemma, it is then possible to apply the classical Schauder
estimates to prove that

||u”%k+2’a(vpovgcyl) S Cl (Hf %k’a(UP()vgcyl) + HUHCKO(Uﬁ'ongyI)) ’

where the constant C only depends on n, a, k, the ellipticity constant of L,
a positive lower bound for d(V,,,, dU,,), an upper bound for the €% (U,,)-
norms of a and b and an upper bound for the diameter of U,,. All those
quantities can be controlled by (X, g), k, «, a lower and upper bound for d
and an upper bound for [|a|[¢x.o(r) and [|bl[¢x.0(g). Since Uy, is contained in
', then

lullgrsza(vs by ge) < C (”f lig.0 (52 gy + [ %O(Qagcyn) :

thus the thesis would follow if we show that

||U (6””2’“({2,9@1) S 02 S:;lp ||u||%k+2‘a(vp07gcyl)
0

for some Cy > 0 depending only on the same factors as Cy. Since {V,},, is
an open covering for €2, the non trivial inequality only concerns the Holder
part of |lu %20 (Q,90,)» Damely we have to check that for p # ¢ in Q with
dge,1 (P, q) < R/2, one has

k k
IV u(p) — VT u(q)
dgcyl (p7 q)a

(VogsGeyt)® (3.17)

591 < Cysup fullgusne
0

So we fix p € 1, which belongs to V), for some pg. Then two cases may

occur. If ¢ € Vg, too, then (3.17) is trivial with Co = 1. If ¢ ¢ V3, then

dge,1 (P, q) = d, therefore

v 2,0 — w2,
‘ Geyl (p) eyl (Q) ’90y1 S Qd*a sup ‘Vg]ﬁmu!gcyl
dgcyl (pa Q)a Vpo N

and we got the thesis with Cy = 2d~%. O

The analogous interior Schauder estimates for unbounded domains in
the context of conformally compact manifold has been obtained by Graham
and Lee [41, Proposition 3.4], even in a more general setting involving el-
liptic uniformly degenerate operators and weighted tensorial spaces. For our
purpose, it is enough to have the following result.
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Lemma 3.12. In (R x X, g, := dt* + e*g), where (X,g) is a compact
Riemannian manifold, they hold the weighted Schauder estimates for the
second order elliptic operator A —n in € := {t > =3} C & = {t > —4},
that is for every k € N, § € R, a € (0,1) there exists C > 0 such that

oy < C (2 =n)u

u etoierga T Iulgieraan)

crErhe (e

for every u € ‘55k+2’a(R X ).

Proof. As mentioned above, this lemma is an application of [41, Proposition
3.4], which is in turn a consequence of the analysis of elliptic operators in
[40]. To see that, we first notice that the only involved end is the neigh-
bourhood of {t = 400}. Thus we can assume that (R x X, ga,) is replaced
by the Riemannian manifold with boundary ([—5,+00), gan), which has a
unique end. We report here the statement of [41, Proposition 3.4], followed
by some comments and explanations of their terms.

“Let k e N, 0 < a < 1 and (M, g) a conformally compact manifold (eventu-
ally with boundary). Let Q C Q' be two subsets of M such that d(0Y, ) >
1/2 and let P be an elliptic degenerate operator. If u € €*(V) N Ag70(Q’)

and Pu € Ag’a(Q’), then u € AgH?Q(Q) and

lulag,,, . < C (IPullag o) + lullag @)

for some constant C' independent of u, Q and . ”

We observed in Section 2.1 that g, is asymptotically hyperbolic (hence
conformally compact) for ¢ — +o00. Therefore (M, g) := ([-5,+00), gan) is
conformally compact (with boundary). We can therefore consider on (M, g)
the weighted Banach spaces Ai o(U) introduced by Graham and Lee for
every open subset U C M. As remarked in [9, Definition 2.2 and follow-
ing remarks], these spaces correspond to C55}“’0‘(U, gan) of this text and the
respective norms are equivalent. With the choice Q = £ and ' = &', the
proof of the lemma would descend from the result of Graham and Lee re-
ported above if the operator P = A —n falls inside their definition of elliptic
degenerate operators. Those are operators whose coefficients obey to some
growing condition depending on the boundary defining function, the pre-
cise definition can be found in [41, pag. 209]. The same authors (see [41,
pag. 212]) prove that the operator A —n is elliptic degenerate, so the result
follows. O

3.4.2 A priori estimates

We are ready to prove Proposition 3.7. Actually the only point to be shown is
the uniform estimate (3.14), in fact the involved operator is an isomorphism
by [41, Corollary 3.11] or [9, Lemma 4.2 with £ = n| for 0 < § < n. We
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will prove (3.14) by contradiction. Suppose by contradiction that for every
j € N there exists (g5, uj, fj) € RY x €*(M, he;) x € (M, he;) such that

(1) €5 = 0, as j — +o0;
(i) (A, —n)uj = [, Vj € N;
(1) gl aas, y = 1, V5 € N
(1v) Hfj”%g’a(M,th) — 0, as j — +oo.

The proof then proceeds as follows.

Step 1: We show that up to subsequence |lu;ll42.0(x,g) — 0 as j — +oo with
the help of the Liouville-type result obtained Lemma 3.8 and the in-
terior Schauder estimates (Lemma 3.10);

Step 2: We show that up to subsequence HUJ'H%Q,Q(S o) 088 J = F00 with
s sgah

the help of the Liouville-type result obtained in Lemma 3.9 and the
weighted Schauder estimates (Lemma 3.12);

Step 3: Finally we use the previous two steps and the Schauder estimates for
the cylinder (Lemma 3.11) to show that also [u;l[¢2.avg,,) — 0 as
Jj — 400 (up to subsequence) and we get a contradiction with (4i7).

It is useful to introduce the following open subsets of M
K' = {s < 4}, & ={t > -4}, N ={|r| < —loge — 1}.

These subsets extend (respectively) K, £ and A by a unitary length and
will be used to apply the interior estimates. Clearly all the preliminary
observations, such as Lemma 3.6, obtained in the previous section for I, £
and N adapts to K', £ and N’ as well.

Step 1: We are going to show that up to subsequence

<g2,a(K’g) - 0 (318)

li j
;N

Consider the compact subset {s < 1}. From (i) it follows that

[wjllg2o(gs<1y,g) < 2

for j large enough. By Ascoli-Arzela, there is a subsequence of (u;) converg-
ing to some u") in €2({s < 1},g). Now look at this convergent subsequence
in the larger compact subset {s < 2}. Since [|u;||g2.a((s<2},4) 18 still bounded
independently of large j’s, there is a further subsequence converging to some
u® in €%({s < 2}, 9) and necessarily u(®) extends u!). We can iterate this
argument for

{s<1}c{s<2}c{s<3}cC...
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and so on. This produces a function u(°) defined on M such that for
every compact subset {s < ¢} C M there exists a subsequence of the u;’s
converging to u(>) in the €2({s < c}, g)-norm. Moreover, since |u;|, |9su;| <
2 in every compact subset {s < ¢} for j large enough, then [u(>)],]95u(>)| <
2 on M. We can also conclude that (A, — n)u(®) = 0, in fact this holds
in the strong sense on every compact subset of the form {s < ¢} passing to
the limit from (Ahsj —n)uj = f; and applying both (iv) and Lemma 3.3.
Then we can apply Lemma 3.8 and we get u(°®®) = 0. We have in particular
proved the existence of a subsequence (u;) converging to zero in ¢2(K’, g).
We apply Lemma 3.10 to this subsequence in K C K', getting

ujllg2eic,y) < C1 (I[(Ag = n)ujllgoaier gy + llujllzoner)) (3.19)

for some C7 > 0 independent of j. We know that ||u;l|zoxcy — 0 as
Jj — 400, on the other hand from Lemma 3.3 we also know that |[(Ag —
n)ujllgo.acr gy < 211 €0 (K e for large j’s, which tends to zero by (iv)
as j — +o0o. These last two arguments and (3.19) imply (3.18), and we are
done.

Step 2: We are going to show that up to subsequence

jEI—Poo ||uj||%2,a(5’gah) =0. (3.20)
This is the analogue of (3.18) in the manifold’s end € and the technique
we use is really specular. Consider the subset {—1 < ¢}. From (¢4) it

follows that Huj||%2,a({a <thga) < 2 for j large enough. By Ascoli-Arzela,

there is a subsequence of (u;) converging to some u(™V in 2({—1 < t}, gan)-
Similarly as in the first step, then one extract from this subsequence a further
subsequence converging in €2({—2 < t}, gan) and this argument is iterated
for

{-1<t}c{-2<t}c{-3<t}C...

and so on. As a result we get a function u(~°) defined in R x ¥ such that
for every subset {—c < t} there is a subsequence of the u;’s converging
to u(=>) in the €2({—c < t},gan)-norm. Moreover, since |ujl, |du;| <
2min{1,e %} in every subset of the form {—c < t} for j large enough, then
|u(=%)]|, [9;u(=>°)| < 2min{l,e %} on R x ¥. We can also conclude that
(Ag,, — n)ul~%) = 0, in fact this holds in the strong sense on every subset
of the form {—c¢ < t} passing to the limit from (Ahsj —n)u; = f; and
applying both (iv) and Lemma 3.4. Then we can apply Lemma 3.9 and we
get u(=2°) = 0. We have in particular proved the existence of a subsequence
(uj) converging to zero in 62 (£’, gan). By hypothesis (n —1)/2 < § < n, so
we can apply Lemma 3.12 to this subsequence in £ C &', getting

iz e gy < Co (10Aga = Wsllgoeer ) + lusllgoien)  (3:21)
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for some Cy > 0 independent of j. We know that |lujll4oey — 0 as
j — 400, on the other hand from Lemma 3.4 we also know that ||(Ag,, —
n)u; £ (€ gun) < 2||fj”‘6)§)’a(8’,gah) for large j’s, which tends to zero by (iv)

as j — +oo. Using these two considerations in (3.21), we infer (3.20), as
wanted.
Step 3: We are going to get the contradiction proving that

li ;
m_

R $20 (N geyr) = 0- (3.22)

It is not restrictive suppose that the u;’s satisfy (3.18) and (3.20), up to
take a subsequence. For every arbitrary constant 8 > 0 we can consider
the function +u; — 5. By construction (Ahgj —n)(fu; — ) =*f; +npfis
non-negative on N for j large enough since by (iv) it holds supy | fj| — 0
as j — 4o00. On the other hand +u; — 8 < 0 on ON’ by (3.18) and (3.20).
We can then apply the maximum principle to the strictly elliptic operator
Ahsj —n on N’ so that for every 8 > 0 there exists jo € N such that
Zu; < B on N’ for every j > jo. This means lim; o [|ujllgong.,) = O.
We want to improve this limit to the €% (N, geyl)-norm via Lemma 3.11.
Define a second-order elliptic operator £; in N by

Lj:= ¢?(Ah5j —n), ¢j(r):=c¢; (2 cosh (%))Q/n

By construction Lju; = qﬁ? fj. Since a direct computation gives

A + (n—1) tanh (%) 8, (3.23)

Ap. =02+
s &2 (2cosh (2£)) "

in A, then with respect to the variable p defined in (3.11) by p(r) = 1/¢;(r)
one has
£; = 02+ Ay + (n — 2) tanh (nr(p)/2) 65(r(0))9, — n ()2 (3.24)

The equation (3.24) was derived by (3.23) using that 8, = p9, and 9? =
£20p+p0,. We also define D(j) = p(—loge;—2) and D'(j) := p(—loge;—1),
so that

N ={lpl < D)}, N"={lpl < D'(j)}-

We can apply Lemma 3.11, getting
iz v gy < Cs (162 illg0nvr gy + i lo g ) - (3:25)

We claim that C3 does not depend on large j’s. In fact by Lemma 3.11 it is
sufficient to prove that:

e the quantities d(j) := D'(j) — D(j) can be bounded above and below
by positive constants independent of j (large enough);
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e the C¥%norms of the coefficients tanh (nr(p)/2) ¢;(r(p)) and ¢;(r(p))?
can be bounded uniformly in j.

It is easy to see that for large j’s one has e™2 < ¢j\(_1og5j_2,_1og5j_1) < 1.
In particular by Lagrange,

d(j) = p(—loge; — 1) — p(—loge; —2) = 1/p;(r")

for some r* € (—loge; —2,—loge; — 1), thus we have the uniform bound
for d(j). Notice that on the other hand

—loge;—2 dr +o0 dr 1
lim D(j) = lim — = / lim —
j—+oo j=+oo Jo ¢i(r)  Jo  (2cosh(nr/2))2/" jo+c g

is equal to 400, in particular it follows d(j) < D(j). Finally we have to
check that ¢;(r(p)) and tanh(nr(p)/2) can be bounded (uniformly for large
J’s) in N7 together with their first derivative in p. Since 9, = ¢;0,, then it
is sufficient to check that ¢;(r) and tanh(nr/2) can be bounded (uniformly
for large j’s) in {|r| < —loge; — 1} together with their first derivative in
r. This is trivial for the hyperbolic tangent, on the other hand one can
casily check that ¢; = ¢; tanh(nr/2), thus it is sufficient to notice that in
{lr] < —logej — 1} we have |¢;| < 1. This proves that the constant C3 in
(3.25) can be chosen independent of j. Using again that ¢; is bounded in
N’ uniformly in 7 with all its derivatives and using the absurd hypothesis
(iv), we have ||¢?fj||(bﬂ0,a(/\[/7gcyl) — 0 as j = 400. Also we have shown that
[ujllory — 0. These two results and (3.25) imply [|u;llg2.a(v g,y — 0 as
7 — +oo and we got the result.

3.5 Exact solutions

Now it is the moment to face the non-linear analysis. We want to prove the
existence of a solution v, of the Yamabe equation (3.8) satisfying

HUE”%;’“(MJLE) < Ce"

for some C' > 0 independent of . This is done via a contraction theorem.

3.5.1 Fixed-point method

The Yamabe equation (3.8) is equivalent to F.(v.) = v, where the operator
Fo: €% (M, he) — 6F (M, h.) is defined by

Flo) {<Ah€ —n) " (3Ra. + 14 Q(v), ifn=2
I (VRO (48;7‘_21) (Rp. +n(n—1)) (1 +v) + Q(v)) ifn>3.
(3.26)
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We recall that Ry, + n(n — 1) is compactly supported, so one deduces that
the operator F. actually maps ‘55k+2’0‘(M, he) into Cgf’a(M, he). The purpose
of this section is to prove that F. is a contraction on a ball of ‘Kék’a (M, he)
centred at 0 with radius proportional to €. By simplicity, we will show this
result for £ = 2, then one get the general result by elliptic regularity and
a bootstrap argument. The following lemma is a control of the quadratic
term.

Lemma 3.13. Let C > 0 be the uniform bound for (A, —n)~! given by
Proposition 3.7. The quadratic term Q: 5552’0‘(1\4, he) — ‘KS’Q(M, he) intro-
duced in (3.8), for § > 0, satisfies

1
10) = Q) gpqainy < 5617 = Wlzapuny  (327)

provided that x,y € ‘552’0‘(M, he) are close enough to 0.

Proof. We will prove something slightly stronger, namely that

1
1Q@) - QW) arny < 5612 = Wlgzein):

In virtue of the definition of this norm (see Definition 3.2), it will be sufficient
to check the validity of both the zero-order estimates

1
sup Q@) ~ Q)|+ 5w eQ(w) ~ QW) < g5lle ~ Ul gz, (3:29)

and the first-order estimates

sup |V (Q(z) — Q¥))lg +sup [V, (Q(z) = Q(Y))|ge+
K N

. . (3.29)
+supe Vo (Q(2) = QW)lgan = J7lle = ¥lig2e sy

Notice that by construction the operator @ is defined as Q(u) = g o u, with
q: R — R given by

n(n4—2) (1 + x)% _ n(n4+2)x _ n(n—2)

1 in dimension n > 3.

e —2xr —1 in dimension n = 2,
q(z) =

Notice also that there exist ¢; and c¢o independent of & such that |¢'(z)| <
c1lz| and |¢”(z)| < cg if |z| < 1. Let us begin with the zero-order estimates.
For every p € K UN one has

Q) (p) = Q)(P)| = 1¢'(z") (z(p) — y(p))

|
< alz™[lz(p) — y()| < cr(|lz@)] + ly@))]z(p) — y(p)l,
(3.30)
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where by Lagrange x* lives between z(p) and y(p), so its modulus is less or
equal to the sum of |z(p)| and |y(p)|. Similarly, if p € £ one has

Q) (p) — Q) ()| < cres(€|z(p)] + e |y(p))e’ |z (p) — y(p)| (3.31)

by the same argument above and the fact that 1 < c3e®

independent of . So it follows (3.28) for ||z

in &, with c3

G2 (M,he)’ lly C2OMpe) =

(8Cc1(1+¢3))~!. Finally let us face the first-order estimates, separately for
K, N and £. Assume initially p € K and let (z!,...,2") = (s,0,...,0"71)
be local coordinates around p, where (6, ...,6"!) are local coordinates for
Y. With respect to these coordinates, by Lagrange we have

10:(Q(2))(p) — %(Qy ))( )| = 14'(2(p))diz(p) — d'(y(p))diy(p)]
< 1¢'(2(p))[0iz(p) — Dy(P)]] + |ld' (y(p)) — ¢ (x(p))]0iy(p)]
< 01!$(p)!\8i(x—y)(p)\ +1¢" (") |lz(p) — y()||9:y(p)|

(l0(z = y)(p)| + c2|z(p) — y(»)[0y(p)I-

Since 0; is the derivative which counts in the computation of our weighted
Hélder norms €K, g), we just proved in K it holds

<ealz

V(@) = Q) < e1 (I2llgzearpy + Wllgzenrnsy ) 12 = vllgzeqarn,
(3.32)

for some ¢4 > 0 independent of . Assume now that p € N and let
(1, ..,2™) = (p,0%,...,0" 1) be local coordinates around p. With the
same arguments of the compact case, we can deduce that in A it holds

Ve Q@) = QDo < 05 (1@l gz appy + IWllgzernppy ) 12 = llgzearny
(3.33)

for some ¢5 > 0 independent of €. Assume finally that p € £ and let
(w1, ... 2") = (t,0%,...,0" 1) be local coordinates around p. Similarly as
in the previous cases we have

'10,(Q(x))(p) — 0(Q ())(p)l=e§tIQ’(ﬂf(p))8ia:(p)—q’(y(p))&y(p)l
< e (z(p))[0iz(p) — Aiy(p)]| + €”|[d (y(p)) — ¢ (x(p))] Oy ()]
|

< c1e’|z(p)||0:(x — ) ()] + | (z*) [ |z(p) — y(p)||9sy(p)]
< c1cse”|x(p)[e’!10;(z — ) (p)| + cacse’|z(p) — y(p)[e™ Dy (p)].

From this inequality it follows that on &£ it holds

&
¥ (@) = Q1) < 6 ( 2o ) 12 = Yllgzeny

(3.34)

62 (M,he)
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for some ¢g > 0 independent of . Using (3.32), (3.33) and (3.34), we get
Sl]ép ’vg(Q(x) - Q(y>)’9 + S}\l/_p ‘vgcyl (Q<‘r) - Q(y))‘gcyl + Slg‘p edt’vgah(Q(x> - Q(y))’gah

< et (Iollgzapny + 19lg2erny ) 12 = vllgzemn,

for some ¢4 > 0 independent of €, and (3.29) holds provided to take HxH%ﬂz,a(M he)
5 sIe

and ||y||%ﬂz,a(Mh ) smaller then (8Cc7)~L. O
6 slte

Finally we can prove the main result of this section, in which it is essential
the role of Proposition 3.7.

Proposition 3.14. Fiz (n —1)/2 < § < n and o € (0,1). For small
e > 0, the operator F: ‘562’0‘(M, he) — ‘552’0‘(M, he) defined in (3.26) is a

contraction of a ball of ‘552’0‘(]\4, he) centred at 0 with radius proportional to

en

Proof. We set for convenience

%Rhs +1 in dimension n = 2,
@ —
: 4(727:21) (Rp. +n(n—1)) in dimension n > 3,

and b = 0if n =2 and b = a. if n > 3. Consider the ball

B, = {v e (M he) | v

G2 (Mohe) S P} )
for some p > 0. Due to Proposition 3.7 for every x € B, one has
~1
|Fe@)lg2ear ) = || (B0 = 1) 7" (e + bz + QL)

< Cllac + bex + Q(@)llogo.a ar .

<C Has + bs‘THcgg’a(M,hE) +C ||Q($)||<g§’a(]\/[,hs) .

%;’Q(MJLE)

Assuming p > 0 small enough, we can apply Lemma 3.13 with y = 0, so
that C' ||Q(z) ) < p/2. Then

€3 (M, he

1

1Fe(2) €3 (M,he) =0 Haa”‘ﬁf’o‘(M,hs) + 9F

for some C1 > 0 independent of . Here we used that |ja. + b-z| < ||ac| +
||bez||, the fact that ||z|| is bounded. Since a. is bounded in terms of " by
Lemma 3.2, we got

1F=(x)

1
w2 rn S 28"+ 50
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for some Cy > 0 independent of € and, as a consequence, F.(B,) C B, if
p > 2C%™. So we chose p := 2C%™ and £ > 0 small enough. We claim that
F; is a contraction of B,. Indeed for x,y € B, one has

[ () — Fe(y)

2o = ||(Br = m) 7 (B2 = 9) + Q@) - QW)
< Obe(r —y) + Q(x) — Qy) €% (Mhe)
< Cbe(@ = w)llgoearn.) + C Q) = Qg0 (rs )

€3 (M,he)

1
< Cse™ ||z — y”fgga(M’hE) + 9 |z — y”fg(?’a(M’ha) .

In the previous inequality we used again Proposition 3.7, Lemma 3.13 and
the bound for b, given by Lemma 3.2. We got the thesis if € > 0 is small
enough. O

3.5.2 Estimates of the solution

As a consequence of the previous section, the solution v. of the Yamabe
equation (3.8) satisfies

lvellgzerp, < Ce" (3.35)

for some C' > 0 independent of small €. More generally, with the same
arguments of the previous sections one could prove that for every k € N
there exists C' > 0 such that

< Cen,

||U€ (ff’a(M,hE)

however the case k = 2 is enough to proceed. Actually, it also could be
proved that v, is smooth in ¢ as well, since the contraction F. depends
smoothly on this parameter. In this subsection we want to explicit the
meaning of (3.35) focusing on the derivatives up to the second order. As
usual we have to distinguish the three distinct regions of M = K UN U &
introduced in Section 3.3.

e For every p € K, the control (3.35) implies

[0=(P)], V302 () g: V502 (D) 3. [05ve (0), [V gOsve (), |05 ve| < Cre™

for some C > 0 independent of p and e. It was sufficient to apply the
definition of the involved norm and the boundedness of e° in K.

e For every p € N, the control (3.35) implies

[0:(P)], IV gv= (0) g, V502 (D)5, 10pve (D)1, [V gDy (p) g, [0 ve | < Coe™
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for some Cy > 0 independent of p and . It was sufficient to apply
the definition of the involved norm. In terms of the variable r, using
(3.11), it holds

ve(p)], [Vgve(p)g, [VE0e(p)|g < Cse™
|37-U5(p)|, |v§8rvs(p)|§ < 03571,—1 COSh?Z/n(nr(p)/2)
1820.| < C3e™ 2 cosh™ /" (nr(p)/2)

for some C3 > 0 independent of p and €.
e For every p € &, the control (3.35) implies
|Us (p) |7 e—t(p) ‘vgjva (p) |§a e_Qt(p) |v§UE (p) |§ < 045ne_6t(p)

|0rve(p)], e =P |V g0ve (p) |5 < Cac™e™2HP)
|02, | < Cyeme=0t®)

for some Cy > 0 independent of p and e. It was sufficient to apply the
definition of the involved norm.

The estimates above will play a central role in the next section, where we
will construct a CMC foliation for the ends of (M, g.). More generally, the
arguments above can be used to show that for k1, ko € N it holds

supy ’ngl)(?f?vg’ = 0(e")
Sup cosh2k2/"(nr/2)V§kl)8§2v€

Supg ‘e(‘s—kl)tv(gkl)af%g = 0(e").

= O(e"k2)

3.6 Local CMC foliations

The aim of this section is to prove Theorem 3.1-(4). In the previous pages
we built on (M, g) a family of metrics {g.}., defined for small € > 0, with
constant negative scalar curvature. Each g. is a conformal perturbation of
the approximate solution h. defined in (3.2) and we were able to show the
points (1), (2) and (3) of Theorem 3.1. Now we want to show that every
end of g. is foliated by a family of weakly stable CMC hypersurfaces (the
definition of weakly stable hypersurface is at the end of this introduction),
analysing the possible values of the mean curvatures as well as the area of
the minimal leaf belonging to this foliation.

Since this problem only involves the ends of (M, g.), we will assume for
simplicity that through this section

M = (loge +2,4+00) x X.

We recall that
ge = e*U=h,, (3.36)
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where h. is the model metric defined by
2/n
he = dr* +2¢°(r)g, with  ¢(r) := (2 cosh (%)) , (3.37)

and (X, g) is a compact manifold with vanishing scalar curvature. We defined
the function u. by

oM = (14 0)n?, ifn>3 and  wei=uv., ifn=2 (3.38)

Here v, is the function constructed in the previous sections, which is smooth
and, in virtue of what we observed in Subsection 3.5.2, satisfies

<< n.

n
HUEHfQ’O‘(M he) < Ce", for some
) ’

In particular the above estimate implies that, in terms of u., for every real
number § € ((n—1)/2,n) there exist C1,Cy > 0 independent of  such that

sup |tue| + |V g telgey + |v52ky1“s|gcy1 < Che™, (3.39)
(loge+2,—loge—2)x %
where gey1 = e 2¢72(r)h. is the cylindrical metric already introduced in
(3.11), and
sup d(rtloge) (]u5] + |V teln, + \Vzgua\hs) < Cae™.  (3.40)

(—loge—3,40)xX

The main result of this section is actually stronger then Theorem 3.1-(4).
In fact we are going to prove the following Theorem 3.15. We recall that
the mean curvatures are computed with respect to the unit normal vector
pointing toward the infinity.

Theorem 3.15. Let (X, g) be a compact Riemannian manifold of dimension
n—1,n>2 Let (M,g:) = ((loge +2,400) x £, ¢g.) be defined by (3.36)-
(3.37) and assume it holds (3.39)-(3.40). Then for every R > 0 there exist
er > 0 and Cr > 0 with the following property:

(i) For every e € (0,er) and for every p € [loge + 3, —loge + R| there
exists a function V(- ; ¢, p) € €>*(%,g) such that

S(e.p) == {(p+ (B2, p),0) | 6 € 2}

is an hypersurface with constant mean curvature equal to (n—1) tanh(np/2)
sitting inside (M, g.);

(13) The hypersurface S(e, p) belongs to a small neighbourhood of {r = p},
since it holds

||w(';57,0)||<g2(27§) < CRgn_l; (341)
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(4ii) The family {S(e, )} pefloge+3,—loge+r] PTovide a weakly stable CMC
foliation of a compact subset of M;

(iv) The area of the minimal hypersurface S(g,0) is comparable to "1,

meaning that there exists ¢ > 1 depending only on n and Areag(X)
such that
¢ te"t < Area, S(e,0) < ce™ L

Moreover, there exists Ry > 0 depending only on (2, g) and the constant Cy
of (3.40) such that if R > Ry then:

(v) The foliation above can be uniquely extended to a weakly stable CMC
foliation {S(e,p)}p>10gc+3 of the whole end, whose leaves’ constant
mean curvatures increase towards the infinity and tend to n — 1.

REMARK 3.4. Notice that in Theorem 3.15 all the hypersurfaces S(e, p)
are automatically included in (loge + 2, +00) x 3 if it holds (3.41), provided
that e is small enough. Notice also that the mean curvature of S(e, p) for
p =loge + 3 tends to —(n — 1) as ¢ — 0 in according to Theorem 3.1-(4).

REMARK 3.5. We emphasize that in the theorem above we do not require
ge to have constant scalar curvature. In this sense, this theorem is more
general then the setting of Theorem 3.1, where g. is the metric obtained via
a conformal transformation of h. imposing that the scalar curvature equal to
—n(n—1). In fact it is sufficient to consider any conformal perturbation of h.
satisfying (3.39)-(3.40) in order to guarantee the existence of a CMC foliation
of the ends. Differently, it will be necessary to assume R,. = —n(n—1) when
we will prove the Riemannian Penrose inequality (Section 4.3).

Before proving the theorem above, we recall the notion of weakly stable
foliation for the reader’s convenience.

Weakly stable hypersurfaces

An hypersurface S embedded in a Riemannian manifold is called weakly sta-
ble if the second variation of the area of S under volume preserving variations
is non-negative. Equivalently, we give this analytic definition:

Definition 3.3. Assume that S is an oriented hypersurface in a Rieman-
nian manifold (M, g) such that M \ S has a unique unbounded connected
component. Let v be the unit normal vector pointing toward the infinity
and II(X,Y) = —(VxY,v) be the second fundamental form of S C M. The
operator

Ls := Ag + Ric(v,v) + |IIJ?

is called Jacobi operator of S. A constant mean curvature hypersurface S
is called weakly stable iff [ Ls(f)fdS < 0 for every f € €>(S) with

Jg 1dS =0.
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3.6.1 The model case

In this subsection we show that Theorem 3.15 easily holds replacing g. by
the model metric h., which is the case u. = 0. Consider the hypersurface
S = {r = p} in the model manifold

(M, he) == (R x %, dr? + £2¢%(r)g),

where (3, ) is compact manifold of dimension n—1 and ¢(r) := (2 cosh(nr/2))*".

As p varies in R the hypersurfaces {r = p} provide a foliation and by Lemma

5.4 the mean curvature of S is constant and equal to (n — 1)¢~1(p)d(p) =

(n — 1) tanh(np/2), computed with respect to the unit vector field v = 0,.

In particular there is a unique minimal leaf (for p = 0) and it is easy to
2(n—1)

compute its area, which is equal to 27 » Areag(E)E"_l. Let us check

that S is weakly stable. On one hand, it is easy to compute the Lapla-
cian Ag = e72¢2(p)A;, on the other hand by Proposition 5.1

Ric(v, v) = ”("2_ D <” - 2 fanh? (%) - 1)

while by Lemma 5.4 the second fundamental form of S is II = 52¢(p)<]5(p)g
and therefore

n
11> = (n — 1) tanh? (g) .
By summing the last results we get the Jacobi operator of S given by
(n—1) 1
2 cosh?®(np/2) (3.42)
=297 (p)Ag — 2n(n — 1)¢™"(p).

For every f € €°°(X) with vanishing mean value

Ls=e2¢"%(p)A; — i

/ Ls(f)f = - / 2672 () [V 2 — 20(n — 1)~ (p) 12 < 0
S S

simply integrating by parts, therefore S is weakly stable.

The idea of the proof of Theorem 3.15 is to prove an analogue of the
model case above for the conformal perturbation g.. More precisely, the
proof will be divided into two parts: we need to consider separately the
construction of the CMC foliation in a compact part of the manifold’s end
(which is faced in this section), namely points (i)-(iv) of Theorem 3.15, and
the construction on the infinity of the end (which is faced in the next),
namely point (v) of Theorem 3.15. The necessity of dividing the proof
in these two cases has already been discussed by Ambrozio in a similar
setting (cfr. [5]), where he constructed a weakly stable CMC foliation for
perturbations of asymptotically anti-de Sitter spaces.

Here is how the next subsections are organized in order to prove Theorem
3.15, except for the last point which is obtained in the next section.
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e In Subsection 3.6.2 we follow the idea of Ambrozio [5] to product CMC
hypersurfaces with the Implicit Function Theorem. This approach has
the advantage of being short and does not require too computation, it
has also the advantage of simplifying the proof that the these hyper-
surfaces provide a foliation as well as that each leaf is weakly stable.
However, with this approach we are not able to conclude the estimate
(3.41) about the location of the leaf with prescribed mean curvature.
This estimate describes how well the CMC foliation of g. approximate
the CMC foliation of the model metric h. for small £ > 0.

e For this reason we will build the same CMC foliation with a differ-
ent method. Precisely we reduce the problem to solving a fixed-point
problem. In Subsection 3.6.3 the construction of the leaf of mean cur-
vature equal to (n—1) tanh(np/2) is reduced to prove the convergence
of an iterative scheme of the form

L(e, p)[xj11] = €°6°(0)Q(zj; ¢, p) + E(xj; ¢, p),

where L(e, p): €%%(2,g) — €%%(%, g) is a linear elliptic operator in-
ducing an isomorphism between Hélder spaces, Q(-; ¢, p): €2%(X, g) —
€%(%, g) is a quadratic term and E(-;¢, p): €%%(2,g) — €%, g)
is an error term depending on the conformal perturbation wu,;

e The Subsections 3.6.4, 3.6.5 and 3.6.6 contain some preliminary results
about the operators E, L and () respectively. Those results trigger the
iterative scheme, which is proved to converge in Subsection 3.6.7. In
this way we are able to prove the points (i) and (i7) of Theorem 3.15.

e In Subsection 3.6.8 we deal the weak stability of the leaves, proving the
point (i7i) of Theorem 3.15. Finally in Subsection 3.6.9 we compute
the volume of the minimal leaf, proving the point (iv) of Theorem
3.15.

Throughout these subsections we will make large use of (3.39), while (3.40)
will be crucial in the next section, concerning the unique extension of the
foliation to the infinity.

3.6.2 Local existence

In this subsection we follow the implicit function approach of Ambrozio [5]
to show the existence of a weakly stable CMC foliation on a compact subset
of the end of the Riemannian manifold (M, g.). With this method it is easy
to prove the weak stability, however a precise information about the position
of the single leaf is missing. Such a control, as mentioned before, will be
achieved in the next subsections.
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Let I be a compact neighbourhood of [loge + 3, — loge + R], for instance
we can chose
I =[loge+3—1/2,—loge + R+ 1/2].
For every u € ‘55270‘(M, he), for every o € I and for every x € €%%(X), let
us denote by H(o,u,z) € €%%(X) the mean curvature of the hypersurface
{r = o + o} with respect to the metric e?*h. and the unit normal vector
pointing toward r = +00. By Lemma 5.4 one has

u(o+z,) _ -1 . Vz (n — 1)4'5(0 + )
e H(o,u,x) ¢ (o + x)div <\/¢2(0+x)+|Vx\2) Jo o 1 2) t VP

oru(o +x,) — ¢ 2(0 + z)(Vu(o + z,-), V)
V1+¢72(c + )| V|2

+(n—-1)
(3.43)

as equality on X, where all the geometric objects refers to g. Consider now
the Banach spaces of functions

A= {x € EH(%) s.t. ][Ex = 0}
B:= {y € 6 (%) sit. ][Ey = },

and define the C'-operator

and

®: I x6(M,h.) x A— B (3.44)

by ®(o,u,x) = H(o,u,z) — 5, H(o,u,x). Observe that ®(o,u,z) = 0 if
and only if {r = o0 + z} is a CMC hypersurface with respect to e?“h.. In
particular ®(0,0,0) = 0, as we noticed in Subsection 3.6.1. Let us verify
that D;®50,0): A — B is an isomorphism for every o € I, so that it is
possible to apply the Implicit Function Theorem. Since v has mean value
equal to zero, a direct computation gives

Dw(I)(J,O,O) [’U] = %E}% %(CD(O—a 07 tU)—(I)(O', 0> O)) = 5_2¢_2(0)Agv—2n(n—1)¢_” (0’)1},

which is an isomorphism from A to B as mentioned. By the Implicit Func-
tion Theorem there is a Cl-application x(o,u) € A uniquely determined
by the equation ®(o,u,z(o,u)) = 0 in a neighbourhood of (¢,0,0). By
compactness of I, we can assume that x is defined in I x U, where U is
a neighbourhood of 0 € ‘552’Q(M ,he). Here is the crucial point where the
following argument can not be applied to the whole end of M but we have to
consider a parameter p bounded above. By construction, the hypersurface

S(u,0) :=={r =0 +xz(o,u)}



CHAPTER 3. COMPLETE HYPERBOLIC METRICS WITH FUNNEL-LIKE ENDS37

has constant mean curvature with respect to e?“h., but we do not know
its value and in general it may not coincide with (n — 1) tanh(no/2), which
is the mean curvature of {r = o} in (M, h:). Now we choose u = u. as
in the hypothesis of Theorem 3.15. Due to (3.39) and (3.40), for small ¢,
depending on [ thus on R, the set I x {u.} belongs to the domain of x. We
claim that the hypersurfaces S (ue, o) provide a weakly stable foliation of a
compact subset of M as ¢ varies in I. In order to prove that it is a foliation,
it is sufficient to check that for small € one has

Oy (0 + x(o,ue)) > 0. (3.45)

By continuity, this hold if d,(c+ (¢, 0)) > 0, which is trivial since z(c,0) =
0. Similarly, we can conclude that S(ue, o) is weakly stable up to restrict ¢
again. In fact in Subsection 3.6.1 we proved that

N G — 2 N
L, Fstoo D48 < ~clf s oy

for every f € €°°(5(0,0)) with zero average and some constant ¢ = ¢(n, R) >
0. By continuity it holds

L; dS <0
[é’(a,ua) S(Uvua(f)f B

for small €, and the claim follows. Up to now, we constructed a local weakly
stable CMC foliation but the leaf S (ue, o) may not correspond to the hyper-
surface S(e,o) with constant mean curvature equal to (n — 1) tanh(no/2)
announced in Theorem 3.15. In the next pages we will build the CMC
hypersurfaces {S(¢, p)} pe[log e+3,— log e+r] and we will use this subsection to
prove that they are a weakly stable foliation.

3.6.3 Iterative approach

Conformally to the assumption of this section, we consider the manifold
M = (2+loge, +00) x ¥ and the metric g. defined by (3.36). Let ¢: ¥ — R
be a regular function and assume that the hypersurface {r = p + ¢} is
included in (M, g:). Then by Lemma 5.4 the mean curvature Hy_ of this
hypersurface, which clearly depends on p and v, is given by

H

oo Ortie(p £+, ) =267 (p + ) (VY, Vue(p + ¢, )
V14267200 + )| VY]

+(n—1)

)

(3.46)
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where

L | Vi
H, =—-¢ ¢! d
C W(%a%?(pw)ﬂw\?)

(/0)(p + )
V1+e202(p+¥)|[Vy[?

is the mean curvature of {r = p + ¢} with respect to (M, h.). As usual
the geometric quantities are computed with respect to g. We recall that all
the mean curvatures are computed with respect to the unit normal vector
pointing toward r = 4o00. In view of (3.46) and (3.47), the hypersurface
{r = p+v} has constant mean curvature equal to H(p) := (n—1)(¢/¢)(p) =
(n — 1) tanh(np/2) if and only if F(¢);¢, p) = 0, where

Fls2,p) =~ 15 =262 1+ G)VOP (Hy, — H(p))

(3.47)

+(n—1)

Notice that H(p) is precisely the mean curvature of {r = p} in the model
manifold (M, h.). In what follows we explicit the equation F(i;¢e,p) = 0
and we rewrite it in a smarter way with the purpose of applying a fixed-point
method to solve it. After using (3.46), we explicit Hy_ in

F(¥;e,p) = —/1+e 207 2(p+ ¢)|VY|2Hy,
—(n=1) (uc(p+1,-) —e 202 (p+ )V, Vue(p + 1, )))
+ e (P /T 4 62972 (p + ) [ VY[ 2H (p)

expending the divergence term. This gives
F(¢ie,p) = e 20 2 (p+ ) Ay

et (ot ) Hessy(Vi), V)

1+e72¢72(p + )| V|2

o (6/6)(p + )|V
— e T e 1 VT

—(n—1)(¢/8)(p + )
—(n—=1) (Qruc(p+v,) —e 2372 (p+ ) (V, Vue(p + 1, )
+ T+ e 72072 + ) [VYPH ().

We want to linearise each line of this expression at ¢y = 0 up to the first
order, except for the two last lines which involve u. and will be treated later.
This makes sense since ¢ = 0 provides a solution in the model case u, = 0.
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Notice that the second and third line are quadratic in ¥. So we get

F(ie,p) =e 26 2(p) A% + 72 (¢ 2(p+ ) — ¢ 2(p)) AY
A Hessy(V, V)

R ARG e72972(p + )| VY[
o, (8/6)(p + ¥)|V|?
eI G IvIP
— (n=1)(¢/8)(p+ ) + H(p) + 2n(n — 1)¢™"(p)y) + H(p) — 2n(n — 1)¢" (p)¥
—(n—1) (arus(p +,) — 5_2¢_2(p + )V, Vue(p + 9, )>)
+ eI e2672(p + ) [VYPH (p).

which is reorganized as

F(ipie,p) = e 26 2(p) A — 2n(n — 1)¢" (p)y)
+e 2 (¢ 2 (p+1p) — o %(p)) A
. Hessy(V, Vi)
IS vep
o, (6/8)(p + ¥)| V1|2
—e o o) +e2072(p+ )| V|2
— (n—1)(¢/8)(p+¥) + H(p) + 2n(n — 1)¢~"(p)p
+(n—1)e 20 2(p+ ) (Vih, Vue(p + ¢, )
- (n - 1)8rue(p + 1, )
+ T4 e72672(p + ) [VEPH (p) - H(p).

In this way the first line is linear in v, from the second to the sixth line we
have terms quadratic in v, while the last two lines are not quadratic in
but can be rearranged so that they are negligible for u. close to zero. Indeed
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we can write
Fiviz.p) = (7207200 2000 - 06" (5) )

+ (6—2 (02 (p+ ) — 0 %(p)) A
Hessy)(V1), Vi)
1+e2¢2(p + )| V|2

o (6/9)(p + )|V
—e7 2(P+¢)1+a—2¢‘2(/}+¢)|w”2

—(n—1)(¢/9)(p+¥) + H(p) + 2n(n — 1)¢" " (p)vp
+ (n = 1)e 2% (p+ V)V, Vue(p + 9, -))

O () (T e 2 BV - 1)

—e Yo7 (p+ )

4 ((eug(pJﬂ/J:') —1)H(p) — (n—1)0vus(p + 1, -)>.

The advantage of the formula above is that now F(¢;e,p) = 0 can be
equivalently written as

e 20 2(p)L(e, p)[W] = Q(hie, p) + €22 () E(¥s ¢, p), (3.48)
where:

e We introduced the linear operator L(g, p) of the second order defined

in (X£,g) by
L(e, p) :== A — 2n(n — 1)e2¢>"(p). (3.49)

Notice that e 72¢~2(p)L(e, p) is precisely the Jacobi operator computed
in Example 77;

e We introduced the operator

Qie,p) i =—e2 (¢ 2(p+ ) — ¢ 2(p)) Ay
a4 Hessy(V, V)
R s e v T
o ' V|2
st o0 St i
+(n—1)(¢/)(p+ ) — H(p) — 2n(n — 1)¢ " (p)p
— (n =126 2(p+ V) (V, Vue (p + ¢, ))

— eI H(p) (V14726720 + ) [VHP - 1)
(3.50)

which is quadratic in ;
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e We introduced a last term E(1;e, p) defined by

E(se,p) := £2¢%(p) (_@%W,.) —1)H(p) + (n — 1)druc(p + 1), -))

(3.51)
which depends on % but is not quadratic in 1. It has the advantage
of being small if u. is close to zero. Notice that F'(0;¢, p) is equal to
e2¢02(p)E(0;¢, p), therefore we will usual refer to E(v;e, p) as the
error term.

We want to build a solution ¢(-; ¢, p) of F(u;e,p) = 0 through the iterative
scheme
xro = 07

Lie 1] = 26%(p)Qaj32. p) + Elajie, p).

To do that, we need some preliminary analytical estimates about the error
term E(-;e,p), about the linear operator L(e, p) and about the quadratic
remainder Q(-;e, p). The constant appearing in the estimates for @ and F,
as we will see in the next, can not be found independently of R. Therefore,
as well as in the approach of Ambrozio, also our method does not work for
constructing a CMC foliation of the whole end at once, but we need another
argument to extend it to the infinity.

(3.52)

3.6.4 Control of F
The operator

E(b5,p) = (n = 1262 (p)0yus(p+ ¥,) — H(p)e*6(p) (e-0+0) 1)
(3.53)
involves the function wu. defined in (3.38) and satisfying (3.39)-(3.40). In
particular for every (n — 1)/2 < § < n there exists C' > 0 independent of
small € > 0 such that

sup sup |ue| + |Vue| + |[V2ue| < Ce™, (3.54)
re(loge+2,—loge—2) X

where the geometric quantities are computed with respect to gey1 = e 2072(r)he,
and
sup  supe” (|ue| + |Vue| + [VZu.|) < Ce™, (3.55)
te(—3,400) X
where the geometric quantities are computed with respect to dt? + e*g,
t = r +loge. The following lemma contains two property of u. descending
from (3.54) and (3.55), stated in the setting as they will be applied.

Lemma 3.16. Let (X,g) be a compact Riemannian manifold of dimension
n—1,n > 2. For every R > 0 there exister > 0 and C' > 0 with the following
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property. For every e € (0,egr) and for every function u.: (loge+2,+00) —
R of class €* satisfying (3.54) and (3.55), one has

ue(r, g2y < Ce™  and  [|Oruc(r, )¢ (s) < Cen! (3.56)

for every r € (loge + 2, —loge + R+ 1).

Proof. In this proof (§,...,6" 1) will denote local coordinates for ¥ and
azi will be denoted by 0;. It is useful to separate the proof for r € (loge +

2, —loge — 2) and then for r € [—loge —2,—loge + R+ 1). Let us begin
assuming r € (loge 4+ 2, —loge — 2). In this case we introduce a new coor-
dinate p = p(r) by p(0) = 0 and e~ '¢~(r)dr = dp. With this notation we
have gey1 = dp? + g and (3.54) implies

‘ua‘a ‘81'“6‘7 ‘8iajus|7 lapu5|7 |8i8pua‘ < Che™

for some C; independent of € and r. Since 0, = E‘lcb_l@p and since ¢!
is uniformly bounded, we got (3.56). It remains to consider the case r €
[~loge — 2, —loge + R + 1), namely t € [-2, R + 1). Since in this case e’
can be uniformly bounded in terms of R, then (3.55) implies

e, [Osue, |8¢3ju5|, |Osuc|, |0;0pue| < Coe™
for some C independent of £ and r. Since 0, = J;, we got (3.56). d
As a corollary, we have the following result.

Lemma 3.17. Let (X,g) be a compact Riemannian manifold of dimension
n—1,n > 2. For every R > 0 there exist ecg > 0 and Cr > 0 with the
following property. For everye € (0,eR), for every p € [loge+3,—loge+ R]
and for every 1 € €*(X) satisfying 1¥]l2.00zy <1, one has

IE(;e, p)llgr(sy < Cre™t,

where E(;¢e, p) is the operator defined by (3.53) with respect to a function
ue satisfying (3.54) and (3.55).

Proof. Since by definition

Bizz.p) = (0~ DE()uelp + ) — H(p)d(p) (e 1)

it is sufficient to apply the previous lemma noticing that p 4+ v lies between
loge +2 and —loge + R+ 1. O

REMARK 3.6. We recall that the next goal is to build a solution ¥(-;¢, p)
of Theorem 3.15 via the iterative scheme (3.52). Due to the previous lemma,
one can heuristically guess why estimate (3.41) should hold. In fact ¢ has to
solve F'(1;¢e,p) = 0 and by the estimates of this subsection it is possible to
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show F(—ce" 1e,p) < 0and F(es" e, p) > 0 for some ¢ > 0 independent
of p and e. In other words, the constants —ce™ and ce™ provide respectively
a sub-solution and a super-solution for our problem. This seems to justify
the control of the exact solution in (3.41). However, we will obtain this
estimate with the iterative scheme.

3.6.5 Control of L

In this subsection we study the linear operator L(e, p) defined in (3.49). It
is easy to see that in general it is not possible to have C' > 0 independent
of € such that

[z]|42.0 < Cllyllgo.a,

whenever L(e, p)[z] = y. To see that, it is sufficient to take z = 1 and £ — 0.
However, a similar bound can be obtained replacing =z by x — fz T.

Lemma 3.18. Let (X,g) be a compact Riemannian manifold of dimension
n—1, n > 2. Then there exists C > 0 such that for everyp € R and0 < e < 1
the second-order elliptic operator L(e,p): €>*(X) — €%*(X) defined by
(3.49) satisfies the following property. If x € €>%(X) and y € €%%(X)
verify L(e, p)[z] =y then

JZ‘—][LU
%

Proof. Assume to prove the next Lemma 3.19, then the thesis will follow
with

< Cllyllgo.a(s)-
@20(x)

k= 2n(n — 1)e%¢* " (p),

noticing that ¢>~" is uniformly bounded and so for ¢ < 1 we have k < kg
for some constant o depending only on n. O

Lemma 3.19. Fiz kg > 0. Let (X,g) be a compact Riemannian manifold
and consider the elliptic operator L, := A—k, for some constant 0 < k < Kq.
Then there exists C > 0 such that for every x € €>*(X) and y € €%*(X)
satisfying Lyx =y, one has

m—][;v
%

The constant C = C(kg) does not depend on x, y and k.

<Clly
©22(%)

cgo,a(z).

Proof. First, we recall that by compactness of ¥ and by the fact that k > 0,
the operator A — k induces an isomorphism from

{x € ¥ (D) sit. ]ém = 0}
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{y € (%) sit. ][ x = } .
>
Therefore it holds

l’—][l' y—][y
2 2

for some constant C1,Cy > 0 independent of x and y, but that a priori
can depend on k. We can assume w.l.o.g. that Areaz¥ = 1. Suppose
by contradiction that x; — 0, Ly,x; = y;, [|v; — fs z; g2a(x) = 1 and
[yjll%0.0(s2) —= 0. Up to subsequence x; — fy, z; — v in €. Now notice that

(A = rj) (@‘j —][E%’) =
Ly, (fﬁj —][E%) =Yt Hj][z j

and taking the mean integral

”vj][ T = —][ Y

> >

ffj][ z; S][ ;| < [ly;
> >

On the other hand, taking the pointwise limit of L, ;z; = y;, we get Av = 0.
By compactness of 3, the function v is constant. Moreover

Fomtnf - fa-o

$0 ; — s, x; — 0 in €*(X). Now let {€}, be a finite covering of open balls
of ¥ with fixed radius equal to (injrad¥)/4 and let {Q} }; the covering of
¥ such that € is the ball concentric with € but with radius (injradX)/2.
By the Schauder Interior Estimates there exists C > 0 depending only on

(X, g) such that
%Om;g) |

to

<C;

< G [lyllgo.a(s,
w2 (x)

%0, (x)

SO

zo.a(x) — 0.

.SC]' —][ .Ij
X 2o ()

§C<yj+f£j][xj a;j—][xj
s b

Taking the supremum over the covering, we get
1 = sup

:Iij —][ IL’]‘
{Q%} =

<C (H%’H%Oa(z) +

+
ggo,a(gk)

G2 (Q)

I-ij][ SC]'
b

+

l‘j][.rj
Y

(50(2))
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and we got a contradiction since all the terms on the right hand side tend
to zero as j — +o0. [

3.6.6 Control of @)

In this subsection we prove an estimate for Q(v; e, p). The following lemma
guarantees that if 1 € €>%(X) satisfies ¥]lg2.a0my = O(e" 1) and ||y —
fs ¥llg2.0s) = O(e"!) as e — 0, then one has [|Q(; €, p) lgo.a(syy = (")
as € = 0. Due to that we will be able to show in the next subsection that
the iterative scheme (3.52) converges.

Lemma 3.20. Let (3,g) be a compact Riemannian manifold of dimension
n—1,n > 2. For every R > 0 there exist eg > 0 and Cr > 0 with the
following property. For everye € (0,eR), for every p € [loge+3, — logs—i—R]
and for every ¢ € €*(X) satisfying ||¢|lg2.a(s) < 1 and || — f5 |20 <

€2, one has

v

1Q(; €, p)llg0.0(s) < Cr <5—2 1llqg2,0 (5 _][Ew

€2 (%)

+e- o) )

@20 (%)
where Q(; e, p) is the operator defined by (3.50).

Proof. In this proof we assume that (91,...,6""1) are local coordinates in
3. and we denote del by 9;. Also, the constants C1,Cy, ... appearing in this
proof are independent of v, € and p, but may depend on R. In order to
simplify the computation, we decompose Q(-;6,m) = Q1 + Q2+ -+ + Qs
with

Q1) = —= 2 (6=2(p+ ¥) — 672(p)) A,

44 Hessy(Vy, V)
Q2(¢) =€ ¢ (p_'_z/})l +€_2¢_2(P+¢)|V¢!27

(6/9)(p + )| Vi)|?
L+e72072(p+9)|VY|?

Qu(w) = (n = 1) (/) (0 + ¥) — (9/9)(p) — 206" (p)0)
Qs5(v) = —(n = 1)e ¢~ (p + )37 0 djuc(p + ¥, )

Q3(v) =20 (p+¥)

and

Qs(¥) = —(n = 1)(6/8)(p) (VI+ 226 2(p+ ) [VHP — 1) e,

with ¢(r) = (2cosh(nr/2))?/". Therefore it is enough to check the required
estimate separately for Q1,..., Qs.
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1) The €%*norm of Q1(%) can be uniformly bounded in terms of

e (p+4) — 2Pl sy 1A
By Lagrange

<go,a(2) .

672 (p + ) — 6 72(p)| = 2|6~ (W) (*)1)|

for some ©* pointwise lying between p + ¢ and p, whereas

1062 + p) — 6 2(p))| = 2|0 > ()P (¥) D).

As a consequence

1Q1(¥)]lgo.a(sy < Cre?||e
< Coe™?|lp

1) 1Al g0, (s
ﬂ—fw
b))

2) The €%“-norm of Q2(¢) can be uniformly bounded in terms of
e g™ (p+ D)o m) V2Bl go.0 sy IVEIZ 00 sy 1L+ 72672 (0 +9) [ V) !

which can be bounded in turn by
(1 +e2672(p + ) V)~

v fo
E llg0e(x:)
We get the thesis for ()2 if we show that

6™ (o) lgr(m) < G5 and  |[(1+e 267 2(p+ )| VY1) Y| () < Ca-
The first inequality follows from the fact that both
6~ (0 + 0)|

I

€2:0(%)

2 (x)

¢! (Z) )

3

e o (p+)

€ (D)

and

10:(6™ (o + 9))| = 4o~ (p + ¢) tanh(n(p + ) /2)0iv|

are uniformly bounded. Here we used [|¢[|2.a(s) < 1. The second
inequality follows from the fact that both

(1420 2(4) V) !
and
|0i(e7 202 (1) IVYI?)| 2|62 (p + ) tanh(n(p + ) /2)| e[ Ve[
+ ¢ 2(p + ¥)e2(0:* 99 0|
+2072(p+ ) 2§ Oy Or)|

are uniformly bounded. Here we used (1 + 5_2¢_2(¢)'|V2/)|2)_1 <1,
the uniform boundedness of the functions ¢=2(r) and (¢/¢)(r) = (n—
1) tanh(nr/2) and the hypothesis ||/ — s 9

2.
¢2.0(%) < g%
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3)

4)

9)

6)

Using as in the previous points the boundedness of the functions
¢~2(r) and (¢/¢)(r) = tanh(nr/2) (and derivatives) as well as the uni-
form boundedness of H(l + e*qu?(zp)\va)*lH%l(z), one concludes
that the €%%norm of Q3(1)) can be uniformly bounded in terms of
6_2||V¢H<25,07a(2). The hypothesis on ¢ then implies

w—ﬁ¢

If one set f(r) := (n—1) tanh(nr/2), then a simple computation shows
that

1Q3(<)

goo(x) < Cs

I

2.0 ()

Qa(¥) = flp+v) — f(p) — f'(p)¥

This means that @4 is nothing but the Taylor expansion of f(p + 1)
truncated to the first order. As a consequence, by Lagrange there
exists ¥* pointwise lying between p and p 4 v such that

Qa(¥) = (n = 1) f"(")y?
= —2n%(n—1)¢" " (" )p(y*)Y°.

Reasoning as in the previous points, we obtain
2
1Qu()llg0.0(sy < Collt]Zam sy

The €%“norm of Q5(1) can be uniformly bounded in terms of

e 2672 (p + ¥)lgo.0 () [V 0.0 () | Ve (p + 1, ) | 0.0 (53)-

By uniform boundedness of ¢~2(r) and derivatives we deduce

wéw

Since p+1 lies in (loge+2, —loge+ R+1), we can apply Lemma 3.16.
As a consequence [|Q4(¢)) [[40.«(x) is bounded in terms of || — f;, @Z)H%M(z);

1Qs5(¢)

—2
oa(x) < Cre

sup [[ue (7, ) l2(s) lr=p+y(0)
rg2,a(2) 1=

Since u. is bounded, since it holds (n — 1)|tanh(np/2)| < n — 1 and
since (\/1 +x— 1) < x for x > 0, then for sure

Qs(¥)| < Cse 267 2(p + ¥) |V,

which is bounded by Hw — fzwucgz,a(z) with the same arguments of
the previous points. Dealing with the derivatives, a direct computation
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shows that
5—20"3(p+P)p(p + ) IYIVOP
0 — 2 <(pt+by)
Us(v) VIt e 221 )IVOP
+ 572 2¢ (p + w) klallwakw 6U6(9+¢7')
V1+e 20 2(p+ )V
+ (VI 207200+ D)IVOP = 1) =00, (p+ 1, )00

+ (VIFE2 2+ G)VOP — 1) M 00(p+ ).

w—fw
5 llgzes)

+C'105_2||V¢||?%0(2)
+ Crie 2| Vllgocs
+C'125_2||V¢||?%0(E SUPH&”UE(?? e

This implies

Q6 (¥) lgo.a(sy < Co

()

+ Ci3e 2|Vl 50my SUPHUE( et =)lr=p+v6)

w—éw

The last inequality follows from the same arguments used in the pre-
vious points and Lemma 3.16.

< Cly

%’2,(1(2) ’

O]

3.6.7 Convergence of the Newton scheme

Now we are able to prove that the iterative scheme (3.52), that for simplic-
ity we report below in (3.57), converge (up to subsequence) to a solution
¥(-;¢e,p) of Theorem 3.15.

Proposition 3.21. Let (X,g) be a compact Riemannian manifold of di-
mension n — 1, n > 2. For every R > 0 there exist eg > 0 and ¢ > 0
satisfying the following property. For every e € (0,er) and for every p €
[loge+3, —loge+ R] the functions x;’s, j € N, given by the iterative scheme

{9”0 =0 (3.57)
L(e, p)[zj41] = €26%(p)Q(zj5¢,p) + E(zj5¢, ),

][l’jdV@
b))

satisfy

$j—][l‘jdV§
b

n+1

< ce and < e L (3.58)

%2,(1(2)
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Therefore, up to subsequence, x; tends to some function (-;e,p) € (%)
in €*(X)-norm, as j — +oo. Moreover it holds

]‘w—]éwdvg fvav,

and the hypersurface in (loge + 2,400) X ¥ given by

S(e,p) == {(p+(6:2,p),0) |0 € £}

has constant mean curvature equal to (n — 1) tanh(np/2) computed with re-
spect to the metric g. defined by (3.36) and the unit normal vector pointing
toward the infinity.

<" and <™t (3.59)

€2 (D)

Proof. In this proof it is useful to introduce z; := fz z; € R. The constant
C1,Cy, ... will be independent of €, p and j7 € N but may depend on R. We
also understand that all of the integrals and the Holder norms of this proof
are computed with respect to (X, g). First notice that for j = 0 the function
xo = 0 satisfies the two inequalities (3.58). We are going to prove (3.58) by
induction on j, but to do so we need the preliminary estimates (3.61) and
(3.62) to establish a good choice for ¢ and eg. The first non-trivial function
in the iterative scheme is 1 and is given by

L(e, p)[z1] = E(0s¢, p).

Taking the mean integral, since ¥ is close, we get

“2n(n = DG " (o) = f EOic.p)

By Lemma 3.17 it follows
‘i‘1| < Cl6n_1.

On the other hand, Lemma 3.18 implies
|21 — 531"%270(2) <C ||E(0§57P)||<ﬁ0ﬁa(z)

and by Lemma 3.17 we get

H.%'l — X1 ¢20(D) < 02€n+1.

We recall that both the constant which controls the error term and the
constant which controls the quadratic term depend on R and this is precisely
why we can not prove this result for p € [loge + 3, 4+00). By definition

L(e, p)[zj41] = E(zjie,p) + 20 (0) Q)3 €, p),

it follows immediately that

L(e, p)[xj11 — x1] = E(zj;e, p) — E(0s,p) + 20 (p)Q(wj5¢,p).  (3.60)
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Therefore if we assume that [|2; — Z;[ 4205y < € and ||z} 2.0(x5) < 1, then
from Lemma 3.17, Lemma 3.18 and Lemma 3.20 we get

[(®j41 — Tj1) — (21 — 1)
< C(|E(zj5¢, p)lg0.0(s) +
< 03 (8n+1 +52||55j

@2 (%)
E(0;e, p)lgoa(s) + £°6%(0)1Q(z53 €, p) lg0.0(s))

Zro +1Tjllg2allz; — Zjllgza + 2l@j — Zjllg2a)

while taking the integral of (3.60) one deduces similarly that

|Zj41 — 71
< (Cy (€n_1 + Hacj

720+ 2 |mjllg2allzy — Zllgre + |25 — Zjllgna) -

We have proved that it holds

= <C n—1
{'x”— i (3.61)

H.Ccl — :i’1||<,52,a < 06€n+1

and that if it holds |lz; — Zj||¢2.0xn) < €2 and [zjllg2.a() < 1 for every
7 > 1, then

1Zj1| < |21 — Za] + (24
<Cr (En_1 + ”.%3”2%»204 + 6_2H.1‘j ¢2.a + ||,1'j — -f'j
|zj+1 — Zjtillgze < |[(zj41 — Tjr1) — (@1 — Z1)|lg2e + (|21 — Z1][ 42
< Cg (€n+1 + €2ij %{»2,04 + H.le]

w2allzj — T w2a),

e+ 2|0 — Tjllg2a) -

(3.62)
The constants C',...,Cs do not depend on j since they do not depend on
the function ;. Now we can prove (3.58) by induction choosing ¢ = ¢(R) =
C5 + Cg + 2C7 + 2Cs and er > 0 small enough so that

w2allzj — T

202" 4 P23 4 32 4 ee? < 1.

In fact this guarantees |z1| < ce® ! and |71 — Z1[l¢20 < ce"t!, and if
we assume that (3.58) holds for j then it holds [|z; — Zjll42.a(x) < €* and
|2j|lg2.e(z) <1, and then

Zj41] < C7 ("' + ||z
C

F20 + € 2 zillg2allr; — Tjllgze + |lzj — Zjllg2e)

(gn—l _|_02(€n—1 +€n+1)2 —|—€_2C(€n_l +€n+1)cen+1 +C€n+1)

<

g1 (1 + 262 4 23 4 3%en Tl 4 662) < e L

o

Similarly we obtain

C
|Zj41—Tj 41l g2.0(m) < 55”“ (142" 1 4 2™ 4 3¢ + ce?) < et
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This proves (3.58) by induction. Then it is sufficient to apply Ascoli-Arzela
and, up to subsequence, r; — ¥(-;¢,p) in €3(¥) as j — oo and it holds
(3.59). Moreover, passing to the limit from (3.57), the function ¢ verify

L(e, p)[¥] = 20> (0)Q(¥s ¢, p) + E(W5 ¢, p)

and this is equivalent to say that S(e, p) has constant mean curvature equal
to H(p) = (n — 1) tanh(np/2) with respect to ge. O

3.6.8 Weak stability

Due to the convergence of the iterative scheme in the previous subsection,
we built hypersurfaces S(e, p) = {r = p+¢(-;¢,p)} in (M, he) with constant
mean curvature equal to (n— 1) tanh(np/2) satisfying Theorem 3.15-(3),(i7).
In this subsection we prove that it also holds Theorem 3.15-(4i7) and we will
make use of the arguments and notation of Subsection 3.6.2. First we notice
that since S(e, p) has constant mean curvature with respect to g. = e*“<h,,
then it holds

o (o Lotiepumitian - futien) o

By (3.41) and (3.39), up to reduce €r, we can suppose that the function
z(o,us) € €%%(X) introduced in Subsection 3.6.2 is defined for

afp+éwham,

for every p € [loge+3, —loge+ R]. But we know that the z = z(o, u.) is (lo-
cally) the unique €% (X)-function with zero average for which ®(o, u.,z) =
0 by the implicit function theorem. Since for small e the function % is close
to zero, then this implies

5.0 =8 (wep+ f wlien).

Namely, we showed that every single hypersurface S(e, p) coincides with a
leaf of the foliation formed by the S(ue,o)’s. This implies the weak sta-
bility for the S(e,p)’s. On the other hand two different hypersurfaces of
the S(e, p)’s can not correspond to the same leaf of the foliation formed by
the S’(ug, o)’s since they have different mean curvatures. Moreover S(e, p)
depends continuously on the parameter p, so we deduce that the S(e,p)’s
hypersurfaces provide a foliation of a compact subset of (M, h.), coinciding
with a part of the foliation constructed in Subsection 3.6.2, and the point
(7i7) of Theorem 3.15 follows.
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3.6.9 The volume of the leaves

In this subsection we prove Theorem 3.15-(iv), which is the estimate for the
area of the minimal leaf S(¢,0) in terms of €”~!. Notice that the volume form
of he can be obtained multiplying the volume form of g. by e™"<, therefore

|Area, (S) — Areay,_(S)] < <m§xx le™te — 1|> Areay_(S) (3.63)

for every hypersurface S. Using (3.39), in particular we deduce that
(1 —Ce")Area, (5(0,¢)) < Areag (S(0,¢)) < (1 + Ce™)Areay_(S(0,¢))

for some C' > 0 independent of €. Since S(0,¢) has zero mean curvature, it
is a local minimum for Area,, in a neighbourhood of {r = 0}. On the other
hand, by construction g. = e?“<h. and the hypersurface {r = 0} is a (global,
as we will see in the next section) minimum for Areay,_. This implies

(1 —Ce")Areay_({r =0}) < (1 — Ce™)Areay_(S(g,0)) < Areay (S(e,0))
Areay (S(e,0)) < Areay ({r =0}) < (1 + Ce")Areay_({r = 0}).

We just shown that Areagy_(S(e,0)) is comparable with Areay,_({r =0}). A

rapid computation shows that the last quantity is equal to QWAreag(E) en 1,
as we wanted to prove.

In dimension n = 3 this estimate on the area of the minimal leaf can be
improved with a sharper estimate, namely the Riemannian Penrose inequal-
ity of Section 4.3. Precisely, in this setting it will follow Areay, (S(e,0)) <
24/3 Areay (X)) £2.

3.7 Extension of the foliation to the infinity

In this subsection we will prove the delicate point (v) of Theorem 3.15. In
a similar situation, involving the construction of a CMC foliation near the
infinity of asymptotically Anti-de Sitter manifolds, Ambrozio [5] adapted the
mean curvature approach of Rigger [77] for the existence and the approach
of Neves and Tian [73] for the uniqueness. Differently, we will adapt a
variational approach.

Since we are going to study the infinity of (M, g.), it will be useful to
work with the coordinate ¢t = r +loge € (2loge + 2, +00). With this choice

ge = el h, = eus(tﬂ) (dt2 + eZt(l + Enefnt)él/ng) ,

for every (t,0) € (2loge + 2,400) x X. We recall that by the inequality
(3.40) we know that for every (n —1)/2 < § < n there exists C' > 0 such
that

sup  supe® (|uc| + |Vue| + [VZu.|) < Ce™, (3.64)
te(—3,+00) X
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where the geometric quantities are computed with respect to dt? + e?'g.
However, as it will be clearer in next of this subsection, it would be sufficient
that (3.64) holds for some 6 > n — 1 in order to guarantee the existence of
a foliation near the infinity of g..

Suppose that it holds the following lemma:

Lemma 3.22. Let (X, g) be a compact Riemannian manifold of dimension
n—1,n > 2. There exist T > 0 (large) with the following property. For
every € € (0,1) the manifold (2loge + 2,+00) X ¥ equipped with the metric

e2u5(t,6') <dt2 + e2t(1 + 6ne—nt)4/n§) ’

where uz is a smooth function satisfying (3.64) for some § > n—1, admits a
unique weakly stable foliation by CMC hypersurfaces {S(t,e)}y>7 such that
every leaf S(7,¢€) is the graph of the function t = 7+ x for some x € (%)
with zero average and ||x||g2.a(zy < 1. The (constant) mean curvature of
S(t,e), which is computed with respect to the normal vector pointing toward
the infinity, strictly increase ast — 400 and tends ton — 1.

Then it follows Theorem 3.15-(v). Indeed it is sufficient to apply the
lemma above to (M, g-) and then Theorem 3.15-(4),(i7),(i7i) with R > T and
¢ < min{eg, 1}. This causes an overlapping of the foliations provided by
these two mentioned results. By uniqueness, the foliation near the infinity
provided by Lemma 3.22 must be an extension of the compact foliation
provided by Theorem 3.15-(7),(ii),(iii), and the claim would follow. Hence
the aim of this section is to prove Lemma 3.22. The proof is so organized:

e First we fix a function € ¥>%(X) with zero mean value and we
compute the area V, .(z) of the hypersurface {t = 7 + x} with respect
to g. = eve(t:0) (dt? +e* (1 + 5”e*"t)4/”§), then we compare it with
the area W, .(z) of the same hypersurface computed with respect to
the model metric he = dt? + e?(1 4 e~ ")¥/1g:

e Then we check that = 0 is a regular minimum for W, .(z) and that
the convexity of W . at x = 0 does not degenerate as 7 grows;

e Then we observe that the operator V.. — W, . converges to zero as
T — 400 up to the second order, uniformly for bounded and positive
€5

e We use the previous convergence to deduce that V;. has a unique
minimum z(-;7,¢), so that S(7,e) = {t =7+ z(-;7,¢)} is the unique
hypersurface with constant mean curvature of the form {t = 7 + z}.
Finally we check that for large 7 the just built family of the CMC
hypersurfaces {S(,¢)}, provides the unique CMC foliation required.
In particular, we discuss why these hypersurfaces form a smooth folia-
tion, why they are weakly stable and why the mean curvatures of the
leaves increase toward the infinity and tend to n — 1.



CHAPTER 3. COMPLETE HYPERBOLIC METRICS WITH FUNNEL-LIKE ENDS54

3.7.1 Zero-order estimates

We will assume w.l.o.g. that Areag(¥) = 1. It is well known that a generic
hypersurface of type {t = 7+ x}, where z: ¥ — R is a regular function with
zero average, has constant mean curvature with respect to g. if and only if
x minimize the area functional relative to the metric g.. In the following,
we will set

he = di? + ME3(t)g,  &(t) = (142 ™)2/m

so that g. = e*“=h.. Notice that ¢ depends on e, however it will be clear
in the next computation that what counts is its convergence to 1 as t —
+oo uniformly for bounded and positive e. Let S = {t = 7+ 2} be an
hypersurface in (2log e +2, +00) x ¥ and assume z € ¢>*(3) with {5,z = 0.
Then the volume form induced by h. on S is

dVg = \/det(@-x(‘)jx + e2(TH0)€2(1 4 2)g;;) dOt ... dO" T,

where (6',...,0" 1) are local coordinates for ¥ and we set for simplicity
0; = 821-. By the matrix determinant lemma, we get

dVg = \/ 1+ e=2(+2)¢=2(7 4 2)| V|2 P~V en=1(r 4 4)qV;

= o= A(rHa)gn=2(r 1 x)\/eQ(T”)ﬁQ(T + @) + | Va3 dvg.

Therefore the area W, .(x) of the hypersurface {t = 7 + 2} computed with
respect to he is given by

Wre(x) = / e(an)(rer)gnJ(T + x)\/ez(T”)fz(T +x)+ |V:c\§ dVy. (3.65)
s

Similarly one can compute the area V;.(z) of the hypersurface {t = 7 + z}
with respect to g. obtaining

Vio(z) = / enug(T+m,9)e(n72)(T+$)§nf2(T+$) \/ez(r—i-x)fQ(T + )+ ’v$|£27 V.
P

(3.66)
One easily notice that x = 0 is a global minimum for W;. among the
functions with zero average, in fact e'£(t) is convex and using the Jensen
inequality one has

Wre(z) > / e("*l)(ﬂr‘”)ﬁnfl(T + z)dVy
M

> e(n—l)f2(7+x)dVg€n—1 </ (7_ + 1‘)dVg)
by

= el" Ve (1) = W (0)
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with equality if and only if x = 0. This fact confirms that the slices {t =
const.} have constant mean curvature with respect to h..
We will assume the operators above to be defined on the functional space

A= {x € €*(%) s.t. ]éx = 0} :

and sometimes we will restrict the domain to A, which is the closed ball
of A with radius equal to 1 in the €%%(X)-norm. As first step, we check
that V.. well approximates Wy . for large 7, uniformly in €. In the next
subsections we will extend this result up to the second order.

Lemma 3.23. In the setting of this section, one has

lim sup sup |Vio(z) — Wre(x)| =0.
T+ c(0,1) z€A;
Proof. Since z is bounded in €*%(X) and since &(t) is also bounded for ¢ —
+00, we can conclude that both e™*¢(7+x) and \/e2(7+m)£2(7 + ) + V|2

are positive quantities bounded by 2e™™*. Then subtracting (3.65) from
(3.66) we infer that

|VT75(CL') . WT,E(.’E)‘ < 2n—1/ enug(7+x,9) N 1‘ e(n—l)(ﬂ'—l—z) dvtg

%

In view of the hypothesis (3.64), we have |e"t(T+2:) — 1| < 2¢70(7+2) It
follows

Vro(@) = Wi ()] < 2° /E on=1-0)r40) g7

We got the thesis for boundedness of z and the hypothesisn—1—-6 < 0. O

3.7.2 First-order estimates

In order to avoid long lines in the next formulas, we introduce the shorter
notation

I=e™¢(r+a), J=1/0t9(r4+2)+|VzlZ and K = 1+ (T42).
(3.67)
In this way (3.65) and (3.66) become

W, (z) = /E 1" %JdV; and V,.(z)= /E =2 enue(m+20) gy (3.68)

Using that DI, [v] = IKvand DJ,[v] = J Y (I?K+g(Vz, Vv)), for every = €
A; the Fréchet differential of V; . at x is the linear operator D(V;.),: A — R
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given by

)

D(VTE)J:[U] _ n/ IanJenus(‘rer,-)arug(T +z, .)U dVg
by

+(n—2) / M2 JK ey g
P

(3.69)
+ /E I ey gy
+ /E 2 gt gV, Vo) dV.
Similarly, the Fréchet differential of W, . at x is given by
D(W,2)z[v] = (n —2) /Z "2 JKvdV;
- /anlev dVj (3.70)

+ /EI"_QJ_lg(Vx, V) dVy

and can be obtained by formula for D(V;.) replacing u. by zero. Notice
that D(W..)o[v] = 0 for every v € A, and this follows from the observation
that = 0 is a global minimum for W, .. The following lemma shows that
D(V; ) well approximates D(W;.) for large 7, uniformly in e.

Lemma 3.24. In the setting of this section, one has

lim sup sup  sup  |D(Vio)z[v] — D(Wr.).[v]| = 0.
T 2€(0,1) 2€AL [[vl| 2,0 5y =1

Proof. As observed in the proof of Lemma 3.23, both I and J are positive
quantities bounded by 2e7*®. Subtracting (3.70) from (3.69) and using the
boundedness of  and v, we easily get

|D(VT,€)I[U] - D(WT,E)z[U” < n2"! / e(n_l)(T—Fz)enuE(T—Fz")|arus(7' +x,-)| dV§
2

+ (n - 2)2n1/ e(nfl)(r+x)K|enu5(T+x,-) o 1’ dVg
b
+2" / en(e) ol jerus(Tey) | gy
b

4 gn2 / (=2 (T+a) J=L|gnus(r+a:) _ 1| gy
b))
(3.71)

Since £(t) — 1 and &'(t) — 0 as t — +o0, we can observe that 0 < K < 2 and
0 < J~ 1 < 2e=(7t2) Moreover by (3.64) we have deduce |e™<(T+#) — 1] <
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2e—0(T+2) Bpuc (T + x,-)| < 2¢=9(7+2) and \enua(Tﬂ:‘)\ < 2. The previous
estimates imply

DV )at] = DOWs)al0]] < e(n) /E (=10 +3) gy (3.72)

for some constant ¢(n) > 0. We got the thesis for boundedness of = and the
hypothesis n — 1 — § < 0. O

3.7.3 Second-order estimates

Now we want to consider a further differentiation and study the bilinear and
symmetric operators DQ(Wm)x, DQ(VT,E)I: A x A — R. We have

D2(Vy2)e[v, w] =
2n/ ((n—2)1" 27 + 1"J 1) Ke™=U )90 (1 + x, - Jow dVj
>

+n /z "2y e (T2 g (1 + 2, -) (§(Va, Vw)v + §(Va, Vo)w) dVy

+n /2 1727 =) (B (7 + ,-))* + OPus(1 + 2, )] vw dV

+ /E "2 ((n—2)2JK? +2(n — )I*J'K? 4+ (n — 2)JDK + I*J ' DK) e™=+ )y 4V
+(n—2) /E "2 K e (5(Va, Vw)v + g(Va, Vo)w) dVy

— /E =273 o) (2 Ky 4 §(Va, Vo)) (IPKw + §(Va, Vw)) dV

+ / =2t et g(Vw, Vo) dVy

. (3.73)
and, replacing u. by zero, we also get
D*(Wre)olv, w] =
/EI”_2 (n—2)2JK? +2(n—1)I*J 'K? + (n—2)JDK + I*J ' DK) vw dVj
+ (n—2) /E "2 K (g(Ve, Vw)v + g(Va, Vo)w) dV;

_ / 27731 Kv + §(Va, Vo)) (I2Kw + §(Va, Vw)) dV
¥

+ /Z "2J71g(Vw, V) dVj.
(3.74)
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In the above equation we introduced the short notation DK := [—£72(¢/)2 +
E1¢")(r + ) so that DK, [w] = DKw. It is important to point out that in
particular for every 7 € R large enough and for every ¢ € (0,1) we have

DA(W, 2)olu, w] = (n— 1)e™ V7" (r) [(n — 1)K® + DK],_, /E owdV,

+ e(n—3)T£n—3 (T) /

g(Vw, Vo) dVgZ/vdeg7
> >

(3.75)

namely the convexity of W, . at its minimum x = 0 does not degenerate to
Zero as 7T — +00.

Similarly to the two previous subsections, we show that D?(V.) well
approximates D?(W ) for large 7, uniformly in .

Lemma 3.25. In the setting of this section, one has

lim sup sup  sup sup | D2(Vye)alo, w]—D2(Wre)lo, w]| = 0.

T ee(0,1) 2€AL o)l 2,00y =1 0l 2,0 (5 =1

Proof. This computation is very similar to the proves of Lemmas 3.23 and
3.24, but has longer expressions. For this reason we omit the computation,
but we recall how this result can be obtained. First one subtract (3.74) from
(3.73). Then one has to recall that:

e The quantity I = e™"%¢(7+x) satisfies 0 < I < 2e7 7 for boundedness
of ||z(|2.0(x and of £(t) = (1 + g2e™")2/" a5 t — +o00;

e The quantity J = \/e2(7+4”)§2(7 + x) + |Vz|2 satisfies 0 < J < 2e7F7

for the same arguments above, and 0 < J~! < 2¢~("+%) for bounded-
ness of £~1(t) as t — +o0;

e The quantities K = [1+&71¢')(7+x) and DK = [~ 28/ +£71¢"(1+4x)
satisfy 0 < K, DK < 2 for boundedness of ||z||42.(s) and the fact that
E(t) — 1, &(t) — 0 and £"(t) — 0 as t — +o0;

e In view of the hypothesis (3.64), we have
‘enue(T-&-m,-) _ 1|, |8rU5(7' + z, )|’ ’azug(T + z, )| < 26—5(7'—!—9:)’
and |e™te (75| < 2,

With these observations, one get
|D?(Vy o) v, w] — D*(Wy2)lv, w]| < ¢(n) /Z =120+ gy (3.76)

exactly as in the zero-order and first-order estimates. We got the thesis for
boundedness of z and the hypothesis n — 1 — § < 0. O
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3.7.4 Construction of the CMC foliation

From Lemma 3.23, Lemma 3.24 and Lemma 3.25, we obtain that

lim sup [|[Vre—W,,
T+ cg(0,1)

¢2(AR) = 0, (3.77)
which is the uniform convergence of V.. — W, . to zero up to the second
order as 7 — +00, uniformly in €. On the other hand we observed before
that W, . admits a unique regular minimum x = 0 and that the convexity of
W at this minimum does not degenerate as 7 — +o00. As a consequence
there exists 7' > 0 such that for 7 > T and ¢ € (0,1) the functional V, .
admits a unique minimum x(-;7,e) in A; which converges to 0 as 7 grows,
namely

[2(-;7,e)llg2ax) =0 asT— +oo (3.78)

for every € € (0,1). Notice that z(-;7,¢) is actually smooth on ¥ since
resolves the second-order elliptic PDE D(V;.), = 0. This also implies that
x(-;7,¢€) is regular in 7 and ¢ and as a consequence ||0;z(-; T, €)
as 7 — +oo.

The hypersurface S(7,¢) := {t = 7 + x(-;7,¢)} has been constructed
with the property of having constant mean curvature. We want to check
that they provide a weakly stable CMC foliation of the infinity, with strictly
increasing mean curvatures tending to n — 1 as the leaves approach the
infinity. This is done using the considerations of the previous subsection:
essentially it will be enough to check these properties for the model manifold
(M, h.) and consider 7 > T for T large enough. Indeed, if T' is large enough
then: From the observations of the previous subsection, if 7" is large enough
then:

¢20(%) — 0

o the family {S(7,¢)},~7 is a foliation, in fact it holds O-(7+x(-;7,¢)) >
0;

e every leaf S(7,¢) is weakly stable. This can be proved with the same
arguments that we used for the foliation of the compact subset of the
end. In fact the Jacobi operator of S(7,e) approximates the Jacobi
operator of {t = 7} in h. for large 7, and this last example is weakly
stable (cfr. Subsection 3.6.1);

e the mean curvature of S(7,¢e) computed with respect to g is strictly
increasing and tends to n — 1 as 7 — 4o00. In fact it is sufficient
to notice that the same statement holds for the slices {t = 7} with
respect to h., as a consequence of Lemma 5.4.

This concludes the proof of Lemma 3.22.
We conclude this subsection with an observation about the precise value
of the mean curvature of every leaf S(7,¢), in the spirit of the previous
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section. We recall that we just know that the mean curvature of S(7,¢) is
constant and that this value increase to n — 1 as 7 — +o00. Therefore once
fixed the leaf S(7, ) there exists a unique p = p(7,¢) € R such that the mean
curvature of S(7,¢) is (n — 1) tanh(np/2). If we set ¢ := 7+ z(-; 7,6) — p—
loge, then S(7,¢) can be written as {r = p+ 1}, with ¢t = r + log e, and the
last is written with the notation used for building the local CMC foliation
in the previous section. In fact with the argument above we are able to find
for every p € R (large enough) the correspondent CMC leaf with constant
mean curvature equal to (n — 1)tanh(np/2), which can be written in the
form {r = p+¢(-;e,p)}. Studying the correspondence p = p(7,¢), one can
observe that (3.78) is equivalent to

1% (-3¢, p)

g2ax) — 0 as p— 4o0. (3.79)



Chapter 4

Physical applications

4.1 Einstein’s constraint equations

In the 1916 Einstein published the well-known formula
1
Ricy — §R7'y + Ay =8rGT (4.1)

to model our 4-dimensional pseudo-Riemannian spacetime (M, ) of signa-
ture (—,+,+,+). In the above Einstein’s field equation (4.1), G denotes
the Newton’s constant of gravitation, A denotes the cosmological constant
and T is the energy-momentum tensor, usually depending on ~. In general,
it is very difficult to find solutions of (4.1), which is a set of ten non-linear
equations on the metric coefficients and their derivatives (actually only six
of them are linearly independent, since we have four degrees of freedom
to make coordinate transformations). A fruitful method to build examples
of solutions is the Cauchy formulation (or method by initial data), whose
origins descend from different works of Choquet-Bruhat and Geroch in the
60’s. The idea of this method is to build the space-time beginning from a
space-like embedded hypersurface with prescribed metric and extrinsic cur-
vature. Before introducing this method, we recall some important examples
of Einstein’s spacetimes.

4.1.1 Famous solutions of the Einstein’s field equation

Here it is a crude list of remarkable solutions of (4.1) in the vacuum case
T = 0. The first three examples are usually used to describe the infinity of
our universe. The main difference between this three models is connected
with the sign of the cosmological constant A.

e The Minkowski spacetime is the simplest example of Einstein’s space-
time (A = 0). It is defined as R* equipped with the flat Lorentzian
metric v = —dt? +dx? +dy? +dz?. This metric can be also presented in

61
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a double-warped form (using spherical coordinates, which are smooth
on R* but the origin) as

v = —dt* + dr® + r’gge.

This is an example of static universe, namely all the slices {t = const.}
are metrically equal.

e The de Sitter spacetime can be regarded as an example of Einstein’s
spacetime in the vacuum case (A = 3) since it satisfies Ric, = 3. It
is topologically R x S? and the metric is given by

v = —dt® + cosh?(t)[dr® + sin*(r)gge]

with singularities descending from the choice of the coordinates. It is
possible to consider rescaling of this metric to have solutions of the
vacuum Einstein’s field equation with arbitrary positive cosmological
constant.

e Similarly as the previous point, the anti-de Sitter spacetime can be
regarded as an example of Kinstein’s spacetime in the vacuum case
(A = —3) since it satisfies Ric, = —37. It is topologically S* x R3 and
the metric is given by

v = —dt* + cos®(t)[dr?® + sinh?(r)ggs2]

with singularities descending from the choice of the coordinates. In
particular, with a change of coordinate the singularities at ¢ = 7 turn
out to be apparent, and the anti-de Sitter spacetime can be written in
the static form

v = —cosh?(r)dt’? + dr? 4 sinh?(r)gge.

It is possible to consider rescaling of this metric to have solutions of the
vacuum Einstein’s field equation with arbitrary negative cosmological
constant.

While the Minkowski, de Sitter and anti-de Sitter spacetimes can be used to
describe the distribution of matter for the large scale universe (and in fact
a good property for general Einstein spacetimes is the one of being asymp-
totically close to these three models), there are other important spacetimes
which are usually used to describe the local geometry of the universe. The
following examples share the asymptotic behaviour of the three cases con-
sidered above, but are drastically different in a compact zone.

e The Schwarzschild is the unique solution of the Einstein’s field equa-
tion (with A = 0) describing a spherically symmetric empty (7" = 0)
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spacetime around a spherical symmetric massive body. It is static and

given by
2 2m\ !
7=—<1—;n> dt2+<1—;n> dr® +12gge.

Here the constant m > 0 represents the gravitational mass. This
metric is defined for r > 2m and present an apparent singularity at
r = 2m which depends on the choice of the coordinates. Notice that
as r — +o0o this metric approximate the Minkowski spacetime.

e The Schwarzschild-de Sitter spacetime (resp. Schwarzschild-anti de
Sitter) generalizes the Schwarzschild metric for Einstein’s spacetime
with positive (resp. negative) cosmological constant A. They are de-
fined as

Aoy 2 A, 2m\ 7!
7:—<1—3r2—m> dt* + (1—3r2—m> dr? +1%gge

T r

for 1 — %72 — sz > 0. Despite the Schwarzschild-de Sitter and anti-de
Sitter spacetimes can be described with the same formula, the sign of
A drastically changes the metrical structure of the space.

e Further generalizations of the metrics above are given by

A, 2 A, 2m\ 7t
v=- k——or2— ) a? g (- op2 - 28 dr* + rgp
3 r 3 r

where (B, gp) is a 2-dimensional Riemannian manifold with constant
sectional curvature equal to k, replacing the sphere of the previous
point.

Finally, we want to focus the attention on a very special class of solutions.
We observe that the spacetime R x R x T2 equipped with
2 2
e“sinh*(3r/2) , 9 9 4/3
= ———5———=dt* + dr“ 4+ &“ (2 cosh(3r/2 ,
s (2cosh(37/2))""* g7:

where € is a positive real number and g2 is a flat metric defined on a torus
T2, provides a solution of (4.1) with A = —3. To see that, it is sufficient to
set m := 2¢% and 1 := (2 cosh(3r/2))?/3, then we have

2 om\ !
Yo = — <T’2 - ;7) dt® + (T’2 - 7T> dr'? + "% gpe,

which falls inside the last example of spacetimes introduced above. Similarly,
we can consider the Einstein’s solution

Yo = —r2dt? 4+ r2dr? + 7"29T2
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and set r = e~ %, so that
Y0 = —e 2dt? 4 ds® + e P gpa.

The time-slices {t = const.} of 7. and vy are respectively the funnel-like
ends and the cusps of dimension n = 3 considered in this text.

4.1.2 The Einstein’s constraint equations

In this subsection we present a famous method to build solutions (M, ) of
the Einstein’s field equation (4.1) of arbitrary dimension n + 1 > 3. Con-
sider any space-like hypersurface (M, g) embedded in a Lorentzian manifold
(M, ) of signature (1,n) and let g and II denote the induced norm and the
second fundamental form induced on M respectively. Fix p € M and let
(v,01,...,0p) be an orthonormal frame for T, M such that 0; is tangent to
M fori=1,...,n. By the Gauss, Codazzi and Mainardi equations one can
compute that

1
L (Ry + (i, I02 — 1)

1 1
Ricy(v,v) — ER’Y’Y(V, v) = Ric,(v,v) + §R7 =
and that
1 . .
Ric, (v, 9;) — §Rw(y, 9;) = Ric, (v, 8;) = ¢"V; Iy, — g7 V1.

In particular if (M, ) is an Einstein spacetime in the sense that it solves
(4.1), then the last formulas imply that

(Rg + (trgIl)* — [I1]2) — A = 87 GT (v, v)

N |

and ' '
gEIV Iy, — ¢7F V1L, = 87GT (v, 8;).

If we introduce the mass density p:= 8nGT (v, nu) and the current density
Ji == 8nGT(v,0;), then we just find the Finstein’s constraint equations

(4.2)

Ry + (trgID)? — [II]2 — 2A = 24
divyIl — d(tr,II) = J.

The matter-free case T' = 0 gives raise to the (vacuum) FEinstein’s constraint
equations
2 2 _
{Rg + (trg )% — |II[2 = 2A 43)

divgIT = d(trgII).
The power of these equations is that if on one hand any space-like hyper-

surface of an Einstein’s empty spacetime (M, ) satisfies (4.3), then on the
other hand any solution (M, g,II) of (4.3), given by a Riemannian manifold
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(M, g) of dimension n > 2 and a symmetric (0,2)-tensor II, can be seen
as a space-like hypersurface of an Einstein empty spacetime (M, ) and,
with respect to this immersion, ¢ is precisely |y and II coincides with the
second fundamental form of M in M. Moreover there exists a unique max-
imal spacetime associated to a solution (M, g,1II) of (4.3). This was showed
by Choquet-Bruhat, which studied the well-posedness of (4.1) with Cauchy
data (M, g,1I) satisfying (4.3).

Observe that the time-slices of the Minkowski, De Sitter and Anti-de
Sitter spacetimes, which can be regarded as Cauchy data for the Einstein’s
equations, are respectively the euclidean space (with a totally geodesic em-
bedding), the sphere (with an umbilical embedding) and the hyperbolic
space (with an umbilical embedding), all of dimension 3.

4.1.3 The conformal method

Now that we know the relevance of (4.3), whose solution can be used as
initial data for building Einstein spacetimes, we can talk about the most
famous method to product solutions (M, g,II) of the Einstein’s constraint
equations, called conformal method (Lichnerowicz 1944, then generalized by
Choquet-Bruhat, York and collaborators). For simplicity we will talk about
the vacuum case T' = 0 in the physically relevant dimension n+ 1 = 4. The
idea of this method is to consider a 3-dimensional manifold M and to look
for a metric g and a symmetric (0,2)-tensor II written in a specific form.
Precisely, one suppose to have fixed:

e a Riemannian metric gg on M;
e a regular function 7: M — R;
e a symmetric (0,2)-tensor o in (M, go) with divg,o = 0 and trgyo = 0.

Then look for solutions of the Einstein’s constraint equations in the form
T
g=0¢"g0 and I =¢ 2(c+LW)+ §¢4go (4.4)

for some smooth positive function ¢: M — R and some vector field W
defined on M. Here £ denotes the conformal Killing operator, so that in
local coordinates

2

g(go)iijWk,

where the V’s are computed with respect to gp. The advantage of (4.4) is
that, in view of the formulas for the conformal transformations of a metric
(cfr. Section 5.4), the constraint equations (4.3) becomes

(LW)ij = (90)jxViW* + (g0)ar V;WF —

{div(ﬁW) = 2¢5dr (5)

Ap = Ry — 20 o+ LW|? + 57295,
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seen as equations in ¢ and W. In (4.5) the metrical objects are computed
with respect to the metric gg. In summary, the purpose of the conformal
method is to find solutions of the constraint equations in the form (4.4) once
fixed the conformal data M, gy, 7 and o. This is possible if and only if the
conformal data permits to find solutions (¢, W) of (4.5). The existence of a
solution for (4.5) is false in general and it strongly depend on the choice of
the conformal data. However, it can be proven that there exist solutions of
(4.5) with conformal data (M, go, 7, o) if and only if there exist solutions of
(4.5) with conformal data (M, 6%gg, 7,60~ 20). Therefore we can restrict our
attention to specific metrics in the conformal class of gg, for instance in view
of the Yamabe problem it is not restrictive to suppose to have fixed gy with
constant scalar curvature. So, which conditions on the conformal data allow
to find solutions of (4.5)7 This problem has been overstudied in the last
years, but some points are still open. The point is that several hypothesis
can be imagined on the conformal data, for instance

e one can assume some conditions on M. It is possible to consider M
as compact manifold, eventually with boundary, or one can suppose
that it presents some ends which can be asymptotically euclidean or
asymptotically hyperbolic or asymptotically conical or asymptotically
cylindrical and so on. Every choice open the street for different re-
search and results;

e as mentioned above, one can make hypothesis on gg. A common choice
is to take a metric gy with constant scalar curvature, however the sign
of the curvature may influence the existence of a solution of (4.5);

e one can also make assumptions on o. Usually the literature distinguish
that case 0 = 0 from the general case;

e one can also make assumption on 7. For instance one can suppose
that 7 is constant. This is called the CMC conformal problem since
by (4.4) it holds trgIl = 7. This is the most understood background
for the conformal method. There are some results also in the Near-
CMC conformal problem, where T is not more assumed to be constant
but there is a suitable control of |dr|. For arbitrary 7, the conformal
problem is in general an open problem, with few exceptions. This last
case is usually called Far-CMC' conformal problem.

Moreover, it is also important to specify the space of functions where we
are looking for solutions. Also, there is an analogous problem in the non-
vacuum cases. This leads to further classifications depending on the energy-
momentum 7', which can assume distinct aspects according to the physical
problem that one wants to study. For an overlooking on what is known and
what is not, we suggest [48].
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4.2 Apparent horizons

4.2.1 Definition

Let (M, g,1I) be a solution of the Einstein constraint equations and assume
OM # (). Then OM is called apparent horizon iff

—tr I+ II(v,v) + (n—1)H =0,

where v denotes the out-warding unit vector field perpendicular to M and
H is the mean curvature of 9M C M computed with respect to the metric
g and the normal vector field v. In the next we briefly discuss the origin
and the meaning of this definition. As basic example (supported by Figure
4.2.1), imagine that the ECE’s solution (M, g,II) is the initial data for a
spacetime R x M which is not static, but which is collapsing in future. Let
S be an hypersurface of M at a fixed time (for instance at t = 0). For
simplicity we can suppose that S is a sphere in the physically relevant case
n 4+ 1 = 4. Now imagine that at ¢ = 0 the sphere S sends a light signal
toward infinity, in direction perpendicular to S. After some time these light
rays got a little away from S but, since the spacetime is collapsing, it is
possible that they are still inside the region originally (meaning at ¢ = 0)
included in S. If this happens for all the times, the sphere S is called future
marginally trapped. In the very special case in which all of the light rays (for
all the times) lay exactly on the surface originally defined by S, then S is
called an apparent horizon. A similar situation can be described in a more
general setting and it turns out that 6y := —tr JJI 4+ II(v,v) + (n — 1)H is
the expansion of the vector field generated by the light rays orthogonal to
S. Therefore any hypersurface S of M, such as M, is marginally trapped
(in the sense heuristically described before) if 64 < 0. The outermost of the
marginally trapped hypersurfaces satisfies 81 = 0 and this motivates the
definition of apparent horizon as described at the beginning of this section.

Ezxample 4.1. We want to characterize the apparent horizons for solutions
of the constraint equations in the form (M, g, Ag). So we replace II by Ag in
0 = —tr Il + II(v,v) + (n — 1)H, then the condition §, = 0 for an being
apparent horizon becomes H = A. In this special case an apparent horizon
is equivalent to a boundary with mean curvature equal to A\, with respect to
the out-warding unit vector field.

4.2.2 Application to our problem

Assume that you are looking for a solution (M, g,1I) of the (vacuum) Ein-
stein’s constraint equations

Ry + (trgl)? — [ITJ2 = 2A
divyIl = d(tryII)
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such that the embedding of M in its associated spacetime is totally umbilical.
Namely, we look for a solution of the form (M, g, Ag) for some A € R. Then
the constraint equations reduce to the single scalar equation

Ry +n?A\2 —nA? = 2A

since the last constraint equation is trivially satisfied. We recall that n is
the dimension of M. We just proved that the totally umbilical solutions
(M, g, Ag) of the Einstein’s constraint equations have constant scalar curva-
ture, so we set R, = kn(n—1) for some k£ € R, and that the unique condition

to be satisfied is
2A

n(n—1)
relating the constant A\ defining the second fundamental form, the cosmo-
logical constant A and the constant k& defining the scalar curvature of g. If
M has a boundary, we observed that it is an apparent horizon if and only if
it has mean curvature H = \. In this text we worked with manifolds with
constant negative scalar curvature R = —n(n — 1), which is £ = —1. From
the observation above we infer the following result.

M= —k+ (4.6)

Theorem 4.1. Let (M, g) be Riemannian manifold consisting of a compact
core and finitely many cusps, with dimensionn > 2, and let g. be the metrics
provided by Theorem 3.1. If the cosmological constant A verifies

_ 2(n — —
_n(n—-1) <A< n*(n—1)(n —2) (@7)
2 2
and X € [0,n — 1) is defined by
2A
=41+ —7- 4.
A + w1’ (4.8)

then the Riemannian manifold with boundary M, obtained truncating each
end of (M, ge) along the unique hypersurfaces with mean curvature equal to
A€ [0,n—1) (given by Theorem 3.1) provides a solution (Me,gg, Age) of the
ECFE with apparent horizons. These solutions with boundary converge in the
Gromov-Hausdorff sense to (M, g, \g) as € — 0, which is a solution of the
ECE (without boundary).

4.3 The Riemannian Penrose inequality

4.3.1 Introduction

Although the ends of the asymptotically hyperbolic manifolds we considered
(in dimension n = 3) are diffeomorphic to (rg, +00) x T?, the Riemannian
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Penrose inequality is usually stated for manifolds whose ends are diffeomor-
phic to (rg, +00) x S2. Let us begin with this case. Assume that (M, h) is a
3-dimensional asymptotically hyperbolic Riemannian manifold whose ends
are diffeomorphic to semicylinders with a spherical base. If Ry, > —6 then
it is possible to define a mass m > 0 for (M, h) in virtue of the positive
mass theorem in the asymptotically hyperbolic case. If M has a non-empty
boundary which is a minimal hypersurface (assume outermost and connected
for simplicity), then it is conjectured (Penrose inequality conjecture) that

Areay(OM) 1/2+4 Areay(OM) 3/2<
167 167 =

Until now there are not counterexamples, and in many examples the Penrose
inequality also holds with rigidity (namely it is an equality in those models
and holds strictly in their perturbations). The validity of this conjecture
will have strong implications about the cosmic censorship hypothesis.

When one consider ends diffeomorphic to semicylinders with a compact
surface ¥ as base, instead then S?, then the Penrose inequality conjecture
becomes

1/2 3/2
(1— ) Areay, (OM) 4 Areay (OM) <m,
167 167

where « is the genus of ¥ (see [24]). Notice that the constant 167 assumes
less significance in the generic case (when X is not S2) and on the other hand
the mass is usually defined up to rescale. A common approach to prove the
validity of the Penrose inequality involves the existence of a CMC foliation
{X:}+ of the ends (for simplicity, a single end). This should not surprising
since the mass can be computed with this approach, as done by [46]. We
adopted this approach, following [24], [5] and others, in the next subsection.

4.3.2 Application to our problem

Theorem 4.2. Let (M, g) be Riemannian manifold consisting of a compact
core and finitely many cusps, with dimension n = 3, and let g- be the metrics
provided by Theorem 3.1. This implies that every end of (M, g) is isometric
to ((s0, +00) x T2, ds? + e 25g2) for some sg € R, where (T2, gr2) is a flat
torus. Let {¥¢}i>0 be the CMC' foliation near the infinity of one end of
(M, g:) (given by Theorem 3.1) and set

A Y 1
O-(t) — I‘eags( t)3/2 / (Rt — 7Ht2 —|— 2) dzt
4 (Areay, (T2)) s 2

where Ry and d¥; denotes respectively the scalar curvature and the volume
form induced by g on ¥¢, and Hy is the mean curvature of the embedding of
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Yt in (M, ge) computed with respect to the unit normal vector pointing toward
the infinity of the end. Then it holds the Riemannian Penrose inequality
o(t) < 2% and o(t) — 2% ast — +oo.

It follows the proof of this theorem.

REMARK 4.1 (Comparison with the AdS-case). In [5] Ambrozio faced a
problem similar to Theorem 3.1-(4). Precisely he proved that there is a
weakly stable CMC foliation for metrics that are suitable perturbation of
the 3-dimensional Schwarzschild anti-de Sitter space of mass pu > 0. This
last metric can be written as

2u
= dt? inh(t)2 + ————— + O (e ,
g * (Sm "+ 3any O ) ) o
where gg2 is the round metric of the sphere and ¢ > 0. The analogy with
our case is that the metric h., with the coordinate change t = r +loge, can
be written as

he = dt* + (e2t + ie*(an)t L0 <e2(n1)t>) 7.
n

The expression of h. with n = 3 is really comparable with the Schwarzschild
anti-de Sitter space of mass ;1 = 2¢3, the main difference is that the compact
cross-sections in our case turn out to be tori and not spheres (they are
compact surfaces carrying a flat metric). In [5] Ambrozio also proved that
a Penrose inequality held for his considered class of manifolds. Due to the
analogies with his work, we are able to prove Theorem 4.2 in the following.

In dimension n = 3, which is the most interesting case in GR, each end
of (M, h.) is isometric to a semicylinder (loge + 2, +00) x T? and

he = dr? + €2 (2 cosh(3r/2))* gpe,

where the base (T?, gp2) of the cylinder is a flat torus. We recall that this
end presents a CMC foliation given by {r = p} as p varies in (loge+ 2, 400)
and the leaf S(p) := {r = p} has constant mean curvature equal to H, :=
2tanh(3p/2) computed with respect to the normal vector pointing toward
the infinity. As a consequence of this fact and of the Gauss-Bonnet formula,
the quantities

V/Arear, (5())

1
o () = [ (i - 5242 asio)
4(AreagT2(T2))3/2 S(p) W
3/2
1 [ Avean (S(p) i
~ 2\ Areay, (T?) cosh?(3p/2)’

where Rg(, and dS(p) denotes respectively the scalar curvature and the
volume form induced by h. on S(p), are constantly equal to 2e3. Here

(4.9)
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one has to use that Areay_(S(p)) = 2 (2 cosh(3p/2))*/? Areay_, (T?). This
value 2¢2 is called Hawking mass of (M, h.). Similarly we can consider the
metric g. of Theorem (3.1), which has been built as g. = e*“ch. imposing
the Yamabe equation R, = —6 on M. In Theorem 3.15 we proved the
existence of a weakly stable CMC foliation {S(e, p)} for the ends of (M, g.),
defined for p > loge + 3, such that each leaf S(e,p) = {r =p+¢(-;¢,p)}
has constant mean curvature equal to H, = 2tanh(3p/2) computed with
respect to the normal vector pointing toward the infinity. We introduce as
before the quantity

Area, (S(e, p)) 1
V/Areay, / Ry — 5H; +2) dS(e.p)

4 (Areag , ( 'IF2 3/2
_ 1 [ Areay (S(e,p)) 1
~ 2\ Areay, (T?) cosh?(3p/2)
where Rg(. ,) and dS(g, p) denotes respectively the scalar curvature and the

volume form induced by g. on S(e, p). In this case o4 (p) is not constant in
p and the Hawking mass of (M, g.) is defined as

0g.(p) ==
(4.10)

mHaW(M7g€) = lim Ugs(p)

p—+00

In our setting above the Riemannian Penrose inequality asserts that
0. (p) < 26 (4.11)

for every p > 0. In particular when p = 0 it implies Area, (S(e,0)) <
Areay,_(S(0)), namely that the area of the minimal leaf in the end relative
to g is smaller than the area of the minimal leaf of the end relative to h.,
improving Theorem 3.15-(iv). The proof of (4.11) will easily follow from
this two results:

e It holds myaw (M, gc) = 2¢3;
e It holds oy_(p) > 0 for p > 0.

We recall that the function u. defining g. satisfies (3.39)-(3.40), however -
in order to prove the two points above - it will be sufficient to observe that
from (3.40) and (3.41) one has

max |e3% — 1| < Ce?e % (4.12)
S(e.p)

for large p. Differently from the construction of the CMC foliation on
(M, g), in this section we will make use of Ry, = —6.
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4.3.3 Computing the Hawking mass

In this subsection we prove that muaw (M, g-) = 2¢3. By definition of Hawk-
ing mass, this is equivalent to prove that
2/3 2/3 _
im0y (0 = an, (2 =0,
Since cosh(3p/2)%/3 is proportional to Areay_(S(p)), then the problem is
equivalent to prove

. Area, (S(g,p))
1 9ge ?
p—rioo Arean (S(p))

By (3.63) and (4.12) for large p it holds

=1. (4.13)

(1-Ce%e %) Areay,_(S(e, p)) < Areay (S(e, p)) < (14+Ce%e7%P) Areay_(S(e, p)),
whereas from (3.65) one can easily notice that
Avean, (S(p— Il (-, )

for large p. Since 1 4+ Ce?e™% tends to 1 as p — +oco and since it holds
(3.79), then we get the thesis from the bounds above.

wo(12))) < Arean_(S(e, p)) < Arean (S(p+[|o(- ;€ p)llgo(r2)))

4.3.4 Monotonicity of o,

In this subsection we prove that oy_(p) > 0 for p > 0. Tt will be important to
use the facts that R,. = —6 and that {S(e, p)}, is weakly stable. Consider
the function F': (loge + 3,400) x ¥ — R x ¥ defined by F(p,0) = (p +
Y(0;e,p),0). This function parametrizes the CMC foliation in the sense
that F({p} x X) = S(e,p). Let ¢, be the function defined on S(e, p) by
0,F = p,v,, where v, is the unit vector perpendicular to S(e, p) and directed
to r = +00. By construction ¢ > 0. We claim that

\/Area,_(S(e
1 (p) = 256 ) (~As(enHp + QpH,) dS(e, p),

o
’ (Areag ) T2 3/2 »P)
(4.14)
where Ag(. ,) denotes the Laplacian induced by g. on S (e,p) and
1
@ = 5Rs(p) \II|2 + H2

Here |II|? denotes the square norm of the second fundamental form of the
embedding S(g, p) C RxX with respect to the metric g.. To prove (4.14) it is

sufficient to notice that by (4.10) the derivative of 4 (Areagqr2 (']I‘Q))g/ 2 aq.(p)
with respect to p is

d d
\/Areagy_(S(e, p) / < (2 - H2> d—pdS(e,,o) - depdeS’(e,p)> .
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In [45] Huisken and Polden proved that

d d
dfpds(e,p)z—prpdS(&p) and o p = Ls,p)(¥p) (4.15)

where Lg( ) = Ag(e,p) + 11| +Ricy, (vp, v,) is the Jacobi operator of S(e, p).
Thus the derivative of 4 (AreagT2 (']I‘Q))g/ 2 04.(p) with respect to p is equal to

3 1
Areay (S(g,p)) /S( | (—2 (2 — 2H3> ppH, — HpLs(&p)(‘Pp)) dS(e, p).
&P

Integrating by parts and using the Gauss equation
—6 = Ry, = Ry p) + 2Ricy, (v, v,) + U — Hp,
we get (4.14). Since H, is constant on S(e, p), then from (4.14) we get

4 (Areay , ('JI‘Q)):S/2 oy (p) = \/Areay (S(e, p))H, /S( )Qp‘ﬂp dS(e, p)
&,p
= [Area. (S o), [  (Bsen +Q)(er = @) dS(E )
&,p
+\fAreng. (S(e. o) o2y | Qs
&P

where we set ¢, := fS(s ») 0 dS(€, p). Now notice that H, > 0 for p > 0 and
by Gauss-Bonnet and Cauchy-Schwartz fS(z—: ») QpdS(e,p) > 0. Moreover
Ag(ep) + Qp and Lg. , differ by a constant on S(g, p). It follows that

3/2 _
4 (Areag, (T2)*” o), (p) = \/Areay. (S(e. ) H, /S ., Lsten e s) dS(e.p).
=Y

Since H), is constant on S(g, p), then the same holds for Lg(. ,)(#,) = 0,H,.
So by weak stability of S(e, p) we have

0< / (90,0 - @p)LS(s,p)(QDp - @p)ds(& p)
S(e.p)
— [ (0= @Lsin(@n)dS(en)
S(e,p)

s / Lo (@p — p)dS(E. ).
S(e,p)

for p > 0. It remains to show that in our setting we can not

thus oy_(p) >0
= 0. In fact, this would imply

/

have oy _(p)

—~

/ op— O L (0p— )ASEp) = [ QudS(e,p) =0,
S(e) S(ep)

namely we deduce that 2|I1|? = sz and that Lg . @, is constant on S(e, p).
This is equivalent to assert that S(g, p) is totally umbilical and (by the Gauss
equation) has constant scalar curvature equal to zero. Therefore g. should
be isometric to h., which is not possible since u. # 0.
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4.4 Generalizations

In this section we give some ideas on possible generalizations of Theorem
3.1, without proof.

4.4.1 Preserving some cusps

We think that it is possible to give a slightly stronger version of Theorem
3.1. Precisely, once considered (M, g) as in the hypothesis of the theorem,
we would like to build metrics (g.) which replace with funnel-like ends only
finitely-many (chosen) cusps. So the difference is that we want to preserve
some cusps, instead of replacing all of them by funnel-like ends. The exis-
tence of such a metric should follow from Theorem 3.1 itself. It seems to be
sufficient to initially replace all the cusps as in the original statement, and
then letting to 0 the parameters relative to the cusp we want to preserve.

4.4.2 Gluing cusps

With the same argument of this thesis, we think that it is possible to glue
two different manifolds whose ends are cusps through cusps, as it is known
to be possible for hyperbolic surfaces. This should be done with arguments
similar to the ones of this text, using a “piece of funnel ”"to connect the
cusps. More generally, this result should be generalized to the gluing of
several couples of cusps.
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Appendix

This appendix collects some of the classic results in Riemannian Geometry,
focusing mainly in those arguments which concern the manifold’s curvatures,
and other results - such as Lemma 5.4 - which are known but not so common
in literature and that have been used in the thesis. We also use this appendix
to fix the notation, which is however pretty standard.

5.1 Remarks about Riemannian Geometry

Curvatures

In dimension n = 2 there is essentially a unique definition of intrinsic cur-
vature for a metric defined on a surface: the Gaussian curvature (cfr. Theo-
rema Egregium, 1827). In higher dimension this concept of curvature, which
is a scalar function defined on the surface, can be replaced by a well-known
curvature tensor, introduced in the following.

Let (M, g) be a smooth Riemannian manifold of real dimension n > 2.
We recall that this means that M is equipped with an atlas of smooth charts
and ¢ is a symmetric (0, 2)-tensor, which can be written in local coordinates
(2l 22, ... 2") as

g = gij da’ ® da’,

with the property that (gi;(p)) is a positive definite matrix at each point
p € M. We use to denote by V, or simply by V, the Levi-Civita connection
of g extended on tensors, which is the unique connection on M such that:

Torsion-free: for every vector fields X,Y on M one has VxY —Vy X =
[X,Y], with [X,Y] denoting the Lie brackets of X and Y;

Preserving g: for every vector fields X, Y, Z on M one has Vx(g(Y, Z2)) =
9(VxY,Z) +g(Y,VxZ).

76
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In local coordinates (z!, 22, ..., 2™) the Levi-Civita connection is determined

by its Christoffel symbols

1
Iy =T% = 59“ (Digji + 0j9i1 — Digij) ,
meaning that Vy,0; = F ak, where we set 0; = a‘ii fori=1,...,n. More
generally, if K is a (7" s)- tensor then VK is the (r, s + 1)-tensor defined in
local coordinates by

jl?"':j‘f‘ — j17 JP jl 7]P 17 7]p+1 ----- jT‘
Vi K —akKih T+ E M K;

11 5eeeyls

_ E I‘ .717 -xjr . .
kZU i1yeslo—15lyi0 41505

For instance Vjg;; = Orgij — Fékglj — Fijgil and therefore the fact that the
Levi-Civita connection preserves g can be equivalent stated as Vg = 0. The
curvature tensor (or Riemann tensor) R of (M,g) is the (1,3)-tensor
defined by

R(X,Y)Z := [Vx,Vy]Z - Vxv|Z,

for every vector field X,Y and Z defined on M. Due to the presence of a
metric g on M, the curvature tensor can also be introduced as the (0,4)-
tensor

R(X,Y,ZW)=g(R(X,Y)Z, W),

for every vector field X,Y,Z and W defined on M. The main algebraic
properties of the curvature tensor are listed below.
Let X, Y, Z, VW € C*°(T'M) be vector fields, then:

1 (vasz):_R(Y7X7Z7W):_R(X>Y7W/>Z)?

3

(1)

(2) R(X,Y,Z,W) = R(Z,W,X,Y);

(3) R(X,Y)Z + R(Y,Z)X + R(Z,X)Y = 0;
(4)

1) VR(X,Y,Z,V,W)+ VR(Y, Z,X,V,W) + VR(Z,X,Y,V,W) = 0.

Properties (3) and (4) are usually called first and second Bianchi identity
respectively.

In local coordinates (x!, 22, ..., 2™) the expression of the curvature ten-
sor is

R(8:,07)0), = Rii;0 = (&-ng Ol + Tl — T ) %

and R(0;,0;,0,,0)) = gmlRZ;j. The curvature tensor in some sense mea-
sures the deviation of g from the flat euclidean metric, therefore the origin
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of its name, but why should this definition be the analogue of the Gaussian
curvature in high dimension? The answer descends from a second (equiv-
alent!) way to introduce the notion of curvature for (M, g), which clearly
extends the Gaussian curvature in every dimension. Let p € M and con-
sider a 2-plane m C T'M. The sectional curvature of w is defined to be
the Gaussian curvature of the surface exp,(m) in p and is given by

R(w,v,v,w)
g(v, v)g(w, w) - g(v, w)

secy(m) == 5
for any two vectors v,w € T,M generating 7 (the definition does not de-
pend on the choice of v and w). The sectional curvature contains the same
information of R, in fact it is possible to compute the sectional curvature
from the curvature tensor and viceversa.

There are other curvature tensors which can be derived from R. Tracing
the curvature tensor, we get a symmetric (0,2)—tensor called Ricci tensor.
In local coordinates it is given by

Rickj = Rjy; = 0%, — 0, + DT, — TRTY .

Taking the trace again we get the scalar curvature, which is the function
defined on M by R, := gk Ricy;. If n > 2 then the scalar curvature obviously
contains less information about (M, g) than the Ricci curvature, which in
turns contains less information than the sectional curvature. If n = 2 this
is not true since it holds Ry(p) = 2sec,(T,M) for every p € M, namely
the scalar curvature is twice the Gaussian curvature. All the concepts of
curvature above are metrical invariants, namely they are preserved under
isometries. Given two equidimensional Riemannian manifolds (M, g) and
(M',q"), a local isometry is a smooth map F': M — M’ such that F*¢' = g.
An isometry is a local isometry which is also a diffeomorphism.

Geodesics

A Riemannian metric g on M induces a structure of metric space. In fact
given a smooth curve v: [a,b] C R — M one can define

b
Length, (1) = | VG030

and for p,q € M. Then one defines d(p,q) as the infimum of Length,(v)
among the smooth curves + connecting p to ¢q. It turns out that d is a
distance on M and the topology of M as differential manifold coincides
with the topology induced by d. In general this infimum is not a minimum,
meaning that for two general points p,q € M may not exist a curve =y
connecting p and ¢ with length d(p, q). However such a curve exists and is
unique if p and g are sufficiently close and, in any case, when a smooth curve
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v connects p an ¢ and has length equal to d(p, ¢) then, up to parametrize
by arc-length, it holds V4’ = 0. This is a consequence of the first variation
formula. In local coordinates V4’ = 0 is equivalent to the second-order
system of ODE on ~ given by

) + TH((0)5 (37 (8) =0, VE=1,...,n.

A curve v is called geodesic if it holds V4’ = 0 at each point ~(¢). Equiva-
lently, a geodesic is a curve « such that (locally) the distance between two
points belonging to its support is realized by the curve « itself. A geodesic
is necessarily parametrized by arc-length, indeed % g(v,y) =29+, Vy) =
0 since the Levi-Civita connection preserves g. By the fundamental theo-
rem of local existence and uniqueness for ODE applied to V+' = 0, for every
p € M it is well-defined a map

exp,: Up = M, exp,(v) =(1) YveU,

where U, is a starred neighbourhood of 0 € T,M and =, is the unique
geodesic satisfying ,(0) = p and ~,(0) = v. More generally, one can notice
that exp,(tv) = 7,(t), so that exp,(tv) is in particular a geodesic for every
v € Up. It can be proved that the exponential map exp, is smooth and
a local diffeomorphism in 0 € T, M since it holds d(exp,)o = idr,n. The
injectivity radius of p is defined as

injrad, (M, g) := sup{p > 0| exp,, | B, (0)is a diffeomorphism onto its image},

where B,(0) denotes the ball of T, M of radius p (with respect to g,) centred
at 0 € T,M. The injectivity radius is always positive for each p, however it
may happen that there is not a lower bound for injradp(M ,g) as p varies in
M. Notice that if d(p, q) < injrad, (M, g), then there is a unique minimizing
geodesic from p to ¢ and is of the type exp,(tv) for some v € T,M. A
further fundamental property of the exponential map is described in the
Gauss Lemma. It asserts that exp,: U, — M induces a radial isometry,
namely
9(Vexp,(9;), Vexp,(v)) = gp(0r,v), YveU,

where the function r is defined as the distance from p. In particular the
image via the exponential map of a ball of T,M centred at 0 € T,M of
radius R < injrad,(M, g) is precisely the ball centred at p € M of radius R.
In general a geodesic curve can not be defined for all times ¢ € R, however
the famous Hopf-Rinow theorem answers to this problem. It states that for
every Riemannian manifold (M, g) the following properties are equivalent:

1. (M,d) is complete as metric space;

2. all the geodesics are defined for every time;
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3. for every p € M the exponential map exp, is defined in the whole
T,M;

4. there exists p € M such that all the geodesics passing through p are
defined for every time;

5. every closed and bounded subset of M is compact.

Moreover, each of the equivalent points above implies that there is a mini-
mizing geodesic connecting any couple of points of M. In particular, if M
is compact then all the points above hold.

Special metrics

One of the most important applications of the Riemannian Geometry should
be to find the “best ”metric g on a given n-dimensional manifold M encoding
the most topological aspects of M. Such a result will be a great advantage
for classifying class of manifolds. For example it is well-known that the
unique topological invariant for an oriented compact surface S is its FEuler
characteristic x(S) = 2 — 27, where 7 is the genus of S. On the other hand
for every metric g on S' it holds the Gauss-Bonnet formula

/RgdS’ = 47x(S).
S

This means that if we know that some oriented compact surface admits a
metric with constant curvature, then we can deduce its Euler characteristic
and therefore its topological structure. In higher dimension, even in the
compact case, the problem of finding the best metric on a given manifold
is still open and very rich from the point of view of the research. Special
classes of metrics are given in the following definition.

Definition 5.1. A Riemannian metric ¢ on M is said to have constant
curvature k € R if sec,(n) = k for any p € M and © C T,M 2-plane. It is
said to be Einstein if Ric = k(n — 1)g. It is said to have constant scalar
curvature if R, = kn(n —1).

Any Riemannian manifold with constant curvature is Einstein and the
converse in general is false in dimension n > 3 (ex. [75], pag.38). Any
Einstein manifold has constant scalar curvature but the converse is in general
false in dimension n > 2 (ex. [75], chp. 3). The constant k € R appearing
in the definition above is preserved in all the previous implications.

As a first approach, given a Riemannian manifold M, one can try to find
a metric with constant curvature. However, such a metric may not exist.
In fact, the only manifolds admitting such a metric are quotients of the
euclidean space, the hyperbolic space or the sphere by an isometry action
(Uniformization Theorem). On the other hand if one relax this requirement
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and looks for metrics with constant scalar curvature, then they are too
much to encode topological properties (cfr. [21]). Einstein metrics seems
to be a good compromise. Moreover the relevance of studying Einstein’s
metrics emerges also from a physical interest. Indeed the spacetime we live
is conjectured to be an Einstein manifold of signature (—,+, +,+).

5.2 Teichmiiller Theory

In dimension n > 3 there exists at most one complete hyperbolic metric
on a given manifold (Mostow rigidity, 1968), determined by its fundamental
group. In dimension n = 2 this is not true and a given surface can admit
several non-isometric hyperbolic structures. The Teichmiiller theory studies
these possibilities (we suggest [59] [83] for a good introduction). The typical
setting for this theory is the case of oriented surfaces of finite-type. Probably,
its most famous result looks like that: the space of complete hyperbolic
metrics with finite volume and geodesic boundary, up to isometries isotopic
to the identity (called Teichmiiller space), on an oriented compact surface of
genus 7 deprived by p points and by b small open disks (namely on a surface
of finite-type) is diffeomorphic to R67T2P+30=6 A gimilar result was also
adapted to non-orientable surfaces and to complete metrics with infinite
volume too. In the next we give some comments about the result above
emphasizing those tools and objects which are used in the rest of the thesis.

The first step of the Teichmiiller theory consists on building very special
hyperbolic surfaces with boundary, called pair of pants. This is done gluing
particular hexagons in the hyperbolic space. In dimension n = 2 the hyper-
bolic space is isometric to the Poincaré disk (D, gp), where D = {(z,y) €
R? |22 +4? < 1} and

4
9 = ([T jpyadencs P = Va?+y2

It is well-known that geodesics on Poincaré disks consist on arcs of circum-
ference perpendicular to 9D, including the degenerate case of straight lines
through the origin. By the Uniformization Theorem, any complete hyper-
bolic surface can be seen as the quotient of (D, gp) with respect to a suitable
group of isometries. Therefore one can build examples of complete hyper-
bolic surfaces using special polygons of (D, gp). A right angled hexagon is
defined as a six-sided regular polygon on D whose sides are arcs of geodesics
and such that two adjacent sides are perpendicular. It can be shown that
for any a, b, c > 0 there exist a unique right angled hexagon up to isometries
with three not-adjacent sides of length a, b and c. For a, b, c > 0 the pair of
pants with boundary lengths 2a, 2b and 2c is defined to be the Riemannian
manifold with boundary obtained by taking two copies of a right angled
hexagon with with three not-adjacent sides of length a, b and ¢ and identi-
fying the respective remaining sides. A pair of pants is actually a hyperbolic
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5 3

Figure 5.1: Here is how to build the right angled hexagon with three not-adjacent
sides of given length a, b and c¢ inside the Poincaré disk. (1) Consider any geodesic «
and any two points A and B on it with hyperbolic distance equal to a. (2) Let L1 be
the unique geodesic perpendicular to « and passing through A, and let 8 be the unique
geodesic perpendicular to 8 and passing through B. (3) Now let C # B be a point of
5. The choice of this point in 3 is a degree of freedom that we initially assume on this
construction. Let v be the geodesic perpendicular to 8 and passing through C. (4) Let
D be the point of v such that the hyperbolic distance between C' and D is equal to b and
such that A and D belong to the same half-space determined by 7. (5) Define L2 the
geodesic perpendicular to v and passing through C. (6) If the hyperbolic distance of C'
from B is large enough, then L1 and L2 are hyper-parallel. Therefore there exists a unique
geodesic | which is perpendicular to both L1 and L2. We define the intersection points
E=1IL2nland F = L1NI. (7) The hyperbolic distance between L1 and L2 corresponds
to the hyperbolic distance between E and F' and depends on our initial choice of C' (the
degree of freedom). It is always possible to find a unique point C such that this distance
is equal to ¢ > 0. (8) The points A, B, C, D, E and F form the required hexagon. This
figure was built with GeoGebra.
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s

Figure 5.2: A pair of pants is an example of hyperbolic surface with three boundary
components and Euler characteristic —1. Its volume is equal to 2.

surface with smooth boundary since the angles of the hexagon measure 7 /2.
Its three boundary components are geodesics isometric to circumferences of
lengths 2a, 2b and 2¢. The name “pair of pants” descends from its shape: it
looks like a sphere deprived of three disks. Since the right angled hexagons
are essentially unique once fixed the lengths of three non-adjacent sides, then
it turns out that (up to isometries) there exists a unique pair of pants with
fixed boundary lengths 2a, 2b, 2c > 0. Actually this result still holds for the
degenerate case a,b,c > 0. In fact one can consider hexagons with a side of
degenerate length zero and then build pair of pants where one, two or three
boundary components have degenerated to a cusp. A cusp in a degenerate
pair of pants is always isometric to

ds® +e7%d0%,  (s,0) € (s0,4+00) x S*

for some sy > 0 large enough. Now observe that gluing equivalent (non-
degenerate) sides of pair of pants it is possible to build a lot of examples of
smooth hyperbolic surfaces, eventually with geodesic boundaries or cusps.

The key point of Teichmiiller theory is that this process can be inverted,
namely all the complete hyperbolic structures with finite volume can be
obtained gluing pairs of pants. We conclude this section with a sketch of the
proof for the main result of Teichmiiller theory. For simplicity we consider

Figure 5.3: Degenerate pair of pants with one, two or three cusps. The last one is the
unique complete hyperbolic metric with finite volume on the 3-punctured sphere.
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(M

e
(4.a)

(4.b)

)

Figure 5.4: (1) It is represented a decomposition of the sphere with 4 holes in two pairs
of pants with two cusps each. (2) The torus admits no hyperbolic metrics unless you
remove at least one point. Examples of complete hyperbolic metrics of finite volume on
the punctured torus are obtained identifying the boundaries of a single pair of pants with
one cusp and two sides of the same length. (3) For genus grater than 1 there are examples
of compact hyperbolic metrics obtained gluing non-degenerate pairs of pants. (4) Given
any surface S of genus v with n punctures obtained gluing pairs of pants, it is possible to
obtain a hyperbolic surface with genus v + 1 and n punctures or a surface with genus ~y
and n + 1 punctures just entering between two glued pants of S the surface (4.a) or (4.b)
respectively, with the proper boundary lengths.

the case without boundary.

Let Sy, be the p-punctured surface of genus . By Gauss-Bonnet The-
orem if there exist a hyperbolic metric with finite volume on S, then it
must hold

X(Syp) =2—-2y—p<0.

So we suppose 2 — 2y — p < 0. Under this assumption it is possible to
show that every complete hyperbolic metric with finite volume on S, , can
be obtained by gluing of pair of pants. Precisely, one need —x(S,,,) pair
of pants and p of them are degenerate with a single cusp. On the other
hand, if you want to build hyperbolic surfaces gluing —y — p non-degenerate
pairs of pants and p pairs of pants with a cusp, you have a total amount of
3(—x —p) +2p boundaries and for each couple of them you have two degrees
of freedom for identifying them: the length of the boundary and a torsion
parameter for the identification, descending from the possible isometry of
St to itself. This gives you 3(—x — p) +2p = 6 + 2p — 6 degree of freedom.
With this argument it is possible to show that the Teichmiiller space of S,
is isomorphic to R®7*2P=6 We emphasize that we are considering metrics
with finite volume. If one drops this assumption, then it is clearly possible to
build examples of complete hyperbolic metrics also in some case x(S,,p) > 0.
As an example consider the Poincaré disk (v = 0, p = 1) or the cylinder
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(v =0, p=2) equipped with
dt> +e®de?, (t,0) e R x S!

or with
dt? + 4¢? cosh(r)%dh?, (t,0) e R x S*,

for fixed € > 0. The last example restricted to [0, +00) x S! is often called
funnel and presents a geodesic boundary at {¢t = 0} of length 47e. Actually,
if one consider a complete hyperbolic surface with negative Euler character-
istic and infinite volume, then all of the ends with infinite volume of that
surface are funnels.

5.3 Warped products

Let (¥,g) be a Riemannian manifold of dimension n — 1. This section
studies the geometric properties of the warped product R x ¥ equipped with
the metric

g =dr’+¢(r)*"g,

where ¥: R — R is a smooth positive function. This class of metrics is
largely present in this thesis, since cusps and funnels are examples of warped
products. We are going to prove the following result:

Proposition 5.1. Consider the warped product g = dr? + ¢ (r)*"g defined
on R x X, where (X,g) be a Riemannian manifold of dimension n — 1. For
7=1,2,3,4 let X be a vector field on ¥ and let X; = x;0, +X be a vector
field on R x X. Then the following formulas hold:

e Formula for the curvature tensor:
VY R(Xq, X2, X3, X4) = R(X1, X2, X3, X4)
2 (& n— 242

L

+ —
n

> S+ %wr)“/"—%(r)?sg,
(5.1)

with51:$1$3§(X2,X4) x1334g(X2,X3)—|—:L‘2x4g(X1,X3) x2x3§(X1,X4)

and Sy = §(X1, X3)g(X2, X4) — (Xo, X3)g(X1, X4);

e Formula for the Ricci tensor

_ _ ‘9 .
RiC(Xl,Xg) = m(Xl,Xg) + Q(nn 1> (n n QZ2 — Z) X129

2 (=29 W\ o o
—57/)4/ <n¢2+w> 9(X1, Xa2);
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e Formula for the scalar curvature

W~
—~
S
|
—_
S~—
<
—~
=
N—

(5.3)

S
<
=

Let us prove the proposition above. We consider local coordinates (z°) =
(r,0%) = on R x X, where (%) are local coordinates on ¥. Latin indexes
run from 1 to n, greek indexes from 1 to n — 1. Since g = 1, ¢gro = 0 and
Gap = 1/)(7‘)4/"§a5, then the Christoffel symbols of g are given by:

FZ:TZF:,B: %T:F?T,:O

1 2 1 N
25 = _5 rdaB = _E (T)4/n llf)(T)gaﬂ

1 2 L
5 =I5, = 5910093, = ~(r) ()6
IG5, =15,
The overlined objects refer to g. We can then compute the curvature tensor
Rijri = gmiRy};, which is given by:

R’r’rrr =0
R'rrra = _Rrra'r - Rrarr - _Rar'rr =0
Rrra,é’ = Raﬂrr =0

2 n U (r n—2v¢(r)?%\ _
Rron“,b’ = _Rraﬁr = Rarﬁr = _Rarrﬁ = Ew(r)z}:/ ( ( ) - ( ) ) Jap

Ryapy = —Rarpy = Rgyra = —Rgyar =0
np 4 n—21 = = = =
Raﬂvé = ¢(T)4/ Raﬁ'y5 + ﬁw(r)g/ 2¢(T)2(goz’yg§ﬂ - gﬁ'ygaé)'

From these formulas we can compute the sectional curvature (only for this
computation we assume n > 2). Assume that p € R x ¥ has coordinates
(r,0) and let m be a 2-plane of T),(R x M). Let v = 0, + v*0, and w =
yOr+w*d, be a g-orthonormal frame for 7, namely x2+w(r)4/"ga5v°‘vﬁ =1,
Y2 + 1 (r) " gosww® = 1 and xy + 1/)(T)4/"§a5vo‘wﬂ = 0, and assume that
prs; () := (V¥0p, w¥0y) is a 2-piano in TpX. It follows that

wo‘vﬁzﬂwé}?am(s
P(r)=8/m[(1 = 2?)(1 - y?) — (—ay)?]

is the sectional curvature of pry,(m) with respect to (X,g). On the other
hand sec,(m) = R(w,v,v,w) and by the formulas for the components of R

secq(pry;(m)) =
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we get

n

SeCp(W) — 2(y2 +$2) <¢(7’) o n— 27/}(T)2>

() no P(r)?
e
+ ;ZET; (—1+y°+2?)

+ 1/1(T)4/nwavﬁvvw‘sﬁa5w.

Equivalently, we proved

ey () = 22+ ?) (W)Z b(r) ”me(Prz(W))>

O GG
49, sE(prs(n))

RO RS T

The formula for the Ricci tensor descends from the expression of the com-
ponents of R, indeed Ricj;, = gllejkm, thus

2(n — 1) (n— 2 4) (r)? W))

Ric,, =

n no(r)? Y(r)
Ric,q = Ricyr =0

n w2 () ) 9

Tracing these formulas we get the expression for the scalar curvature

RiCafy = ﬁa'y _ %w(r)él/n (n -2 zp(r)2 w(r)> )

A(n —1)(r)
no P(r)

Ry =4 (r)"/"Rg —
and the proposition is proved.

Warped products with constant sectional curvature

We want to study all the warped products dr?+1(r)*™g with sectional cur-
vature constant to k € R. In virtue of the previous results, this is equivalent
to require that for every 2-piano 7 in 7' and for every x,y € R it holds

10 k:i(yQHQ)(W ¥ nsecm))‘

n2 )2 Pi/n P2y 2 qp/n

Necessarily the sectional curvature of g must be constant to some A € R and
1 must satisfy
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Actually the second equation follows deriving the first one, thus the warped
products with constant sectional curvature equal to k all arise from a base
(X, g) with constant sectional curvature equal to A and a warped function
1 which is a positive solution of

If one set y = 1%/", then the equation above becomes 9% + ky? = X. Re-
markable solutions of the equation above (which is invariant by transla-
tion) are given by ¥(r) = (Ak)"*cos(vVEr)*/? if k,A > 0, by (r) =
(=M\/k)"*sinh(v/=kr)*/2if k < 0and X > 0, by ¢(r) = (\/k)™/* cosh(yv/—kr)"™/?
if k,A < 0, and there are not solutions if £k > 0 and A < 0. If we assume

A = 0 then necessarily k¥ < 0 and ¢(r) = eV =knr/2 ig a solution. If we assume

k = 0 then necessarily A > 0 and ¥(r) = (1 + A\r)™? is a solution.

Einstein warped products

We want to study all the warped products dr?+1)(r)*"g which are Einstein,
namely such that Ric = k(n — 1)g for some k € R. In virtue of the previous
results, this is equivalent to require that

and

noY? Y

From the second one we see that necessarily g is Einstein, namely Ric =
A(n —2)g for some A € R, and ¢ must satisfy

) _ 2 o (n_2 PR
k(n — 1)¢4/”ga5 = Ricqy — EWL/ <”¢ + ¢> Gary-

which is equivalent to the single equation

4 "72)2 —4/n
We have already encountered this equation in the previous paragraph, there-
fore the Einstein warped products can be obtained from as we did for the
warped products with constant sectional curvature, but relaxing the condi-

tion on the base (X, g).
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Warped products with constant scalar curvature

We want to study all the warped products dr? + 1 (r)*"g with scalar cur-
vature constant to kn(n — 1) € R. In virtue of the previous results, this is
equivalent to require that

e S Clnlt) KA
kn(n —1) =4(r) Ry o)
Then necessarily R = (n — 1)(n — 2)\ for some A € R and 1 must satisfy
4 ¢(T) - —4/n kn _
w2 TR =0

Notice that we can assume n > 2, otherwise we reduce to the case of warped
products with constant sectional curvature, which was already considered.
If we set y = ¥2/™, then the equation above becomes yz—I—ﬁyjj—l—%yQ = A\
The function ¥ considered for Einstein warped products are also solutions of
the equation above since they verify § = —ky. However this time we have a
larger class of warped functions, which do not verify §j = —ky. For instance
if we assume A = 0, then ¥ (r) = cosh(nr/2) is a solution of the equation
above for k = —1, ¢(r) = cos(nr/2) is a solution of the equation above for
k =1 and 9(r) = r is a solution of the equation above for k = 0. All of
these examples do not correspond to warped functions for Einstein warped
products.

5.4 Conformal geometry

Let (M,g) be a Riemannian manifold of dimension n > 2. A conformal
transformation of ¢ is the metric § := e?“g obtained rescaling g by a smooth
function u: M — R. The study of conformal transformation has been really
fruitful in many areas, probably the Yamabe problem is the most famous
result concerning the conformal geometry (see Section 5.7). In this section
we recall how to relate the curvature properties of § (denoted with a tilde)
with respect to g and u. The formulas involve the Laplace-Beltrami operator
A, given in local coordinates by

Au = gijviju.

Proposition 5.2. Let (M, g) be a Riemannian manifold of dimension n >
2, let u: M — R be a smooth function and set § := e**g. Then the following
formulas hold:

e Formula for the (0,4)-curvature tensor:

1
R =¢* <R—g@ (V2u — du ® du + 2]Vu|2g)> , (5.4)
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where @® is the Kulkarni-Nomizu product defined in local coordinates
for symmetric (0,2)-tensors by

(9 © h)ijr = ginhji + gjihic — gahgr — gjxha;
e Formula for the Ricci tensor

Ric = Ric — (Au+ (n —2)|Vul?) g + (n — 2)(du ® du — V?u) (5.5)

e Formula for the scalar curvature
R; = e *(Ry — 2(n — 1)Au — (n — 1)(n — 2)|Vul|?). (5.6)

In dimension n > 2 the above formula simplifies to

An—1) _n2, . a
Ry = e 2 (Rg - (7?_2)6_22“Ae22“) .

The proof of this proposition is a direct computation. Since g;; = eZugZ-j,
then §¥ = e=2%¢g% and

T}, =T + 67 05u + 65 0iu — gi; VFu.

Therefore the curvature tensor is locally given by

Rijri = gmu (@‘f‘ﬂ — T + f‘?kf‘g - ff;%)
= eZURijkl + e2”gm18i(5,2”8ju + 67" Oku — gr; V™)
— e2“gm10j(5,’€"8iu + 0] Ou — gk V" u)
i e2“gmlrzj (6" Opu + 0, Opu — gip V™)
+ e g (S 0ju + 07 Opu — g VPu)T'yp
+ e g1 (870;u + 05 0w — g VPu) (67" Opu + 0" Opu — gip V™)
— e g I, (87 Opu + 67 0ju — g V™)
+ ezugml(csi({)iu + (5fc9ku — gkivpu)f‘%
+ €2 gy (8005u + 68 Opu — gy VPu) (67" Opu + 6 05w — gjpV ™).
After some simplifications, the above formula becomes
Rijri = ® Rijp + €* (10w — grjOnu + g Th0pu)
— e®"(gu0jru — griOjiu + gkﬁ?ﬁp“)
+ ezugilfijapu + e2u(gil8ju8ku — gikOjudju)
- e2“gjlfzi0pu — eQu(gjl(%u@ku — gjKO;udju)
— ™| Vul*gr;gi + | Vulgrig;i-
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Since Vjju = 0;ju — Ffjﬁpu and since by definition

1
(90 (Vu — du® du+ §|VU|29))z‘jkz
2 1 2
= gir(Vju — judju + §|Vu\ gjt)
1
+ gjl(V?k.u — O udpu + §|Vu]29ik) (5.7)
(V2w — Budyu + + |Vl
_gzl( jku_ iU kU + 5‘ u’ gjk)
2 1 2
— gik(Viju — Oiudu + §’VU\ 9it)
we got the formula for the curvature tensor. The Ricci tensor RNicjk =
§”Rijkl is then given by
Ricji = ¢"Riji + 9" (91 Viwu — gy Vi)
— g (guVjku — gri Vj1u)
+ 9" (9a0judku — gird;udu)
— g"(gj10:u0ku — g;kOudyu)
— |Vul’g" gijgi + 9" IV ul*grigii,
that is
Ricj, = Ricjx — (n — 2)Vjpu + (n — 2)9judpu + (—Au — (n — 2)|Vul?) gjk-
Tracing again, we get the formula for the scalar curvature
R; =e (R, — (2n — 2)Au — (n — 1)(n — 2)|Vu|?).

u

Finally we set ¢ := e , and the above formula becomes

4(n—1)

2
Rg: n—Q(Rg— n_2

YTHAY).

5.5 Hypersurfaces

The aim of this section is to compute the second fundamental form (extrin-
sic curvature) and the mean curvature of hypersurfaces that are graphs in
special classes of Riemannian manifolds. Before doing so, we recall some
definitions. Given a regular function f: M — R, the gradient of f is defined
as the vector field Vf on M satisfying g(V f, X) = df(X) for every vector
field X on M. In local coordinates Vf = g9, f0;. It is called Hessian of f
the symmetric (0, 2)-tensor defined by

Hessf(X,Y) =g(VxV/f,Y)
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for every vector field X, Y on M. In local coordinates Hessf(0;,0;) =
0;0;f — Ffjf)kf. We already introduced the Laplace-Beltrami operator Af
of f, defined as the trace of the Hessian of f. In local coordinates

Af =trHessf = gij(aiajf — Ffjakf)-

Finally we recall that for a vector field X, the divergence of X is defined
to be the function divX = tr,V.X, which is given in local coordinates by
divX = 9; X" + I‘ng ¢, In virtue of the previous definition, one can notice
that Af = divV f.

Now let (M, g) be a Riemannian manifold of dimension n and consider
an hypersurface S C M. The second fundamental form of S C M is
defined by

H(X7 Y) = g(vVXa Y) = —Q(VXY, V)

for every vector fields X, Ytangent to S, where v denotes a unit vector field
normal to S (notice that the sign of the second fundamental form depends
on the choice of a direction for v). The mean curvature of S C M is
defined to be the trace of the second fundamental form. The role of the
second fundamental form is to relate the curvature of the hypersurface to
those one of the ambient space.

Proposition 5.3. Let S be an hypersurface embedded in a Riemannian
manifold (M, g). Denote by go, Ro and 11 respectively the metric induced
by (M, g) on S, the curvature tensor of (S, go) and the second fundamental
form of the embedding S C M. Then the following facts hold:

e Gauss equation: For any vector fields X,Y,Z and W tangent to S one
has

R(X,Y,Z,W) = Ry(X,Y, Z,W)—11(Y, Z)II(X, W) +11(X, Z)II(Y, W)

e Codazzi-Mainardi equation: For any vector fields X, Y and Z tangent
to S one has

R(X,Y,Z,v) = —(VxID(Y, Z) + (VyII)(X, Z),

where v denotes the unit vector field normal to S for which the second
fundamental form is computed.

Graphs on cylinders

As first example, consider the cylinder (R x X, g), where g = dr? + g and
(¥, g) is a Riemannian manifold of dimension n — 1. Every smooth function
¥: ¥ — R defines the graph hypersurface S := {r = ¢} = {(¥(0),0) |0 €
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¥ }. We can consider the unit vector v perpendicular to S and directed to
r = 400, which is

TNl /1+!ng|§.

If (%) = (#',...,6™ 1) denote local coordinates for 3, then the metric g on
S becomes g|g = (0a008Y + Gap)dd* @ d68 and

Vo := Oq 0y + O,
is a local frame for T'S. Thus the second fundamental form is given by

op = =9 (Vu,v8,v)
- —&ﬂbaﬁwg (vara’l") V) - acﬂ/fg (varaﬁa V) - 8a[3¢9 (67‘7 V)
- 8ﬁ¢g (Vaaa,«, V) ) (Vaaa& V) .

A direct computation shows that the unique non-vanishing Christoffel sym-
bols of g are the ones which do not involve the variable r, namely I') 5 which

coincide with the Christoffel symbols fzé 3 of g. Thus

_8a6¢ ) (Vaaaﬂ, VW/’) _ ﬁaﬁ@b

V1+IVadls V1+IVgvl3

is the formula for the second fundamental form. To compute the mean
curvature H of S C M, we have to notice that the inverse of (g|s)ag =

ga,@ + 8a¢86¢ is

.5 =

— 76
_ VYV Y
af _ gaB

and therefore

H=-— (gaﬁ VeV ) Vgt
L+ IVals ) 1+ (w2
_ Agw + HeSSg’(Z}(Vg’QD, Vg )

1+ |Vgel2
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Graphs on conformal manifolds

As second example, consider a conformal metric § = e?*g where (M, g) is a
Riemannian manifold of dimension n. Let S C M be an hypersurface, we
want to relate the second fundamental form IT and the mean curvature H of
S in (M, ) with respect to the same objects IT and H relative to (M, g). We
notice that U := e "v is the g-unit vector perpendicular to S if v denotes
the g-unit vector perpendicular to S. Then

(X,Y) = —§(VxY,0) = —e“g(VxY,v).

Using the formula for the transformation of the Christoffel symbols under a
conformal change, one observe that

VxY =VxY +Y @)X + X(u)Y — g(X,Y)Vu,

therefore )
II(X,Y) =e"II(X,Y) + e"9(X,Y)g(Vu,v).

1

Taking the trace by (g|s)™", we get the formula for the mean curvature

H=¢"(H+ (n—1)g(Vu,v)).

Graphs on warped products

Due to the results of the last two subsections, we are going to show the
following result.

Lemma 5.4. Let (X, g) be a Riemannian manifold of dimension n —1 and
consider M := R x X equipped with the metric

g = e (dr® + ¢*(r)g)

where u: X — R and ¢: R — R are smooth functions, ¢ > 0. Then the
second fundamental form II of the graph of a smooth function ¢: % — R,
with respect to g and the unit normal pointing to r = 400, can be computed
as

e /14 ¢ 2|Vy2Il = —Hess 1) + ¢~ 'dpdyp @ dip
+ (P*0u+ ¢) (o 2y @ dy +g)  (5.9)
— (Vu, V) (¢ 2dy @ dp + g),

while the mean curvature H can be computed as

1 \YZ1
uH — _ ld A
e ¢ div ( Zor \V¢|2> (510)
¢ + Ou — ¢~ H(Vu, Vi)

V1+ 672 Vy)2 '

+(n—-1)
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In the above formulas all the geometric quantities are computed with respect
to g and, with abuse of notation, we tacitly omitted the composition with 1,
so that u, Oyu, (Vu, V), ¢ and its derivative ¢ are the functions defined

for 6 € % by w(y(6),0), u(y(8),0), §90iu(y(8),0)d;1(8), ¢(¥(F)) and
o(1(0)) respectively. Equivalently, (5.10) can be rewritten as

—4
1+ ¢72|vw|2€uH — _¢—2Aw 4+ ¢ HeSSw(V¢7V¢)

L+ ¢72[Vy|?
Sy ¢ VP
+¢ 1¢W (5.11)
+(n—1)¢7"¢

+(n—1)(8u— ¢~ %(Vu, V).

Let us show the previous result. We have to compute the second fun-
damental form and the mean curvature of the hypersurface S = {r = ¢}
in R x ¥ equipped with the metric § = e?%(dr? + ¢(r)g), with respect to
the unit vector pointing to r = +oo. If we introduce v := u + log ¢ and
consider the new variable p in R defined by p'(r) = 1/¢(r) and p(0) = 0,
then § = e®’g with ¢ = dp? + g. With this notation the hypersurface S
becomes the graph {p = f}, where f: 3 — R is defined by

¥O)  qr
=[5

Due to the results of the previous paragraphs, we know that

I = e’II + ¥g(Vu, v)g,

where

Hessg f and v — 0, —Vyf

V1+IVafl; 1+ |Vafl3

Since Onf = Oatp/(¢d0), then Vgf = (o ¥)"1Vz¢ and Hessyf = (¢ o
)" Hessgt) — (¢ 09))~*(¢ 0 9))de) ® dip. Then

o o (@ov) Hessgp — (poy) *(doy)dy @ dy
1+ (600) 2502
+e"g(Vo,v)((¢ 0v)2dy @ dy + g).
Now we use that v = u + log ¢, so that
(¢ 0)drul(th,) + ¢potp — (¢ 09) g™ dau(v,)05v
J1+ (@0 0) 250l |

II=-

:

g(Vu,v) =
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This gives

oy Hessgy — (dov)(d o) ldy @ dy

I+ 600) 2502

(@0 )dru(v,-) +po¢

1+ (@0 9)2Vaul2
 §(Vaul®, ), Vg¥)

1+ (600) 2502

+ (po) (o) 2dy ® dp + g)

(o) 2dy ® dip + g).

It remains to check the formula for the mean curvature. It is sufficient to
trace the formula above via the inverse of (g]s)as = ¢2“¥")(94p0ptp + (¢

1)%Gap), which is

e
(gls)°? = =20 (wwﬂgaﬂ—wow‘*l A )

(¢ 0v)2Vgl3

In this way we obtain

\/1 + (¢ o) 2 V2"V H = —($p o)) 2Ag
(¢ 0 1) *Hessgth(Vgih, Vi)
L+ (pot)) "2 Vgy|2
30 Vgl
+ (porp) (9 w)1+(¢ow)—2|vgw|§
+(n—1)(poy) (po)

+(n = 1) (Bru(y,-) = (9 o) *G(Vau(y,-), Vgi)) ,
(5.12)

+

and the claim follows.

5.6 Elliptic operators

We recall the basic definitions and properties of elliptic operators on Rie-
mannian manifolds. This section also explains the notation used in the
thesis, which is standard in literature.

Functional spaces

Let (M, g) be a Riemannian manifold of dimension n. The volume form
dVy induced by g gives raise to a Borel measure on M. This allows one to
define measurable functions from M to R and weak derivatives. For &k € N
and p € [1,+0oc], the Sobolev space LP*(M, g) is defined to be the set of
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those measurable functions f: M — R (modulo equality almost everywhere)
satisfying

1
— () f|p P
1l cary m,§< [ f|ngg> < oo

if p < o0, and |
1l qary = maoxsup [VOf[f < +o0

for p = 4+0o0. For k € N and a € (0,1), the Hélder space €**(M,g)
is defined to be the set of those measurable functions f: M — R (again
modulo equality almost everywhere) satisfying

A V® f(p) =V f(q)]
koo = maxsup |V f|+ su |
I llgtearg) = mascsup V| + sup =0 =3

< 00,

where the term sup,,c)s is considered among those g # p belonging to
a normal convex neighbourhood of p € M so that the parallel transport
is well-defined and the expression V¥ f(p) — V(¥ f(q) makes sense. Both
the Sobolev and Holder space are examples of Banach spaces on M. Their
definition strongly depends on the metric g, however if M is compact then ¢
only influences the definitions of the norms but not Sobolev or Holder spaces
themselves, and it holds the following result.

Proposition 5.5. If (M, g) is a compact Riemannian manifold of dimension
n, then the following are true.

1. For p € [1,+00) the space of smooth function €°°(M) is dense in
LPE(M, g);

2. For k,k' € N and p,p’ € [1,+00) satisfying
k>k and k—n/p>k —n/p, (5.13)

the space LP*(M, g) embeds continuously in Lp,’k/(M,g), and it is a
compact embedding if (5.13) hold strictly;

3. Form,k e N, a € (0,1) and p € [1,400) satisfying
m—n/p>k+a, (5.14)

the space LP™(M, g) embeds continuously in €**(M,gq), and it is a
compact embedding if (5.14) hold strictly;

4. For k,k' € N and o, a’ € (0,1) satisfying
k4+a>k+d, (5.15)

the space €%(M, g) embeds continuously in €% (M, g), and it is a
compact embedding if (5.15) hold strictly.
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Elliptic linear operators

Consider a compact Riemannian manifold (M, g) of dimension n. A second
order operator is an operator that takes a function w on M which is at least
two-times differentiable (possibly in a weak sense) and maps it to a function
P(u) defined on M depending only (and at least continuously) on u, Vu and
V2u. The operator is called linear if P(Au + pv) = AP(u) + uP(v) for u,v
functions and A, 4 € R. In general a second-order operator P is not linear,
but it is possible to linearise it around a function u letting

Lo = lim P(u+tv) — P(u)
t—0 t

for a function v. Then P is linear if and only if coincides with its lineariza-
tion. A second-order linear operator L with €% (M)-coefficients can be
written by definition as

n n
Lu = Z aijviju + Z b'Vu + cu,
ij=1 i=1

where a” = a’%, b" and ¢ belong to €%(M). Tt can be seen as an operator
L: €+29(M) — €%*(M). The principal symbol of L at p € M is the
homogeneous polynomial of degree 2 defined as o(p,§) := Zij a (p)&i;.
The operator L is called elliptic if o(p,§) # 0 for every p € M and every
non-zero £ € R™. More generally a (non-linear) second order operator P
is called elliptic at w if its linearization at w is elliptic. The most famous
example of second order linear elliptic operator with smooth coefficients
on (M, g) is probably the Laplace-Beltrami operator A + k, k € R, whose
principal symbol is o(p, &) = |£ \g(p). A second well-known property of A + &
is to be self-adjoint. Let L be a second-order linear operator with smooth
coefficients, it turns out that there exists an unique linear operator L*, called
adjoint of L, such that

/vLudVg—/ uL*vdV,
M M

for every u,v € L22(M, g). The Laplace-Beltrami operator is self-adjoint in
the sense that (A + k)* = A + k. Indeed we recall that since M is close
without boundary the it holds

/ U(Au—l—/ﬁu)dvg——/ g(Vv,Vu)dVg—i-/f/ vudVg—/ u(Av+kv)dVj.
M M M M

Regularity and existence results

We list some very useful and classic properties of a linear elliptic operators
(for simplicity, we focus on operators of the second order, but analogous
results hold in general).
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Theorem 5.6 (Regularity). Let (M, g) be a compact Riemannian manifold
and L a second-order elliptic linear operator on M with smooth coefficients.
Fizp>1,keN and « € (0,1). Suppose that Lu = v holds weakly for two
integrable functions u and v on M. If v € LP*(M) then u € LPRT2(M) and

lullypaszary < C (ellumsary + lelluoqan )

for some C' > 0 independent of u, v. If v € €5 (M) then u € €++22(M)

and
lullgrsanry < C (lollgnaqan + lullgoqan )

for some C > 0 independent of u, v.

In particular, under the hypothesis of the theorem above one deduces
that if v is smooth then u is smooth.

Theorem 5.7 (Existence). Let (M, g) be a compact Riemannian manifold
and L a second-order elliptic linear operator on M with smooth coefficients.
Fizp>1, k€ N and a € (0,1). The operator L can be seen as operator
CE2 (M) — €F(M), LPE2(M) — LPF(M) or € (M) — €°(M).
In all these cases KerL is a finite-dimensional subspace of the domain of L.
Moreover for every v € LPF(M) there exists u € LP*+2(M) such that Lu = v
if and only if [,, vwdVy =0 for every w € Lp’k(M) such that L*w = 0, and
u is unique if one requires [, uwdVy = 0 for every w € LPRE2(M) such
that Lw = 0. Similarly, for every v € €**(M) there exists u € €+ (M)
such that Lu = v if and only if [, vwdVy = 0 for every w € Er(M)
such that L*w = 0, and w is unique if one requires fM uwdVy =0 for every
w € €F2(M) such that Lw = 0.

For instance, the previous result implies that A + x is an isomorphism
from €*F29(M) to €% (M) whenever —r is not an eigenvalue of A. Sim-
ilarly, it follows that the image of A, whose kernel consists on constant
functions, contains those functions with null mean.

The last result we recall is usually known as Interior Schauder Estimates.

Theorem 5.8. Let (M,g) be a compact Riemannian manifold and L a
second-order elliptic linear operator on M with smooth coefficients. Let ) C
Q' be two relatively compact open subsets of M such that dg(Q,09Q") > 0.
Fiz k € N and o € (0,1), then there exists a constant C > 0 such that if
u € CF2(Y, g) satisfies Lu € €5(X, g), then u € €*T2%(Q, g) and

lullgrsanmg < € (Iullgra g + luleo@.y) -

An analogue result holds in the Sobolev setting. The Interior Schauder
Estimates above are stated under the hypothesis of compactness of M, how-
ever since they only involve Q and €’ one can expect the same result for a
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non-compact M. If M is not compact, we have to assume that the symbol
of L satisfies o(p,&) > A€ |3(p) for some A > 0 independent of p (uniform
ellipticity). Then the Interior Schauder Estimates holds as well but the con-
stant C' will depend as previously on (M, g), dg(Q2, '), k, a and on upper
bounds for the ¥t norms of the coefficients of L, but also on A\ and on
the diameter of Q' .

5.7 The Yamabe problem

Let (M,g) be a compact Riemannian manifold of dimension n > 2. If
n = 2 the uniformization theorem asserts that g is conformal to a metric
with constant scalar curvature (this is actually true also in the non-compact
case). The Yamabe problem asks if the same holds in higher dimension.
Precisely

Yamabe problem, 1960 Let (M, g) be a compact Riemannian manifold
of dimension n > 3. Is there a metric g in the conformal class [g] of g such
that the scalar curvature Rj is constant?

Yamabe himself claimed to have found a solution of his problem, how-
ever Neil Trudinger found a mistake in Yamabe’s proof. Some time later
Trudinger and Aubin showed that the approach of Yamabe could work but
with some hypothesis on M, precisely if the Yamabe invariant (the precise
definition below) is smaller of a certain constant A(S™). Moreover, Aubin
showed that such conditions were verified by Riemannian manifolds of di-
mension n > 6 which are not locally conformally flat. The remaining cases
was proved some years later, in 1984, by Richard Schoen, who gave a positive
answer to the Yamabe problem.

4
Given two metrics ¢ and ¢ = ¥»—2¢g in the same conformal class, their
scalar curvatures are related by

4(n—1)

__2_ _
R =1 n=2 (Rg_ 9 (0 IA@Z)))a
as we noticed in Section 5.4. Therefore the Yamabe problem is equivalent
to find a positive smooth solution 1 to the Yamabe equation

A=V ay— Ryp+evnz o,

n—2

for some ¢ € R. By a variational point of view, the Yamabe problem is
also equivalent to show the existence of stationary points of the operator
Q: [9] — R defined by

_ fM Ry dV;

n—2"°

G = Vol (M)*5
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In fact it can be shown that a metric in [g] is a stationary point for @ if
and only if it has constant scalar curvature. It can be also shown that @) is
bounded below, so it makes sense to introduce the Yamabe invariant

AM) :=inf Q,
g]

which only depends on M and [g]. A Yamabe metric is a metric § € [g] such
that Q(g) = A(M), namely a minimum for ). The idea for showing the
Yamabe problem was actually to prove the existence of a Yamabe metric on
[g]. For what concerns the uniqueness, it can be shown that if A(M) < 0,
then there is a unique solution for the Yamabe problem up to homothety. In
particular if A\(M) < 0 there exists a unique metric in [g] with constant scalar
curvature equal to —1, and if A(M) = 0 there exists a unique metric in [g]
with constant scalar curvature equal to 0 and volume equal to 1. Differently,
if A(M) > 0 there may exists different metrics in [g] with constant scalar
curvature, which are not related by homothety. This depends on the possible
existence of stationary points for ) which are not Yamabe metrics.

The Yamabe problem in the non-compact setting is still open and false
in general. This strongly depends on the behaviour of the geometry of the
ends of the manifold.
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