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Preface

The aim of this book is to give a proof of Thurston’s Geometrisation Conjecture,
solved by G. Perelman in 2003. Perelman’s work completes a program initiated
by R. Hamilton, using a geometric evolution equation called Ricci flow. Perelman
presented his ideas in three very concise manuscripts [Per02], [Per03al, [Per03b].
Important work has since been done to fill in the details. The first set of notes
on Perelman’s papers was posted on the web in June 2003 by B. Kleiner and
J. Lott. These notes have progressively grown to the point where they cover the
two papers [Per02], [Per03b]. The final version has been published as [KLO0S].
A proof of the Poincaré Conjecture, following G. Perelman, is given in the book
[MTO07] by J. Morgan and G. Tian. Another text covering the Geometrisation
Conjecture following Perelman’s ideas is the article [CZ06a] by H.-D. Cao and
X.-P. Zhu. Alternative approaches to some of Perelman’s arguments were given
by T. Colding and W. Minicozzi [CMO07], T. Shioya and T. Yamaguchi [SY05], the
authors of the present book [BBBT07], [BBB*10], J. Morgan and G. Tian [MT08],
J. Cao and J. Ge [CG09], B. Kleiner and J. Lott [KL10].

One goal of this book is to present a proof more attractive to topologists. For
this purpose, we have endeavoured to reduce its analytical aspects to blackboxes
and refer to some well-known and well-written sources (e.g. [MT07],[CKO04]). At
various points, we have favoured topological and geometric arguments over analytic
ones.

The bulk of Perelman’s proof is the construction and study of a kind of gen-
eralised solution of the Ricci flow equation called Ricci flow with surgery. In our
treatment, this part has been simplified by replacing Ricci flow with surgery by a
variant, which we call Ricci flow with bubbling-off. This is a sort of discontinuous,
piecewise smooth Ricci flow on a fixed manifold. For the last part of the proof, we
provide a completely different argument, based on the preprint [BBB107], which
relies on topological arguments and Thurston’s hyperbolisation theorem for Haken
manifolds. We use a technique borrowed from the proof of the orbifold theorem
([BLPO5]).

We have tried to make the various parts of the proof as independent as possible,
in order to clarify its overall structure. The book has four parts. The first two
are devoted to the construction of Ricci flow with bubbling-off. These two parts,
combined with [CMO07] or [Per03al, are sufficient to prove the Poincaré Conjecture,
as we explain in Section 1.2.3. Part III is concerned with the long-time behaviour
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of Ricci flow with bubbling-off. Part IV completes the proof of the Geometrisation
Conjecture and can be read independently of the rest. The material found here is
of topological and geometric nature.

The idea of writing this book originated during the party that followed the
conference held in honour of Larry Siebenmann in December 2005. It came after
several workshops held in Barcelona, Miinchen and Grenoble devoted to the read-
ing of Perelman’s papers and the Kleiner-Lott notes. A first version of this book
was handed out as lecture notes during the trimestre on the Ricci curvature held in
LH.P. (Paris) in
May 2008.

The results of this monograph have been announced in the survey article [Mai08].
We warn the reader that there are a few discrepancies between that article and
the present book, due to changes in terminology and minor adjustments in state-
ments of theorems. For an introduction to the Poincaré Conjecture that follows
the approach of this book, see [Mai09].

Many expository texts about Perelman’s work have been written. We rec-
ommend, among others, [And04], [Bes06b], [Mor05], [Lot07], [Mor07], [Tao06],
[Yau06], [Bes05], [Bes06a], [BBBO06], [Bes07].

The authors wish to thank the Agence Nationale de la Recherche for its sup-
port under the programs FOG (ANR-07-BLAN-0251-01) and GROUPES (ANR-
07-BLAN-0141), as well as the Feder/ Micinn grant MTM2006-04546. We have
also been supported by the Clay Mathematics Institute, the Fondation des Sci-
ences Mathématiques de Paris, the Centre Emile Borel, and the Centre de Recerca
Matematica. The third author thanks the Institut Universitaire de France for
his support. The fourth author thanks the Institut de Recherche Mathématique
Avancée (UMR CNRS 7501 and Université de Strasbourg) where he held a posi-
tion during most of the writing of this book. The last author received the prize
“ICREA Académia”, funded by the Generalitat de Catalunya.

We warmly thank B. Kleiner, J. Lott, J. Morgan and G. Tian for numer-
ous fruitful exchanges. Part of this work originated in workshops organized at
Barcelona, Grenoble and Miinchen. We thank all the participants of these ac-
tivities, in particular J. Dinkelbach, V. Bayle, Y. Colin de Verdiere, S. Gallot,
B. Leeb, L. Rozoy, T. Schick and H. Weiss. The trimestre on the Ricci curvature
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the participants and particularly E. Aubry, R. Bamler, R. Conlon, Z. Djadli and
D. Semmes.
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Chapter 1

The Geometrisation
Conjecture

1.1 Introduction

At the international conference of mathematics devoted to Some Questions of Ge-
ometry and Topology, organized in 1935 by the University of Geneva, W. Threlfall
started his lecture with the following words:

“Nous savons tous que le probleme d’homéomorphie des variétés a n dimen-
sions, posé par Poincaré, est un des plus intéressants et des plus importants de
la Géométrie. Il est intéressant en soi car il a donné naissance a la Topolo-
gie combinatoire ou algébrique, théorie comparable par son importance a la
Théorie des fonctions classique. Il est important par ses applications a la
Cosmologie, ot il s’agit de déterminer l'aspect de l’espace de notre intuition
et de la physique. Dés linstant ou le physicien a envisagé la possibilité de
considérer l’espace de motre intuition, espace ot nous vivons, comme clos,
la tache du mathématicien est de lui proposer un choix d’espaces clos, et
meéme de les énumérer tous, comme il le ferait pour les polyédres réguliers.
... Malheureusement le probleme n’est complétement résolu que pour deux di-
mensions.”

The question discussed by Threlfall is the homeomorphism problem for compact
3-dimensional manifolds, which asks for an algorithm to decide whether two such
manifolds M, N are homeomorphic. During the last 70 years this problem was
central in 3-dimensional topology. It came down to W. Thurston’s Geometrisation
Conjecture at the end of the 1970s. Finally this conjecture was solved in 2003 by
G. Perelman.

A classical result states that every compact surface admits a Riemannian met-
ric with constant curvature. This result contains the topological classification of
surfaces mentioned by Threlfall. Moreover, some important properties of surfaces,
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e.g. linearity of the fundamental group, can be deduced from this fact. Geometric
structures on surfaces are also central in studying their mapping class groups.

Recall that a Riemannian manifold X is called homogeneous if its isometry
group Isom(X) acts transitively on X. We call X unimodular if it has a quotient
of finite volume. A geometry is a homogeneous, simply-connected, unimodular
Riemannian manifold. A manifold M is geometric if M is diffeomorphic to the
quotient of a geometry X by a discrete subgroup of Isom(X) acting freely on X.
We also say that M admits a geometric structure modelled on X. By extension, a
manifold with boundary is geometric if its interior is geometric.

In dimension 2 the situation is rather special, since a geometry is always of
constant curvature. This is no longer true in dimension 3. Thurston observed that
there are, up to a suitable equivalence relation, eight mazimal®' 3-dimensional
geometries: those of constant curvature S3, E3, and H?; the proﬁct geometries

S? x E! and H? x E!; the twisted product geometries Nil and SL(2,R), and finally
Sol, which is the only simply-connected, unimodular 3-dimensional Lie group which
is solvable but not nilpotent.

A 3-manifold is spherical (resp. Euclidean, resp. hyperbolic) if it admits a ge-
ometric structure modelled on S? (resp. E?, resp. H?). It follows from standard
arguments in Riemannian geometry that a 3-manifold is spherical (resp. Euclidean,
resp. hyperbolic) if and only if it admits a complete Riemannian metric of constant
sectional curvature equal to +1 (resp. 0, resp. —1). A metric of constant positive
sectional curvature is often called a round metric.

The classification of spherical 3-manifolds was completed by H. Seifert and
W. Threlfall in 1932 [TS31], [TS33]. A key observation for this classification is that
every finite subgroup of SO(4) acting freely and orthogonally on S* commutes with
the action of some SO(2)-subgroup of SO(4). This SO(2)-action induces a circle
foliation on the manifold where each circle has a saturated tubular neighbourhood.
This phenomenon led Seifert [Sei33] to classify all 3-manifolds carrying such a
foliation by circles, nowadays called Seifert fibred manifolds. It turns out that a
compact 3-manifold is Seifert fibred if and only if it admits a geometric structure
modelled on one of the six following geometries: S?, E3, S$? x E!, Nil, H? x E!,
SL(2,R).

Poincar’s Fundamental Polyhedron Theorem gives a general method for build-
ing a hyperbolic 3-manifold by identifying the faces of a convex polyhedron of
H3. However, this construction does not provide a criterion to decide whether
a compact 3-manifold admits a hyperbolic structure. It was only in 1977 that
such a criterion was conjectured by W. Thurston, and proved for a large class of
compact 3-manifolds, the so-called Haken 3-manifolds. The fact that this criterion
holds true is part of a wider conjecture proposed by Thurston, the Geometrisation
Conjecture, which gives a general picture of all compact 3-manifolds.

The content of the Geometrisation Conjecture is that every compact 3-manifold
splits along a finite collection of embedded surfaces into canonical geometric pieces.

n this context, mazimal means that there is no Isom(X)-invariant Riemannian metric on
X whose isometry group is strictly larger than Isom(X).
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In order to be more precise, we need a definition: a closed connected surface in a
compact orientable 3-manifold M is essential if it is m1-injective and if it does not
bound a 3-ball nor cobound a product with a connected component of M.

Conjecture 1.1.1 (Thurston’s Geometrisation Conjecture). The interior of any
compact, orientable 3-manifold can be split along a finite collection of essential,
pairwise disjoint, embedded 2-spheres and 2-tori into a canonical collection of geo-
metric

3-manifolds after capping off all boundary spheres by 3-balls.

Such a decomposition will be called a geometric decomposition. A special
case of the Geometrisation Conjecture is the so-called FElliptisation Conjecture,
which asserts that every closed orientable 3-manifold with finite fundamental group
is spherical. The famous Poincaré Conjecture is itself the special case of the
Elliptisation Conjecture where the fundamental group is trivial:

Conjecture 1.1.2 (Poincaré Conjecture). If M is a closed, simply-connected 3-
manifold, then M is diffeomorphic to the 3-sphere.

The Geometrisation Conjecture has far-reaching consequences for 3-manifold
topology. For instance, it implies that every closed, orientable, aspherical® 3-
manifold is determined, up to homeomorphism, by its fundamental group. This is
a special case of the so-called Borel Conjecture.

The existence of the topological decomposition required for Thurston’s Ge-
ometrisation Conjecture follows from two central results in 3-manifold topology:
the Kneser decomposition theorem and the JSJ-splitting theorem. An orientable
3-manifold M is irreducible if any embedding of the 2-sphere into M extends to an
embedding of the 3-ball into M. The connected sum of two orientable 3-manifolds
is the orientable 3-manifold obtained by pulling out the interior of a 3-ball in each
manifold and gluing the remaining parts together along the boundary spheres.

The first stage of the decomposition is due to H. Kneser for the existence
[Kne29], and to J. Milnor for the uniqueness [Mil62]:

Theorem 1.1.3 (Kneser’s decomposition). Every compact, orientable 3-manifold
is a connected sum of 3-manifolds that are either homeomorphic to S* x S? or
irreducible. Moreover, the connected summands are unique up to ordering and
orientation-preserving homeomorphism.

This result reduces the Geometrisation Conjecture to the case of irreducible
manifolds. The second stage of the decomposition is more subtle. An orientable
surface of genus at least 1, embedded in a 3-manifold, is incompressible if it is -
injective. An embedded torus in a compact, orientable, irreducible 3-manifold M
is canonical if it is essential and can be isotoped off any incompressible embedded
torus (see [NS97]). A compact orientable 3-manifold M is atoroidal if it contains
no essential embedded torus and is not homeomorphic to a product 7?2 x [0, 1] or
a twisted product K2 x [0, 1].

2A manifold is aspherical if all its higher homotopy groups vanish.
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Theorem 1.1.4 (JSJ-splitting). A mazimal (possibly empty) collection of dis-
joint, mnon-parallel, canonical tori is finite and unique up to isotopy. It cuts M
into 3-submanifolds that are atoroidal or Seifert fibred.

This splitting is called the JSJ-splitting because it was constructed by W. Jaco
and P. Shalen [JS79], and by K. Johannson [Joh79].

A compact, orientable, irreducible 3-manifold is Haken if its boundary is not
empty, or if it contains a closed essential surface. In the mid 1970s W. Thurston
proved the Geometrisation Conjecture for Haken 3-manifolds (see Otal [Ota01],
[Ota98]):

Theorem 1.1.5 (Thurston’s hyperbolisation theorem). The Geometrisation Con-
jecture is true for Haken 3-manifolds.

In particular, any atoroidal Haken 3-manifold M is hyperbolic or Seifert fibred.
The main goal of this book is to explain the proof of the remaining and most
difficult case, dealing with closed, atoroidal manifolds:

Theorem 1.1.6 (G. Perelman). Let M be a closed, orientable, irreducible, atoroidal
3-manifold. Then:

1. If m (M) is finite, then M is spherical.
2. If m1 (M) is infinite, then M is hyperbolic or Seifert fibred.

A standard argument using Kneser’s theorem and van Kampen’s theorem
shows that part (1) of Theorem 1.1.6 implies the Elliptisation Conjecture.®> More
generally, Theorems 1.1.5 and 1.1.6 together imply:

Corollary 1.1.7 (Geometrisation theorem). The Geometrisation Conjecture is
true for all compact orientable 3-manifolds.

Since the fundamental group of an irreducible Seifert manifold is either finite
or contains Z? (see e.g. [BMP03]), one also obtains as a corollary:

Corollary 1.1.8 (Hyperbolisation theorem). A closed, orientable, irreducible 3-
manifold is hyperbolic if and only if m (M) is infinite and does not contain a
subgroup isomorphic to Z2.

In fact, Perelman’s proof deals with all cases and allows us to recover the
geometric splitting of the manifold along spheres and tori. However, in this book
we focus on Theorem 1.1.6.

3Indeed, let M be a closed, orientable 3-manifold with finite fundamental group. By Theo-
rem 1.1.3, it is a connected sum of closed, orientable 3-manifolds M; which are irreducible or
homeomorphic to S x S2. By the van Kampen theorem, 71 (M) is a free product of the funda-
mental groups of the M;’s, so by standard group theory, 71 (M;) is finite for each ¢, and trivial
except for at most one value of 7. Since 71(S? x S?) is infinite, this implies that each M; is
irreducible. It is also atoroidal, since Z? does not embed into a finite group. Hence we can apply
Theorem 1.1.6 (1) to each M;. It follows that all M;’s are spherical, and all but at most one are
homeomorphic to S3. Therefore M is spherical.
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The main ingredient of the proof is the Ricci flow, which is an evolution equa-
tion introduced by R. Hamilton. In Section 1.2, we review general facts about
this equation, and define an object called Ricci flow with bubbling-off, which is
a variation on Perelman’s Ricci flow with surgery (cf. also [Ham97]). We then
state an existence result and deduce the Elliptisation Conjecture from this. In
Section 1.3 we tackle the long-time behaviour of Ricci flow with bubbling-off and
the case where 71 (M) is infinite.

Remark 1.1.9. For more historical background on the Geometrisation Conjec-
ture, see e.g. [BMPO03] and the references therein.

1.2 Ricci flow and elliptisation

1.2.1 Ricci flow

Notation. If g is a Riemannian metric, we denote by Ruyin(g) the minimum of
its scalar curvature, by Ric, its Ricci tensor, and by vol(g) its volume.

Let M be a closed, orientable, irreducible 3-manifold. In the Ricci flow ap-
proach to geometrisation, one studies solutions of the evolution equation
% =-2 Rng(t), (1.1)
called the Ricci flow equation, which was introduced by R. Hamilton. A solution is
an evolving metric {g(t)}ter, i-e., a l-parameter family of Riemannian metrics on
M defined on an interval I C R. In [Ham82], Hamilton proved that for any metric
go on M, there exists ¢ > 0 such that equation (1.1) has a unique solution defined
on [0, e) with initial condition ¢g(0) = go. Thus there exists T' € (0, +-00] such that
[0,7) is the maximal interval where the solution to (1.1) with initial condition go
is defined. When T is finite, one says that the Ricci flow has a singularity at time
T. Ideally, one would like to see the geometry of M appear by looking at the
metric g(t) when ¢ tends to T' (whether T be finite or infinite). To understand
how this works, we first consider some (very) simple examples, where the initial
metric is locally homogeneous.

Example 1. If gy has constant sectional curvature K, then the solution is given
by g(t) = (1 — 4Kt)go. Thus in the spherical case, where K > 0, we have T < oo,
and as t goes to T, the manifold shrinks to a point while remaining of constant
positive curvature.

By contrast, in the hyperbolic case, where K < 0, we have T = oo and g(t)
expands indefinitely, while remaining of constant negative curvature. In this case,
the rescaled solution g(t) := (4t) " 'g(t) converges to the metric of constant sec-
tional curvature —1.

Example 2. If M is the product of a circle with a surface F' of genus at least 2,
and g is a product metric whose second factor has constant (negative) curvature,
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then T = oo; moreover, the solution is a product of a constant metric on S' with
an expanding metric on F.

In this case, g(-) does not have any convergent rescaling. However, one can
observe that the rescaled solution g(-) defined above collapses with bounded sec-
tional curvature, i.e., has bounded sectional curvature and injectivity radius going
to 0 everywhere as t goes to +oc.

Several important results were obtained by Hamilton [Ham82], [Ham8&6], [Ham93],
[Ham95b|, [Ham99]. The following two can be viewed as partial results on the Ge-
ometrisation Conjecture:*

Theorem 1.2.1 ([Ham82]). Let M be a closed, orientable 3-manifold and go be
a Riemannian metric of positive Ricci curvature on M. Then T < oo, and the
volume-rescaled Ricci flow vol(g(t))~2/3g(t) converges (modulo diffeomorphisms)
to a metric of positive constant sectional curvature ast — T. In particular, M is
spherical.

Theorem 1.2.2 ([Ham99]). Let M be a closed, orientable 3-manifold and g(-) be
a Ricci flow on M defined on [0,+00). If the sectional curvature of the rescaled
flow g(-) is bounded independently of t, then one of the following assertions holds:

1. Ast tends to infinity, g(-) converges modulo diffeomorphisms to a hyperbolic
metric.

2. Ast tends to infinity, g(-) collapses with bounded sectional curvature.
3. M contains an incompressible torus.

The general case, however, is more difficult, because it sometimes happens that
T < oo while the behavior of g(t) as ¢ tends to T' does not allow us to determine the
topology of M. One possibility is the so-called neck pinch, where part of M looks
like a thinner and thinner cylindrical neck as one approaches the singularity. This
can happen even if M is irreducible (see [AK04] for an example where M = S3);
thus neck pinches may not give any useful information on the topology of M.

1.2.2 Ricci flow with bubbling-off

Throughout the book, we suppose that M is closed, orientable and irreducible.
In order to simplify the presentation, we also assume that M is RP?-free, i.e.,
does not contain any submanifold diffeomorphic to RP2. This is not much of a
restriction because the only closed, irreducible 3-manifold that does contain an
embedded copy of RP? is RP3, which is a spherical manifold.”

4Note that we have reformulated Hamilton’s results, whose original statements concerned
normalised Ricci flow.

5To see this, observe that if M is an orientable 3-manifold containing an embedded projective
plane P, then the tubular neighbourhood U of P is a twisted I-bundle over RP2. Its boundary
is an embedded 2-sphere S in M. If M is irreducible, then S bounds a 3-ball B, so M = U U B.
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As we already explained, one of the main difficulties in the Ricci flow ap-
proach to geometrisation is that singularities unrelated to the topology of M may
appear. Using maximum principle arguments, one shows that singularities in a
3-dimensional Ricci flow can occur only when the scalar curvature tends to 400
somewhere (see e.g. [Ham95b]). One of Perelman’s major breakthroughs was to
give a precise local description of the geometry at points of large scalar curvature:
every such point has a so-called canonical neighbourhood U. For instance U may
be an e-neck (i.e., almost homothetic to the product of the round 2-sphere of unit
radius with an interval of length 2¢~!) or an e-cap (i.e., a 3-ball such that a collar
neighbourhood of QU is an e-neck) as pictured below.

See Chapter 3 for the precise definitions and Chapter 4 for more information
on e-necks and e-caps.

21

21

i
Q ek \\Tj

SQ

e-cap

To avoid singularities, we fix a large number O, which plays the role of a
curvature threshold. As long as the maximum of the scalar curvature is less than
©, Ricci flow is defined. If it reaches © at some time tg, then there are two
possibilities: if the minimum of the scalar curvature of the time-ty, metric is large
enough, then every point has a canonical neighbourhood. As we shall see, this
implies that M is spherical (cf. Corollary 3.2.5). Thus the construction stops in
this case.®

6This situation is analogous to Perelman’s extinction case.
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(Mvg(tO))

B3

Before surgery...

Otherwise, we modify ¢(tp) so that the maximum of the scalar curvature of the
new metric, denoted by g (to), is at most ©/2. This modification is called metric
surgery.

It consists in replacing the metric in some 3-balls containing regions of high
curvature by a special type of e-caps called almost standard caps.

(M’ g+(t0))

= almost standard caps/4

....after surgery

Then we start the Ricci flow again, using g (¢o) as a new initial metric. This
procedure is repeated as many times as necessary. It follows from estimates on
the Ricci flow that it takes a certain amount of time for the maximum of the
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scalar curvature to double its value. Hence once © is fixed, surgery times cannot
accumulate.

The main difficulty is to choose ® and do metric surgery in such a way that
the construction can indeed be iterated. In practice, we will fix three parameters
r,0,k > 0, where r is the canonical neighbourhoods’ scale, i.e., is such that all
points of scalar curvature at least ~2 have canonical neighbourhoods, ¢ is a small
number describing the precision of surgery, and k prevents the metric from locally
collapsing. The threshold © is then determined by the numbers r, 6 (cf. Theo-
rem 5.2.4 and Definition 5.2.5).

In this way, we construct an evolving metric {g(t)}; which is piecewise C*-
smooth with respect to ¢, and such that for each singular time tq (i.e., value of
t such that g(-) is not C! in a neighbourhood of #y) the map t — g(t) is left-
continuous and has a right-limit g4 (¢g). The result of this construction is called
Ricci flow with (r, 6, k)-bubbling-off.” Since its precise definition is quite intricate,
we begin with the simpler, more general definition of a Ricci flow with bubbling-
off, which retains the essential features that are needed in order to deduce the
Elliptisation Conjecture.

We say that an evolving metric {g(t)}+ as above is a Ricci flow with bubbling-off
if equation (1.1) is satisfied at all nonsingular times, and for every singular time
tp one has

1. Rmin(g—‘r(tO)) 2 Rmin(g(tO))a and

2. g+(to) < g(to)-

The following theorem is one of the main results of this monograph; its proof
occupies Parts I and II:

Theorem 1.2.3 (Finite-time existence of Ricci flow with bubbling-off). Let M be
a closed, orientable, irreducible 3-manifold. Then

1. M 1is spherical, or

2. for every T > 0 and every Riemannian metric go on M, there exists a Ricci
flow with bubbling-off g(-) on M, defined on [0,T], with initial condition
9(0) = go.

By iteration, one immediately obtains existence on [0, +00) of Ricci flow with
bubbling-off on closed, orientable, irreducible 3-manifolds which are not spherical.
However, a lot of work remains to be done in order to obtain the necessary esti-
mates for hyperbolisation (see Section 1.3); this occupies Part III. Let us begin
with the application of Ricci flow with bubbling-off to elliptisation.

Remark 1.2.4. Ricci flow with bubbling-off with a given initial condition is of
course absolutely not unique. Even with the restricted definition of (r, d)-bubbling-
off there is still no uniqueness result, due to possible freedom in the choice of the

"Note that the parameters 7, 8, &, and therefore ©, are constant on each compact time interval,
but will change as t goes to infinity.
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place where surgery is performed. The question of finding a canonical surgery
procedure for Ricci flow in dimension 3 is still open.

Remark 1.2.5. There are a few differences between Ricci flow with bubbling-
off and Perelman’s Ricci flow with d-cutoff. An obvious one is that a Ricci flow
with bubbling-off is an evolving metric on a fixed manifold rather than an evolving
manifold. This simplification is made possible by the extra topological assumptions
on M. Another, perhaps more significant difference is that surgery occurs before
the Ricci flow becomes singular, rather than at the singular time. Our construction
is in this respect closer in spirit to the surgery process envisioned by Hamilton
[Ham97].

1.2.3 Application to elliptisation

To deduce the first part of Theorem 1.1.6 from Theorem 1.2.3, all we need is the
following result (cf. [Per03a], [CMO05]:)

Theorem 1.2.6 (Finite-time extinction). Let M be a closed, orientable, irre-
ducible 3-manifold with finite fundamental group. For each Riemannian metric go
on M there is a number T(go) > 0 such that if g(-) is a Ricci flow with bubbling-
off on M defined on some interval [0,T] and with initial condition g(0) = go, then
T <T(g0)-

To see why Theorems 1.2.3 and 1.2.6 together imply Theorem 1.1.6 (i), let M
be a closed, orientable, irreducible 3-manifold with finite fundamental group. Let
go be an arbitrary Riemannian metric on M. Let T'(go) be a positive number given
by Theorem 1.2.6. If M were not spherical, then we would be in the second case
of Theorem 1.2.3. Applying this with T'= T'(go) gives a contradiction.

We now give a proof of Theorem 1.2.6 using a result of Colding and Minicozzi
[CMO5], [CMO07]. See [Mai09] for a somewhat more detailed discussion.

Let M be a 3-manifold satisfying the hypotheses and gy be a Riemannian
metric on M. Let  be the space of smooth maps f: S? x [0,1] — M such that
f(S? x {0}) and f(S? x {1}) are points. Since 71 (M) is finite, we have 73(M) # 0
(see, e.g., [Mai08], Lemma 2.2). It follows that there exists fyo € £ which is not
homotopic to a constant map [MMS88], Lemma 3. Let ¢ be the homotopy class of
fo. We set

W{(g) := inf max E(f(-,s)),

feg selo,1]
where E denotes the energy
1
E((s) = 5 [ |Vat(a.s)2da,
S2

Let {g(t)}iepo,r) be a Ricci flow with bubbling-off such that g(0) = go. First
consider the function t — Ryin(t). At regular times it is continuous and satisfies
(see Corollary C.2.2 in the Appendix)

d+

2
— Rmin = =R2. (1), 1.2
o (1) (1.2)

/3 min
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where we use % to denote the limsup of forward difference quotients.
If ¢ is a singular time, then it follows from Definition 2.2.1 (1) that the left
limit of Ry, at tg is no greater than its right limit.

As a consequence, Rpy,in(t) satisfies the following a priori lower bound:

Rmin (t) > Rmin(o)

Z m (1.3)

At regular times, the function ¢ — W (g(¢)) is continuous, and since £ is non-
trivial, by [CMO05], [CMO07] it satisfies

d+ 1 Rmin(O)

TW(0) <~ = SR W (o(8) < ~47 + W (0). (1)

3

Now if ¢y is a singular time, it follows from Definition 2.2.1(2) that the left
limit of W at ¢y is no smaller than its right limit. Since the right-hand side
of (1.4) is not integrable and W (g(t)) cannot become negative, this easily implies
an upper bound on T depending only on Rui,(0) and W(gg). Thus the proof of
Theorem 1.2.6 is complete.

For future reference, we note the following byproduct of Theorem 1.2.3 and
(1.3):

Theorem 1.2.7. Let M be a closed, orientable, irreducible 3-manifold. If M has
a metric of positive scalar curvature, then M is spherical.

Remark 1.2.8. Perelman’s argument for finite-time extinction uses an invariant
A(a(g)) in place of the width W(g). This invariant is defined using the second
homotopy group of the space of loops in M.

1.3 3-manifolds with infinite fundamental group

Let M be a closed, orientable, irreducible 3-manifold with infinite fundamental
group. Our next goal is to prove that M is hyperbolic, or Seifert fibred, or contains
an incompressible torus, which gives part (i) of Theorem 1.1.6. First we need to
refine the existence theorem for Ricci flow with bubbling-off in order to include
more geometric information.

Note that since M has infinite fundamental group, it is not spherical, hence,
by Theorem 1.2.7, does not carry any metric with positive scalar curvature.

We adopt the convention that throughout the book, all hyperbolic 3-manifolds
are complete and of finite volume.

1.3.1 Long-time behaviour of the Ricci flow with bubbling-
off

We consider, for any metric g on M the two following scale invariant quantities:

R(g) = Rmin(g) - vol(g)** <0,
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and

3/2 . 3/2
Vig) = <Rmi“(g)> vol(g) = <R(g)> > 0.
—6 —6
In particular, when H is a hyperbolic manifold, we let V(H) = vol(H) denote
V(gnyp), and R(H) denote R(gnyp), where gnyp is the hyperbolic metric. On the
other hand, note that V(g) = 0 if Rpin(g) = 0.

Those quantities are monotonic along the Ricci flow on a closed manifold, as
long as Ry, remain nonpositive (see Corollary C.2.2). This is also true in presence
of bubbling-off by conditions (i) and (ii) of Definition 2.2.1. As a consequence, we
have:

Proposition 1.3.1. Let {g(t)} be a Ricci flow with bubbling-off on M. Then
1. the function t — R(g(t)) is nondecreasing;
2. the function t — V(g(t)) is nonincreasing.

In order to state the main theorem of this subsection, we need two definitions.
The first is standard and goes back to Gromov, the second is specific to our
situation and is essentially due to Perelman.

Definition 1.3.2. Let & > 0 be an integer. Let (M, gn,x,) be a sequence of
pointed Riemannian manifolds, and let (Mu, goo, o) be a pointed Riemannian
manifold. We shall say that (M, gn,2n) converges to (Mo, goo, Too) in the CF-
sense if there exists a sequence of numbers €,, > 0 tending to zero, and a sequence
of C**1_diffeomorphisms 1),, from the metric ball B(z ., e, 1) € My to the metric

ball B(x,,e, ') C M, such that 1} (g,) — goo has C*-norm less than ¢,, everywhere.

n
We say that the sequence subconverges if it has a convergent subsequence.

Definition 1.3.3. Let (X, g) be a Riemannian 3-manifold. We say that a point
x € X is e-thin with respect to g if there exists a radius p € (0, 1] such that the ball
B(z, p) has the following two properties: all sectional curvatures on this ball are
bounded below by —p~2, and the volume of this ball is less than ep®. Otherwise,
x is e-thick with respect to g.

We are now in position to state the main result of this subsection (cf. [Per03b],
Sections 6 and 7). Recall that we denote by g(t) the rescaled evolving metric
(4t)~1g(t), the rescaling being motivated by the example of hyperbolic manifolds.

Theorem 1.3.4 (Thin-thick decomposition). Let M be a closed, orientable, irre-
ducible, non-spherical 3-manifold. For every Riemannian metric go on M, there
exists a Ricci flow with bubbling-off g(-) defined on [0,+00) with the following
properties:

L. g(0) = go-

2. The volume of the rescaled metric §(t) is bounded independently of t.



1.3. 3-MANIFOLDS WITH INFINITE FUNDAMENTAL GROUP 13

3. For every e > 0 and every sequence (Tn,t,) € M X [0,400), if t, tends
to 400 and x, is e-thick with respect to g(t,) for each n, then there exists
a hyperbolic 3-manifold H and a basepoint x € H such that the sequence
(M, §(tn), ) subconverges to (H, gnyp, *) in the C*-sense.

4. For every sequence t, — 00, the sequence §(t,) has controlled curvature in
the sense of Perelman.

The proof of this theorem occupies Part III.

Remark 1.3.5. “Controlled curvature in the sense of Perelman” is a technical
property, which is weaker than a global two-sided curvature bound, but suffices
for some limiting arguments. For the precise definition, see 13.1.1.

Remark 1.3.6. The third conclusion may be vacuous, i.e., there need not exist
a sequence of uniformly thick basepoints in spacetime with time going to infinity.
The simplest example of this is the case where the manifold M is Euclidean and
go is a flat metric: then g(t) = go for all ¢, and diam(g(t)) goes to zero as t goes to
+00. One says that g(-) “collapses to a point” in this case. For a more detailed
discussion of collapsing, see Chapter 13.

Next is a fairly straightforward corollary of Theorem 1.3.4:

Corollary 1.3.7. Let M be a closed, orientable, irreducible, non-spherical 3-mani-
fold. For every Riemannian metric go on M, there exists an infinite sequence of
Riemannian metrics g1, ..., gn, ... with the following properties:

(i) The sequence (vol(gn))n>o0 s bounded.

(ii) For every € > 0 and every sequence x, € M, if x, is e-thick with respect
to gn, for each m, then the sequence (M, g,,x,) subconverges in the pointed
C? topology to a pointed hyperbolic 3-manifold (H, gnyp, *), where vol(H) =

V(H) < V(go).
(iii) The sequence g, has controlled curvature in the sense of Perelman.

Proof. Applying Theorem 1.3.4, we obtain a Ricci flow with bubbling-off {g(t) }+c[0,00)
with initial condition go. Pick any sequence t, — 400 and set g, := g(t,) for
n > 1. Assertions (i), (iii) and the first part of (ii) follow directly from the con-
clusions of Theorem 1.3.4. To see that V(H) < V(go), remark that (V(g,))n>0 is
nonincreasing. Indeed, it follows from Proposition 1.3.1 and the scale invariance of
V. On the other hand, Ruin(gnyp) = liminf Ry (g,) and vol(H) < liminf vol(gy,),
hence V(H) < liminf V(g,) < V(go). O

1.3.2 Hyperbolisation

We now explain the proof of the second part of Theorem 1.1.6. We shall define two
topological invariants V(M) and V(M). Let M be a closed 3-manifold. For us, a
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link in M is a (possibly empty, possibly disconnected) closed 1-submanifold of M.
A link is hyperbolic if its complement is a hyperbolic 3-manifold. We shall study
the volume of these complements endowed with the (unique) hyperbolic metric.

Definition 1.3.8. We define
Vo(M) :=inf {vol(M \ L) | L hyperbolic link € M}.

Notice that V(M) is finite because any closed 3-manifold contains a hyperbolic
link [Mye82]. Since the set of volumes of hyperbolic 3-manifolds is well-ordered by
Thurston—Jgrgensen theory (see e.g. [Gro81a], [Mail0] and the references therein),
this infimum is always realised by some hyperbolic 3-manifold Hy; in particular, it
is positive. We note that M is hyperbolic if and only if Hy = M (see e.g. [Bes00]).

Definition 1.3.9. For any closed manifold M we define
V(M) := inf {vol(g) | Rmin(g) = —6} .

We then have the following proposition proved in Appendix E (Proposition
E.1.7). Tt can be thought of as a criterion for hyperbolicity.

Proposition 1.3.10. Let M be any closed, orientable 3-manifold. Suppose that
the inequality V(M) = Vo(M) holds. Then equality holds, M is hyperbolic, and
the hyperbolic metric realises V(M) and Vo(M).

Proof. 1t is a result of the following fact. Let Hy be a hyperbolic manifold home-
omorphic to the complement of a link Ly in M and whose volume realises Vy(M).
It is sufficient to show that Lg is empty. If this is not true we show that M car-
ries a metric g. such that vol(g.) < Vo(M) and Rmin(ge) > —6, hence proving
that V(M) < Vo(M); a contradiction. This can be done by a direct construc-
tion as in Anderson [And02], p. 21-23. We give an alternative proof following
Salgueiro [Sal09] in Appendix E. (Cf. also Section 6 in [BBBT07].) O

An immediate corollary is the following:

Corollary 1.3.11. For every closed, orientable 3-manifold M one has V(M) <
Vo(M).

Let us now again assume that M is a closed, orientable, irreducible 3-manifold
whose fundamental group is infinite. These topological hypotheses imply that M
does not carry any metric of positive scalar curvature. We then easily check that

V(M) = inf{V(g) | g metric on M}. (1.5)

In the (rather special) case where M has a metric of nonnegative scalar curvature,
then V(M) = 0.

At last, we can state a second result which, together with Proposition 1.3.10,
implies the second part of Theorem 1.1.6, i.e., the ‘hyperbolisation’ part of the
Geometrisation Conjecture.
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Theorem 1.3.12. Let M be a closed, orientable, irreducible 3-manifold with in-
finite fundamental group. If V(M) < Vo(M), then M is a Seifert fibred manifold
or contains an incompressible torus.

Notice that in contrast to Proposition 1.3.10 the proof of Theorem 1.3.12 does
use the Ricco flow.

Theorem 1.3.12 relies on the following statement which we shall prove in
Part IV and which is independent of the results of Parts I-III:

Theorem 1.3.13 (Weak collapsing). Let M be a non-simply connected, closed,
orientable, irreducible 3-manifold. Suppose that there exists a sequence g, of Rie-
mannian metrics on M satisfying the following properties:

(1) The sequence vol(gy,) is bounded.

(2) For every € > 0 and every sequence x, € M, if x, is e-thick with respect
to gn for each n, then the sequence (M, gy, y) subconverges in the pointed
C?-topology to a pointed hyperbolic 3-manifold (H, gnyp, *), where vol(H) <
Vo(M).

(3) The sequence gy, has locally controlled curvature in the sense of Perelman.
Then M is a Seifert fibred manifold or contains an incompressible torus.

Proof of Theorem 1.3.12 assuming Theorem 1.3.13. Take a metric go on M such
that V(go) < Vo(M), which exists by definition of V(M). Applying Corollary 1.3.7
with initial condition gg, we find a sequence g, satisfying exactly the assumptions
of Theorem 1.3.13. Indeed, if H is a hyperbolic limit appearing in (2), we have by
Corollary 1.3.7 (i) that vol(H) = V/(H) < V(go) < Vo(M). Hence the conclusion
follows from Theorem 1.3.13. O

Remark 1.3.14. Let us explain again why Proposition 1.3.10 and Theorem 1.3.12
implies the Hyperbolisation Theorem as stated in 1.1.8: the fundamental group of
a Seifert manifold is either finite or contains Z* (see e.g. [BMP03]); similarly, if
M contains an incompressible torus, then its fundamental group contains Z?2.

Remark 1.3.15. Notice that Theorem 1.3.12 and Proposition 1.3.10 have an
important consequence. It allows to show that if M is hyperbolic then, among
the Riemannian metric with Ry, > —6, the hyperbolic metric is the unique one
which realises V(M). An even stronger version can be proved (see [And05], p.
133, and [KL08], Section 93).

1.4 Some consequences of geometrisation

1.4.1 The homeomorphism problem

The main consequence of the Geometrisation Conjecture is the solution of the
homeomorphism problem for 3-manifolds. The homeomorphism problem asks for
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an algorithm to determine whether or not two compact 3-manifolds are homeo-
morphic. Since the set of homeomorphism classes of 3-manifolds is countable, this
leads to a classification of 3-manifolds, that is to say a complete list of 3-manifolds
without duplication.

We discuss here only the case of closed orientable 3-manifolds and do not try
to indicate the simplest algorithm. The general case needs a more sophisticated
version of the Jaco—Shalen—Johannson decomposition, in order to deal with bound-
ary issues. For a detailed account of the proof in the general case, we refer to the
lectures on the homeomorphism problem for 3-manifolds given by W. Jaco at the
Peking Summer School in July 2005 and available at the following address:

http://cauchy.math.okstate.edu/~jaco/pekinglectures.htm

Theorem 1.4.1. There is an algorithm to decide if two closed, orientable 3-
manifolds are homeomorphic.

The proof outlined below follows Sela’s solution of the homeomorphism prob-
lem for closed orientable 3-manifolds admitting a geometric decomposition [Sel95],
Section 10. It is based on a succession of works culminating with Perelman’s proof
of the Geometrisation Conjecture.

Step 1. Given a closed, orientable, triangulated 3-manifold M, there is an al-
gorithm to either construct a prime decomposition of M or conclude that M is
homeomorphic to S3.

This result follows the Rubinstein-Thompson algorithm to recognize S® [Rub97]
[Rub95], Thompson and the work of W. Jaco and J. Tollefson [JT95]. See also
[Hak61], [JR89] and [JLR02).

Step 2. Given a closed, orientable, irreducible, triangulated 3-manifold M, there
is an algorithm to decide if M is Haken.

Such an algorithm is given in [JO84].

Step 3. The homeomorphism problem is algorithmically solvable for closed, ori-
entable Haken 3-manifolds.

This result follows from the works of W. Haken [Hak62], G. Hemion [Hem79]
and S. Matveev [Mat97], [Mat03].

Steps 1 to 3 reduce the homeomorphism problem to the case of non-Haken
3-manifolds. By Theorem 1.1.6, these manifolds fall into two classes: they are
either Seifert fibred or hyperbolic.

The next two steps deal with irreducible, non-Haken 3-manifolds having a
Seifert fibred structure.

Step 4. There is an algorithm which decides if a given closed, orientable, irre-
ducible, triangulated 3-manifold M which is not Haken is a Seifert fibred space.
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This follows from work of T. Li [Li06] and J.H. Rubinstein [Rub95] and
[Rub04]. Notice that since the manifold M is known to be hyperbolic or Seifert
fibred, Z. Sela gives an algorithm at the level of the fundamental group to decide
whether M is a non-Haken Seifert fibred space or a hyperbolic manifold, by run-
ning two algorithms at the same time: one to detect the word hyperbolicity of
71 (M) and the second to look for a central element in 7, (M) using the fact that
the word problem is solvable in 71 (M), since it is residually finite (see [Sel95],
Section 10).

Step 5. The homeomorphism problem is algorithmically solvable for non-Haken,

Seifert fibred 3-manifolds.

These Seifert fibred 3-manifolds are either spherical with finite fundamental
group or their fundamental group is a central extension of a Euclidean or hyper-
bolic triangle group by an infinite cyclic group. One can algorithmically determine
if such a manifold M is spherical, because its first homology group H;(M;Z) is
finite and there are finitely many spherical 3-manifolds with given homology, see
[Orl72]. Therefore, using the solution of the word problem, one can check if 71 (M)
is isomorphic to a finite group in the list. Then the homeomorphism problem
for spherical 3-manifolds is algorithmically solvable, since, except for lens spaces,
spherical manifolds are determined by their fundamental group, which is finite.
Moreover, one can also decide when two lens spaces are homeomorphic.

By [OVZ67], non-Haken, Seifert fibred 3-manifolds with infinite fundamen-
tal group are determined, up to homeomorphism, by their fundamental group.
Z. Sela has shown how to solve algorithmically the isomorphism problem for these
fundamental groups, using the uniqueness of the central extension, see [Sel95],
Section 10.

Another more geometrical approach is to use the fact that these manifolds
have Heegaard genus 2 and that the homeomorphism problem is algorithmically
solvable for 3-manifolds having Heegaard genus 2 (see [Rub97], [Rub04]).

Hence we are left with the case of manifolds having a hyperbolic structure:

Step 6. Given two closed, orientable, hyperbolic 3-manifolds, there is an algorithm
to decide whether or not they are homeomorphic.

The Mostow rigidity theorem states that homotopy equivalent, closed, hyper-
bolic 3-manifolds are homeomorphic. Then the solution of the homeomorphism
problem for closed hyperbolic 3-manifolds follows from Sela’s algorithm to solve
the isomorphism problem for word hyperbolic groups, since we know the constant
0 of hyperbolicity [Sel95], Section 7.

We remark that, according to Manning’s algorithm to recognize hyperbolic-
ity of 3-manifolds [Man02], given a closed orientable, triangulated hyperbolic 3-
manifold, there is an algorithm to construct the hyperbolic structure.

In contrast, the homeomorphism problem is not solvable for closed triangulated
manifolds of dimension n > 4. Any finitely presented group can be realized as the
fundamental group of a closed 4-manifold. This fact shows the impossibility of
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classifying 4-manifolds since it is impossible to classify finitely presented groups.
Here is a more precise statement, see [Mar60] and also [CLO6].

Theorem 1.4.2 (Markov). For every natural number n > 4, one can build a
combinatorial n-dimensional manifold M™ such that there is no algorithm to decide
whether a PL n-manifold is PL-homeomorphic to M™.

In fact, according to [CLO06], all manifolds of dimension n > 5 and all manifolds
of the type M* # 14(S? x S?) satisfy the conclusion of the theorem.

1.4.2 Fundamental group

In general, closed, orientable 3-manifolds are not determined, up to homeomor-
phism, by their fundamental group. However, the solution of the Geometrisation
Conjecture implies that it is the case for closed, orientable, prime 3-manifolds,
unless they are lens spaces. This result shows the importance of the fundamen-
tal group in the study of 3-manifolds and solves the Borel Conjecture for closed,
aspherical 3-manifolds.

Theorem 1.4.3. Let M, N be two closed, orientable, prime 3-manifolds. If M is
not a lens space, then M is homeomorphic to N if and only if w1 (M) is isomorphic
to w1 (N).

By Perelman’s proof of the Geometrisation Conjecture, a closed prime 3-
manifold is either homeomorphic to §? x St or it is irreducible and either Haken,
hyperbolic or Seifert fibred. Furthermore, the Geometrisation Conjecture implies
that two manifolds with isomorphic fundamental group belong to the same class.
Then the theorem is due to F. Waldhausen [Wal68a] when they are Haken, to
Mostow rigidity when they are hyperbolic and to P. Scott [Sco83] when they are
Seifert fibred with infinite fundamental group. In the remaining case where the two
manifolds are spherical and have finite fundamental groups, the theorem follows
from the work of Seifert and Threlfall (see for example [Orl72]).

As said above, any finitely presented group can be realized as the fundamental
group of a closed 4-manifold. In contrast, closed 3-manifolds admit topologi-
cal and geometrical properties that put strong constraints on their fundamental
groups. For example the existence of a Heegaard decomposition shows that a
closed 3-manifold (fundamental) group admits a finite balanced presentation, i.e.,
a presentation with as many relators as generators.

The existence of a geometric decomposition implies that any 3-manifold group
is the fundamental group of a graph of groups whose vertices are discrete sub-
groups of isometries of the 3-dimensional geometries, and the edge groups are
trivial or isomorphic to Z2. This graph of group structure reduces in principle any
problem on 3-manifold groups to combination theorems for fundamental groups of
geometric manifolds, which are linear groups.

It is still not known whether 3-manifold groups are linear, however they share
some fundamental properties with finitely generated linear groups. For example



1.4. SOME CONSEQUENCES OF GEOMETRISATION 19

they are residually finite and they satisfy Tits alternative: a 3-manifold group
contains a non-abelian free group unless it is virtually solvable.

A consequence of this algebraic structure is that some classical decision prob-
lems formulated by Dehn in 1910 are solvable in the class of closed 3-manifold
groups.

The word problem (Dehn 1910) asks for an algorithm to decide whether or
not a word in the generators represents the trivial element. Its solution for a
3-manifold group relies on early work by Waldhausen [Wal68b] and more recent
work on automatic groups, cf. [ECH'92]. The solution of the word problem is also
a consequence of the property that 3-manifold groups are residually finite.

The conjugacy problem (Dehn 1910) asks for an algorithm to decide whether
or not a pair of words in the generators are conjugate. Given an algorithm to
solve the word problem, the solution for 3-manifold groups is due to J.-P. Préaux
[Pré06], [Pré05].

The solutions to these problems use their topological versions, i.e., given a 3-
manifold with some finite topological data from which the group presentation is
deduced. It turns out that the existence of solutions for these problems does not
depend on the finite presentation involved, but only on the isomorphism class of
G.

The isomorphism problem (Tietze 1908, Dehn 1910) asks for an algorithm to
decide whether or not two finite presentations of groups in a given class present
isomorphic groups. Given two compact 3-manifolds M and N, the existence of an
algorithm to decide if 71 (M) and 71 (M) are isomorphic follows from the solution
of the homeomorphism problem.

Theorem 1.4.4. The word problem, the conjugacy problem and the isomorphism
problem are solvable in the class of fundamental groups of closed, orientable 3-
manifolds.

The proof of this theorem does not require only that the groups are known to be
isomorphic to fundamental groups of 3-manifolds, but that the topological types
of these manifolds are known. It follows from Theorem 1.4.3 that only finitely
many closed, orientable 3-manifolds can have a fundamental group isomorphic to
a given group G, and that this number is bounded by the order of the torsion
part of the abelianization of G. Hence, given a presentation of a closed, orientable
3-manifold group, one can use Tietze transformations to find algorithmically the
3-manifolds realizing this fundamental group in the enumerable list of all closed
orientable 3-manifolds.

By work of Stallings [Sta62], the property for a finitely presented group to
belong to the class of the fundamental groups of compact 3-manifolds is markovian,
and thus it is algorithmically undecidable. More precisely, given any non-empty
class of connected 3-manifolds, there is no algorithm for deciding whether or not a
finite presentation of a group defines a group isomorphic to the fundamental group
of an element of this class.

Stallings’ result raises the question of characterizing the fundamental groups
of closed, orientable, irreducible 3-manifolds. There are actually two main conjec-
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tures related to this question. Due to the solution of the Geometrisation Conjec-
ture, it turns out that for the class of word hyperbolic groups these two conjectures
are equivalent.

A group G is an orientable n-dimensional Poincaré duality group or a PD(n)-
group if for every ZG-module A there is an isomorphism between H*(G; A) and
H,_;(G;A). Equivalently, G is a PD(n)-group if it acts freely, properly discontin-
uously and cocompactly on a contractible cell complex X with the same cohomol-
ogy with compact supports as R™: H¥(X,Z) = H*(R",Z). Fundamental groups
of closed, orientable, irreducible 3-manifolds are PD(3)-groups. A good reference
for this topic is [Bro82].

The first conjecture, due to C.T.C. Wall in the 1960s, asks whether this co-
homological duality is sufficient to characterize the fundamental group of closed
irreducible, orientable 3-manifolds, cf. C.T.C. Wall’s survey [Wal04].

Conjecture 1.4.5 (Wall). Every finitely presented PD(3)-group is isomorphic to
the fundamental group of some closed, orientable, irreducible 3-manifold.

B. Eckmann, P. Linnell and H. Miller have shown that PD(2)-groups are
surface groups, see [Eck87]. For n > 4, M. Davis [Dav98] gave examples of PD(n)-
groups which are not finitely presentable, and thus cannot be fundamental groups
of closed n-dimensional manifolds.

B. Bowditch [Bow04] has shown that every PD(3)-group with a non-trivial
infinite cyclic normal subgroup is isomorphic to the fundamental group of a Seifert
fibred manifold. Together with results by J. Hillman [Hil87] and C.B. Thomas
[Tho84], this implies that every PD(3)-group which contains a non-trivial, finitely
generated, normal subgroup of infinite index is isomorphic to the fundamental
group of some 3-manifold which is either Seifert fibred or a surface bundle.

The solution of the Geometrisation Conjecture implies that a PD(3)-group is
isomorphic to a 3-manifold group if and only if it contains a subgroup isomorphic to
the fundamental group of a closed, orientable, irreducible 3-manifold, see [Hil08§].

M. Dunwoody and E. Swenson [DS00] have proved a torus theorem for PD(3)-
groups. Every PD(3)-group has one of the following properties:

(i) it is the fundamental group of a Seifert 3-manifold,
(ii) it splits over a subgroup isomorphic to Z @ Z,
(iil) it is atoroidal, i.e., contains no Z & Z.

If the fundamental group of a closed, orientable, irreducible 3-manifold is
atoroidal, Perelman’s hyperbolization theorem shows that it is a discrete cocom-
pact subgroup of PSL(2,C). Gehring and Martin showed that some fundamental
properties of these groups depend only on a topological property of the dynamics
of their action on the sphere at infinity S? of the 3-dimensional hyperbolic space
H3. They call this property the convergence property, and the groups of homeo-
morphisms of S? satisfying this condition have been subject of much attention.
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Let T be a group acting by homeomorphisms on S2. Denote by p the associated
homomorphism from I' to Homeo(S?). Then T is a called a convergence group if
for each sequence {g, } of elements of I such that the p(g,)’s are pairwise distinct,
there exist points a,b € S? and a subsequence {g,, } such that lim p(g,, )(z) = a
uniformly on compact subsets of S? that do not contain b.

Denote by ©(S?) the set of triples (x,y,2) € S? x 2 x S? such that z,y, » are
pairwise distinct, topologized as a subset of 52 x 52 x S2. Then I is a convergence
group if and only if the induced action of I' on ©(S?) is proper. The convergence
group I is called uniform if the induced action on ©(S?) is cocompact.

The second conjecture, due to J. Cannon, states that the convergence property
is sufficient to characterize discrete cocompact subgroups of PSL(2,C):

Conjecture 1.4.6 (Cannon). If T is a uniform convergence group acting on S?,
then T' has a finite normal subgroup K such that T'/K is a cocompact subgroup of
PSL(2,C).

B. Bowditch has shown that a uniform convergence group on S2 is word hyper-
bolic with boundary homeomorphic to the sphere S?. By M. Bestvina and G. Mess
[BM91], a word hyperbolic group is a PD(3)-group if and only if its boundary is
homeomorphic to S?, that is to say if and only if it is a uniform convergence group
on S2. Tt follows then from the solution of the Geometrisation Conjecture that for
word hyperbolic groups, Cannon’s conjecture is equivalent to Wall’s conjecture.

1.5 Final remarks

1.5.1 Comparison with Perelman’s original arguments

One important difference between Perelman’s approach and ours is that he does
not use Thurston’s hyperbolisation theorem for Haken manifolds. By studying
the long-time behaviour of Ricci flow with surgery, Perelman gets a thin—thick
decomposition theorem (cf. Theorem 1.3.4). He proves that the thick part is
hyperbolic and that the thin part is a graph manifold. This last result uses a
collapsing theorem for manifolds with toric boundary. In order to prove that
the boundary components of the thick part (if any) are incompressible in M, he
suggests two arguments. The first one, borrowed from Hamilton [Ham99], has two
steps: first prove that the hyperbolic pieces persist and then argue by contradiction
using the Meeks—Yau geometric loop theorem and the evolution of the area of a
minimal compressing disk under Ricci flow. The second one, which inspired our
argument in Section 1.3.2, uses earlier ideas of Anderson [And02] together with the
monotonicity along the Ricci flow of the first eigenvalue of some Schrodinger-type
operator.

A version of Perelman’s collapsing theorem for closed 3-manifolds is given in
the appendix of a paper by Shioya and Yamaguchi [SY05]. They use deep results
of Alexandrov space theory, including Perelman’s stability theorem [Per91] (see
also the paper by V. Kapovitch [Kap07]) and a fibration theorem for Alexandrov
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spaces, proved by Yamaguchi [Yam96]. Other proofs of Perelman’s collapsing
theorem can be found in papers by Morgan-Tian [MTO08], Cao—Ge [CG09], and
Kleiner-Lott [KL10]. For more details see Section 13.4.

1.5.2 Beyond geometrisation

Hamilton—Perelman technology now has applications which go beyond the ge-
ometrisation of closed 3-manifolds. Dinkelbach and Leeb [DL09] use an equiv-
ariant version of Perelman’s Ricci flow with surgery to finish off Thurston’s ge-
ometrisation program for orbifolds, including the nonorientable case. In [BBMO09]
the construction of Parts I and II of this monograph is generalised to complete
3-manifolds with bounded geometry. This result has an application to the classifi-
cation of complete Riemannian 3-manifolds with bounded geometry and uniformly
positive scalar curvature. Codd Marques [CM09] uses a refinement of Perelman’s
construction to prove the arcwise connectedness of the moduli space of metrics
with positive scalar curvature on a closed, orientable 3-manifold.

In [ASTO7], Agol, Storm and Thurston use the monotonicity of scalar curva-
ture along the Ricci flow and the existence of solutions for C? initial conditions, to
prove the following. Let (M, g) be a hyperbolic 3-manifold with minimal surface
boundary, then vol(M, g) > fvs||DM||, where DM denotes the double of M across
its boundary, ||DM ||, the simplicial volume, and v denotes the volume of the reg-
ular ideal hyperbolic 3-simplex (see Section 13.2). This result is in turn used by D.
Gabai, R. Meyerhoff and P. Milley to determine the closed, orientable hyperbolic
3-manifold of smallest volume (see e.g. [MailO] and the references therein).



Part 1

Ricci low with bubbling-oft:
definitions and statements
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Chapter 2

Basic definitions

In order to prove the finite-time existence theorem for Ricci low with bubbling-off
(Theorem 1.2.3), we need to introduce a more precise notion, called Ricci flow with
(r, 0, k)-bubbling-off. As we already explained in Section 1.2.2; the parameters r, &
control the scale of the canonical neighbourhoods, and the precision of the metric
surgery. The parameter x refers to the important notion of k-noncollapsing, intro-
duced by Perelman in [Per02], which will be defined in Chapter 4. In Chapter 5, we
will state an existence theorem for Ricci flow with (r, d, x)-bubbling-off (Theorem
5.3.1). This result implies Theorem 1.2.3. In order to make the proof of Theo-
rem 5.3.1 more digestible, and in particular to clarify the interdependence of the
various parameters, we will organise this proof in three independent propositions,
called Propositions A, B, C. These propositions will be proved in Part II.

In this section, we fix some conventions regarding Riemannian geometry, such
as the definitions of curvature and closeness of metrics. We also formalise the
fundamental notions of evolving metric and Ricci flow with bubbling-off.

Throughout this section, we let M be an n-dimensional manifold, where n > 2,
and U be an open subset of M.

2.1 Riemannian geometry conventions
Let g be a Riemannian metric on M. Then
Riem(X,Y, Z,T) = g(DyDxZ — DxDy Z 4+ Dix y1Z,T)

is the Riemann curvature tensor and for any € M, we denote by Rm(z): N° Tp M —
/\2 T, M the curvature operator defined by

(Rm(X AY),ZAT) = Riem(X,Y, Z,T),

where A and (-, -) are normalised so that {e; Ae; | i < j} is an orthonormal basis
if {62} is.
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We denote by |Rm(x)| the operator norm of Rm, which is also the maximum
of the absolute values of the sectional curvatures at . We let R(x) denote the
scalar curvature of x. The infimum (resp. supremum) of the scalar curvature of g
on M is denoted by Ruyin(g) (resp. Rmax(9g))-

We write d: M x M — [0,00) for the distance function associated to g. For
r > 0 we denote by B(z,r) the open ball of radius r around x.

Finally, if z, y are points of M, we denote by [zy] a geodesic segment, that is a
minimizing curve, connecting x to y. This is a (common) abuse of notation, since
such a segment is not unique in general.

Closeness of metrics

Definition 2.1.1. Let T" be a tensor on U, and N be a nonnegative integer. We
write

N
k
T30,y == sup Y |VET(2)[3-
a:EUk:O

Here the pointwise norm is the Euclidean one. More precisely, if S is a p-linear

map on T, U then,
1S|2 = ZS(eil,...,eiP)Q,

where {e;} is a g-orthonormal basis at z. Let ¢ be a positive number and g be a
Riemannian metric on U. One says that g is e-close to gg on U if

lg — gollfe—11,0,90 <€

One says that g is e-homothetic to go on U if there exists A > 0 such that Ag is
e-close to go on U.

A pointed Riemannian manifold (U, g, x) is called e-close to a model (Uy, go, *)
if there exists a C[571]+1—diﬁeomorphism 1 from Uy to U sending * to x and such
that the pull-back metric ¥*(g) is e-close to go on Uy. We say that (U, g,x) is
e-homothetic to (U, go,*) if there is a positive number A such that (U, Ag,x) is
e-close to (Ug, go,*). The map 9 is called an e-isometry or an e-homothety.

A Riemannian manifold (U, g) is e-close (resp. e-homothetic) to (Uy, go) if there
exist points x € U and * € Uy such that the pointed manifold (U, g, z) is e-close
(resp. e-homothetic) to (U, go, *). If there is no ambiguity on the relevant metrics,
we may simply say that U is e-close (resp. e-homothetic) to Up.

2.2 Evolving metrics and Ricci flow with bubbling-
off

Let M be an n-manifold. An evolving metric on M defined on an interval [a, ] is
a map t — g(t) from [a,b] to the space of C°>° Riemannian metrics on M. In the
sequel, this space is endowed with the C2 topology. We say that an evolving metric
g(+) is piecewise C' if there is a finite subdivision a =ty < t; < --- < t, = b of the
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interval of definition with the following property: for each i € {0,...,p— 1}, there
exists a metric g4 (¢;) on M such that the map defined on [t;,t;11] by sending t;
to g4 (t;) and every t € (t;,t;41] to g(t) is Cl-smooth.

For t € [a,b], we say that t is reqular if g(-) is C'-smooth in a neighbourhood
of t. Otherwise t is called singular. By definition, the set of singular times is finite.
If t € (a,b) is a singular time, then it follows from the definition that the map g(-)
is continuous from the left at ¢, and has a limit from the right, denoted by g4 (¢).

There are similar definitions where the domain of definition [a, 8] is replaced by
an open or a half-open interval I. When [ has infinite length, the set of singular
times may be infinite, but must be discrete as a subset of R.

We often view an evolving metric g( - ) on a manifold M as a 1-parameter family
of metrics indexed by the interval I; thus we use the notation {g(t)}+es. For each
pair (z,t) € M x I, we have an inner product on T, M; whenever necessary, we
use the notation g(x,t) for this inner product.

Definition 2.2.1. Let I C R be an interval. A piecewise C! evolving metric
t— g(t) on M defined on [ is said to be a Ricci flow with bubbling-off if

(i) the Ricci flow equation % = —2Ric is satisfied at all regular times;

(ii) for every singular time ¢ € I we have

(a) Rumin(g+(t)) = Rmin(g(t)), and
(b) g+(t) < g(t).

Let {g(t)}ter be a Ricci flow with bubbling-off on M. For ¢ € I, the time-t
singular locus of this solution, denoted by X, is the closure of the set {z € M |
g(x,t) # g (z,t)}. If £y # 0 then ¢ is singular. The converse will be true for Ricci
flows with bubbling-off that will be considered later in this book: if ¢ is singular
then g(t) # g+ (t) at some point.

Definition 2.2.2. A product subset X x [a,b] C M x I is scathed if X X [a,b)
contains a singular point. Otherwise, we say that X is unscathed. Similarly,
a curve 7: [a,b] — M is scathed if there exists t € [a,b) such that y(t) € %;.
Otherwise it is unscathed.

Note that a subset X x [a,b] may be unscathed even if there is a singular
point in X x {b}. This definition is consistent with our choice of making the map
t — g(t) continuous from the left.

A Ricci flow with bubbling-off without singular point is of course a true solution
of the Ricci flow equation. For brevity, we sometimes call such a solution a Ricci
flow.

It will occasionally be useful to consider partially defined Ricci flows, where
the domain of definition of ¢ — g(z,t) is allowed to depend on z € X:

Definition 2.2.3. Let (a,b] a time interval. A partial Ricci flow on U x (a,b] is
a pair (P,g(-,-)), where P C U x (a,b] is an open subset which contains U x {b}
and (x,t) — g(x,t) is a smooth map defined on P such that the restriction of g to
any subset V' x I C P is a Ricci flow on V x I.
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U

t—g(t)

Notation

If {g(¢)}1er is an evolving metric on M, and (z,t) € M x I, then we use the no-
tation Rm(z,t), R(z,t) to denote the curvature operator and the scalar curvature
respectively. For brevity we set Rmin(t) := Rmin(9(t)) and Rmax(t) := Rmax(9(t))-

We use di( -, ) for the distance function associated to g(t). The ball of radius
r around z for ¢(t) is denoted by B(z,t,r).

Definition 2.2.4. If T'(+) is an evolving tensor on U X [a,b], g(-) an evolving
metric, and N a nonnegative integer, we write

1T Nuxas,g) = sup TN,
t€la,b]

Given two evolving metrics go(-), g(-) on U X [a, b], we say that g(-) is e-close to
go(+) on U x [a,b], if

lg(-) = go(C)le=11,U x[a,b],90(-) < &

Equivalently,

sup ||g(t) = go(O)lle-11,0,g0(1) < -
t€la,b]

Closeness of evolving metrics

Given two pointed evolving Riemannian manifolds (Up, go( - ), *) and (U, g(-),z),
where go(-) and g(-) are defined on [a,b], we say that (U,g(-),z) is e-close to
(Uo, go(-),*) if there exists a C[E_lHl—diffeomorphism 1 from Uy to U sending
to x, and such that *g(-) is e-close to go(-) on Uy X [a, b]. We say that (U, g(-))
is e-close to (Up,go(-)) if there exist points z € U and xg € Uy such that this

property holds.

Pointed convergence of evolving metrics

We say that a sequence of pointed evolving metrics (My, {gx(t) }ter, (zk,t0)) con-
verges smoothly to a pointed evolving metric (Mo, {goo(t) }ter, (oo, to)) if there
exists an exhaustion of M by open sets Uy, such that z € Uy, for all k, and smooth
maps ¥y : Up — My, diffeomorphic onto their images, sending x to zy, such that
Yigr(-) —g(-) and all its derivatives converge to zero uniformly on compact sub-
sets of M x I.
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Definition 2.2.5. Let ({g(t)}ter) be an evolving metric on M, ty € I and @ > 0.
The parabolic rescaling with factor @ at time tg is the evolving metric

t
t— Q g (to + 6) .
Remark 2.2.6. Any parabolic rescaling of a Ricci flow is a Ricci flow.
Distance comparison estimates under Ricci flow

We gather below some usual distance comparison estimates under Ricci flow.

Lemma 2.2.7 (Multiplicative distance-distortion). Let g(-) be a Ricci flow on
U, defined for t € [t1,t2]. Suppose that |Rm| < A on U x [t1,¢2]. Then

e—2(n—DA(ta—t1) ¢ g(t2) < 2(n=DA(t2—t)_ (2.1)

(t1)
Proof. If |Rm| < A then |Ric] < (n — 1)A. Let € U and u € T,,U be a nonzero

vector. Then
d
’dtg(:r,t) (u,u)

Q

= [2Ric(z4)(u, u)| < 2(n — 1)Ag(z.4)(u,u),

hence \% In g(z.+)(u,u)| < 2(n—1)A. Integrating between ¢; and ¢, gives the result.
O

Remark 2.2.8. In particular, if to —t; < (2A(n —1))71, we have

and ,
B (x,tg, 5) C B(z,t1,7) C B(x, ta,2r)

if B(x,t2,2r) is compactly contained in U. This will be used repeatedly.

Remark 2.2.9. The upper bound (resp. lower bound) in (2.1) is true under the
assumption Ric > —(n — 1)A (resp. Ric < (n — 1)A).

Lemma 2.2.10 (Additive distance-distortion, [Ham95b], Section 17). Let g(-)
be a Ricci flow on M, and K be a constant. Suppose that di(xo,x1) = 2r9 and
Ric < (n — 1)K for all © € B(xg,to,70) U B(x1,t0,70). Then

d 2
@dt(ﬂﬁoﬂﬁl) >-2(n-1) <3KT0 + T01> ) (2.2)

at time t = tg.

Here is another distance-distortion lemma.
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Lemma 2.2.11 ([Ham95b], Theorem 17.12). There exists a constant C(n) > 0
such that if g(+) is a Ricci flow on M such that Ric < (n—1)K for some constant
K > 0, then for all xg,x1 in M,

%dt(mo,xl) > —C(n)K'2. (2.3)

Notes

The convention we have chosen for the curvature operator is the same as Morgan—
Tian’s. Note that other conventions are to be found in the Ricci flow literature,
in particular in Hamilton’s papers.

The word unscathed was introduced by Kleiner and Lott in [KL08]. Our defi-
nition is slightly different from theirs.

The definition of Ricci flow with bubbling-off is new. As noted in the intro-
duction (see Remark 1.2.5), there are two main differences from Perelman’s Ricci
flow with surgery: first, the manifold does not change with time; second, more
importantly surgery is done before curvature blow-up (compare with [Ham97]).
This spares us the need to analyse the structure of the manifold at blow-up time
as in [Per03b], Section 3. However, the proof of existence uses contradiction argu-
ments which are quite close to Perelman’s (cf. [Per03b], Sections 4, 5).



Chapter 3

Piecing together necks and
caps

As explained in the introduction, one of Perelman’s main achievements is to show
that in a 3-dimensional Ricci flow, points of sufficiently high scalar curvature
have so-called canonical neighbourhoods. The precise definition, which is rather
technical, will be given in Chapter 4. In this chapter, we study weaker, simpler
notions called e-necks and e-caps, and prove some topological results about them.

3.1 Necks, caps and tubes

3.1.1 Necks

The standard e-neck is the Riemannian product N, := S? x (—e~ ! ¢71), where
the S? factor is round of scalar curvature 1. Its metric is denoted by gey1. We fix
a basepoint * in S? x {0}.

Definition 3.1.1. Let (M, g) be a Riemannian 3-manifold and = € M. A neigh-
bourhood N C M of z is called an e-neck centred at x if (N, g,x) is e-homothetic

to (Nsvgcyla *)

If N is an e-neck and ¥: N, — N is a parametrisation, i.e., a diffeomorphism
such that some rescaling of 9*(g) is close to gcy1, then the sphere S = (52 x {0})
is called the middle sphere of N. This is slightly abusive, since the parametrisation
is not unique.

3.1.2 Caps and tubes

Definition 3.1.2. Let (M, g) be a Riemannian 3-manifold and z be a point of
M. We say that U is an e-cap centred at x if U is the union of two sets V, W such
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that = € Int V, V is a closed topological 3-ball, W NV = 9V, and W is an e-neck.
A subset V' as above is called a core of U.

Definition 3.1.3. An e-tube is an open subset U C M which is equal to a finite
union of e-necks, and whose closure in M is diffeomorphic to S? x I.

3.2 Gluing results

There is a function € — f3(¢) tending to zero as ¢ tends to zero, such that if N is
an e-neck with scaling factor A and z,y € N, then we have

R(x)
R(y)

Definition 3.2.1. We fix a constant ¢ € (0,1072) sufficiently small so that f3(¢),
f3(10e) < 1072 if € € (0, 2&¢).

AR(@) — 1] < f(e), ] —1‘<f3<e>.

Lemma 3.2.2. Let ¢ € (0,2¢0]. Let (M,g) be a Riemannian 3-manifold. Let
Y1, Y2 be points of M. Let Uy C M be an e-neck centred at y, with parametrisation
P1: 8? x (—e7t,e7t) — Uy and middle sphere Sy. Let Uy C M be a 10e-neck
centred at yo with middle sphere Sa. Call m: Uy — (—e~1,e71) the composition of
Y1t with the projection of S? x (—e~',e™1) onto its second factor.

Assume that yo € Uy and |7(y2)| < (2¢)71. Then the following conclusions
hold:

(i) Uy is contained in Uy.

(ii) The boundary components of OUy can be denoted by Sy, S_ in such a way
that
7(S_) C [r(ys) — (105)~" — 10, 7(y2) — (102)~" + 10]

and
7(Sy) C [m(y2) + (10e) ™! — 10, 7(ya) + (10e)~* + 10].

(iii) The spheres S1,S2 are isotopic in Uy.

Proof. Let 1bo: S? x (—(10e)71, (10e)™!) — Uy be a parametrisation, and call \;
the scaling factor of ¢; for ¢ = 1,2. By choice of ¢, the quotient Aa/\; is close
to 1, so the map 1, " o4y is almost an isometry. Then (i) and (ii) follow from
straightforward distance computations.

Let us show assertion (iii). By Corollary A.2.2, it suffices to prove that S is
not null-homologous in U;. Assume that on the contrary, Sy is null-homologous in
U;. Topologically, U, is a tubular neighbourhood of S5, so the inclusion Sy — Us
is a homotopy equivalence. Hence the induced homomorphism Hs(Us) — Ha(Uy)
has zero image.
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Set S := 11 (S? x {m(y2)}). By (ii), the diameter of S is less than the distance
between yo and OU,. Tt follows that S C Us. Now the inclusion S — Uy is
a homotopy equivalence, so the induced homomorphism Hy(S) — Ho(Up) is an
isomorphism. This is impossible. O

We now treat the case of closed manifolds.

Proposition 3.2.3. Let ¢ € (0,2¢0]. Let (M, g) be a closed, orientable Rieman-
nian 3-manifold. Let X be a compact, connected, nonempty subset of M such that
every point of X is the centre of an e-neck or an e-cap. Then there exists an open
subset U C M containing X such that either

(a) U is equal to M and diffeomorphic to S or S? x S1, or
(b) U is a 10e-cap, or
(¢) U is a 10e-tube.

In addition, if M is irreducible and every point of X is the centre of an e-neck,
then Case (c) holds.

Proof. First we deal with the case where X is covered by e-necks.

Lemma 3.2.4. If every point of X is the centre of an e-neck, then there exists an
open set U containing X such that U = M = S? x S, or U is a 10e-tube.

Proof. Let x¢ be a point of X and Ny be a 10e-neck centred at x, contained in
an e-neck Up, also centred at z. If X C Ny we are done. Otherwise, since X is
connected, we can pick a point 1 € X NNy and a 10e-neck Ny centred at xq, with
x1 arbitrarily near the boundary of Ny. By Lemma 3.2.2, an appropriate choice
of x1 ensures that N; C Uy and the middle spheres of Ny and N; are isotopic.
In particular, the closure of Ny U N; is diffeomorphic to S? x I, so Ng U N; is a
10e-tube.

If X C NgU Ny, then we can stop. Otherwise, we go on, producing a sequence
g, X1, T2, ... of points of X together with a sequence Ny, N1, No ... of 10e-necks
centred at those points, such that NoU---U N} is a 10e-tube. Since X is compact,
the scalar curvature on X is bounded. Hence definite volume is added at each
step. This implies that the construction must stop. Then either we have found
a 10e-tube containing X, or Ng N Ni # (. In the latter case, we can adjust the
choice of xj and Ny so that the necks N; cover M, and can be cyclically ordered
in such a way that two consecutive necks form a tube. Since M is orientable, it
follows that M is diffeomorphic to S2 x S?!. O

To complete the proof of Proposition 3.2.3, we need to deal with the case where
there is a point xg € X which is the centre of an e-cap Cy. By definition of a cap,
a collar neighbourhood of the boundary of Cj is an e-neck Uy. If X ¢ Cy, pick a
point x; close to the boundary of Cy. If z; is the centre of a 10e-neck Ny, then
we apply Lemma 3.2.2 again to find that Cy := Cy U N; is an e-cap. If z; is the
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centre of an e-cap C7, then by an appropriate choice of x; we can make sure that
0Cy N OC, is empty. Thus either Cy C Cy, or M = Cy U C}.

Again we iterate the construction, producing an increasing sequence of 10e-
caps Cy C Cy C ---. For the same reason as before, the process stops, either when
X C (), or when we have expressed M as the union of two caps. In the latter
case, it follows from Alexander’s theorem that M is diffeomorphic to S3.

Finally, the addendum follows from Lemma 3.2.4, since $% x S! is reducible. [

Putting X = M, we obtain the following corollary:

Corollary 3.2.5. Let e € (0,2¢¢]. Let (M,g) be a closed, orientable Riemannian
3-manifold. If every point of M is the centre of an e-neck or an e-cap, then M
is diffeomorphic to S% or S% x S'. In particular, if M is irreducible, then M is
diffeomorphic to S3.

Here is another consequence of Proposition 3.2.3:

Corollary 3.2.6. Let e € (0,2¢9]. Let (M, g) be a closed, orientable Riemannian
3-manifold. Let X be a compact submanifold of M such that every point of X is
the centre of an e-neck or an e-cap. Then one of the following conclusions holds:

(a) M is diffeomorphic to S* or §? x S, or

(b) there ezists a finite collection Ny, ..., N, of 10e-caps and 10e-tubes with dis-
joint closures such that X C |J, N;.

Proof. First apply Proposition 3.2.3 to each component of X. If Case (a) does not
occur, then we have found a finite collection N7,..., N, (; of 10e-caps and 10e-tubes
which cover X. If the closures of those caps and tubes are disjoint, then we get
conclusion (b).

Otherwise, we pick two members N/, N ]’ is the collection whose closures are
not disjoint. By adding one or two necks if necessary, we can merge them into a
larger subset U O N; U N;. Observe that

e merging two tubes produces a tube or shows that M =2 5% x S1,

e merging two caps shows that M = S3,

e merging a cap with a tube yields a cap.

Hence after finitely many merging operations, we are done. O
We now describe the situation for open manifolds.

Definition 3.2.7. Let (X,g) be a (not necessarily complete) Riemannian 3-
manifold and e be a positive number. An e-horn is an open subset U C X which
has the following properties:

1. U is a union of e-necks;
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2. U is diffeomorphic to S? x R;

3. the scalar curvature is bounded on one end of U and tends to +oo on the
other end.

Lemma 3.2.8. Lete € (0,2¢¢], (X, g) be a Riemannian 3-manifold, and~y: [0,1) —
X be a continuous map such that every point of the image of v is the centre of
an e-neck, and R(y(s)) — 400 as s — 1. Then there exists a 10e-horn U C X
containing the image of .

Proof. Set xg := 7(0). Using the construction described in the proof of Lemma 3.2.4,
we produce an infinite sequence of points xg,x1, Z2,... in the image of -, and a
sequence of necks Ny, N1, Na,... centred at those points, such that for every k,
NoU---UNy is a tube, obtained from NoU---UNg_1 by gluing a thickened sphere
at one end. The union U of all the N’s is thus diffeomorphic to S? x R.

To see that it contains the whole image of ~, suppose it does not. Choose
s € [0,1) such that v(s) ¢ U. Then all the z;’s are images of numbers in the
compact interval [0, s]. Hence we have an upper bound for their scalar curvatures,
which gives a lower bound for the distance d(xy,zk+1). This in turn implies that
d(x0, k) goes to infinity, which is a contradiction. O

Proposition 3.2.9. Let (M, g) be an open Riemannian 3-manifold. If every point
of M s the centre of a 2e9-neck, then M is diffeomorphic to S? x R.

Proof. The proof is similar to that of Lemma 3.2.8, except that after the choice
of xg and Ny, we pick two points x_1, x1, one near each boundary component of
Ny. In this way we construct biinfinite sequences ...,x_s,z_1,%g,Z1,Z2,... and
...y N_9,N_1, Ny, N1, No, ... such that for each k, Ny, is a neck centred at xj, and
each finite union N_y, ..., Ny is a tube, obtained from the previous one by gluing
a thickened sphere at each end..

The union of these tubes is diffeomorphic to S? x R. To see that it is the whole
of M, we argue as in the proof of Lemma 3.2.8: if some point y € M is not in
the union of the Ny’s, then we connect it to zg by a continuous path and use the
compactness of this path to obtain a contradiction.

Therefore, M is diffeomorphic to 52 x R. O

3.3 More results on s-necks

Definition 3.3.1. Let (M, g) be a Riemannian 3-manifold and N be a neck in
M. Let [xy] be a geodesic segment such that z,y ¢ N. We say that [xy] traverses
N if the geometric intersection number of [xy] and the middle sphere of N is odd.

Lemma 3.3.2. Lete € (0,107]. Let (M, g) be a Riemannian 3-manifold, N C M
be an e-neck, and S be a middle sphere of N. Let [zy] be a geodesic segment such
that x,y € M\ N and [zy] NS # (. Then [xy] traverses N. In particular, if S is
separating in M, then x,y lie in different components of M \ S.
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Proof. Let [z'y'] be a subsegment of [zy] such that z’,3 € ON and [z'y'] NS # 0.
Since [2y'] is minimising, we have d(z',y’) > 2d(S,0N). By choice of ¢, this is
greater than the diameter of each component of ON. Hence 2,7’ must belong to
two distinct such components.

This proves that there is exactly one subsegment [2'y’] such that z’,y’ € ON,
[2'y']NS # 0 and (2’y") C N. After perturbation, this segment must intersect S
transversally in an odd number of points. O

Corollary 3.3.3. Let ¢ € (0,107Y]. Let (M,g) be a Riemannian 3-manifold,
U C M be an e-cap and V' be a core of U. Let x,y be points of M\ U and [zy] a
geodesic segment connecting x to y. Then [zy] NV = (.

Proof. By definition, U = N UV where N is an e-neck of M. Let S be the middle
sphere of N. It is isotopic to V', and separates M in two connected components,
one of them containing x,y, the other V. If [xy] NV # 0 then [xy] intersects S.
The last assertion of Lemma 3.3.2 gives the contradiction. O

Notes

Results similar to those in this chapter can be found in Chapter 19 of Morgan and
Tian’s book [MT07] and the paper by Dinkelbach and Leeb [DL09]. The versions
we give are sometimes weaker, but sufficient for the applications in this book.



Chapter 4

r-noncollapsing, canonical
geometry and pinching

The purpose of this chapter is to introduce some notions that are fundamental for
understanding the behaviour of Ricci flow, in particular on 3-manifolds. We begin
with the k-noncollapsing property, which was defined and used by Perelman in the
first breakthrough result of [Per02], to obtain an estimate on the local injectivity
radius. This property allows us to use compactness theorems to study the singu-
larities of Ricci flow. This leads to the notion of k-solutions, which are models
for the singularities, and are described in Section 4.2. The classification of these
models then brings up the concept of canonical neighbourhoods, whose precise
definition is given in Section 4.2.2. In Section 4.3 we introduce the standard solu-
tion, which is the model for the almost standard caps which are added during the
surgery process. We conclude the chapter with some curvature pinching properties
of Ricci flow, which were discovered by Hamilton and Ivey (Section 4.4).

4.1 ~k-noncollapsing

Let M be an n-manifold. Let {g(¢)}+cs be an evolving metric on M. A (backward)
parabolic neighbourhood of a point (z,t) € M x I is a set of the form

Pz, t,r,—At) ={(2',t') e M x I | 2’ € B(w,t,r),t' €[t — At,t]}.

In particular, the set P(x,t,r, —r?) is called a parabolic ball of radius . Notice
that after parabolic rescaling with factor »—2 at time ¢, it becomes a parabolic ball
P(x,0,1,—1) of radius 1.

Definition 4.1.1. Fix k,r > 0. We say that g(-) is k-collapsed at (x,t) on the
scale 7 if for all (2/,#') € P(x,t,7,—r?) one has [Rm(z’,t')| < r~2, and

vol B(x,t,r) < kr".

37
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Otherwise, g( ) is k-noncollapsed at (z,t) on the scale r. We say that the evolving
metric g(-) is k-noncollapsed on the scale r if it is k-noncollapsed on this scale at
every point of M x I.

Remark 4.1.2. g(-) is k-noncollapsed at (z,t) on the scale r if
Rm| < 772 on P(z,t,r,—r?) implies vol B(x,t,r) > rxr".

Remark 4.1.3. If |Rm| < r=2 on P(x,t,r,—7?), a sk-noncollapsing property at
(x,t) on the scale r gives a positive lower bound for the injectivity radius of g(t)
at « which depends only on n, s and 7 (cf. Theorem B.1.2).

Lemma 4.1.4 (k-noncollapsing property closed in time). In the case when n = 3,
let g(+) be a Ricci flow with bubbling-off defined on an interval (a,b], x € M and
r,k > 0. If for allt < b, g(-) is k-noncollapsed at (x,t) on all scales less than or
equal to r, then it is k-noncollapsed at (x,b) on the scale r.

Proof. Assume that [Rm| < r=2 on P(x,b,7, —r?). Fix s < r. There exists t, < b
such that for all t € [t,, b) we have P(x,t,s,—s?) C P(x,b,r,—r?). Without loss of
generality, we assume that there is no singular time in [t,, b). Now on P(x,t, s, —s?)
we have |Rm| < r=2 < s72. Applying the noncollapsing hypothesis at (x,t) on
the scale s, we deduce that vol B(z,t,s) > ks®. The result follows by letting first
t tend to b, then s tend to r. O

4.2 k-solutions

4.2.1 Definition and main results

Definition 4.2.1. Let x > 0. A Ricci flow (M, g(-)) is called a k-solution if the
following holds:

(i) It is ancient, i.e., defined on (—o0, 0.

(ii) For eacht € (—o0, 0], the metric g(¢) is complete, and Rm( -, ¢) is nonnegative
and bounded.

(iii) There exists (z,t) € M x (—o0,0] such that Rm(z,t) # 0.
(iv) For every r > 0, the evolving metric g(-) is x-noncollapsed on the scale r.

A k-solution is round if for each ¢, the metric g(¢) has constant positive sectional
curvature.

The asymptotic volume of a complete Riemannian manifold (M™, g) of non-
negative curvature is defined by

One easily sees, using Bishop—Gromov inequality B.1.1, that the limit is well de-
fined and does not depend on x € M. We state here fundamental results on
k-solutions.
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Theorem 4.2.2 (Vanishing asymptotic volume, [Per02], Section 11.4, [KLO0S],
Proposition 41.13). For any k-solution (M, g(-)), one has V(g(t)) =0 for all t.

Theorem 4.2.3 (Compactness theorem, [Per02], Section 11.7, [KLO0§|, Theorem
46.1). For all k > 0, the space of pointed 3-dimensional k-solutions (M, g(-), (z,0))
such that R(x,0) =1 is compact for the pointed convergence of flows.

Theorem 4.2.4 ([Per02], Corollary 11.3, [KL08], Corollary 40.1 and Section 43).
FEvery 2-dimensional k-solution is round.

Theorem 4.2.5 (Universal s, [Per03b], Section 1.5, [KL08], Proposition 50.1).
There exists a universal constant kgo > 0 such that any 3-dimensional k-solution
is round or a Ksol-solution.

4.2.2 Canonical neighbourhoods

The cylindrical flow is S? x R together with the product Ricci flow on (—oc, 0],
where the first factor is round, normalised so that the scalar curvature at time 0
is identically 1. We denote this evolving metric by gey1(t).

Definition 4.2.6. Let ¢ > 0. Let M be a 3-manifold, {g(t)}+er be an evolving
metric on M, and (zq, tp) € M xI. Anopensubset N C M is called a strong e-neck
centred at (wo,to) if there is a number @ > 0 such that (N, {g(t)}+efto—q-1.t0]» T0)
is unscathed and, after parabolic rescaling with factor @ at time tg, e-close to

(52 x (—ete™h), {gcyl(t)}te[fl,(]]a*)-

Remarks 4.2.7. (i) Fix Q > 0, and consider the flow (S? x R, Qgey1(tQ™1))
restricted to (—@Q,0]. Then for every x € S? x R, the point (z,0) is the centre of
a strong e-neck for all € > 0.

(ii) If (xo,to) is the centre of a strong e-neck, then there is a neighbourhood 2
of o such that for all € Q, (z,t) is the centre of a strong e-neck: one can use the
same set N and factor (), but change the parametrisation so that the basepoint x
is sent to x rather than zg. Choosing €2 smaller, we also have that (z,t) is the
centre of a strong ep-neck for all evolving metric §( -) sufficiently close to g(-) is
the CI=”'1 topology.

(iii) By abuse of language, we shall sometimes call strong e-neck the parabolic
set N x [to — Q7 1,tg] C M x I, rather than the set N C M.

Definition 4.2.8. Let ¢,C > 0 and {g(t)}ser be an evolving metric on M. We
say that an open subset U C M is an (g, C')-cap centred at (xq,to) if U is an e-cap
which satisfies furthermore the following estimates for the metric g(tp): R(xq) > 0
and there exists r € (C~'R(z0) "2, CR(x¢)~2) such that

(i) B(zo,r) C U C B(xg,2r),

(ii) the scalar curvature function restricted to U has values in a compact subin-
terval of (C~1R(z0), CR(z0)),
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(iii) volU > C~'R(zo)~%/? and if B(y,s) C U satisfies |Rm| < s72 on B(y, s)

then
-1 vol B(ya 8)
C < — Qs (4.1)
Moreover, the following inequalities hold true on U:
(iv)
IVR(z)| < CR(z)?, (4.2)
(v)
|AR(z) + 2|Ric(x)|?| < CR(z)?, (4.3)
(vi)
IV Rm(z)| < C|Rm(z)|?, (4.4)

Remarks 4.2.9. (i) The diameter of U is at most 47, which in turn is bounded
above by a function of C' and R(z).
(i) The estimate (4.3) implies the following scale-invariant bound on the time-
derivative of R:
aR(az,t)‘ < CR(z,t)%. (4.5)
ot
(iii) For suitable C' = C(¢), any strong e-neck also satisfies (i)—(vi).
(iv) The property of being the centre of an (g, C')-canonical neighbourhood is
open with respect to changing the point, and the metric in the cle™] topology.
(v) If U is an (e, C)-cap, then the set of all centres of U is open.

Definition 4.2.10. Let ¢,C be positive numbers and {g(¢)}+c;) be an evolving
metric on M. We say that a point (x,t) admits (or is the centre of) an (g,C)-
canonical neighbourhood if x is the centre of an (g, C)-cap for g(t) or if = is the
centre of a strong e-neck which satisfies (i)—(vi) of Definition 4.2.8.

In the next theorem, we say that M is RP?-free if it does not contain any
embedded RP2.

Theorem 4.2.11 ([Per02], Section 1.5, [KLO08|, Lemma 59.7). For all € > 0 there
exists Csol = Csol(€) such that, if (M, {g(t)}re(—oo,0)) is a 3-dimensional RP?-free
k-solution, then M is a spherical manifold, or every (z,t) € M x (—o0,0] is the
centre of an (g, Cso1)-canonical neighbourhood.
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4.3 The standard solution I

4.3.1 Definition and main results

We will consider a Riemannian manifold §y satisfying a number of properties, such
as: §g is diffeomorphic to R3, it is complete, the sectional curvature is nonnegative
and bounded, it is rotationally symmetric, a neighbourhood of infinity is isometric
to the product S? x [0, +00).

This manifold will be called the standard initial metric and its centre of sym-
metry will be denoted by pg. For technical reasons, one needs to be more precise
in the choice of §g, so the definition will be given in Chapter 7. In this section, we
record some properties of §y for future reference. For brevity, a Ricci flow is said
to be complete (resp. to have bounded sectional curvature) if each of its time slices
has this property.

Theorem 4.3.1 ([Per03b], Section 2, [KLO08], Sections 61-64, and [CZ06b], [LT05]
for the uniqueness). The Ricci flow with initial condition §g has a maximal solution
defined on [0,1), which is unique among complete Ricci flows of bounded sectional
curvature.

Definition 4.3.2. This solution is called the standard solution.

Proposition 4.3.3 ([KL08], Lemma 60.3). There exists kg, > 0 such that the
standard solution is kg -noncollapsed on all scales.

Proposition 4.3.4 ([Per03b], Claim 5, [KLO8], Lemma 63.1). For every e > 0
there exists Cy(e) > 0 such that for all (z,t) € § x [0,1), if t > 3/4 or x €
B(po,0,e71), then (x,t) has an (¢, Cs)-canonical neighbourhood. Otherwise, there
is an e-neck B(x,t,e~tr) such that P(x,t,e~r, —t) is e-close to the corresponding
subset of the cylindrical flow.

Moreover, we have the estimate Ruyin(t) > consts (1 —t)~1 for some constant
constgy > 0.

4.3.2 Neck strengthening

The following lemma is a variant of [MTO07], Proposition 15.2. Let Ky be the
supremum of the sectional curvatures of the standard solution on [0,4/5].

Lemma 4.3.5 (Neck strengthening). For all e € (0,10%) there exists 3 = B(¢) €
(0,1073) such that the following holds. Let a,b be real numbers satisfyinga < b < 0
and |b| < 3/4, let (M, g(-)) be a 3-dimensional Ricci flow with bubbling-off defined
on (a,0], and x € M be a point such that

(i) R(z,b)=1;
(i) (z,b) is the centre of a strong fe-neck;
)

(iii) P(x,b,(Be)~L, |b|) is unscathed and satisfies |Rm| < 2Ky.
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Then (z,0) is the centre of a strong e-neck.

Proof. We argue by contradiction, assuming that there exists a number ¢, a se-
quence B — 0, sequences ag, by with aj < by, by € [—3/4,0], and for each k a
Ricci flow with bubbling-off (My, {gx(t)}a,,0)) With a point zx € M} such that

(1) R(zk,br) =1

(ii) (xg,by) is the centre of a strong Bre-neck Ny of scaling factor Q;
(iii) P(xk, by, (Bre) L, |bk|) is unscathed and satisfies |[Rm| < 2Ky, but
(iv) (xg,0) is not the centre of a strong e-neck.

Here is the picture:

strong e-neck wanted P(x,b,(6)~1, b))
(z,0)
TN ° I
" 1 (z,) |
Q™! strong e0-neck centred at (x,b)

From assumptions (i), (ii) we first deduce that |[Rm| < 2 on My, x [br, — Q} ', bx]
for all k. Using the curvature bound |Rm| < 2Ky on P(w, bg, (Bke) ™1, |bk|), the
Distance-Distortion Lemma 2.2.7 gives a constant ¢ such that B(zy, 0, ¢(8re) 1) C
B(z, by, (Bke) ™). Hence we have |Rm| < max{2K,2} on P(z,0,c(Bre) ™1,
b — Q).

Using the injectivity radius estimate (Theorem B.1.2), we deduce from the
closeness with the cylinder at (xg, bg), and from the bounded curvature, a positive
lower bound on the injectivity radius at (z,0).

Note that the normalisation R(xy,br) = 1 implies that Qx — 1. The Compact-
ness Theorem C.3.1 gives a subsequence of (M}, {gk(t)}te[bk—le,o]’ (x,0)) which
converges to a complete pointed Ricci flow (Moo, goo( ), (Zo0, 0)) of bounded cur-
vature, defined on (b — 1,0], where b := limb, € [-3/4,0]. In particular, the
sequence of pointed Riemannian manifolds (Mg, gx(bx — (2Qk) 1), zx) converges
smoothly to (Moo, goo (b — 1/2), 2o ).

From the hypothesis that Ny is a strong [re-neck of scaling factor Qy
centred at (w,bx), we deduce that (Mg, Qrgr(by — (2Q%)71), zx) converges to
(5% X R, gey1(—1/2),%). Hence (Mo, goo(b — 1/2),20) is isometric to this cylin-
der. By the Chen—Zhu uniqueness theorem [CZ06¢], we deduce that the limit flow
(Moo, {900 (t) }rep—1/2,07) is the cylindrical flow up to parabolic scaling. The same
conclusion holds on (b — 1,0] since Ny, is a strong Sre-neck for each k.
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We have R(Zs0,b) = 1, hence R(x,0) = (1 +b)~! > 1. By Remark 4.2.7 (i)
we are done. O

4.4 Curvature pinched toward positive

In this section, we discuss the so-called Hamilton—Ivey pinching property of the
Ricci flow.

Let (M,g) be a 3-manifold and z € M be a point. We denote by A(x) >
w(x) = v(z) the eigenvalues of the curvature operator Rm(z). According to our
conventions, all sectional curvatures lie in the interval [v(x), A(x)]. Moreover, A(x)
(resp. v(z)) is the maximal (resp. minimal) sectional curvature at x. If C' is a
real number, we sometimes write Rm(z) > C instead of v(z) > C. Likewise,
Rm(z) < C means A(z) < C.

It follows that the eigenvalues of the Ricci tensor are equal to A+ p, A+ v, and
p+v; as a consequence, the scalar curvature R(z) is equal to 2(A\(z) 4+ p(z) +v(x)).

For evolving metrics, we use the notation A(z,t), u(x,t), and v(z,t), and corre-
spondingly write Rm(z,t) > C for v(z,t) > C, and Rm(z,t) < C for A(z,t) < C.

Definition 4.4.1. Let ¢ be a nonnegative function. A metric g on M has ¢-almost
nonnegative curvature if R takes its values in the domain of ¢ and if Rm > —¢(R)
on M.

Remark 4.4.2. In this case, we also have a bound above of the curvature operator
by a function of the scalar curvature, namely
R

5+2¢(R>>gfufv:A>Rm>u>—¢(R)-

Now we consider a family of positive functions (¢¢):>¢ defined as follows. Let

2
_ e
St = 17q and define

G [=28¢,+00) = [s¢, +00)
as the reciprocal of the increasing function
s+ 2s(In(s) + In(1 +¢) — 3).
As in [MTO07], we use the following definition.

Definition 4.4.3. Let I C [0,00) be an interval and {g(¢)}ier be an evolving
metric on M. We say that g(-) has curvature pinched toward positive at time t if
for all x € M we have

Rz,1) > 74%1, (4.6)
Rm(z,t) > —¢:(R(x,1)). (4.7

We say that g(-) has curvature pinched toward positive if it has curvature pinched
toward positive at each t € I.
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Remark 4.4.4. If we set X := max{0, |v(x,t)|}, equation (4.7) is equivalent to'
R(z,t) 22X (InX +1In(1+1¢) - 3). (4.8)

The content of the Hamilton—Ivey theorem, which is proved using a time-
dependent version of the maximum principle, is that curvature pinching toward
positive propagates forward under Ricci flow:

Proposition 4.4.5 ([Ham99|, [Ive93]). Let a,b be two real numbers such that
0 <a<b Let {g(t)}icpap be a Ricci flow solution on M such that g(-) has
curvature pinched toward positive at time a. Then g(-) has curvature pinched
toward positive.

The following lemmas will be useful.

Lemma 4.4.6. (i) ¢:(s) = W

(ii) 4)’7(9) decreases to 0 as s tends to +o0o.

(i) 202 =1 jf s =4ed.

Proof. (i) is left to the reader. For (ii), we have

Pols)

0< =u < ¢o(s) = sues=2(su)[ln(su) — 3] & Y(u) =s = le?"'r%“.

u
Now, since 9'(u) < 0, ¥ and s — ¢(s)/s are decreasing. Finally (1/4) = 4e°
proves (iii). O

Property (ii) will ensure that limits of suitably rescaled evolving metrics with
curvature pinched toward positive will have nonnegative curvature operator (see
Proposition 6.1.6). Set 5 := 4¢®.

Lemma 4.4.7 (Pinching lemma). Assume g(-) has curvature pinched toward
positive and let t > 0, r > 0 be such that (1 +t)r=2 > 5. If R(z,t) < r=2 then
|[Rm(z,t)] < r~2.

Proof. By assumption, we have at (z,t),

Rm > —gy(R) = ~ 2+ DR) o do(d+6r7)

1+t = 1+t
_ ~ do((1 +t)7"_2)r—2 S _lr—z
(1+t)r—2 ~ 4
by Lemma 4.4.6. On the other hand
—2 -2
R <a= g -v—p< 2 (T ) =t O

I The factor 2 comes from our choices or normalisation of the curvature operator Rm
(cf. [Ham99]).
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Remarks 4.4.8. This lemma will be used in two kinds of settings:

(i) =2 > 5. For example, if R(x,t) < Q = r~2 where, say, Q > 10° then
|[Rm| < Q. Hence if the scalar curvature is large, it bounds the curvature
operator.

(ii) tr~2 > 5, which is equivalent to r € (0,7V/#] if one sets # = 5~ '/2. This
will be used in the study of the long-time behaviour of the Ricci flow with
bubbling-off.

Notes

Except for the Hamilton-Ivey pinching ([Ham99], [Ive93]), most of the material
of this chapter comes from Perelman [Per02], [Per03b]. There are slightly dif-
ferent definitions of canonical neighbourhoods in the literature. Ours is closest
to the one in Morgan—Tian’s book [MTO07]. Our definition is more restrictive be-
cause we exclude spherical manifolds and some e-caps diffeomorphic to RP3\ {pt}.
This is consistent with the topological hypotheses put on the manifold throughout
the book. It allows us to slightly simplify the exposition. In the proof of the
strengthening lemma (Lemma 4.3.5) we use the Chen—Zhu uniqueness theorem for
simplicity only.
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Chapter 5

Ricci flow with
(1, 6, k)-bubbling-off

In this chapter we assume that M is a closed, orientable, irreducible 3-manifold.
We also assume that M is not spherical. (cf. discussion at the beginning of Sec-
tion 1.2.2).

In particular, M is RP2-free, and not diffeomorphic to S or S?x S!. Moreover,
any manifold obtained from a sequence of Riemannian metrics on M by taking
a pointed limit automatically has the same properties (except compactness and
irreducibility, of course).

We introduce a version with parameters of Ricci flow with bubbling-off, which
we call Ricci flow with (r, §, k)-bubbling-off. The bulk of the definition consists of
a canonical neighourhood property at a scale r, and a metric surgery governed by
surgery parameters r, 0 and other ones computed with them, e.g. the curvature
threshold used to launch the surgery process. Metric surgery and the associated
cutoff parameters are precisely defined in Section 5.2. With this in hand, we state
the main finite-time existence theorem of the book (Theorem 5.3.1), which asserts
the existence, given any normalised initial data and finite interval [0, T, of a Ricci
flow with (r,d, k)-bubbling-off on [0,T] with such initial data. We reduce the
proof of this result to three independent propositions, called A, B and C, whose
demonstrations occupy all Part II of the book. Finally, we give in Section 5.4 a
long-time existence theorem, obtained more or less by iteration of the first one.

5.1 Let the constants be fixed

Recall that g has been fixed in Chapter 3 (cf. Definition 3.2.1).

Definition 5.1.1. Let 8y := ((gp) be the parameter given by Lemma 4.3.5.
Finally, set
Co := max{100ey ", 2Cs01(£0/2), 2Cst (Bo0/2) },

47
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where Cy,) is defined by Theorem 4.2.11, and Cg; by Proposition 4.3.4.

Definition 5.1.2. Let » > 0. An evolving metric {g(¢)}+cr on M has property
(CN),. if for all (z,t) € M x I, if R(x,t) > r=2, then (z,t) admits an (gq,Cp)-
canonical neighbourhood.

Definition 5.1.3. Let x > 0. An evolving metric {g(t)}+c; on M has property
(NC), if {g(t)} is k-noncollapsed on all scales less than or equal to 1.

Remark 5.1.4. If (NC), is satisfied on some time interval (a, b), it is also satisfied
on (a,b]. This follows immediately from Lemma 4.1.4.

Definition 5.1.5. A metric g on M is normalised if tr Rm? < 1 and each ball
of radius 1 has volume at least half of the volume of the unit ball in Euclidean
3-space.

Remark 5.1.6. If g(0) is normalised then |[Rm| < 1. This in turn implies that
g(-) has curvature pinched toward positive at time 0. Indeed, R(x,0) > —6 and
Rm(x,0) > -1 > —¢o(R(x,0)), for all z € M.

Remark 5.1.7. Since M is closed, any metric on M can be normalised by scaling.

Proposition 5.1.8. There exists a constant Knorm > 0 such that if go is a nor-
malised metric on M, then the mazimal Ricci flow solution g( - ) with initial con-
dition go is defined at least on [0,1/16], and on this interval it satisfies

(i) [Rm[ <2,
(i) (NC)

and

Knorm 7

(iii) g(-) has curvature pinched toward positive.

Proof. Inequality (i) follows from (tr Rm?)*/2 < 2, which is the doubling time
estimate given in Lemma 6.1 of [CLN06]. The property (ii) follows from the fact
that on the time interval [0,1/16] the metrics are uniformly bi-Lipschitz because
of the previous curvature bound. An explicit expression for the constant Kyorm
may be given. Finally, (iii) is a consequence of Proposition 4.4.5 and the fact that
if g(0) is normalised then it has curvature pinched toward positive at time 0. [

Remark 5.1.9. Conclusion (i) implies R < 12, hence (CN), is vacuously true for

r < (2v3)7L

Definition 5.1.10. We set x¢ := min(Knorm, Ksol /2, Kst/2)-

5.2 Metric surgery and cutoff parameters

Recall from Section 4.3 that we denote by §y the standard initial metric and pq its
centre of symmetry (see Section 7.1 for the precise definition of §).
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Definition 5.2.1. Let §, ¢’ be positive numbers. Let g be a Riemannian metric on
M. Let (U, V,p,y) be a 4-tuple such that U is an open subset of M, V' is a compact
subset of U, p € IntV, y € V. Then (U,V, p,y) is called a marked (8, )-almost
standard cap if there exists a 6’-isometry ¢: B(pg,5+0~1) — (U, R(y)g), sending
B(po,5) to Int V and py to p. One calls V the core and p the tip (see Figure 5.1).

1 standard initial metric
5496 5

/! .
d'-isometry
j ’

Figure 5.1: An almost standard cap.

Theorem 5.2.2 (Metric surgery). There exist &g > 0 and a function ¢': (0,d0] >
0+ &'(9) € (0,e0/10] tending to zero as & — 0, with the following property:

Let ¢ be a nondecreasing, nonnegative function, let § < g, let g be a Rieman-
nian metric on M with ¢-almost nonnegative curvature, and N C M be a §-neck
whose middle sphere bounds a 3-ball B C M.

Then there exists a Riemannian metric g+ on M such that the following holds:

1. gy =g on M\ Int B and g+ < g on Int B.

2. There exist p € Int B and y € OB such that (N U B, B,p,y) is a marked
(6,0'(8))-almost standard cap with respect to g .

3. g+ has ¢-almost nonnegative curvature.
This is proved in Chapter 7. Figure 5.2 summarizes the construction.

Definition 5.2.3. In the sequel we fix a function ¢’: (0, 9] — (0,€0/10] with the
above properties. A marked (4, d'(4))-almost standard cap will be simply called a
6-almost standard cap. An open subset U of M is called a §-almost standard cap
if there exist V, p and y such that (U, V,p,y) is a §-almost standard cap.

Theorem 5.2.4 (Cutoff parameters). For all r,6 > 0, there exist h € (0,6r) and
D > 10 such that if g(-) is a Ricci flow with bubbling-off on M defined on an
interval [a,b], with curvature pinched toward positive and satisfying (CN),., then
the following holds:
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0-neck N

oB

9+ <yg

(Mvg+) [

p
(6,8")-almost standard cap

Figure 5.2: The metric surgery.

Suppose that x,y,z € M and t € [a,b] are such that R(x,t) < 2r=2, R(y,t) =
h=2, R(z,t) > Dh™2, and y lies on a g(t)-geodesic segment connecting = to z.
Then (y,t) is the centre of a strong d-neck.

This will be proved in Chapter 6. In the sequel we fix functions (r,d) — h(r,d)
and (r,8) — D(r,d) with the above property. We set O(r, ) := 2D(r,8)h(r,5) 2.
This number will be used as a curvature threshold for the surgery process, as
sketched in Section 1.2.

Definition 5.2.5. We say that two real numbers r, § are surgery parameters if
0 <7 <1072 and 0 < § < min(eg,dy). The associated cutoff parameters are
h:= h(r,8) and © := 2Dh~2.

Remark 5.2.6. The convention r < 10~3 implies that g(-) satisfies (CN),. vacu-
ously on [0,1/16] if ¢(0) is normalised. See Remark 5.1.9.

Definition 5.2.7. Fix surgery parameters r, § and let i, © be the associated cutoff
parameters. Let {g(t)}ter be an evolving metric on M. Let g4 be a Riemannian
metric on M and ty € I. We say that gy is obtained from g(-) by (r,0)-surgery
at time tg if the following conditions are satisfied:

(i) For all z € M, if g4 () # g(x,to), then there exists a d-almost standard cap
(U, V,p,y) with respect to g, such that

(a) x € IntV;
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(b) R(y,to) =h™%
(¢) (y,to) is the centre of a strong d-neck;
(d) g+ < g(to) on Int V.

(i) Rmax(9(to)) = © and Rumax(g+) < ©/2.
We will refer to h as the scale of the d-almost standard cap.

Definition 5.2.8. Fix surgery parameters 7, § and let h, D, © be the associated
cutoff parameters. Let I C [0,00) be an interval and {g(¢) }+c; be a Ricci flow with
bubbling-off on M. We say that {g(t)}+cr is a Ricci flow with (r,6)-bubbling-off
if it has the following properties:

(1) g(-) has curvature pinched toward positive and satisfies R(x,t) < © for all
(x,t) e M x I.

(ii) For every singular time to € I, the metric g4 (tg) is obtained from g(-) by
(r,0)-surgery at time t.

(iii) Condition (CN), holds.

Let £ > 0. A Ricci flow with (r,d)-bubbling-off which in addition satisfies
Condition (NC), will be called an Ricci flow with (r, 0, k)-bubbling-off.

The following lemma is easy, but extremely important. It gives an estimate
that bounds from below the elapsed time between two singular times.

Lemma 5.2.9 (Elapsed time between surgeries). Let r, § be surgery parameters.
Let {g(t)}ter be a Ricci flow with (r,d)-bubbling-off on M. Let t1 < ty be two
singular times. Then ty —t; > (Co©)~ L.

Proof. One can suppose that g(-) is smooth on (¢1,¢3]. Let x € M such that
R(z,t2) = Rmax(t2) = ©. As Rpax(9+(t1)) < ©/2, there exists ty € [t1,to]
maximal such that lim;,; ¢~ R(x,t) = ©/2. In particular, (z,t) is the centre
of an (egg, Cp)-canonical neighbourhood for all ¢ € (¢4 ,t2]. Integrating inequality
(4.5) of p. 40 on (t4,t2] gives

1 1
- fi < Co(ta —t4) < Colta —t).
R(x,tz) + tﬂtir,?>t+ R(z,t) o(tz +) o(t2 1)
Hence tz —ty > ¢ (—3 +§) = (Co®) ™. 0

5.3 Finite-time existence theorem for Ricci flow
with (r,d, k)-bubbling-off



92 CHAPTER 5. RICCI FLOW WITH (r, 6, x)-BUBBLING-OFF

5.3.1 The statements

Recall that we are assuming that M is a closed, orientable, irreducible 3-manifold,
and that M is not spherical.

In this case, Theorem 1.2.3 asserts that for any 7" > 0 and any metric gy on
M, there exists a Ricci flow with bubbling-off g(-) on M, defined on [0, T], with
initial condition g(0) = go. This follows immediately from the following technical
result:

Theorem 5.3.1. For every T > 0, there exist r,d,xk > 0 such that for any nor-
malised metric go on M, there exists a Ricci flow with (r, 6, k)-bubbling-off defined
on [0,T] with initial condition go.

Since any metric on M can be normalised by scaling, Theorem 5.3.1 implies The-
orem 1.2.3.

Our next aim is to reduce Theorem 5.3.1 to three results, called Propositions A,
B, C, which are independent of one another.

Proposition A below essentially says that if in a Ricci flow with bubbling-off,
Riax reaches the threshold value O, then one can perform the (7, §)-surgery and
get a new metric g4, which in particular satisfies Rpax(9+) < /2. Tts proof
consists in putting together the cutoff parameters theorem and the metric surgery
theorem, as well as some elementary topological arguments which are needed in
order to find the collection of cutoff é-necks.

Proposition A. There exists a universal constant 4 € (0,80) having the follow-
ing property: let r, § be surgery parameters, a, b be positive numbers with a < b,
and {g(t) }+e(a,p) be a Ricci flow with (v, 0)-bubbling-off on M. Suppose that § < 04,
and Ruyax(b) = 6.

Then M admits a metric g4 which is obtained from g(-) by (r,d)-surgery at
time b, and in addition satisfies

1. g4 has ¢p-almost nonnegative curvature;

2. Ruin(g+) = Rmin(g(b)).

In the next proposition, we show that the canonical neighbourhood property
is closed in time, for a suitable choice of parameters.

Proposition B. For all k > 0 there exist r(k) € (0,107%) and ép = ép(k) €
(0,80) with the following property: let § < dp, b > 0 and g(-) be a Ricci flow
with bubbling-off defined on [0,b] with normalised initial condition. Assume that
the restriction of g(-) to the half-open interval [0,b) is a Ricci flow with (r,d, k)-
bubbling-off. Then it satisfies (CN), on all of [0,].

The last proposition is a version of Perelman’s noncollapsing theorem for Ricci
flow with bubbling-off.

Proposition C. For all T > 0 there exists k = k(T) € (0, k) such that for all
r € (0,1073) there exists 6c = 0c(T,7) € (0,30) with the following propertsy.

For all0 < § < 0¢ and 0 < b < T, every Ricci flow with (r,8)-bubbling-off
defined on [0,b) and having normalised initial condition satisfies (NC),,.
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5.3.2 Proof of the finite-time existence theorem, assuming
Propositions A, B, and C

We now prove Theorem 5.3.1, assuming the three propositions A, B and C.

Let T > 0. Proposition C gives a constant x = x(T"). Proposition B gives
constants 7, 6 depending on x. Then apply Proposition C again to get a constant
d¢c. Set & := min(SA,SB,gc,CJBM/lO).

From r, § we get the associated cutoff parameters h, ©.

Let go be a normalised metric on M. We denote by X the set of ordered
pairs (T",{g(t)}+eo, 7)) consisting of a number 7" € (0,7] and a Ricci flow with
(7,6, k)-bubbling-off {g(t)}:e[0,7/) such that g(0) = go. By Proposition 5.1.8, &
is nonempty. It has a partial ordering, defined by (77, {g1(t)}) < (T3, {g2(t)}) if
T] < T} and go(-) is an extension of g1 (- ).

We want to use Zorn’s lemma to prove existence of a maximal element in X.
In order to do this, we consider an infinite chain, that is an infinite sequence of
numbers 0 < T} < Ty < ---T,, < --- < T and of Ricci flows with (r, 4, )-bubbling-
off defined on the intervals [0,T,,), and which extend one another. In this way we
get an evolving metric g( - ) defined on [0, T ), where T is the supremum of the
T,’s. By Lemma 5.2.9, the set of singular times is a discrete subset of R, so g(-)
is a Ricci flow with (7, §, x)-bubbling-off.

Hence we can apply Zorn’s lemma. Let (T7,g(-)) € X be a maximal element.
Its scalar curvature lies between —6 and O, hence it is bounded. Its curvature
is pinched toward positive so the sectional curvature is also bounded. Hence by
Proposition C.1.2 we may extend ¢(-) to a Ricci flow with bubbling-off on [0, 7”],
with Rpyax(T') < ©. By Proposition B, Property (CN), is satisfied on [0,7"]. By
Lemma 4.1.4 the same holds true for (NC), (cf. Remark 5.1.4). Hence we have
obtained a Ricci flow with (r, §, 5)-bubbling-off on the closed interval [0, T"].

To conclude, we prove by contradiction that 7/ = T. Assume that 77 < T and
consider the following two cases.

Case 1. Rpyax(T’) < ©. Applying the short-time existence theorem for Ricci
flow (Theorem C.1.1) with initial metric g(7”), we extend g(-) to a Ricci flow
with bubbling-off defined on an interval [0, 7’ + «) for some « > 0. We choose «
sufficiently small so that we still have Ryax(t) < © on [0,7” + «). There are no
singular times in [T", T’ + «/), and by Proposition 4.4.5 the extension has curvature
pinched toward positive.

Lemma 5.3.2. There exists an o € (0,a] such that Condition (CN),. holds for
{9} e, 17 +ar)-

Proof. Arguing by contradiction, we assume that there exist sequences x; € M
and tp — T such that R(xy,t) > 72, but (zx,tr) does not have an (g9, Cp)-
canonical neighbourhood. Since M is compact, we may assume that the sequence
xj, converges and call x its limit.

We have R(x,T") > r=2, so (z,T') has an (g¢, Cp)-canonical neighbourhood.
First consider the case where (x,7") is the centre of an (gg,Cy)-cap U. We use
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Remark 4.2.9 (iv). Since being the centre of an (g9, Cp)-cap is an open property in
the C[Et;lHl—topology, U is still an (g9, Cp)-cap with respect to g(tx), with centre
x, for sufficiently large k. This is a contradiction.

Suppose now that (z,7”) is the centre of a strong eg-neck N. Let ¢ be a
parametrisation of N. By definition, there exists a parabolic rescaling g of g with
factor @ at time T” such that

sup |[97(9(1)) = eyt (D)l 1511410 < €0-
te[—1,0]

Note that the inequality is strict. Let gi(-) be the parabolic rescaling of g¢
with factor @ at time ¢. Since ¢, — T, the same inequality holds with g(-)
replaced by gi(-), for sufficiently large k. Hence (x,tx) is the centre of a strong
go-neck. We conclude using the already remarked fact that being the centre of
strong €p-neck is an open property. O

It follows that {g(t)}¢cjo,77+a) is a Ricci flow with (r,d)-bubbling-off. By

Proposition C, it is a Ricci flow with (r, §, k)-bubbling-off. This contradicts maxi-
mality of T".
Case 2. Rpax(T’) = ©. Proposition A yields a metric g4, which has curvature
pinched toward positive at time 7”. Applying Theorem C.1.1 with initial metric
g+, we obtain a positive number a and an evolving metric {g(t)}+e(7/,7+a) Whose
limit from the right as ¢ tends to 7" is equal to g.. We also may assume that
Rihax remains bounded above by ©. By Proposition 4.4.5 it has curvature pinched
toward positive. Hence the resulting evolving metric {g(t)}+c[0,77+q) satisfies the
first two properties of the definition of Ricci flow with (r, §)-bubbling-off.

Lemma 5.3.3. There exists an o € (0,a] such that Condition (CN), holds for
{9()}eeio, 1740 -

Proof. Arguing as in the proof of Lemma 5.3.2, consider sequences z — z € M
and t;, — T’ such that for each k, R(zy,tx) = 7~2 but (z,tx) does not have a

canonical neighbourhood. Set § := h=2g, (T"). We will distinguish several cases
according to the distance between x and the set

Sp = (@ € M | g5@,T) £ 9(a, T)}.

By definition of (r,d)-surgery, this set is a union of 3-balls which are cores of
d-almost standard caps of g4 (T").

Case (a). dg(z, Srv) > (2Co)3/2.

Claim. The point (x,T") has an (g9, Co)-canonical neighbourhood U’ such that
UnNYXp = 0.

Once the claim is proved, Case (a) follows by the arguments used to prove
Lemma 5.3.2.

Let us prove the claim: since t — g(¢) is smooth on [T",T” + ) in a neigh-
bourhood of x we have R(z,T’) = lim R(zk,tx) > r~2. Hence (x,7’) has an
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(€0, Cp)-canonical neighbourhood U’. Suppose that U’ N X7 # (. Pick a point
2 € U' NSy # (. Since g, (T") is obtained from g(-) by (r,§)-surgery, there is a
d-almost standard cap U whose core V' contains z’.

Let z be a point of U’ N dV. We have (see Section 3.2)

/ h72 !
1—f3(5)<m<1+f3(5)-

Besides, we have R(z,T") < CoR(x,T"), thus

It follows that . .
dg(T/)(:L’,Z) g QC()R(IZ?,T/)7§ < (200)5}1

We conclude that dg(z, /) < (2C4) 2, contradicting our hypothesis.
Case (b). dg(z, Y1) < (200)3/2.

In this case, there exists a d-almost standard cap U with core V and tip p
such that dz(x,V) < (2C0)*/2. In particular, By(x,2e;") C U by choice of . If
Bj(z, 2551) NV = 0, then (z,T”) is the centre of a strong ep-neck disjoint from X7,
and we can apply the argument used in the proof of Lemma 5.3.2. Hence we assume
that Bj(z,2¢, )NV # 0. Choose an gg-neck N in U at distance, say 5o~ " from p.
Then U’ := B;(p,6e5 ") UN is an (eg, Cp)-cap in (M, g1 (T")), with core U’\N and
centre z. As g(-) is smooth of (T7,T" 4+ «) and g4 (T") = limy_y7 y>77 g(t), we can
conclude as in Lemma 5.3.2. O

Hence {g(t)}+cjo,17+a) is a Ricci flow with (r,d)-bubbling-off. By Proposi-
tion C, it is a Ricci flow with (7,0, k)-bubbling-off. Again this contradicts the
assumption that 7" should be maximal.

O

5.4 Long-time existence of Ricci low with
bubbling-off

This section is not needed for the Poincaré Conjecture and can be skipped on first
reading.

By iteration, Theorem 1.2.3 immediately extends to an existence theorem for
Ricci flow with bubbling-off defined on [0, +00) on our nonspherical manifold M.
However, we need to extend the particular construction of Ricci flow with (r, §, x)-
bubbling-off. More precisely, we need the following statement:

Theorem 5.4.1 (Long-time existence). There exist decreasing sequences of pos-
itive numbers 1, k; and, for every continuous positive function t — S(t), a de-
creasing sequence of positive numbers d; with §; < Min;cigit1 5(75) such that the
following holds: for every normalised metric go on M, there exists a Ricci flow



96 CHAPTER 5. RICCI FLOW WITH (r, 6, x)-BUBBLING-OFF

with bubbling-off g(-) defined on [0,+00) such that g(0) = go and for all i, g(-)
is a Ricci flow with (r;,0;, K;)-bubbling-off on (i, (i + 1)].

Remark 5.4.2. The presence of the function §(-) allows us to choose & small
compared to r. This will be used in the proof of the thin-thick decomposition
theorem (Theorem 1.3.4), in Part IIT of this book. In order to get estimates for
the long-time behaviour of Ricci flow with bubbling-off, we will need to refine the
choice of the parameters.

Theorem 5.4.1 will follow from a version of Theorem 5.3.1 suited for iteration.
Before giving the statement, we need a definition.

Definition 5.4.3. Let @ > 0. One says that a Riemannian manifold (M, g) is
@-normalised if

1. (trRm*)2 < Q on M,

2. vol B(z,1) > QTAUO(l) for all x € M, where vy(1) denotes the volume of the

unit Euclidean ball.

By compactness, any metric g is Q-normalised for some constant ) > 0. More-
over we have:

Assertion 5.4.4. Let g(-) be a Ricci flow with (r,d, k)-bubbling-off on some in-
terval [a,b]. Then for any t € [a,b], g(t) is Q-normalised for some constant

Q=0Q(rd,k).

Proof. Recall that R < © = 2Dh~2 where D and h are functions of (r,d), hence
[Rm| < © by Pinching Lemma 4.4.7. Tt follows that (tr Rm?)'/?2 < v/30. On
the other hand, setting s = ©~/2, one has |[Rm| < s~2 on P(x,t,s, —s?) for all
(x,t) € M x [a,b]. As g(-) is k-noncollapsed at scales < 1, we deduce that

2,kO—3/2 1
vol B(z,t,1) > vol B(x,t,s) > ksd = ’20(1)1102( )

Thus

Q= max{\/g@, 2:(;(_13)/2}

fits. O
We then have a @Q-normalised version of the finite-time existence theorem:

Theorem 5.4.5 (Finite-time existence for @-normalised manifolds). For all Q >
0, 0 < Ta < Tq, there exists k > 0, such that for all ¥ € (0,1073) there exists

€ (0,7), for all & there exists 6 € (0,5) and Q' > 0 with the following property.
Let g be a Riemannian metric on M such that (M,g) is Q-normalised and has
curvature pinched toward positive at time Ta. Then there exists a Ricci flow with
(r, 9, k)-bubbling-off g(-) defined on [Ta,Tq], such that g(T4) = g, and such that
g(+) is Q@ -normalised.
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We leave it to the reader check that a proof of this theorem can be deduced, as
the proof of Theorem 5.3.1 in Section 5.3.2; of Proposition A and the two following
propositions.

Proposition BB. For all Q,x > 0 there exist 7(Q, r) € (0,107%), 5 = 6(Q, k) €
(0,60) with the following property: let § < 6, 0 < a < b and {g(t)} be a Ricci
flow with bubbling-off defined on [a,b], such that g(a) is Q-normalised. Assume
that the restriction of g(-) to the half-open interval [a,b) is a Ricci flow with
(r, 9, K)-bubbling-off. Then it satisfies (CN),. on all of [a,b].

Proposition CC. For all Q,T > 0 there exists k = k(Q,T) € (0, ko) such that for
all v € (0,1073) there exists 5¢ = 6c(Q,T,r) € (0,0¢) with the following property.
For all0 < 6 < 0c and 0 < a < b < T, every Ricci flow with (r,8)-bubbling-off
defined on [a,b), such that g(a) is Q-normalised, satisfies (NC),.

Applying inductively Theorem 5.4.5 proves the long-time existence theorem.

Definition 5.4.6. In order to simplify the notation, given decreasing sequences r;
and §; we introduce step functions ¢ — 7(t), t — §(t), whose values are respectively
r; and 0; on (i, + 1]. We will say that a Ricci flow with bubbling-off defined on
some interval I C R is a Ricci flow with r(-), (- )-bubbling-off if, in restriction to
IN(i,i+ 1] it is a Ricci flow with (r;, §;)-bubbling-off. .

Ricci flows with 7(-),d(-)-bubbling-off will appear in Theorems 8.1.2 and
10.4.1 of Part II, which are needed in Part III where the function r(-) given
by Theorem 5.4.1 will be fixed. The choice of §(-) should be refined to obtain
better estimates for the Ricci flow with r(-),d( - )-bubbling-off.

Definition 5.4.7. For simplicity we shalllet h(t) := h(r(t),d(t)), D(t) = D(r(t),(t))
and O(t) = D(t)h=2(t) denote the associated cutoff parameters.

Remark 5.4.8. The functions r( - ), §( - ) given by Theorem 5.4.1, and hence h(-),
are nonincreasing and go to zero as t — co. The functions D(-) and O(-) are
nondecreasing and go to 400 as t — oo.

Notes

The concept of metric surgery for Ricci flows is due to Hamilton [Ham86]. The
cutoff parameter theorem (Theorem 5.2.4) is a variant of a result of Perelman
([Per03b], Lemma 4.3).

Propositions A, B, C correspond roughly to Section 4, Section 5.4 and Lemma
5.2 of [Per03b], respectively.

Lemma 5.2.9 is new. It is not expected to hold in Perelman’s construction. A
similar estimate holds for the Huisken—Sinestrari surgically modified mean curva-
ture flow (see [HS09])

Theorem 5.4.1 is similar to [Per03b], Proposition 5.1.
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Part 11

Ricci low with bubbling-oft:
existence
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In this part we prove the three main propositions A, B and C. Let us be more
precise. Chapter 6 is devoted to presenting some technical material. We prove the
Curvature-Distance Theorem (Theorem 6.1.1) which asserts that the curvature on
a given ball is comparable to the curvature at the centre provided that we have
the canonical neighbourhood property and that the curvature at the centre is large
enough. From this we deduce the Cutoff Parameters Theorem 5.2.4.

In Chapter 7 we state a precise definition for the standard solution and de-
scribe our version of the metric surgery, proving Theorem 5.2.2. From that we
prove Proposition A which shows that we can perform the (r, d)-surgery when the
threshold for the scalar curvature is attained. It is shown to preserve the curvature
pinched toward positive assumption.

Chapter 8 is a technical chapter. The main result is the so-called persistence
theorem. It shows that near the added almost-standard cap the evolving metric
looks like the standard solution for an amount of time close to 1, after rescaling.
This is used to show that the canonical neighbourhood property persists after
surgery.

In Chapter 9 we prove Proposition B. It shows that the canonical neighbour-
hood property is a closed condition in time; that is, if it is satisfied on an interval
open in the future, it is also true on the closure, again if the parameters are well
chosen.

Finally Chapter 10 is devoted to the proof of Proposition C. We prove sev-
eral versions of the k-non-collapsing result. We give an n-dimensional version for
smooth Ricci flow. We also prove a version on a given interval for the Ricci flow
with bubbling-off in dimension 3. Finally we give a useful version adapted to the
long-time study of the flow which is used in Part III. It applies in particular in
the description of the thick part.
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Chapter 6

Choosing cutoff parameters

The main goal of this chapter is to prove the Cutoff Parameters Theorem 5.2.4
which allows us to get h, D, and therefore O, from r, §. Let us recall that © is
the scalar curvature threshold used to trigger the surgery process (cf. Definitions
5.2.5 and 5.2.7). The surgeries are made in strong d-necks centred at points of
scalar curvature ~ h~2. Theorem 5.2.4 proves existence of such d-necks on any
geodesic joining a point of scalar curvature < 2r—2 to a point of scalar curvature
> Dh™2=0/2.

Along the way we prove another crucial result, the Curvature-Distance Theo-
rem 6.1.1. Essentially, this theorem says that points at bounded distance from a
base point have scalar curvature comparable to that of the base point, provided
this latter is large enough. This will be used repeatedly in order to have curvature
bounds on balls of rescaled Ricci flows with bubbling-off, which is the first condi-
tion to apply the Compactness Theorem C.3.1. This technique will appear as the
first step of numerous arguments by contradiction used in this book.

The results on the structure of sets obtained by gluing together e-necks, de-
scribed in Chapter 3, will be used in the proofs of Theorems 5.2.4 and 6.1.1.

6.1 Bounded curvature at bounded distance

In this section we prove the following theorem. Let us recall that the constant ¢
has been fixed in Chapter 3 so that the topology of the intersection of two eg-necks
is understood.

Theorem 6.1.1 (Curvature-distance). For all A,Cy > 0 and all 1 € (0,2eg],
there exists Q = Q(A,e1,C1) > 0 and A = A(A,e1,C1) > 0 with the follow-
ing property. Let I C [0,4+00) be an interval and {g(t)}ier be a Ricci flow with
bubbling-off with curvature pinched toward positive. Let (xg,t9) € M x I be such
that the following holds:

(i) (1+to)R(zo,t0) > Q.
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(ii) For each point y € B(xq,to, AR(zo,t0)"/?), if R(y,to) = 2R(x0,t0), then
(y,to) has an (g1, Cy)-canonical neighbourhood.

Then for all y € B(xg,to, AR(x0,t0)~*/?), we have

R(ya tO)

— " < A.
R(xo,t0)

We emphasize that we do not require the Ricci flow with bubbling-off to satisfy
the (CN), assumption. In particular, the centre (x¢,t;) may have no canonical
neighbourhood, even if its scalar curvature is large. Instead, we assume only that
points at bounded distance from the centre with curvature at least twice its cur-
vature have canonical neighbourhoods. This particular situation appears, after
a point-picking argument, in the proof of the canonical neighbourhood theorem
([Per02], Theorem 12.1) and in the proof of Proposition B in this book (cf. Lemma
9.2.3). In these proofs, the goal is to show that the centre has a canonical neigh-
bourhood.

6.1.1 Preliminaries

Let us explain how to obtain local curvature estimates in spacetime. If a point has
a neighbourhood where the local derivative estimates (4.2), (4.5) (see p. 40) hold,
it suffices to integrate them. This happens in particular if the point is the centre
of an (e, C')-canonical neighbourhood. In fact, it is sufficient that these derivative
estimates are satisfied above some curvature threshold, as shown in the lemmas
below.

Lemma 6.1.2 (Local curvature-distance lemma). Let (U,g) be a Riemannian
manifold. Let Q > 1, C >0, z,y € U and set Q, = |R(x)| + Q. Assume that [zy]

/
s a geodesic segment of length < %, on which
|VR| < CR3/? (6.1)
holds at any point of scalar curvature > Q. Then R(y) < 2Q..

Proof. We can assume that R(y) > @, and hence that there exists a maximal
segment [z'y] C [xy] such that R > @, on [z'y]. In particular R(z') > Q..
Integrating Inequality (6.1) on [z'y’], we find

- _ 1 1
[R72(2) = R™2(y)] < SCd('y) < 707

Hence
1

1 3
- —1/2> —1/2_7 —1/2:7 —1/2

Therefore R(y) < £Q, < 2Q,. O

R2(y) > R -



6.1. BOUNDED CURVATURE AT BOUNDED DISTANCE 65

Lemma 6.1.3 (Local curvature-time lemma). Let (U, g(-)) be a Ricci flow defined
on [ti1,ta]. Let Q =1, C >0, x € U and set Q, = |R(z,t2)| + Q. Assume that on
[ta — (20Q,) 71, ta], the inequality

‘881: < CR? (6.2)

holds at (z,t) if R(z,t) > Q. Then R(z,-) < 2Q, on [ta — (2CQ.) ™, ta].

Proof. Let t € [t1,t3]. We can assume that R(x,t) > Q and define t; € [t,19]
maximal such that R(z,-) > Q on [t,t4]. Note that R(z,t;) < Q.. Integrating
(6.2) on {x} x [t,t4] gives

Rz t)™ = Rz, )7 < Clty — 1) < (2Q) 7"

hence R(z,t)™' > R(z,ty)~" — (2Q.)"" = Q. ' — (2Q.)~' = (2Q.)". We
conclude that R(x,t) < 2Q,. O

Lemma 6.1.4 (Local curvature-control lemma). Let @ > 0, C' > 0, € € (0, 2¢g],
and {g(t)}ter be a Ricci flow with bubbling-off on M. Let (xo,t9) € M x I and
set Qo = |R(xo,t0)| + Q. Suppose that P = P(xq, to, m, *ﬁ) is unscathed
and that each (x,t) € P with R(z,t) > Q has an (e, C)-canonical neighbourhood.
Then for all (z,t) € P,

Proof. First we note that R(z,t9) < 2Qo. This follows from the local curvature-
distance lemma (Lemma 6.1.2). Indeed, any point of B(zq,to, m) of scalar

curvature larger than @ is the centre of an (g, C')-canonical neighbourhood, hence
the hypothesis (6.1) of Lemma 6.1.2 is satisfied. Let us show that R(z,t) < 4Qo.
If R(z,t) < @Q we are done. Otherwise, let ¢, € [t,%p] be maximal such that
R(z,s) > @ for all s € [t,t4]. Observe that R(z,t4) = Q < 2Q or t4 =ty and
R(z,t9) < 2Qo. As above, integrating |0R/0t| < C1R? on [t,t,], we obtain

R(l‘,t) < (R(x7t+)_1 - Cl(t+ - t))_l

< ((2Q0) 1~ (8Q0) ) < 5Q0 < 4Qu. 0

Remark 6.1.5. In particular, this lemma applies to any Ricci low with bubbling-
off satisfying (CN),, setting Q = r~2.

We shall use repeatedly the following property:
Proposition 6.1.6. Let (Ug,gr(-),*r) be a sequence of pointed evolving met-
rics defined on intervals I, C Ry, and having curvature pinched toward posi-

tive. Set (xy,tr) € Ux X I be such that (1 + tg)R(xk,tr) goes to +oo. Let
G (t) := R(xp, tg)gr(tx + m) Then we have the following:

(1) Rmin(gr(-)) tends to 0 as k — +oo.
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(i) If (Uk,gx(-),*r) converges in the pointed C* sense, then the limit has non-
negative curvature operator.

Proof. (i) Set Qi := R(xy,t;) and pick t € R such that #, := t;, +tQ ' € I4.
Then we have

Rmin(gk(t)) = Qk:_lRmin(gk(t;g))
—6
Z @ 1 00x
B —6
CA4t,Q + 4t + Q1

—6
> —F— =0
(1+tx)Qx

uniformly in ¢.
(ii) Let us call (Uso, oo * ), *00) the limit. Let yoo € Uso be the limit of yi, € Uy.
Since the convergence is C2, we now have

Rm(yooa t)) = khﬁ»n;o ngk (yka t)

lim Q™" Rmg, (yk, t},)
k—o0

. (Rt)
Qr
do((1 + ) R(yw, t}))
(1+t,)Qk

Note that (1 +t,)Qr = (1 +t4)Qk +t — +oo. If, up to extracting a subse-

quence, (1 + t},)R(yk,t},) < C for some constant C', then the above expression is
$0(C)

(1+13)Qk’

(1 + ;)R (yx, t},) — oo, the expression above is bounded below by

(1 + ) R(yw, 1)) Qr

bounded from below by — which goes to 0 as k tends to +00. Now if

which tends to 0 by Lemma 4.4.6 (ii), since by assumption, converges to
R(yo,t) € R. O

R(yk,ty,)
Qk

To conclude the proof of Theorem 6.1.1, we shall also use Lemma C.5.1 stated
in Appendix C.

6.1.2 Proof of Curvature-Distance Theorem 6.1.1

The proof is done by contradiction. Assume that there exist constants A,Cy > 0,
g1 € (0,2¢0], sequences Q) — +00, Ay — +oo, and a sequence (gi (), (zk, tx))
of pointed Ricci flows with bubbling-off with curvature pinched toward positive,
such that the following is satisfied:
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(1) (1 +te)R(wk,tk) > Qu;

(ii) for all y € B(wg, ty, AR(z, )~ Y/?), if R(y,tx) = 2R(x,ty), then y has an
(€1, Cy)-canonical neighbourhood;

(iii) for each k there exists a point z such that

R(zkvtk) )
Rty > M and do (o 2) < AR(we, 1)

For every k we let

gr( ) = Rz, te) gr (tk + R(mk,tk))
be the Ricci flow with bubbling-off resulting from gx(-) by parabolic rescaling at
time t;, with factor R(xg, tx).

We shall use the following notation: when computing geometric quantities at
x € M with the rescaled metrics, the point will be denoted by z. For example, the
points above satisfy R(Zx,0) = 1, R(2x,0) > A and do(Tg, Zi) < A. Observe that
points of B(Zy,0, A) of scalar curvature greater than or equal to 2 have (g1, C1)-
canonical neighbourhoods.

Step 1. There exists p > 0 such that the sequence (B(Z, 0, p), §x(0), Zx) subcon-
verges in the C1'® topology to (Mo, oo, Too ), Where My, is a smooth 3-manifold
and Joo is an incomplete C1**-smooth Riemannian metric.

Proof. This will follow from Gromov’s compactness theorem (Theorem B.1.4, see
also Remark B.1.5). To apply this result, we have to show that, maybe for a
subsequence,

1) there exists p > 0 such that for all s € (0, p), sectional curvatures of g (0)
are bounded in absolute value on B(Z, 0, s), independently of k,

2) the injectivity radius of gi(0) at zj is positively bounded below indepen-
dently of k.

Define

p = sup {s >0]3C(s) >0, VkE €N, V§ € B(Z,0,s), R(7,0) < C(s) }

First note that p is well defined. Indeed, Curvature-Distance Lemma 6.1.2,

applied with Q = 2 and C = (4, gives R < 6 on B(Zy,0, %) This shows that

p = % On the other hand, p < A by assumption. Since gi(-) has curvature
pinched toward positive, we can apply Pinching Lemma 4.4.7. Let 0 < s < p
and § € B(Zg,0,s). One has R(y,t;) < R(zk,t,)C(s), and we can assume that
(1 4+ t)R(xk,tp)C(s) > 5 for all k € N (let C(s) > 1 and Qr > 5). Pinch-
ing Lemma 4.4.7 then implies that |Rm(y,tx)| < R(zk, tr)C(s). It follows that
|Rm(g,0)| < C(s) on B(Z,0,s) for all k € N.

Now we bound from below the injectivity radius at (Zg, 0).
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First note that, up to extracting a subsequence, there exists g, € B(Z,0, p)

such that
R(yx,0) —— +oo and do(Tg,Jx) —— p-
k— 400 k— oo

Indeed, if the scalar curvature stays below C' on B(Zy,0, p), then Lemma 6.1.2

implies that it is below 2(C' + 2) on B(Z,0,p + %) This contradicts the
definition of p.
Fix k € N, and consider a ball B(Zy, 0, s) of maximal radius such that R(y,0) <
2 for all § € B(%,0,s). It follows from the curvature-distance lemma that R <
8 on B(%,0,s + (4C1)~1). On the other hand, let z € dB(Z,0,s) such that
R(z,0) = 2. By assumption (ii) (x,t;) is the centre of an (&1, C})-canonical
neighbourhood U, not necessarily contained in B(Z,0,s + (4C1)~!). On this
neighbourhood the scalar curvature, hence |Rm|, is bounded by 2C for the metric
Gr(0). Then the ball B(z,0,(4C;)™1) C U satisfies inequality (4.1). We deduce
a positive lower bound for vol B(Z,0, s + (4C;)~!) independent of k. Using that
|Rm| < 8 on this ball, the local injectivity radius estimate (see Theorem B.1.2)
gives a positive bound from below for the injectivity radius at (Zg, 0).
This allows us to apply Gromov’s compactness theorem (Theorem B.1.4, see
Remark B.1.5).
Then there is a convergent subsequence in the pointed C'® topology to a
Riemannian manifold (Mo, §oo(0), Too), Where Mo = B(Zo,p) is incomplete.
O

Up to extracting a subsequence, we may assume that the sequence [i‘kgjk] con-
verges to some geodesic Yoo : [0, p) = Mo such that v.0(0) = Zeo.

We now show that the end of + is contained in a horn (see Definition 3.2.7 and
Figure 6.2 below), that the metric is smooth there and is the final time slice of a
partial Ricci flow (see Definition 2.2.3 ).

Step 2. There exists a € [0, p) and an open set Uy, C M such that Us, D ¥([a, p)),
and such that (Us,goo(0)) is a union of 2e1-necks and is the final time slice
Us % {0} of a partial Ricci flow with nonnegative curvature operator.

Proof. This will follow from the local compactness theorem for flows, Theorem C.3.3,
applied to a suitable covering of a subset of [Z;gk] by strong necks.

For k large enough we pick points Z, g, such that R(Z},0) = 2C1, R(7;,,0) =
R(§x,0)/2C1, and [Z,.9;,] C [ZxYx] is a maximal subsegment on which

R(x,0)

201 < R(-,0) < b,
! (:0) 20,

with Z}, closest to Zj, (see Figure 6.1 below). This is possible as soon as R(y, 0) >
4C%, which holds if k is large enough. Note that R(7},0) = R(%’“l’o) goes to +oo,
so d(Zk, §j,) = p as k — co. Since R > 2 on [Z.7;], each point of this segment has
an (g1, Cy)-canonical neighbourhood.
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Let us show that each of them is a strong e1-neck. Let Z € [Z,.}] and U(Z) be

an (€1, Cy)-canonical neighbourhood centred at z. Since R(Z,0) € [2C1, J‘Dz(fc’“l"o)]7

R(@Imo)]
2

the scalar curvature on U(Zz) lies in [2, , by Property (ii) of an (e1,C4)-
canonical neighbourhood (Definition 4.2.10). It follows that neither Zj nor g
belong to U(z) (Figure 6.1). By Corollary 3.3.3, U(Z) cannot be a cap. Hence it
is a strong e;-neck.

Figure 6.1: [z}y;.] in necks.

For each z € [z}.y;] we pick a strong e1-neck U(Z) centred at (2,0). Let Uy
be the union of the U(2)’s. For each 0 < s < p, we have a uniform upper bound
on the scalar curvature on U N B(Z, 0, s). This implies a uniform bound for the
curvature operator on (Ux N B(Zg, 0, s) X [—7s,0]), for some 75 > 0.

Besides, do(Z),9,) > (e1v/2C1)~! for k large enough, hence do(Zy,Z),) <
p — (e14/2C7)~!. This implies that Z; tends to some point 7, € M. Up to an
extraction, the sequence [T 7] converges to a geodesic segment Yoo : [0, p) = Moo
such that Y00 (0) = Too, and T, = v (a) for a € (0, p). On the other hand, Theo-
rem C.3.3 implies that (Ug, gi(.)), with the appropriate base points, subconverges
smoothly to a partial Ricci flow (Uso, goo(+)) (Figure 6.2 below). In particular,
9oo(0) is smooth on Us,. By Proposition 6.1.6 (ii), go(-) has nonnegative curva-
ture operator on Us. The final time slice Uy X {0} C My, is a union of strong
2e1-necks which covers ([a, p)). Moreover R(7so(s),0) — 400 as s — p. By
Lemma 3.2.8, Uy, is a 20e1-horn.

Note that for each z € Uy, the evolving metric goo(z,-) is defined at least on
[— B0 ). O
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Uso

Figure 6.2: v in a horn.

The horn Uy, is diffeomorphic to, say, S? x (a, p). We do a local completion of
U at p by identifying S? x {p} to a single point, called y... Let us call (U, d)
the resulting metric space.

Step 3. The pointed metric space (Ijoo,cz, Yoo) 18 a locally complete Alexandrov
space with nonnegative curvature. Its tangent cone at y., admits outside the
origin a partial Ricci flow whose curvature operator is nonnegative and equal to
zero in the radial direction. Furthermore it is not identically zero.

For the definition of an Alexandrov space and of its tangent cone, see Ap-
pendix D.

Proof. Tt is easy to check that (Us,d, yos) is locally geodesic (see [BBI01]). Pick
three points a, b, c € Uso.

Suppose that a, b, ¢ are all different from y.., and that c is closest to y, among
all three. Let S be the middle sphere of a neck centred at c. Choose a transverse
sphere S” such that d(c,S’) = 4diam(S) and which separates the convex hull
of the triangle Aabc from y.,. Then the proof of the Toponogov theorem in
the Riemannian setting shows that Aabc is thicker than its comparison triangle
in Euclidean space. The case where ¢ = 1., follows by considering a sequence
¢; — ¢, ¢; # c¢. This shows that (Uoo, d, Yoo) 1s an Alexandrov space of nonnegative
curvature.

Let Cx be the tangent cone of UOO at Yoo. By definition we have

(Coo,d, 0) = lim (Uno, M, yoo),
A—00
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Ricei flow

tangent cone at Yy

Figure 6.3: A Ricci flow on the tangent cone at yo.

where the limit is taken in the Gromov-Hausdorff topology (see Appendix A).

Lemma 6.1.7. (Cw,d) is a nonnegatively curved metric cone. It is smooth outside
0 and not flat. Moreover C, \ {0} is the final time slice of some partial Ricci flow
with nonnegative curvature, and every point is the centre of a 3e1-neck.

Proof. Recall that a cone has a family of homotheties of positive ratio. Let z be
a point of C \ {0}. Without loss of generality, we can assume that d(0, z) = 1.
With the obvious notation, we have

1
B <z, ) = lim B,; (zl-, 1> ,
2 G-H ! 2

where i € N, z; € Uom and cZ(yoo, z;) = %7 by definition of the tangent cone.

Figure 6.4:

Let us show that the curvature of i?gs is bounded in B,;(z;, 3;). More pre-
cisely, there exist A, B > 0, such that

0 < A< Roo(2)d*(2i,y00) < B.
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1) We know that z; is the centre of a 2e1-neck of length (2e11/Roo(2;)) 1. This
neck does not contain y.,, hence

d(zmyoo) 2 (251 Roo(zz) )717

which gives the lower bound, with A := (4¢,2)7%.
2) Fix 79 € N* and two points p,q on the middle sphere at z;, maximally
distant from one another. By closeness with the standard 2e¢;-neck we have

d(piy» i) = diam(S(z;,)) > (1 — 261)7V2(Roo(2i,)) /2.

Let p;,q; be the respective intersection points of the middle sphere S(z;) with
minimising geodesics from p;, and ¢;, t0 Yo.

Figure 6.5: Geodesic triangle Aysopi, i, -

The triangle inequality gives:

1 (+2e)mv2 Cp o) < L+ (1+2e)7v2.
to R(Zio) to R(Zio)

Let AYoopi,Giy C R? be a comparison triangle for AYooPiy Gig -

Qi

Dig

Figure 6.6: Comparison triangle Aysopi, i, -

Pick points p;, @ in this triangle such that |p;g.| = J(pi,yoo) and |g;Js0| =
(¢iyYoo). For simplicity assume that cf(pi,yoo) < cz(q,-,yoo) and cz(pio,yoo) <
(Gig» Yoo ), the other cases being analogous.

Let g;, (resp. q;,) be the point of [yoogi,] (resp. [JooGi,]) such that

d
d

d(qi, > Yoo) = d(Pigs Yoo)  (resP. |Ti Too| = PigTool):
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and define similarly points ¢}, ;. By construction,
Piti| = |pidil-

Then one has

_ - |gooﬁl|
DiG;| Z PioTig| o=~
| v 1| ‘ 20 lo‘|yoopig|
Now .
Plll _ s,
‘pio%o‘
Hence
5 _ _ _  |YsoDi
d(pi, ;) = |Di@i| = 1Pi}| = |Pio | ||g°°ﬁl||
oMo
1 |YooDi
[o. o) o475
L d(ysops
= C|pioqio|M'
o0y 10
That is,

i (1 —2e1)mv2 1/i(1 — 7v/2(1 + 261)i(Roo (2:)) /2
dlpirai) 2 © VBoo(zig) 1/io(1+mV2(1 + 21 )io(Roo(2i,))~1/2

Step 1 shows that i < 2611/ Roo(2i). Recall that 1 < 1/100. Hence

C
d(pi, qi) = = > 0.

for some constant C' > 0 depending only of the curvature at z;,. As a consequence,

we have
idiam(S(z;)) = C >0,

hence
(14 2e1)(Roo(2:)) Y272 > C,

therefore

Remark 6.1.8. The above argument works for all z such that d(z,ys0) > 1/d.

This shows that all strong 2¢;-necks centred at z;, henceforth denoted by U(z;),
which have curvature roughly R (z;) also have bounded curvature after rescaling
by i?. By the Local Compactness Theorem C.3.3 we deduce that the rescaled
strong necks U(z;) subconverge smoothly to some strong 3e;-necks, centred at
z and denoted by Uy (z). Furthermore, these necks have nonnegative curvature
operator by Proposition 6.1.6, and they are not flat. We can adapt the above
arguments by taking z at arbitrary distance from 0. It then follows that Cy \ {0}
has a partial Ricci flow as stated. O
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This finishes Step 3. O

The above work contradicts Lemma C.5.1. This concludes the proof of Curvature-
Distance Theorem 6.1.1.

6.2 Existence of cutoff parameters

For the convenience of the reader, we restate Theorem 5.2.4.

Theorem 6.2.1 (Cutoff parameters). For all r,6 > 0, there exist h € (0,6r) and
D > 10 such that if g(-) is a Ricci flow with bubbling-off on M defined on an
interval [a,b], with curvature pinched toward positive and satisfying (CN),., then
the following holds:

Suppose that x,y,z € M and t € [a,b] are such that R(x,t) < 2r=2, R(y,t) =
h=2, R(z,t) > Dh™2, and y lies on a g(t)-geodesic segment connecting = to z.
Then (y,t) is the centre of a strong d-neck.

Proof. We again argue by contradiction. Fix constants r > 0,5 > 0, sequences
hi — 0, Dy, — 400, and Ricci flows with bubbling-off (M, gi(-)) satistying the
above hypotheses. Let xk,yr,zx € My, tr > 0 and vy, C My a gi(tg)-geodesic
segment connecting xp to zjp, containing yx and such that R(xg,tr) < 22,
R(zk, ty) > thg27 and R(yg,tp) = h,;z but (yg,tr) is not the centre of any
strong §-neck.

Consider the sequence (My, gi( - )) defined by the following parabolic rescaling

G (t) = hy % g (t, + thi).

Let us recall that we shall put a bar on the points when they are involved in
geometric quantities computed with respect to the metric gx. Note that R(gg,0) =
1. The contradiction will come from extracting a converging subsequence of the
pointed sequence (Mg, gi(-), (Jx,0)) and showing that the limit is the standard
flow on S? x R, which implies that for k large enough, y; is the centre of some
strong d-neck, contrary to the hypothesis.

Step 1. (My, gk (0),7x) subconverges in the pointed C? topology, for large p, to
(52 X R, oo, Yoo ) Where g is a product metric of nonnegative curvature operator
and scalar curvature close to 1.

Note that it is not asserted at this stage that the metric on the S? factor is
round.

Proof. We first control the curvature on balls around . Since R(yg,tx) goes to
+00, Theorem 6.1.1 implies that for all p > 0, there exists A(p) > 0 and ko(p) > 0
such that gx(0) has scalar curvature bounded above by A(p) on B(g,0, p) for
k > ko(p). Since (yx,tr) has an (g, Cp)-canonical neighbourhood, gi(0) satisfies
the volume estimate (4.1) at gi. As before, we deduce by Theorem B.1.2 a uniform
positive lower bound for the injectivity radius at gx. By Gromov’s compactness
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theorem (Theorem B.1.4), the sequence (My, gi(0),%x) subconverges in the C1©
topology to a complete Riemannian manifold (M, Joo, Joo)-

Let us show that for all sufficiently large k, the ball B(g,0, p) is covered by
(€0, Cp)-canonical neighbourhoods. Each metric gy (t;) satisfies

IVR| < CoR3/?

at points of scalar curvature > r~2. Choose a point y such that R(y,ts) < 3r—2

and integrate the previous inequality on the portion of [yxy] where R > 3r=2. An
easy computation yields

1 2 T

5.5 > 4 (75— 1), (63

which goes to co with k. As a consequence, for all p > 0 there exists k1(p) = ko(p)

such that for every integer k > ki (p), the scalar curvature of g (tx) is above 3r—2

on B(yk, 0, p). Hence the ball is covered by (g9, Cp)-canonical neighbourhoods for
large k.

Note that d(gx,Zr) goes to +oo. Likewise, d(g,Zk) goes to 400, because

R(z,0) = h2R(zy, tr) = Dy = A(p) for large k. In particular, for each p > 0, there

exists ka(p) = k1(p) such that for every integer k > ko(p) we have R(Z,0) > A(p).

R(zk,0) = 40

Zk

Figure 6.7: Covering B(g, 0, p) by canonical neighbourhoods.

As a result of Corollary 3.3.3, each canonical neighbourhood U centred on
[ZkZk]) N B(Jk, 0, p) is a strong ep-neck. It follows from Proposition 3.2.3 that U,
is a tube, which contains B(y, 0, p).

When k > ko(p), the scalar curvature on B(gg,0,p) is less than A(p). It
follows that on each strong eg-neck U of Uy, ,,, gi(t) is smoothly defined at least on

[—Tl(p), 0], and has curvature bounded above by 2A(p). Hence for each p > 0, the
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Up,k

Figure 6.8: Covering B(gg, 0, p) by necks.

parabolic balls P(gy, 0, p, fﬁ(p)) are unscathed, with scalar curvature bounded
above by 2A(p) for all k& > ki(p). Since gi(-) has curvature pinched toward
positive, this implies a control on the curvature operator there, which is uniform
in k, but depends on p.

—1 T | I

Figure 6.9: Ricci flow on strong necks.

We can then apply the local compactness theorem (Theorem C.3.3). Up to
extraction, (My, gi(0), gr) converges smoothly to some complete pointed Rieman-
nian 3-manifold (Mu, §oos Yoo). By Proposition 6.1.6 the limit has nonnegative
curvature operator.

Passing to the limit we get a covering of M, by 2ep-necks. Then Proposi-
tion 3.2.9 shows that M, is diffeomorphic to S? x R. In particular, it has two
ends, so it contains a line, and Toponogov’s theorem implies that it is the metric
product of some (possibly nonround) metric on S? with R.

As a consequence, the spherical factor of this product must be 2eg-close to the
round metric on S? with scalar curvature 1. Hence the scalar curvature is close to
1 everywhere. This finishes the proof of Step 1. O

Henceforth we take a subsequence (My, gx(0), k) satisfying the conclusion of
Step 1. At this stage we can conclude, using the closeness to the limit and prop-
erties of strong necks, that there exists k2(p) € N for each p > 0, such that for
k > ka(p), the parabolic neighbourhoods P(,0,p, —(2A(p))~t) are unscathed
and satisfy 3 < R < 2.
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Step 2. The sequence of pointed evolving metrics (M, gi(-), (yx,0)) converges
smoothly to the cylindrical flow on S? x R.

Proof. The Local Compactness Theorem C.3.3 implies that (Mg, gx (), (§k,0))
converges to some complete Ricci flow oo(+) on My. This flow is defined on
(—%,O}, it satisfies R < 2, and also Rm > 0 by Proposition 6.1.6. For each t €
(1,0], the metric goo(t) is also a product. We now have to extend the convergence
to (—o0,0]. Set

7o :=sup{7 > 0| Vp >0,3C(p,7) > 0,3k(p) ,Yk = k(p) , P(yr,0, p, —T)
—1

is unscathed and C(p,7)"" < R < C(p, 7) there }.

By the above argument, 79 > 1/2. Let us show that 79 = +o0.

The convergence extends and gives a flow goo( - ) defined on (—7p, 0], with each
time-slice being a split nonnegatively curved metric. Let (p,s) € Mo X (—70,0].
We shall prove that %(p’ s) > 0. Here Ry, denotes the scalar curvature of guo.

With this goal in mind, let p > 0 and 7 € (0, 1) such that (p, s) € P(¥, 0, p, —7].
Pick a sequence (py,sr) € P(¥x,0,p,7) whose limit is (p,s). Set ug = t +
sghi. Since hiR(pg,ur) goes to Ru(p,s) € [C(p, 7)1, C(p,7)], it follows that
R(pg,ux) — +oo with k. Let us recall that here p; is the point p but con-
sidered on the manifold M} endowed with the unscaled metric gx; similarly, uy
corresponds, after rescaling, to the time s;. Hence (pg, si) has a canonical neigh-
bourhood, which can only be a strong neck because (P, si) tends to (P, s). Denote
by gr(-) the parabolic rescaling of gi(-) with factor R(py,ux) at time uy, and R
its scalar curvature. Then

OR

el ~1
o (pr,0) ~ 1,

which is the time zero value on the cylindrical flow. An easy computation shows
that
OR

. OR
s (p,s) = Roo(p,s)Q lim — (pg,0) > 0.

k—oo Ot

Therefore, the scalar curvature of g is bounded above by 1.5 on M x (=79, 0].
It follows that for every p > 0 and every 7 € (0,79), there exists k(p,7) € N such
that for all k& > k(p, 7), the scalar curvature stays below 2 on P(g,0, p, —7).

For every point (p,t) € P(jx,0, p, —7), the strong eg-neck centred in (p,t) has
then a Ricci flow defined at least on [t — 1/3,¢], with scalar curvature in [CTfl, 3.
If 79 < 400, we can consider 7 = 79 + 1/6 and t = —7. Then for all p > 0, for
k > k(p, T) the parabolic neighbourhoods P(g, 0, p, —79 —1/6) are then unscathed
with scalar curvature in [%, 3] (see Figure 6.10). This contradicts the definition
of 70-

Hence 179 = +00. Our limit is a k-solution which splits at time 0. The classi-
fication of complete non-compact nonnegatively curved 3-dimensional Ricci flows,
given by W. X. Shi (see [Shi89a]), shows that goo(¢) is the product of R with
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T0 T

Figure 6.10: Extending the flow on (—o0,0].

a positively curved Ricci flow on a surface. Since goo(t) is a k-solution the 2-
dimensional flow is also a k-solution. We conclude the proof of Step 2 by quoting
Theorem 4.2.4, that is the 2-dimensional k-solution is the round sphere. O

The conclusion of Step 2 implies that for k large enough, the point (yx, tx) is in
fact centre of a strong §-neck. This contradiction brings the proof of Theorem 5.2.4
to an end. O

Remark 6.2.2. In the proof of the result above, we have used the crucial assump-
tion that canonical neighbourhoods which are e-necks are in fact strong e-necks.
This has been used to extend the flow backward.

Notes

The results of Section 6.1 are close to Claim 2 in [Per02], Theorem 12.1, and to
[Per03b], Section 4.2.

For the proof of the Cutoff Parameters Theorem 6.2.1 we follow closely Perel-
man (see [Per03b], Lemma 4.3). For the third step in the proof of Theorem 6.1.1
a more explicit treatment can be found in R. Bamler’s Diploma thesis [Bam07].

A version of the Curvature-Distance Theorem 6.1.1, stated as an independent
result, first appeared in [MT07] (Theorem 10.2). Our proof follows [KL0S].



Chapter 7

Metric surgery and proof of
Proposition A

The goal of this chapter is to prove the metric surgery theorem (Theorem 5.2.2)
and Proposition A. This is done in Sections 7.2 and 7.3. The operation we call
‘metric surgery’ should not be confused with the topological concept of surgery:
the manifold M does not change, only its metric g is modified. There is a 3-
ball B C M where the metric is decreased, and made close to a metric ball in
some standard model, the so-called standard solution, which we already discussed
in Section 4.3. One important feature of this operation is that it preserves the
property of having curvature pinched toward positive.

In the actual surgery operation, this theorem is applied on a finite collection
of suitably chosen distinct 3-balls. This is the content of Proposition A. The
main point here is that the new metric g satisfies Ryax(9+) < Rmax(9)/2. This
allows us to prevent singularities in Ricci flow from appearing, while preserving the
estimates coming from the maximum principle. The fact that the metric decreases
is only used to control the variation of the Colding—Minicozzi width, as explained
in Section 1.2.

The fact that after surgery, the part that has changed is close to some model
is used in several ways: first it is used to show that surgery does not disrupt the
canonical neighbourhood property and the x-noncollapsing property. It is also
useful to control the behaviour of Ricci flow for a short time afterwards in this
region (cf. Chapter 8).

The first thing we need to do is give a precise definition of the standard solution.
This is done in Section 7.1 below.

7.1 The standard solution II

Let rg := “T‘/E be the radius of the hemisphere of sectional curvature 1/2. Note
that ro < 3.

79
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Fact. There exists a number « € (0,1072) and a smooth function u: [0, +00) —
[0,/2] such that

u(r) = \/isin(%) ifr <rg—a,
0<u <1071, —%—a<u”<o ifrg —a<r<rg,
u(r) = V2 if rg < 7.
u(r
! V2
ﬁsin(%) L
ro — & To r

In the sequel, we fix a,u satisfying the above conclusion. We also choose a
smooth function xg: [0,400) — [0, 1] such that

Xo=1 on[0,q],
X0 <0 on (o,2a),
Xo =0 on [2a,+00).

For all A > 0, let fa: [0,+00) — [0,+00) be the smooth function defined by the
formula

falr) = xo(r)e™ 5% + (1 — xo(r))e 5 i
fA(’I’) = O lf

In particular, we have f} < 0 on («,2a], and fy > 0 on [2a,5).
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Fact. For all 0 < 3 < 1, there exists A(3) > 0 such that for all A > A(3), the
function fy satisfies the following estimates:

e On [0,00), |fale> < B, and |FA%] < 3.
e On [0,00), [1 —e 2/ < B[ f{].

e On [20;, +00), max(|fA],[fA*) < BIfX]-

The proofs are left to the reader. We set once and for all Ag := A(53;) and
[ = fa,- For notational convenience we set 3 := 55 and A := Ag.
Let df? denote the round metric of sectional curvature 1 on S2.

Definition 7.1.1. The standard initial metric is the Riemannian manifold §y :=
(R3, o), where the metric gy is given in polar coordinates by

go :=e Mg,

where
Gu = dr? + u?(r)do>.

The origin of R?, which is also the centre of spherical symmetry, will be denoted
by po.

Cylinder r=>5

\ \

1 1 0
1 1 p
1 1

1 1

Standard initial metric

Lemma 7.1.2. For all r € [0,5), all sectional curvatures of go lie in (0,1].

Proof. Let {e1,e2,e3} be a g,-orthonormal basis such that e; = 9/9r. Since g, is
a warped product, the Bishop—O’Neil formulas [Sak96] give sectional curvatures

,u//

K12 = K13 =7
u

which is positive on [0,79) and vanishes on [rg, +00), and

1_u12

Koz = —z
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which is greater than or equal to # on [0, +00).

‘We deduce the Ricci curvatures with similar notation:

2u’
Ricgu,(elael):K12+K13:7 " ,
. . u// 1 _ U/Q
Ricg, (e2,e2) = Ricy, (e3,€3) = — - + >

We now compute the curvatures of go = e~/ g, using the formulas given on p. 59
of [Bes87] (where f should be replaced by —f),

Ricg, = Ricy, —~Afguy + (n—2)(Ddf + df o df — |df |*gu),

the right-hand side quantities being computed using g, .
To fix convention, here A = —traceDd. It is easily checked that

9 9 "
Ddf (87"67") :f (T)v

and .
Ddf(X, X) = fu“ gu(X, X)

if X L 9/0r. It follows that

. . !
Ricg, (e1,e1) = Ricy, (e1,e1) + f + QfT + £
and

u

1.,
Ricy, (¢1,6;) = €/ (Ricgu(el, e1) +2f" + 2f “ ) ,

where &, = efe;. For i = 2,3 we get, with similar notation,

u

/1,1
Ricg, (€:,€;) = ef (Ricgu (ei,ei) + f" + 3f v f’2> )

We deduce the values of the sectional curvatures of gy, with the obvious nota-
tion: .
_ _ U
Kig = Ky3 =€/ <K12 + "+ fu> .

By choice of f and u, we have for all r € [0,79 — a]:
_ _ of 1
K12:K13>€ 5—25 > 0.

Let r € [rg — @, 5). Since 2a < rg — «, " > 0, we get

Kipo=Kiz > e (Ko +(1-08)f") =1 -8)f">0.
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Similarly, it is easily checked that
_ 1 1., 1,1
N R s

u
> e/ (039 —3ﬁ> > 0.

Observe that there is a constant Ky > 0 such that for all » € [3,4] and all
i # 39,

Kij > Ky > 0. (71)
To conclude, notice that the maximum of the sectional curvature is close to 1/2,
hence less than 1 by choice of the constants. O

7.2 Proof of the metric surgery theorem

We recall that if ¢ is a nonnegative function, then a Riemannian manifold (N, g)
is said to have ¢-almost nonnegative curvature if it satisfies Rm > —¢(R). This is
trivially true at points where v > 0, i.e., all sectional curvatures are nonnegative.
For convenience we restate the metric surgery theorem:

Theorem 7.2.1. There exists §g > 0 and a function ¢': (0,dp] 2 § — &'(9) €
(0,£0/10] tending to zero as § — 0, with the following property:

Let ¢ be a nondecreasing, nonnegative function, let 6 < dg, let (M,g) be a
Riemannian 3-manifold with ¢-almost nonnegative curvature, and U C M be a
d-neck whose middle sphere bounds a 3-ball B C M.

Then there exists a Riemannian metric g, on M with the following properties:

1. g+ =g on M\ Int B and g4+ < g on Int B;

2. UUB is a (0,8'(5))-almost standard cap with respect to g4 and B is a core
thereof;

3. g+ has ¢-almost nonnegative curvature.

First we introduce some notation. For 0 < r; < ro, we let C[rq, ro] denote the
annular region of R? defined by the inequalities 7 < r < ro in polar coordinates.
Define §, = (R3,g,). Observe that for all 3 < r; < 79, the restriction of g, to
C|[r1,m2] is isometric to the cylinder S? x [ry, 73] with scalar curvature 1. We recall
that the origin of R3, which is the centre of spherical symmetry of g, and go, is
denoted by pg.

Summary of the proof

Let ¢ be a nondecreasing nonnegative function, § be a positive number, U C M be
a d-neck whose middle sphere S bounds a 3-ball B C M (see Figure 7.1, p. 85). Let
y be a point of S. Our first task is to construct a (1+ ¢)-Lipschitz diffeomorphism

Y: (B, R(y)g) = B(po,5) C §u
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which is almost an isometry near C[3,5]. With this we push forward R(y)g in a
metric § on B(poy,5). Then we interpolate the metrics e=2/g and e=2/ g, = gy to
get a metric g4 on B(pg,5). The conformal factor will guarantee that the resulting
metric has ¢-almost nonnegative curvature; we will then explain how to choose ¢
small enough so that g, < g on B(pg,5), and finally pull back R(y)~'g, to Int B
using . To do the interpolation we shall use the following.

Choose a smooth function x: [0,5] — [0, 1] such that

xX=1 on]0,3],

X' <0 on (3,4),

x=0 on[4,5].
Proposition 7.2.2. There exists 01 > 0 and a function 0": (0,01] — (0, 5] with
limit zero at zero, having the following property: let ¢ be a mondecreasing posi-
tive function, 0 < § < &1 and g be a metric on B(po,5) C R3, with ¢-almost
nonnegative curvature, such that ||g — gullos-1; < 0 on C(3,5). Then the metric

g+ =¥ (xgu + (1 =x)9)
has ¢-almost nonnegative curvature, and is §'(5)-close to go on B(po,5).

Proof of Theorem 7.2.1 assuming Proposition 7.2.2. Set 09 := e —1and 0o :=
min(d1, d2). We begin with the construction of the (149)-Lipschitz diffeomorphism
from B C M to B(po,5) C §u.

Lemma 7.2.3. There exists a diffeomorphism ¢: B — B(pg,5) such that the
metric g := R(y)y«g satisfies g, < (1+6)g on B(po,5) and [|g — gullis-1) < on
C[3,5).

Proof. By definition of the §-neck U there exists a diffeomorphism vy : U — S x
(—0=1,671) such that ¥y (S) = 5% x {0} and | R(Y) Vv .9 — gexll[5-1] < 6. We may
assume that U N B is sent to S2 x [0,571). Set Upp,5 = Yo (82 x [0,5]) and let
Y[0,5) be the restriction of 1y to Ujg 5. Let s be the map

5:58%%[0,5] = S? x [3,8], (6,2)— (6,8 —2).

Let i be the map that identifies S* x [3,8] with C[3,8] C §, via polar coordi-
nates. Define a map v 5: Up,5) — C[3,8] C §, by setting o5 := i 050 ¢ 5.
Observe that g 5) maps S onto S? x {8}. Using a theorem of Smale [Sma59] we

extend @[0,5] to a diffeomorphism ¥5: B — B(pg,8) C §..
Clearly, on Ujg 5 we still have

HR(y)QZJB*g - 9u||c[5711 <9,

since this involves only the cylindrical part of g,,. Besides, by compactness, there is
a constant C' > 0 such that ¢p: (B\ U s), R(y)g) = (B(po,3), gu) is C-Lipschitz.
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Y[0,5]

8 7'=8<‘: <‘:

T (
. § §
"""""""""""" ' -
Figure 7.1: (1 4 6)-Lipschitz diffeomorphism from B to B(po, 5).
Let 7 > 0 be small enough so that supy_,.3 ui(;f‘) < & and ¥ < §. Define

1

C
a map T: B(pg,8) — B(po,5) in polar coordinates by T'(0,r) :=
t: [0,8] — [0, 5] is a smooth function satisfying

t(r) = ¢r on [0, 3],
0<t'<1 on[3,3+n,
t(r)y=r—3 on[3+n,38].

In particular, T is %—Lipschitz on (B(po,3),9.). Indeed, the dilatation in
the radial direction is { while in the orthoradial directions it is u(’L")/u(r). On
(C[3,6],gu), T is 1-Lipschitz since u is nondecreasing. Lastly, T restricts to an
isometry from C[6, 8] onto C'[3, 5] endowed with g,,.

Define a map v := T'otpg from B onto B(pg, 5). For the metric § = R(y)i.g, we
have by composition g, < (1+0)g on B(po,3). On C[3, 5] we have ||g—gu||5-1) < 0,

O

and the proof of Lemma 7.2.3 is complete.

We turn to the proof of assertion (i) of Theorem 7.2.1: on M \ Int B, set
g+ = g. Then apply Proposition 7.2.2 to the metric g = R(y)y.g on B(po,5)
and the rescaled pinching function ¢(-) := R(y) '¢(R(y):). Observe that g is
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¢-pinched. We get a ¢-pinched metric g, and the metric g, := R(y) " '¢*g, is ¢-
pinched on Int B. The property g+ < g on this set is a consequence of the following
lemma and of the inequality § < 6y < 2, since we have chosen §, = e2¢ ~ — 1.

Lemma 7.2.4. Let g be a metric on B(po,5) C R3 such that g, < (1+682)g. Then
the metric g, = e~ (xgu + (1 — x)g) satisfies g < g on B(po,5).

Proof. On C[4,5) we have g, = e 2/g < g. On [0,4), we argue as follows:
gr = M (xgu+ (1 =x)9) < e (x(1+02)g + (1 = x)g) < e >/ (14 62)g.

Now on C0,4), we have f > e™*; hence e~2/ < e=2¢"". The conclusion follows
by choice of Js. O

Let us now prove assertions (ii) and (iii). Assertion (iii) follows from Proposi-
tion 7.2.2 applied to g = R(y)¥*g. To prove assertion (ii), it suffices to combine
the ¢’ (0)-proximity of (B(po,5), g+) with (B(po,5),go) and that of the half §-neck
(U \Int B, R(y)g+ = R(y)g) with $% x [5, + +5).

This completes the proof of Theorem 7.2.1 assuming Proposition 7.2.2. O

There remains to prove Proposition 7.2.2.

Proof of Proposition 7.2.2. The delicate part is the ¢-almost nonnegativity. Set
g :=e2g. Let a < b < ¢ be the eigenvalues of Ricz and {e1,e2,e3} be a g-
orthonormal basis consisting of eigenvectors of Ricg. Remark that a is close to 0,
whereas b, ¢ are close to 1/2 on C(3,5). Let D; denote the covariant derivative
along e; with respect to g.

Assertion 7.2.5. There exists 0] > 0 such that for all 0 < § < 0] and on C(3,5),

| <
|Dr|<ﬁ fori=2,3,
| < B fori,j=1,2,3.

This follows immediately from the fact that g is -close to the cylindrical metric,
for which the corresponding quantities are D17 = 1, Dor = D3r = 0.

Assertion 7.2.6. For all 0 < § < 0] we have

|Dif| <26f",
|DiD; fl < 36f" ifi,j#1,
|D1Dyf — f"| < 58f".

Proof. We have D, f = %Dﬂ = f'D;r, so

IDif| < Bf"IDir| < B (14 8) < 28f".



7.2. PROOF OF THE METRIC SURGERY THEOREM 87

The first inequality comes from the properties of f and the second one from As-
sertion 7.2.5. Furthermore,

D;D;f = f"DyrDjr+ f'D;Djr.
For i,j # 1, we derive
1DiD; f| < f"B(1+B) + B8 < 381" < 38"
On the other hand,
DyD1f = Dy(f'Dir) = f"(Dyr)? + f' D1 Dyr.

Therefore,
|D1Dy f — f'| < f"|(D1r)* = 1| + f'| Dy Dy
< fN|D1’I“ — lHDl’/‘ + 1| + f |D1D1’I"‘
< f”ﬁ(2 +8) +Bf"(1+B)
< 561"
which proves the claim. O
For simplicity we denote by Ric the Ricei tensor of § g=-¢e2g and a < <b<e

its eigenvalues.
Assertion 7.2.7. For all 0 < § < 0}, we have
@ — e*/(a+ 2Dy D1 f)| < aD1 D f,
b — ¢! (b+ D1 D1 f)| < aDi D f,
|& — e*/(c+ DD f)| < aDi Dy f.
Proof. Set 3 := Sﬁ and &; := efe;. The basis {é1, &y, 3} is g-orthonormal. Let A
be the matrix of Ric in this basis. First we show that the eigenvalues of Ric are

close to the diagonal terms A;; of the matrix A. By [Bes87], p. 59 (applied with
—f instead of f), we have

Ric = Ric —Afg + (n — 2)(Ddf + df o df — |df|?q),

where the right-hand side operators are those of g. Evaluating this formula on a
pair (&;,€;) for ¢ # j, we get

A;j = e (D;D;f + DifD;f),
SO

DD f <88 DyD:f.

|121ij| S 2(6lf// +6/2f”2) 4ﬁ f// < 45 55/

Using the following elementary lemma, whose proof is left to the reader, we get

an upper bound on the distance between the A;;’s and the eigenvalues of A by
243'D1 Dy f < §D1D: f.
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Lemma 7.2.8. Let A, B be symmetric n X n matrices, of eigenvalues a1 < as <
<o L ay and by < b < -+ < by, respectively. Define | M|| = sup; ; |mi;|. Then for
alli=1,...,n, we have

la: — bil < nll B — A].
There remains to show that for i = 1,2, 3, we have
[Aus = ¢ (a+2D1D, f)| < GD1DL S,
|Ags — ¥ (b+ D1D: )| < 5 D1 Ds f,

|Az3 — €2 (c4+ DDy f)| < =D1 D f.

(CI RN Gl e}

‘We deduce
A1y = Ric(&, 6,)
=e2f(a—Af+DiDif + D fD.f — |df|?)
= (a4 2D\ D1 f + DaDsof + D3Dsf + (D1 f)? — |df|?),

hence
|Air — €2/ (a+2D1 D1 f)| < (B f + B f" + 2(8f")?)
<2(44'f") <168'D1D1f < DD f.
Now
Agy = eI (b — Af + DyDof + DofDof — |Df?)
= e/ (b+ D1D1f 4+ 2D2Dsf + D3D3f — (D1f)? — (D3 f)?),
thus
|A2s — >/ (b+ DDy f)| < > (38" +2(8'1)?)
< 108" <208'D1D1f < SDiD1f.
The proof of the third term is similar. [

Assertion 7.2.9. For all 0 < 0 < 6%, on C(4,5) we have

(i) a > a, b> b, ¢ > c and R > R, where R (resp. R) is the scalar curvature of
g (resp. g),

(i) g+ = G has ¢-almost nonnegative curvature.

Proof. By Assertion 7.2.7,

a>eX(a+2D1Dif)—aDiDif >a+ (2—a)DiDif >a+ (2—a)(1—a)f".
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Now on [4, 5], f is convex, so @ > a. We can argue similarly for b and ¢. The result
on the scalar curvature then follows from the formula R =a + b+ c.
Let A > u > v be the eigenvalues of the curvature operator of g and A > i > v
those of the curvature operator of g. Recall that
a+b—c a+c—>b _bt+tc—a

_aro—c _aremo oy
v 5 M 2 2

and similarly for g. By 7.2.7,

~ 2f 3 1

|l/ — e (l/ + Dlle)| < 7D1D1f < §D1D1f
In particular,

1 1 1
7> e (v+ DDy f) — §D1D1f Zv+ §D1D1f > v+ 5(1 —a)f" >

Since the metric g has ¢-almost nonnegative curvature, and ¢ is nondecreasing,
we deduce:

72v>—¢(R) > —¢(R).

Hence in this interval, gy, which coincides with g, has ¢-almost nonnegative cur-
vature. O

Recall that on C(3,4), the metric g, is obtained by blending go = e~%/ g, and
g = e 2/g. We show that if § is sufficiently small, this metric has positive (hence
a fortiori ¢-almost nonnegative) curvature.

Assertion 7.2.10. There exists 6f > 0 such that for § < 07, the metric g4 has
positive curvature on C(3,4).

Proof. Recall that
g+ = xgo + (1 —x)g-

By hypothesis g is d-close to g, on C(3,5). The metric gy = e~2/(xg, + (1 —
X)g) is therefore ¢’(d)-close to go on C(3,5) for some ¢'(§) depending on f and on
X, and tending to 0 when § does.

Since on C'(3,4), the metric gy has sectional curvatures bounded from below
by Ko > 0 (see inequality (7.1) on p. 83). We can choose §7 sufficiently small so
that g4 has positive curvature on C(3,4) provided ¢ < 67. O

On B(po,3) we have g = go, which also has positive curvature. Moreover,
g+ is 0’(9)-close to go on B(pg,5). Proposition 7.2.2 is proven by setting d; :=
min(&}, 87). O
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7.3 Proof of Proposition A

Let us first recall the statement of this proposition.

Proposition A. There exists a universal constant 64 > 0 having the following
property: let r, § be surgery parameters, a, b be positive numbers with a < b, and
{9()} ey be a Ricci flow with (r,8)-bubbling-off on M. Suppose that § < éa,
and Ruyax(b) = 6.

Then M admits a metric g4+ which is obtained from g(-) by (r,0)-surgery at
time b, and in addition satisfies that

(i) g+ has ¢p-almost nonnegative curvature;

(ii) Rmin(9+) = Rumin(g(b)).

Throughout this section we shall work in the Riemannian manifold (M, g(b)).
In particular all curvatures and distances are taken with respect to this metric.
Let G (resp. O, resp. R) be the set of points of M of scalar curvature less than
2r=2, (resp. € [2r72,0/2), resp. > 0/2).

Step 1. There exists a compact submanifold Y C G such that every component
of Y is a 2-sphere that bounds a 3-ball disjoint from the interior of Y.

Proof. Let X C M be a compact submanifold containing O U R and such that
every point of X has scalar curvature at least, say %T’Q. Then every point of X
is the centre of an gp-neck or an y-cap, so we can apply Corollary 3.2.6. Since M
is irreducible and not spherical, we get a finite collection Ny, ..., N, of 10ep-caps
and 10eg-tubes which cover X and have disjoint closures.

Then N := |J; N; is a compact submanifold of M whose complement is con-
tained in G. Since each component of ON is a sphere and M is irreducible and not
diffeomorphic to S3, it follows that there is exactly one component Y of M \ Int N
having the required property. O

Note that M is the union of Y and the 3-balls bounded by its boundary com-
ponents. In particular, the ‘bad’ set R is contained in a union of 3-balls. Our next
goal is to find §-necks separating R from Y. For technical convenience, we first
choose a compact submanifold R C M containing R, and such that every point
of R has curvature at least %Dh’2 = ©/4. In particular, R has finitely many
connected components, which we denote by Ry,...,R,. We also assume that each
component of R contains a point of R.

Step 2. For every i, there exists a point y; € O of scalar curvature h=2, and a
strong §-neck U; centred at y; whose middle sphere .S; separates R; from Y.

Proof. Let x; be a point of the component of Y closest to R;. Let z; € R, N'R
be an arbitrary point. Choose a geodesic segment [z;z;] and a point y; € [z;2]
of curvature h=2. By hypothesis R(x;) < 2r~2 and R(z;) > Dh~2. Applying the
Cutoff Parameters Theorem 5.2.4, we obtain a strong d-neck U; centred at y;. Call



7.3. PROOF OF PROPOSITION A 91

S; its middle sphere. Since M is irreducible, S; is separating in M. Together with
the fact that U; is traversed by a geodesic from z; to z;, Lemma 3.3.2 implies that
S; separates x; from z;, and therefore Y from R;. O

For each i, the sphere S; is contained in a unique component B} of M \ Int Y.
Since B] is a 3-ball, by Alexander’s theorem, S; bounds a 3-ball B; C B;. The
fact that S; separates R; from Y implies that R; C B;.

Step 3. There exists a set of indices 1 < 41,...,i; < p such that the 3-balls

Bi,, ..., B;, are disjoint and their union contains R.

Proof. First remove among the B;’s those which are not maximal for inclusion.
The only problem left is that some of the .S;’s might intersect each other. Now if
there exist two distinct indices i, j such that S; N'S; # 0, then S; is contained in
U; and isotopic to S; there. Hence R; is also separated from Y by S;, and we may
safely remove B;. After finitely many of these operations, we are left with a finite
subcollection B;,, ..., B;, which has the desired properties. O

To conclude, it suffices to apply Theorem 5.2.2 finitely many times, replacing
at each step the cap B;, by a d-almost standard cap. Call g1 the resulting metric.
Since all points in a d-almost standard cap have scalar curvature comparable to
h=2, we have Rpax(9+) < Dh™2 = ©/2. Hence g, is obtained from g(-) by (r,§)-
surgery, and satisfies the pinching assumption. Moreover, note that Rpin(g+) is
attained in M\ |JB; = Y/, where g = g(b). Indeed, Y’ D G where R < 2r—2,
and on |J B;, R is comparable to h~2. Hence

Rmin(ng) - Rmin|Y’ (g+) = Rmin|Y’ (g(b)) P> len(g(b))

Thus the proof of Proposition A is complete.
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Chapter 8

Persistence

In this chapter, we show that the behaviour of almost standard caps which have
been added by surgery is modelled on the standard solution for some time after
surgery (Theorem 8.1.2 below). We call this phenomenon ‘persistence’ of the
closeness to some model solution. Recall that the standard solution is defined on
[0,1). Duration of the persistence, denoted by 6, can be fixed arbitrarily close to
1. In order to have persistence for this time length, it is then needed to choose the
parameter § small enough. Similarly, the size A of the part of the almost standard
cap which persists can also be chosen arbitrarily large. Again persistence occurs
on this part if § is small enough.

This persistence theorem is crucial in two parts of the proof of the existence
of Ricci flows with (r,d)-bubbling-off, namely in the proofs of Proposition B and
Proposition C. In the proof of Proposition B, the goal is to extend in time the
canonical neighbourhood property (CN),.. The parts of the flow that “persist” are
modelled on the standard solution, and hence inherit canonical neighbourhoods
by closeness. One can then consider parts of space-time far away from surgeries.

In the proof of Proposition C, the goal is to extend in time the noncollapsing
property (NC),. Here the persistence theorem is used in the core of a technical
argument to compute a kind of energy for curves that approach the singularities
(Section 10.3.2).

In order to clarify the proof of the persistence theorem, we have split it into
several parts. One of them is an n-dimensional persistence result for Ricci flows
with bounded curvature (Theorem 8.1.3 below).

Finally, let us emphasize that persistence of almost standard caps should not
be confused with persistence of hyperbolic limits for large time as in Hamilton’s
article [Ham99].

8.1 Introduction

First we need a few technical definitions:

93
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Definition 8.1.1. If g( - ) is a piecewise C* evolving metric on some interval I C R
and [a,b] C I, one calls restriction of g to [a,b] the map

g+(a) ift=a,
M{g(t) it e (a,b].

We shall still denote by g(-) the restriction.

If (U,{g(t)}+cr) is a Ricci flow, then for all (z,¢t) € U x I, » > 0 and At > 0
we define the forward parabolic neighbourhood P(z, ¢, 7, At) as the set B(x,t,1) x
[t,t + At] C U x I. When we consider g(-) is restricted to some [a,b] C I, note
that P(x,a,r, At) is defined using By, (z,a,r).

Given two Ricci flows (U, g(-)) and (Up, go(-)), we say that a parabolic neigh-
bourhood P(z,t,r,At) of (U,g(-)) is e-close to a parabolic neighbourhood
P(zg,t,ro, At) of (Uy,go(-)) if (B(z,t,7),g9(+)) is e-close to (B(zo,t,70),90("))
on [t,t + At]. We say that P(x,t,r, At) is e-homothetic to P(xg,to, 70, AAL) if it
is e-close after a parabolic rescaling by A.

Here is the main theorem of this chapter:

Theorem 8.1.2 (Persistence of almost standard caps). For all A >0, 0 € [0,1)
and # > 0, there exists 0 = Oper(A,0,7) with the following property. Let g(-)
be a Ricci flow with bubbling-off on M defined on some interval [a,b], which is
a Ricci flow with v(-),8(-)-bubbling-off on [a,b), where v(-) = 7 and 6(-) < 0.
Let to € [a,b) be a singular time and consider the restriction g(-) to [to,b]. Let
p € (M,g(ty)) be the tip of some d-almost standard cap of scale h. Let t; <
min{b, to +60h?} be mazimal subject to this inequality such that P(p,ty, Ah,t1 —to)
is unscathed. Then the following holds:

1. The parabolic neighbourhood P(p,to, Ah,t1 — to) is A~'-homothetic to
P(p0707 A7 (tl - to)h72)~

2. Ift; < min{b, to + 0h%}, then B(p,to, Ah) is contained in the singular set at
time tq.

Let Ty be a positive real number and My = (Xo,go(-),po) (the ‘model’) be
a complete n-dimensional pointed Ricci flow defined on [0,75]. Assume that the
quantity

An = | Rm(go(-))lln,x0x[0,75),90( )
is finite for all N € N. The norm here is the one defined on p. 28.
Theorem 8.1.3 (Persistence under bounded curvature). For all A, A > 0, there
exists p = p(Mo, A, A) > A with the following property. Let U be an open subset

of Xo and T € (0,Tp]. Let g(-) be a Ricci flow defined on U x [0,T], such that the
ball B(po,0,p) C U is relatively compact. We assume that

(1) [IRm(g(-Nllowxiorg) <A,
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(ii) g(0) is p~L-close to go(0) on B(po,0,p).
Then g(-) is A= 1-close to go(+) on B(po,0,A) x [0,T].

Remark 8.1.4. This result fails for Ty = co. Indeed, one can approximate an
arbitrary large metric ball in the standard cylinder by an almost cylindrical ball
in the cigar soliton.

Remark 8.1.5. Notice also that p may have to be much larger than A. One can
think for example of a flat disk in a sphere. It cannot remain almost flat for a very
long time, unless it is contained at time zero in a much larger almost flat disk.

8.2 Persistence of a model

In this section we prove Theorem 8.1.3 and a few corollaries. We begin with a
‘local’ persistence result.

Lemma 8.2.1 (Local persistence). For all o, K > 0, there exist Tioc = Toc(r, K) >
0 and dioc = doc(r, K) > 0 with the following property. Let U be an n-manifold,
and T € (0,Tioc). Let go(-) and g1(-) be two Ricci flows defined on U x [0,T).
Suppose that

(a) [IRm(gi(- )l a-11,0x0,17,0:(-) < K fori=0,1;
(b) g1(0) is §-close to go(0) on U.
Then g1(-) is a-close to go(+) on U x [0, Tioc)-

Proof. First we replace time-dependent norms by one involving go(0), covariant
derivatives being still taken with respect to go(t). Let p be an integer in [0, [a@~}]]
representing the order of derivative of Rm. For ¢ = 0,1 the bound a) for p = 0
implies:

e 2R, (0) < gilt) < 2V gy(0), (8.1)

for all x € U. In the sequel we omit reference to x. Hence we have, at order 0:

l91() = go(t)lgoty < €D g1 () — 90(t)|go(0)»
and likewise

(:0+2)("—1)Kt|v

V91 Blgo) <€ 0091 (D)]g0(0)-

To estimate \Vgo(t)gl (t)]go(0) we shall show the existence of A, > 0, for all p <
[a™1], such that

d
p |V§D(t)91 (t)‘gn(o) < AP'
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Indeed, it suffices to integrate and use closeness of the metrics at time 0 to obtain
closeness at time t > 0. We have for p > 0:

2 (01(0) — gol0)

)

90(0)

d
00 = 0o < |

and
d op d op
aﬂv%@ﬂﬂﬂh@)gzﬁv%@ﬂﬂw

90(0)
To simplify the exposition, we only do the cases p = 0 and 1 and leave the general
case to the reader. Note that

%(gl(t) — 90(t))lgo(0) = 2[Ric(g1(t)) — Ric(go(t))lgo(0)
< 2[Ric(g1(t))]go0) + 2IRic(g0(t)) g0 (0)-

Closeness of go(0) and g1 (0), the estimate (8.1) and Hypothesis (a) together imply
that

IRic(gi(t))|go(0) < (14 9)|Ric(g:i(t))lg,(0)
< (1+0)e* ™ VR Ric(gs(¢))
<

(n — 1)K (1 + §)e2n—DEL,

gi(t)

We deduce that
L) — @) <4l — DE(Q +§)enDKL
dt 90(0)

and by integration,
191(1) = 90(t)|go(0) < 191(0) = 90(0)go(0) + 4(n — 1)K (1 4 5)e>" DK
<6+ 4(n — 1)K (1 + §)e2nDEL

For p = 1 we have

d d
g Vo9 () = Z[(Voow) = Vi )91(2)]

= (Vgot) = Var0))91(t) = 2(Vyoty — Vi (1)) Ric(g1())

(8.2)

where Vgo(t) (resp. Vgl(t)) denotes the time-derivative of the Levi-Civita connec-
tion of go(t) (resp. g1(t)). Recall that if T is a 2-tensor and X7, X», X3 are vector
fields, then

Vx,T(X2, X3) = X1 - T(X2, X3) — T(Vx, X2, X3) — T(X2, Vx, X3).

The difference of two connections is a 1-form with values in the Lie algebra of
GL(n,R); in particular V4, — V,,, when applied to a tensor, does not differentiate
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it. The same holds for Vgo(t) - Vgl(t). The formula (8.2) shows that it is enough

to control the norms of the 1-forms Vg ) — Vg, ;) and Vgo(t) — Vgl(t). Now
Vaott) = Var0)lgo©) < ColVao@lgotv) + CilVgu a0

where as before, Cy, Cy depend on K, §, t; Formula (18.3) from [KLO08| gives

2<VX1X2, X3> = 72(VX1 RiC)(XQ, Xg)*Q(VXQ RiC)(Xl, X3)+2(VX3 RiC)(Xl, X2)

Hence we can estimate |Vgi(t)|gi(t) from above by |V, ) Ricg, ) g1y (up to a
constant). In the sequel, we denote by A a generic constant which may change
from line to line. We conclude that

|v90(t) - vgl(t)|90(0) < A(51 K7 t)a

and, integrating with respect to t,
‘Vgo(f/) - v91(t)|go(0) < |vgo(0) - v91(0)|go(0) +A(S, K, ).

Proximity of the metrics at time 0 yields

Vo) = Varlgoo) < A, K1),
and, using (8.2),

d

71V 091(B)lgo(0) <A, K, 1)

Generalising to arbitrary p > 1, one can show that there exist 0 < A, = A, (4, K, T)
such that, for all t < T,

d

2170 091 Dlao() < Ap.

By integration and proximity at time 0, we get
Wio(t)gl(tﬂgo(m <O+ Apt,

and
\Vgo(t)gl(t)bo(t) < ePTAM=DEL G LA 4,

Summing up all terms, we conclude that
-1
sup { 35550 IVh,g1l5, () + lon = 9ol (@) < ®},
x

if 4, t are small enough. O

Proof of Theorem 8.1.3. We argue by contradiction. Let us fix A > 0 and A > 0
and assume that there exist a sequence of Ricci flows g (- ) defined on Uy, x [0, T}]
(Tx, < Tp), a sequence py — +o0o when k — oo, such that By(po,0, pr) C Uy are
relatively compact, and
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(i) |ngk(t)|9k(t) g A on l]]c X [O,Tk],

(i) gx(0) is p, '-close to go(0) on B(po,0, pr)-

Furthermore there exists t; € [0,T] such that gi(t) is not A=1-close to go(tx)-
We may assume that t; is minimal for this property.

Set N := [A]. By closeness at time 0, the quantities |V Rmg, o) |, for p €
{0,..., N}, are bounded independently of k, say by 2Ax, on B(p,0, pr). Then,
by the local Shi estimates, there exists Tgp; > 0 and Agp; > 0 such that if p, > A+1
the inequalities |Vp ngk(t) ‘g(t) < AShi hold on B(pk7 0, Pk — 1) X [O, min{tk, TShi}]-

Indeed, let us consider a ball B(x,0,1) C B(pk, 0, pr) and set K :=max{A,2Ax}.
By Theorem 3.28 of [MT07] applied with Tsp; = K~ and C, = CL(K,1,1,n) for
p€{l,...,N}, one has for all y € B(x,0,1/2) and ¢ € [0, min{Tsn;, Tk }|,

‘VP ngk (t) (yu t) |gk (t) < CII)

This proves the above fact with Agy; = sup{K,C,, | 0 < p < N}. Now the local
persistence lemma, applied with o = A=1 and Agy;, gives numbers Tioe (A1, Agni)
and Sjoc(A™1, Agni) such that B(pg, 0, p;, ) x [0, min{Ty, Tsni, Toc }] is A~ -close to
B(po, 0, pgl) x [0, min{T}, Tsni, Tioc }], for all k large enough such that pgl < dloc-
In particular ¢, > min{Tgp;, Tioc} for k large enough.

Up to taking a subsequence of the t;’s we may assume that it converges; we then
define to := limg_00 t = min{Tsni, Tloc} > 0. By assumption, when &k goes to
infinity, g5 (0) is arbitrarily close to go(0) on balls of arbitrarily large radius. This
implies the closeness of curvatures, Jacobi fields, lengths and exponential maps
and hence the injectivity radius. This shows that the metrics g;(0) have a uni-
form positive lower bound for their injectivity radius at px. Applying Hamilton’s
compactness theorem with extra curvature bounds ([Ham95a], Theorem 2.3, see
[HH97], Theorem 13, for the local version) and arguing as in [Ham95a], Section 2,
one obtains that

(B(p070’pk)7gk(')7p0) X [Ovtoo) — (Xoo,goo()apoo) X [Ovtoo)

when k goes to infinity. Here the right-hand side is a complete Ricci flow with
bounded curvature. As gx(0) — go(0) is going to zero on arbitrarily large balls,
it follows from the proof of the compactness theorem that the diffeomorphism
involved in the convergence above can be taken as the identity map. This implies
that Xoo = X and goo(0) = go(0). By Chen—Zhu uniqueness theorem [CZ06¢],
we get that

(Xoovgoo( : )7poo) = (X07 gO( : )7p0)~

Let o > 0 to be chosen later. For k big enough ¢, > too —0 and P(pg, 0, A+1, te —
o) converges towards P(pg,0,A + 1,t,, — 0); in particular, |[VP Rm| < 2Ay for
pe€{l,...,N} on B(pk,0, A+ 1) at time to, — 0. Now, on [teo — 0, tx], |[Rm| < A
by hypothesis. Then, by Shi’s Theorem there exists T¢;; > 0 and Ag,; > 0 such
that

IVPRm | < Ay,  on P(pk, 0, A, min{tx, teo — 0 + T })-
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We choose 20 < T§,;, then tj, < tog — o + T§;,;. Indeed, for k big enough, we have
ty — (tos — 0) < 20

Now, we can apply the local persistence lemma on B(py,0, A) between to, — o
and min(tg, teo — 0 +11,.) where T}, . = Tioc(A™, AL;,;). If we furthermore choose

o < Tj../2, this gives a contradiction since it shows that the persistence holds up
to t for k big enough. O

From Theorem 8.1.3 we deduce the two following corollaries, one in dimension
n and the second one specific to dimension 3.

Corollary 8.2.2 (Persistence under curvature estimate). Let A > 0 and C > 0,
there exists p = p(Mo, A,C) > A with the following property. Let X be an n-
manifold, U be an open subset of X, p € U and T € (0,Tp]. Let g(-) be a Ricci
flow defined on U x [0,T], such that the ball B(p,0,p) C U is relatively compact.
We assume that

(1) |2 Ry (2)| ) < C|ng(t)|3(t) (z) when [Rm(x)|qq = C,

(ii) B(p,0,p) is p~t-close to B(po,0,p).
Then P(p,0, A, t) is A~t-close to P(po,0, A,t).
Remark 8.2.3. Notice that inequality (i) is the n-dimensional analogous of (4.5).

Proof of Corollary 8.2.2. First we define, for some A; > 0 to be determined later,
p = p(Mg, A1,4Mp) given by Theorem 8.1.3. We set ¢1(-) = ¥*g(-), where
¥: B(po,0,p) — B(p,0,p) is a diffeomorphism given by the assumption that g(0)
is p~'-close to go(0). By closeness again, |Rmyg, )| < 2A¢ on B(p,0,p). By
integrating the inequality (i') we get |Rm| < 4A¢ on B(po, 0, p) X [0, Tx2], where
Ty2 = (4A¢C)~! is the doubling time (we may assume A > C). Applying The-
orem 8.1.3 gives that g;(-) is p '-close to go(-) on B(po,0, A1) x [0, Tx2] and,
in particular, |Rm| < 2A¢ on this set (if p; is big enough). We now can make
the same argument with A; = p(Mo, Ag,4A¢) and A, to be chosen later. Then
g1(-) is Ay '-close to go(-) on B(p,0, As) x [0,2T2]. One iterates this procedure,
defining inductively A; = p(Mo, A;1+1,4A0) up to A, = p(Moy, A,4Ag), where
m~T/Tyo < To/Txo.

|Rm | < 4A | Tz
I $T><2
L Y | 1T
Po
p
|[Rm| < 2A
|[Rm| < 4A
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For the next corollary we suppose that the model X is 3-dimensional. We
assume as usual that M is a closed, irreducible, nonspherical 3-manifold. For
applications to sub-intervals of a given Ricci flow with bubbling-off, we use a
property which could be given by the (CN), assumption (see equation 4.5).

Corollary 8.2.4 (Persistence in a Ricci flow with bubbling-off). Let A > 0, there
exists p = p(Mo, A) > A with the following property. Let {g(t)}iejo,1) be a Ricci
flow with bubbling-off on M with T < Ty < +o0o. Suppose that

(a) g(-) has curvature pinched toward positive,
(b) |2 R(x,t)| < CoR? if R(z,t) > 1.

Let (p,t) € M x (0,T] such that
(c) B(p,0,p) is p~t-close to B(po,0,p) C Xo,
(d) P(p,0,p,t) is unscathed.

Then P(p,0,A,t) is A~t-close to P(po,0, A,t).

Proof of Corollary 8.2.4. The idea is the same as for the proof of Corollary 8.2.2.
To estimate the doubling time for Rm, one now uses the derivative estimate on

the scalar curvature (4.5) and the curvature pinched toward positive assumption.
O

8.3 Application: persistence of almost standard
caps

In this section, we prove Theorem 8.1.2.

Proof of Theorem 8.1.2. We now consider as our model, My = (Sp,g0(-),p0),
which is the standard solution restricted to [0,6]. Let us assume for simplicity
that b > to + 0h2, so that t; > to + Oh%. For any nonnegative integer N, we now
set
Ax:= max {|[VPRm|,|R|; 0 <p< N}
So x[0,0]

In the sequel we consider the restriction of g(-) to [to, b] and we define
g(t) := h2g(to +th?) for t € [0,4).

Note that g(-) satisfies assumptions (a) and (b) of Corollary 8.2.4. Indeed, if g( )
satisfies (CN), on [a,b), it follows easily by a continuity argument that any (x,b)
with R(z,b) > 2r(b)~? satisfies the estimate |22 | < CoR? at (x,b). After rescaling
by h(b)~2 > 8r~2, this property holds at points with scalar curvature above 1/4.
Let us choose A > 0 and, for some p; > A to be defined later, let p =
4p(My, p1) > C be the parameter given by Corollary 8.2.4. Assume that P(p,0, A, t)
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is unscathed for some ¢ € [0,6]. By assumption we can choose § < 1 such that
B(p,0,671) is §(8)-close to B(py,0,6 ') C Sy. In order to apply Corollary 8.2.4
we need to show that P(p,0, p,t) is unscathed.

Let Tyy = min(0,4A; Cy ).

Claim. P(p,0,p,Tx2) is unscathed or B(p,0,p) C Xy for some t' € [0, Tx2).

Proof of the claim. As usual we argue by contradiction. If P(p,0,p,t) is scathed
then P(p,0, p,t) N Xy # 0 for some t’ € [0,Tx2). If B(p,0,p) € v then B(p, 0, p)
intersects the middle sphere S of some d-neck N for g(¢'). Let s: N — R denote
the radial coordinate of the neck. We shall prove that p € s~((—=§71/10,671/10)).
By closeness at time 0 with go(0), we have that the scalar curvature of g(0)

satisfies
Ry € [1/2,2A] (8.3)

on Bg(o)(p,0,67"). Now using the derivative estimate (OR/0t < CoR?) on the
unscathed neighbourhood P(p,0, p,t’) and the definition of Txs we get that Ry €
[1/4,4A0] on P(p,0,p,t"). From the curvature pinched toward positive property
we then have (cf. Remark 4.4.2) that |Rm| < 2Ag + 2¢(4Ap) on this set. Hence
on Bj(p, 0, p) and for ¢ € [0,¢'],

—
N

QI

=
VAN
%)
Q

2C ~ g(0)
for some constant C' := C'(Ag) = C(#). From that we deduce diamg;) By(p,0, p) <
4pC.
This implies that for z € By(p,0,p) NS, B;(p,0,p) C By(z,t',8Cp).
Furthermore, if § is small enough,

51 st/ 1\Y?
—Rg(x,t')"1/? Z — | — 8C
10 fa(@:t) 10 \1a,) ~ 5P
then Bj(z,t'8Cp) C s~ 1((—671/10,671/10)), and so s(p) € (—6~'/10,6-1/10).
We define S’ to be the transversal sphere of the neck s~*(s(p)) that contains p.
Note that the diameter of S’ for the metric g(¢') is approximately Ry(z,t')~1/2 < 4.
On the other hand, by the distance distortion
P
dyr B 2) > —.
t (pva (p,oap/ )) 4C'

It then follows that S’ C Bj(p,0,p/2). Now a geodesic segment for g(t'), 7,

which traverses the neck N must intersect S’, hence it must also traverse twice
the cylinder B;(p, 0, p) \ B5(p,0,p/2). Now the estimates

diamy dB(p, 0, p) < 4C

and

d(B(p,0,p), dB(p,0,p/2)) = %.

prove that v cannot be minimising. O
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Note that if B;(p,0,p) C ¥y then B(p,0,A) C Xy. From the assumptions
this cannot happen if ¢’ < tg. Then for ¢ = min(¢, T2), we have that P(p,0, p,t)
is unscathed. Applying Corollary 8.2.4 it follows that B(p,0, p1,t) is A’-close to
P(po,0,p1,t) C Sp x [0,6]. In particular (8.3) holds on B(po, 0, p1) at time . We
can make the same argument on [f,¢ + Txs] with p; := p(My, 4p2), where ps > 0
is yet to be defined. We iterate this procedure which stops at a finite number of
steps. O]

Notes

Theorem 8.1.2 is similar to [Per03b], Lemma 4.5.

The local persistence lemma (Lemma 8.2.1) seems to be new, although there
are similar results in the literature. Theorem 8.1.3 is new, and relies in an essential
way on the Chen—Zhu uniqueness theorem, which was not available to Perelman.



Chapter 9

Canonical neighbourhoods
and the proof of
Proposition B

This chapter is about extending the canonical neighbourhoods property (CN),
forward in time. The definition of this property was formulated so as to make it
easy to prove that it is open in time (cf. Lemmas 5.3.2 and 5.3.3). There remains
to show that it is closed, provided the surgery parameters are small enough. This
is the content of Proposition B, whose statement we now recall:

Proposition B. For all k > 0 there exist r = (k) € (0,1072) and dp = dp(k) €
(0, 60) with the following property: let 0 < & < 0p, b> 0 and g(-) be a Ricci flow
with bubbling-off defined on [0,b] with normalised initial condition. Assume that
the restriction of g(-) to the half-open interval [0,b) is a Ricci flow with (r,0, k)-
bubbling-off. Then it satisfies (CN), on all of [0,b].

The proof is by contradiction, considering a sequence of pointed Ricci flows
with bubbling-off such that the basepoint does not have an (&g, Cp)-canonical
neighbourhood. By a continuity argument, it does have a canonical neighbourhood
with slightly different parameters. This argument is performed in Section 9.1 as a
preliminary lemma. The argument by contradiction itself follows the same outline
as the proof of the cutoff parameters theorem, i.e., backward extension using the
compactness theorem for Ricci flows. It is harder because of possible surgeries
occurring in the near past of the basepoint. This is where the persistence theorem
is used. Another key ingredient is Hamilton’s Harnack type inequality, which is
used for backward extension of curvature bounds.

We remark that the parameter x is fixed throughout the proof. This is essential
in order to apply the compactness theorem. The (even harder) work needed to
propagate the rk-noncollapsing property forward in time will be done in the next
chapter.

103
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We begin gently, in Section 9.1 below, showing by a continuity argument that
a limit of eg-strong necks is a 2egg-strong neck (see also Lemma 9.2.3).

9.1 Warming up

Lemma 9.1.1. Let e € (0,e0). Let g(-) be a Ricci flow with bubbling-off and let
x be a point of M such that R(xz,0) > 0 and there exists a sequence of negative
numbers t; tending to 0 such that for every i, (z,t;) is the centre of a strong e-neck.
Then (x,0) is the centre of a strong 2e-neck.

Proof. For each i, we fix a strong e-neck N; centred at (x,t;), a parametrisation
Pi: S x (—e1,e71) — N; and a scaling factor Q;. We set g;(t) := Q;g(t; +1Q; ).
By definition, we have

sup (|97 9i(t) — gey1(D)l[e=1],82 % (—e=1,e=1) geyi (1) < E- (9.1)
te[—1,0]

By choice of &g, we have |Q;R(z,t;) — 1] < 107, Now the sequence R(z,t;)
converges to the positive number R(z,0). Hence up to extracting a subsequence,
we can assume that ); converges to some positive number Q. Set g(t) := Qg(t/Q).
This is defined for at least t/Q > t;—Q; ', hence for t > —1 since t;Q—Q/Q; — —1.
Hence g is defined on (—1,0].

For all t € (—1,0] we have g(t) = lim g;(t) in the C '] topology. Hence we
have a uniform upper bound for the C ™'+ norm of 1); computed with respect
to the fixed metrics gey1, §(0).

After passing to a subsequence, we get a map v: 5% x (—e~1,e7!) — M such
that ¥; — 1 in the Cl*" '] sense. For all y,y’ € S2 x (—2e71/3,2:71/3) we have

(1 =)oy (9, Y) < dg0)(Vi(y), ¥i(y) < (1 + €)dygy (y,9)- (9.2)
Passing to the limit, we obtain:
(1 = €)dge, (. ¥') < dgoy(¥(y), ¥ (¥)) < (1 +€)dgey, (4, 9). (9-3)

Hence the restriction of 1 to S? x (—2¢71/3,2¢71/3) is injective. From in-
equality (9.1) we derive

1°8(5) — gest Dl gte-r1-1 ., < 2

for all t € (—1,0]. Hence the restriction of ¥ to S? x (—2e71/3,2e71/3) is a
C [5_1]—diffeomorphism onto its image.
Pick A > 1 close enough to 1 such that the metric §(¢) := Ag(¢/\) satisfies

||¢*§(t) - gcyl(t)H[e*l]—l,S?><(—26*1/3,26*1/3),gcy1(t) < %5 < 2

on (—A,0] D [~1,0]. Then (5% x (—(2¢)71,(2¢)71)) is a strong 2e-neck. O
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9.2 The proof

We argue by contradiction. Suppose that some fixed number x > 0 has the
property that for all r € (0,79) and §p > 0 there exist counterexamples. Then we
can consider sequences 1, — 0, 6 — 0, by > 0, and a sequence of Ricci flows with
bubbling-off gx(-) on [0, by], which are Ricci flows with (7, dg, &)-bubbling-off on
[0, bg), but such that (CN),., fails at by. This last assertion means that there exists
xy € M}, such that

R(xg,br) = 7",:2,

and yet xj does not have any (gg, Cp)-canonical neighbourhood.
Without loss of generality, we assume that

61{2 < gper <k»1 - ;ark) )

the right-hand side being the parameter given by Persistence Theorem 8.1.2.

By hypothesis, {g(t)}:e[o,b,) is w-noncollapsed on scales less than 1. The
same is true on the closed interval [0,b;] by Lemma 4.1.4. The hypothesis that
{9r(t)}+c[0,5,) has curvature pinched toward positive implies that any blow-up limit
(provided it exists) will have nonnegative curvature operator by Proposition 6.1.6.

We shall work with the rescaled evolving metric

t
gi(t) = R(xk, br) gk <bk + R(mk,bk)> ;
which is defined on [—R(z, bi)bs, 0].

As in Chapter 6, we put a bar on the points when they are involved in geometric
quantities computed with respect to the metric g;. By the Remark 5.1.9 and the
hypothesis that ¢x(0) is normalised, we have by > 1/16 for all k. This implies that
R(zxy, b )by, tends to +oo as k tends to co.

Let us begin with two preliminary lemmas. Set pg := 4Cs(Boc0/2), where
Cst(Boeo/2) is the constant fixed in Definition 5.1.1.

Lemma 9.2.1 (Parabolic balls of bounded curvature are unscathed). For all
K,7 >0 and p > po, there exists ko := ko(K, p,7) € N such that, if Rm| < K on
B(Z,0,p) x (—7,0] then P(Z,0,p, —7) is unscathed for all k > ky.

Remark 9.2.2. Note that B(Z,0, p) x [—7,0] is unscathed when the conclusion
holds.

Proof. We prove the lemma by contradiction. Let us fix £ and assume that there
exist z € B(Zk,0,p) and s € [—7,0) such that gg +(2x, k) # Gr(zk,sk). We
can take s; maximal satisfying this property, i.e., the set B(Zg,0,p) X (sk,0] is
unscathed. In the sequel we consider the restriction of gi(-) to [s,0], in the sense
of Definition 8.1.1. We drop indices for simplicity.

By definition of the (r, §)-surgery, there exists a marked d-almost standard cap
(U, V,p,y) (see Definition 5.2.3) such that (U, R(g, s)g(s)) is ¢’-close to B(pg, 5 +
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571) € So. Set g(s) :== R(¥,5)g(s). We shall put a tilde on the points when they
are involved in geometric quantities computed with respect to the metric g. We
now show that d(z,p) is bounded independently of k (if k is large enough).

2:°

51 <5

Figure 9.1: Almost standard cap.

As B(z,0,p) x (s,0] is unscathed with |[Rm| < K, by the Distance-Distortion
Lemma 2.2.7 we have on B(z,0, p):

—4KT < g(o) <

AKT
(& NS _(5) .

e

<

The point § may not be in B(Z,0,p) but its scalar curvature is comparable to
zZ € B(%,0,p), hence R(7,s) < 7K. This implies that d(, 2) < VTKe?X7p, hence
(see Figure 9.2)

d(z,p) < VIKe* T p+5=p/(K,p,7)=:p.
The Persistence Theorem 8.1.2 implies that the set
P:= B(p, A) x [0,min{6, |s| R(7,5)}),
endowed with the rescaled flow
g(t) = R(7,5)g(s + t(R(7,5)) ),

is A=t-close to P(pg,0, A, min{0, |s|R(7,s)}). Indeed, the second alternative of the
persistence theorem does not occur since in this case, we would have B(p,0, A) C
¥, for some t; € (—s,0]. As z € B(p,0,A), this would imply (z,ty) is in the
singular set for ¢, > s, contradicting the choice of s.

We now choose A=k and § =1 —1/k.

Claim. We have s + 0R(y,s)~* > 0 for large k.
Proof of the claim. We have s > —7 and 0 > 1/2. If R(g, s) > 27, then
1
s+0R;(y,s)™ = -7+ iR(g, s)7t>0.

Suppose now that R(7,s) < 27. We argue by contradiction. Assume that s; :=
s+ OR(y,s)"! < 0 and apply the Persistence Theorem 8.1.2 up to this time. By
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Proposition 4.3.4, Ruyin(t) = constg (1 —t)~! on the standard solution, hence we
have, by closeness

1 k- 5t
iR(gj, s)constg; (1 — 0) ™1 > consty (47(1 —0))~! = %.
T

R(i‘, 81) >
On the other hand, R(Z,s;) < 6K, this is a contradiction for sufficiently large k.
This proves the claim. O

By the conclusion of the Persistence Theorem 8.1.2, there exists a diffeo-
morphism : B(pg,0,A) — B(p,0,A) such that 1*g(-) is A~ '-close to go(-)
on B(pg,0,A) x [0,min{0, |s|R(7, s)}]. By the above claim, min{6, |s|R(g,s)} =
|s|R(y,s) =: s'. Let o’ = ¢~(z), the point (,0) corresponds to (2’,s’) by the
diffeomorphism. By Proposition 4.3.4, for all € > 0, there exists Cy(¢) such that
any point (2/,t) of the standard solution has an (e, Cy;(g))-canonical neighbour-
hood or t < 3/4 and 2’ ¢ B(po, 0, 1). Let us choose & = £0f3y/2 < €9, where
is the parameter fixed in Definition 5.1.1. Let us denote Cy = Cs¢(g). There are
again two possibilities.

Case 1. The point (2, s") has an (g, Cy)-canonical neighbourhood,

U' c B(a',s',2CxR(2',s") /).

Here R(z',s’) is the scalar curvature of the standard solution at (2,s"). The
A~proximity between go(s’) and ¥*j(s") gives

R(2,s") ~ R(%,5') = R(y,s) ' R(z,0) = R(y,s) "
On the other hand, we have

gR(g, 5)1/2 gR( 1YY S 204 R(e, 8') V2,

which implies
U c B (2,5, LR, 9)?) v (B(2.0,p)).

Hence (U’) is a canonical neighbourhood at (z,0) of parameters (2¢,2Cy),
hence an (gg, Cp)-canonical neighbourhood by the choices made in Section 5.1.

Case 2. The point (2’,s") has no (e, Cs)-canonical neighbourhood. Then
s’ <3/4 and 2’ ¢ B(po,0,e1). Hence we have

L 9 _ 3 _ _
dy(2,p) > 10° '> 5(8050) "> (20B0) 45
We infer that (z, —s’) is the centre of an (g9 )-neck, coming from the strong d-neck
that was there at the singular time. We now apply the neck strengthening lemma
(Lemma 4.3.5) which asserts that (x,0) has a strong eg-neck. Indeed the proximity
with the standard solution ensures that P(Z, —s’, (e0830) "}, s') C P(z,—s', A,s)

is unscathed and has |Rm| < 2Kg. This proves Lemma 9.2.1. O
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Lemma 9.2.3. Each point (x,by,) of scalar curvature at least 2r, > for gi(by) has
a (2e9,2Cy)-canonical neighbourhood.

Proof. For each t < by close to by, R(x,t) > r.? hence (z,t) has an (g9, Cp)-
canonical neighbourhood. If there is a sequence of strong ep-necks at times t; — by,
the conclusion follows from Lemma 9.1.1. Otherwise it is easy to see that (x,bg)
is the centre of a (2eq,2Cy)-cap. O

Now we continue the proof of Proposition B.

Step 1. The sequence (Mg, gi(0),Zx) subconverges to some complete pointed
Riemannian manifold (M, goo, Too) of nonnegative curvature operator.

Proof. We have to show that the sequence satisfies the hypothesis of the Local
Compactness Theorem C.3.3. First we wish to apply the Curvature-Distance
Theorem 6.1.1 to obtain uniform bounds on balls B(Z,0,p), for all p > 0.
Fix some p > pg, where pg is the radius which appears in Lemma 9.2.1. Let
us check that the hypothesis of the Curvature-Distance Theorem 6.1.1 are sat-
isfied on B(Z,0,p) for k large enough. Lemma 9.2.3 implies that each point
x € My, with R(x,by) > 2R(xy, b) has a (29, 2Cy)-canonical neighbourhood. Let
Q(p) = Q(p,2¢0,2Cy) and A(p) = A(p,2¢9,2Cy) be the parameters given by
Theorem 6.1.1. Let k(p) € N be such that R(x,b;) > Q(p) for k = (p). Then
Theorem 6.1.1 applies for k > k(p) and implies that the scalar curvature of gx(0) is
bounded above on B(Zg, 0, p) by A(p). Next we obtain similar bounds on parabolic
balls P(Z,0, p,—7(p)) for some 7(p) > 0, and deduce that they are unscathed.

In order to apply the Curvature-Time Lemma 6.1.3, we set C(p) := A(p) + 2
and K(p) := 2C(p). Define k;(p) := max{ko(K(p), p, (2CoC(p))~1), k(p)}, where
kg is the parameter given by Lemma 9.2.1.

Claim. If k& > ki(p), then the set P(Z,0,p, —(2CoC(p))~!) is unscathed and
satisfies |Rm| < K (p).

Proof. Let si € [—(2C5C(p))~1,0] be minimal such that B(Zy, 0, p) X (s, 0] is un-
scathed. By the Curvature-Time Lemma 6.1.3, we have R < K (p) on this set. This
implies |Rm| < K(p) by Pinching Lemma 4.4.7. By Lemma 9.2.1, P(Z,0, p, si)
is unscathed. By the minimality of sj we then have s = —(2CoC(p))~ 1. O

By hypothesis, the solutions gx(-) are x-noncollapsed on scales less than 1.

Hence g5 (0) is x-noncollapsed on scales less than /R (zy, by). This, together with
the curvature bound implies a positive lower bound for the injectivity radius at
(Zg, 0)
(Theorem B.1.2). Therefore, Compactness Theorem C.3.3 applies to the sequence
(Mg, gi(+), (xx,0)). In particular, it implies that the sequence subconverges to
(Moo, goo(+), (%0, 0)), where M, is a smooth manifold, go.(0) is complete and
Joo(+) is defined on B(r, 0, p) X (—(2CoC(p))~1, 0] for each p > 0.

Lastly, since the metrics gx(-) are pinched toward positive and the scaling
factor R(xy, br) goes to +00, the metric goo(0) has nonnegative curvature operator
by Proposition 6.1.6. This argument completes the proof of Step 1. O
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We remark that M., must be noncompact: indeed, if it were compact, it would
be diffeomorphic to M}, for large k; this would imply that M} carries a nonflat
metric of nonnegative sectional curvature. By the classification of closed manifolds
on nonnegative curvature B.2.5, this is incompatible with our assumption that M}
is irreducible and not spherical.

By the Soul Theorem B.2.1, M., is diffeomorphic to R3, S* x R?, or a line
bundle over RP? or S2. In particular, every smoothly embedded 2-sphere in M,
is separating.

Step 2. The Riemannian manifold (M, g0 (0)) has bounded curvature.

Proof. By passing to the limit, we see that every point p € M, of scalar curvature
at least 3 is the centre of a (3eg,3Cp)-cap or a (not necessarily strong) 3e¢-neck.
In the sequel, we refer to this fact by saying that the limiting partial flow goo(+)
satisfies the weak canonical neighbourhood property.

We argue by contradiction. Let px € My, be such that R (pk,0) — 400 as
k — +oo; in particular, do(pg,Z) — +00. Consider segments [xoopr] which,
after passing to a subsequence, converge to a geodesic ray c starting at x .

Pick a point on [zepk] ¢ such that R(gx,0) = %k(;o). For sufficiently large
k, the point (gi,0) is the centre of a weak (3¢, 3Cy)-canonical neighbourhood Uy,.
Then the scalar curvatures on Uy, belong to the closed interval [(3Co) ™ R(qs,0),
3CoR(qr,0)]. As a consequence, T and p; do not belong to Uy, and Uy is
traversed by [z.opr]. By Corollary 3.3.3 this neighbourhood is a 3eg-neck.

P1 P2

q2

Uy

Too

Figure 9.2: Necks in (Mo, goo(0)).

Lemma 9.2.4. For k large enough, c traverses Uy.

Proof. Assume it does not. Recall that g (0) is nonnegatively curved. Consider
a geodesic triangle Azsoqrc(t) for ¢ = 10Cy. Choose k large enough so that the
angle at T, denoted by £(prxooc(t)) is less than w/100. Let S_ (resp. Sy) be
the component of Uy, which is closest to (resp. farthest from) z~,. By comparison
with a Euclidean triangle AZ.qx¢(t), we see that liminf; oo £(Zooqre(t)) = 7.
Fix t large enough so that this angle is greater than 0.987. Then [grc(t)]
intersects S;. The loop v obtained by concatenating [zoqk], [grc(t)] and [e(t) o]



110 CHAPTER 9. CANONICAL NEIGHBOURHOODS AND PROOF

S_

Too - 98

R2

Q1
ol

has an odd intersection number with S;. This implies that S, is nonseparating.
This contradiction proves Lemma 9.2.4. O

We proceed with the proof of Step 2. Pick ko large enough so that Uy, is
traversed by ¢ for all k > ko. Let Sy be the middle sphere of Uy,. Let ag,af €
So be two points maximally distant from each other. Call ay,aj the respective
intersections of the segments [agc(t)] and [ajc(t)] with the middle sphere S, of Uy,
where ¢ is large enough so that dg(ag, c(t)) > do(So, Sk)-

ag
< NN Nt
S ———— e(t)
v / ) v "
)

So

By comparison with Euclidian triangles and Thales theorem, the distance be-
tween aj and aj, is greater than 1du(ao,aj). Thus we have

1 1
diam(Sy) = do(ag,a},) = §d0(a0,a6) = idiam(S’o).

Now the diameter of Sy, is close to Tv/2Ro (qx,0)~! and tends to 0 by hypothesis,
which gives a contradiction. This completes the proof of Step 2. O

Applying again Lemma 9.2.1 and the Curvature-Time Lemma 6.1.3, there ex-
ists 7 > 0 such that (M, gr(-), (Zx,0)) converges to some Ricci flow on My, X
[—7,0]. Define

70 :=sup{7 > 0| 3K(7),Vp > 0,3k(p, 7) such that B(Zy,0,p) x [—7,0] is
unscathed and has curvature bounded by K(7) for k > k(p,7)}.

We already know that 79 > 0 and the Compactness Theorem C.3.1 enables us to
construct a Ricci flow goo( ) on My, X (—70, 0], which is a limit of (M, gi(-)) for
the pointed convergence of flows. Moreover, the curvature of g,, is bounded by
K(1) on (—7,0] by passing to the limit, for all 7 € [0, 79).
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Step 3. There exists () > 0 such that the curvature of go.(t) is bounded above
by @ for all t € (—79,0].

Proof. We know that goo(t) is nonnegatively curved and has the above-mentioned
weak canonical neighbourhood property. Let us show that the conclusion of the
curvature-distance theorem holds on M., at points of scalar curvature > 2. For
this, let p € M and t € (—79,0] be such that Ry (p,t) > 2. Then there exists a
sequence (P, t), where pr, € My, converging to (p,t) and such that R(p, ty) > 2 for
k large enough. As a consequence, they satisfy the hypotheses of the curvature-
distance theorem as explained in the proof of Step 1. Passing to the limit, we
deduce that for every A > 0, there exists A(A) > 0 such that for all ¢ € M,

< A(di(p, @) R(p,t)~*/?). (9-4)

=3
=
=

Let us estimate the variation of curvatures and distances on My, X (—9,0].
We recall the Harnack inequality for the scalar curvature (see Corollary C.4.2 in
the Appendix)

oR R _,
ot t4m
Note that when 79 = 400, this boils down to aait“’ > 0. In this case, R(-,t) is
pointwise nondecreasing, hence R(-,t) < K(0) for all ¢ < 0.
Assume now that 79 < +o0o. Then

70
t+7’0.

R(-,t) < K(0)

The Ricci curvature, which is positive, satisfies a similar estimate, which implies

70 agoo
const. | —— < —— <0,
<t+7‘0) Joo s Ty S

od
const. o < «(2,y) <0.
t+ 10 ot

By integration we obtain

thus

|di(z,y) — do(z,y)| < C.

where C' = C(79). Since (Mo, goo(0)) is noncompact and nonnegatively curved, it
is asymptotically conical (see [BGS85], p. 58-59, and [KLO08|, Appendix B). Hence
there exists D > 0 such that for all y € My, if do(ze0,y) > D, then there exists
z € My, such that

do(y,2) = do(Teo,y) and do(xeo,2) = 1.99do (2, y) (9.5)

i.e., the points x,y, 2z are almost aligned.
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Figure 9.3: Every y ¢ B(2, 0, D) is almost the middle of a segment.

By comparison with Euclidean space, if D is large enough we have 7 —1/100 <
£(zooyz) < m for any such y and z. Observe that since |di(-,-) — do(-,")| < C
uniformly in ¢, we can choose D >> C large enough so that, for all ¢ € (—7, 0], we
have

|dt(y,2’) - dt(xoovy” <2C and dt(zOOVZ) = 198dt(:17007y)7

thus £¢(ze0yz) = ™ — 1/50.

Let us show that the scalar curvature of g, (t) is uniformly bounded above on
Mo \B(2s,0,2D). We argue by contradiction. Suppose that there exists (y;,t;)
such that do(zso,y;) > 2D and such that R(y;,t;) — 400 as i tends to oco. Each
(yi, t;) has a weak (3¢9, 3Cp)-canonical neighbourhood. If this neighbourhood is
a (3g9, Cp)-cap, we let y; be a centre of its 3eg-neck. Since the diameter for g(¢;)
of the cap is small (less than 12CoR(y;, t;)~*/% < C for large i), we still have (for
large 4):

dO(xooayz/‘) = dtz(xomy':) -C= dti(moo7yi) —-2C 2> dO(xOO’yi) -3C>D.

Furthermore, the curvature R(yj,t;) > ﬁR(yi,ti) tends to +o00. Up to re-
placing y; by y., we may assume that there exists a sequence (y;,t;) such that
do(oo,yi) > D, R(y;, t;) — 400 and (y;, t;) is the centre of a 3ep-neck U;. For each
i € N, pick z; € My, satisfying (9.5). By the above remark, £, (zooyizi) = ™ — %

The points 2, and z; being outside U;, we deduce that [ry;] and [y;z;] each
intersect some component OU;. Let S; be the middle sphere of U;. It separates
M, into two connected components, one containing .., the other z;.

Now diam(S;,t;) — 0 since R(y;,t;) — 4o00. Since goo(t) is nonnegatively
curved, distances are nonincreasing in ¢. As a consequence, diam(S;, 0) — 0 with i.
At time 0 the curvature bounds and the hypothesis of x-noncollapsing implies a
uniform lower bound on the injectivity radius. Then for large i, the diameter of S;
is less than the injectivity radius of g (0). This implies that S; bounds a 3-ball
of radius less than the injectivity radius. Since z., and z; are far from S5;, this is

a contradiction.
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This implies that the curvature is bounded outside the g (0)-ball of radius 2D
around Z.,. We deduce a uniform curvature bound on (—7p, 0] in the ball using
equation (9.4) (see p. 111). O

Step 4. 19 = +o0.

Proof. Consider a subsequence (M x (—70,0],gr(t), (zx,0)) that converges to
(Moo X (—70,0], oo (), (£0,0)). Since the limit has scalar curvature bounded
above by @ we deduce that (up to replacing @ by @ + 1), for all 0 < 7 < 7, for
all p > 0, there exists k'(7,p) € N such that for all & > k/(7, p), the parabolic
neighbourhood P(Zy, 0, p, —7) is unscathed and has scalar curvature < Q.

Suppose that 79 < +oo and let 0 < o < (4Co(Q + 2))~t. Then up to ex-
tracting a subsequence, for every K > 0, there exists p = p(o, K) such that
Py, := P(Zy,0, p,— (10 + 0)) is scathed or does not have curvature bounded above
by K.

Set K :=2(Q+2) and p := p(0,K). If k > k(19 — 0, p), then Py is scathed.
Indeed, if k& > k(79 — 0,p), we have R < @ on Py, (xx,0,p, —70 + 0)). If Py is
unscathed, the Curvature-Time Lemma 6.1.3 applied between —7y+0 and —19—0o
(since 20 < (2Co(Q +2))~!) implies that R < 2(Q + 2) on Py, which excludes the
second alternative.

Thus there exists =}, € B(zx, 0, p), and t;, € [-19 — 0, =70 + 0], assumed to be
maximal, such that g (tx) # gr, (tx) at 25,. Since B(Zy, 0, p) X (tx, 0] is unscathed,
the above argument shows that R < 2(Q + 2) on this set, for all sufficiently large
k. This implies an upper bound on the Riemann tensor on this set and hence
by Lemma 9.2.1 the parabolic neighbourhood P(Zy,0, p,tx) is unscathed. This
contradicts the definition of ¢;. O

We can now finish the proof of Proposition B: since 79 = 400, the Ricci flow
(Moo, goo(+)) is defined on (—o0, 0], and has bounded, nonnegative curvature op-
erator. Moreover, the rescaled evolving metric gi(-) is k-noncollapsed on scales
less than /R(x, bx), so passing to the limit we see that g.o(-) is k-noncollapsed
on all scales. The metric g (-) is not flat since it has scalar curvature 1 at the
point (z0, 0).

This shows that (Me,goo(-)) is a k-solution. By Theorem 4.2.11 and the
choice of constants in Section 5.1, every point of M, has a (%, %)—canonical
neighbourhood. Hence for sufficiently large k, (Zx,0) has an (g9, Cp)-canonical
neighbourhood. This is the final contradiction.

Notes

Our proof of Proposition B is inspired by [Per03b], Section 5.4, and [KLO8], Sec-
tion 80. It also uses arguments from [Per02], Theorem 12.1, and [KLO08], Section 52.
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Chapter 10

r-noncollapsing and the
proof of Proposition C

The goal of this chapter is to prove Proposition C, whose statement we now recall:

Proposition C. For all T > 0 there exists k = x(T) such that for allr € (0,1073)
there exists 5¢ = dc(T,r) € (0,80) such that the following holds.

For all § < é¢, any Ricci flow with (r,8)-bubbling-off defined on [0,b] with
b < T and having normalised initial condition satisfies (NC),;.

This statement is part of what one can calls the k-noncollapsing theory of Ricci
flow. This notion is defined in all dimensions as follows:

Definition 10.0.1. Let X be a smooth n-dimensional manifold, {g(¢)}:cr be a
Ricci flow on X and p be a positive number. We say that g(-) is k-noncollapsed
on the scale p if for all (x,t) € X x I, if |[Rm| < p=2 on P(x,t,p, —p?), then
vol B(z,t, p) > kp™.

We extend the definition of a normalised metric to all dimensions in the obvious
way:

Definition 10.0.2. Let X be a smooth n-manifold. A metric g on X is normalised
if tr Rm? < 1 and each ball of radius one has volume at least half of the volume
of the unit ball in Euclidean n-space.

A general k-noncollapsing result for Ricci flows is the following;:

Theorem 10.0.3 (k-noncollapsing). For every T > 0 there exists k = x(T) > 0
such that if X is a smooth manifold and {g(t)}ico,m is a complete Ricci flow
of bounded sectional curvature with normalised initial condition on X, then it is
k-noncollapsed on all scales less than or equal to 1.

The proof relies on the monotonicity of a functional on space-time, Perelman’s
reduced volume V. The necessary background is reviewed in Section 10.1.

115
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For the long-time study of Ricci flow with bubbling-off (Part IIT), we shall need
a refined version of the k-noncollapsing result where x does not depend on ¢, but
depends on the distance to the thick part (cf. Theorem 10.4.1).

This chapter is organised as follows. Section 10.1 is devoted to some prelim-
inaries. We prove Theorem 10.0.3 in Section 10.2. In Section 10.3, we modify
this proof to deduce Proposition C. More precisely, we prove a slightly more gen-
eral version of this proposition, Proposition C’, which will be useful later. In
Section 10.4, we prove the long-time s-noncollapsing result 10.4.1.

10.1 Preliminaries

10.1.1 Basic facts on k-noncollapsing

Let v} (p) denote the volume of a ball of radius p in the model space of curvature k
and dimension n. When the superscript n is dropped, it is understood that n = 3.

Definition 10.1.1. Let x > 0. One says that a metric ball B(x, p) is k-noncollapsed
if [Rm| < p=2 on B(x,p) and if vol B(x,p) > kp™. Similarly, a parabolic ball
P(x,t,p,—p~?) is k-noncollapsed if [Rm| < p=2 on P(z,t,p,—p %) and if
vol B(x, t, p) = kp™.
Lemma 10.1.2. The following properties always hold:
(i) If B(z,p) is k-noncollapsed, then for all p' € (0,p), B(z,p') is cpk-noncol-
lapsed, where
vg (1)

vy (1)
The same property holds for P(z,t,p’, —p?) C P(x,t, p, —p?).

Cp 1=

(ii) Let r, ¢ be surgery parameters and g(-) be a Ricci flow with (r,d)-bubbling-
off. Assume that Py = P(z0, 10, po, —p2) is a scathed parabolic neighbourhood
such that |Rm| < ,062 on Py. Then Py is e 2kg /2-noncollapsed.

Remark 10.1.3. (1) The constant kg is defined in Proposition 4.3.3. A con-
sequence of (ii) is that in order to prove x-noncollapsing for a Ricci flow with
(r,8)-bubbling-off, it is sufficient to consider unscathed parabolic neighbourhoods.

(2) If some ball B(y, p) is contained in some (&g, Cp)-canonical neighbourhood
and satisfies [Rm| < p~2, then B(y,p) is C; '-noncollapsed on the scale p by
equation (4.1), p. 40.

Proof of Lemma 10.1.2. Let us prove assertion (i): since p=2 < p'~2, we have
[Rm| < p'~2 on B(xz, p') C B(x,p). We are left to check that vol B(x, p') = c,kp™.
The function v",, satisfies v™,.(p) = k~"v"(kp) for k > 0. Since the sec-
tional curvature is greater than or equal to —p~2 on B(z, p), the Bishop-Gromov

inequality (Theorem B.1.1) gives
vol B(z, p') o o 2 (p) ~v(p'/p) < ol (p'/p) vl (1) (p’)"

vol B(z,p) ~ Uﬁp,2(p) Coon (1) T oo (1) o (1)

P
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Using again the assumption that B(x, p) is k-noncollapsed, we get

vol B(z,p') >

This proves assertion (i).

We now turn to the proof of assertion (ii). Let us recall that we are now working
in dimension 3. Let (x,t) be a point in Py where g1 # g. Assume that ¢ is maximal
such that there exists x with this property. Let us consider the restriction of g(-)
to [t,to], in the sense of Definition 8.1.1. From the definition of Ricci flow with
(r,8)-bubbling-off there exists a §-almost standard cap U with respect to g(t) such
that x € U. The scalar curvature of g(t) at z is then comparable to h=2 (where h
is the cutoff parameter).

(o, to)

|Rm | < pg?

N
R < 6p22 (y, 1)

Since |Rm| < py 2 on Py D B(xo,to, po) X [t to], we get, taking the limit:

h—2
— < R(z,t) < 6py2 = po < 4h.

Since B(zg,t0, po) X [t, o] is unscathed, we get, using the distance-distortion
lemma (Lemma 2.2.7), the following estimate on B(x, to, po),

e tg(t) < gl(to) < e*g(t),

hence
B(l'o, t7 67290) C B(x07 t07 PO);

and
di(xo,x) < eZdtO (zg,2) < €2po.
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It follows from the definition of an almost standard cap that (U, h=2g(t)) is
d'(d)-close to B(pg,5+371) C §9. Let p be the tip of U, so that U D B(p,t,hé1).
We have

dt(IOap) < dt(x()v‘r) + dt(xap) < 62P0 +5h < (462 + 5)h’a
which implies
B(‘r07 ta 672P0) C B(p7 t’ (4672 + 462 + 5)h) C Ua
since 571 > 4e72 4+ 4e% + 5.
By d’-closeness of (U, h=2g(t)) with B(po,5 + 6~1) C §o, which is kg-noncol-
lapsed on all scales by Proposition 4.3.3, we get:

- Rst , _
volg(ry B(wo, t,e ™ po) > Tt(e %po)®.

Indeed, volyy B(wo, t, e 2po)(h?® voly, B(po,e 2h~'py))~" is close to 1. Moreover
o= e_2h_1p0 < 4e~2 < 1. Hence the curvature condition is satisfied on B(po, ),
since [Rm| < 1 <772 on §y. Let us now estimate the g(to)-volume of B(z, tg, po)-
Since B(xo,t,e 2pg) C B(xo,to, po), we derive:

VOlg(tO) B(xg,to,p0) = VOlg(tO) B(xo,t, 672/)0)
> (e7?)3 voly(y) B(xo, t, e 2po)
—12hst 3

2 v

This completes the proof of assertion (ii). O

WV
®

10.1.2 Perelman’s L-length
Let X be a smooth n-manifold, and g(-) be an evolving metric on X.

Definition 10.1.4 ([Per02]). Let 7o be a positive number and v: [0,79] — X be
a piecewise smooth curve. The £, -length of « is defined by the following formula

Lo(y) = / " ARG + B P,

where the scalar curvature as well as the norm are computed using the evolving
metric g(7).

We now consider a Ricci flow g(-) on X defined on a compact interval [0, T
and set 7(¢t) :=T —t, so that g(7) = g(T —t). Let us fix p € M, and 7 > 0. We
denote by L(g,7) the minimum of the £.-length of curves v going from (p,0) to
(g, 7), i.e., such that v(0) = p and ~(7) = gq.

As in classical Riemannian geometry, there is a notion of minimizing L, -
geodesics and hence one can define an £ -exponential map. More precisely, for
veT,M, L, exp(v) :=~(7), where v is an £,-geodesic starting at (p,0) such that
Vsy(8) v We denote by J(v,7) the Jacobian at v of the map v — L, exp(v).

We then have the following definitions.



10.2. PROOF OF THEOREM 77 119
Definition 10.1.5. (i) The reduced length is

(g, 10) = L(q, 7).

1
2V7,
(ii) We call reduced volume the quantity

V(r) = /M 2 exp ( —{(q, T))dvg(T)(q).

We now list some fundamental results about these quantities for later use (see
[Ye08a], [Ye08Db]).

Theorem 10.1.6 (Monotonicity of reduced length). For any L-geodesic the map
7= 7" exp(—(y(7),7))J (7)
18 NonINcreasing.

Corollary 10.1.7 (Monotonicity of reduced volume). The reduced volume is a
nonincreasing function of T.

Here are a few useful estimates (see [KLO08], Sections 16, 26).
Lemma 10.1.8. (i) Assume that |Rm| < (po)~2 on P(p, T, po, —p3) and let v C
P(p, T, po/2,—p2/2) be an L-geodesic issued from p. Then

T 1/2 )
] i f’vl’ OOV + (r/2)2), (10.1)

for v an L-geodesic satisfying lim, o /7%(7) = v. The constant C(n) is a generic
constant depending only on n.
(ii) If lim,; 0 +/7Y(7) = v, then

lim 7"/ exp(—L(v,7))J (v, T) = ome Pl (10.2)

7—0
The following lemma will also be essential (see [KL08], Lemma 24.3).

Lemma 10.1.9. For all 7 € [0,79), there exists a point ¢ € X such that

(g, T) < nj2. (10.3)

10.2 Proof of Theorem 10.0.3

Fix an n-manifold X, a number T > 0 and a complete Ricci flow g(-) of bounded
sectional curvature on X defined on [0, 7] such that ¢(0) is normalised. Let (zq, to)
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be a point in spacetime. Pick pg € (0,1] and consider the parabolic ball Py :=
P(xg,to, po, —p2). Suppose that |[Rm| < pp=2 on Py. Set By := B(zo, to, po) and

vol B(xo, to, po) voly(t,)(Bo)

Po PO

Our task is to give a lower bound for x which depends only on T

By the doubling time estimate C.1.1, we have |Rm| < 2 on [0,1/16]. This
implies by standard comparison arguments a uniform bound from below for k on
[0,1/16]. (cf. Proposition 5.1.8). Hence we can assume ty > 1/16.

Set 19 := /il/"p02 < kY™ and assume that x < (%6)“, which implies tg—719 > 0.

By Corollary 10.1.7, we have V(ty) < V(7). We shall now bound V (7y) from
above by C'v/k and V (ty) from below by Ct, /2 This will give the required lower
bound on k.

Bounding V(7y) from above

We use the £, -exponential map to write V(To) as an integral on T, X endowed
with the metric g(xo,tp). We then cut T,,, X in two parts.

First step: cutting T,,X. First we show that the vectors v € T, X of norm
less than (10x!/2%)~! generate £-geodesics which stay in By if & is small enough.
More precisely, Inequality 10.1 gives

d
(2 )| < ORI R 4 R ) V).
d(t/70)
We limit ourselves to 0 < 7/79 < 1 and lim, o &Y2"/7|%(7)| = &*/?"|v| <
1/10. We then set f(7/70) = w&?"\/7|%(7)|; the function f defined on [0,1]
satisfies the differential inequality

' (2)] < Ok (f(2) + &1 V@) < CRY™(f(2) +1).

By Gronwall’s lemma, there exists #(n) such that if & < &(n), then £'/2"\/7|§(7)| <
& for all 7 € [0, 70]. Thus

" —1/2n 0 1/2n . dr 2
o V() lg(to-r)dT = K ; KT (T) \7 < 9P0

On P(zg, to, po, —k'/™po?) the curvature bound implies |%| < Cpp~2, so for all
t1, ta € [to— K/ po2, to] = [to — 70, to], the metrics g(t1), g(ta) are eCro~*r"/"p0” =
eCﬁl/n—bi—Lipschitz in that neighbourhood. As long as «y stays in this neighbour-
hood, its g(o)-length is less than eCr" %Po < %po if x is small enough. In conclu-
sion, the image by the £,,-exponential map of {v € Ty, X | [v|y0) < 567/} is
contained in By for k < k(n).
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Second step: computing the reduced volume on T,,X. From the previous

paragraph we deduce

I:= / Tgn/2e_£(’“’T°)J(v,To)dv < / T(;n/Qe_e(q’m)dq,
[olg(eg) STgr1/2" Bo

where dg is the volume form of g(to — 79).
We now bound #(g, 1) from below for ¢ € By. Let v: [0,79] — X be an L, -
geodesic such that v(0) = xo9 and y(m9) = ¢ and which stays in By. Then we

have

70 70 2
Lol) > [ VARG > —nln - Dpo? [ Vrdr =~ 2ntn - D
0 0

and, if v is minimising,

Topo ~ =

Tl(?’l — l)ﬁl/n.

3

VOlg(to) (Bo) < QCHI/H \/E

L. L. -1
famy — b0 _ £n() | n(n=1)
2\/To 2\/70 3
Thus,
[T / dg < ™ T 1 vl o) (Bo),
Bo
and -
n(n— 1/n _ 1/n
I<673 K/ TOTL/QeC'/-c/
Define

10

Tﬁn/ze_e(”’T")J(v, To)dv.

I = /
. 0
|v‘g(t0)>iﬁfl/2n

The integrand is nondecreasing in 7 (10.1.6). In particular it is smaller than its
limit at 7 = 0. Therefore, from (10.2) we deduce

I'<a2m e 15w dy < e~ 16"
~ ~
‘Ulg(to)>T0“_1/2n

if K < k(n).
In conclusion,

- 1/n 1
V(o) <efF " R2 4 om0k

for some universal x < x(n).

Bounding V (t;) from below

—1/2n

—1/2n

< Cw'/2,

We need to bound £(q,tp) from above on a ball of controlled volume.

(10.4)
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xo
t(), 7=0
4 t=1/16, 7 =to — 1/16
%N t=0,7=t
q € B(qo,0,1)

Figure 10.1: Concatenating an £-geodesic with g(0)-geodesics.

We apply Lemma 10.1.9 to obtain a point gy € X such that Inequality (10.3)
holds. For ¢ € X,

Uq, to) = LQ((;%J) _ Q;Eigf{ﬁto (o)}

where « is a curve parametrised by 7 such that «(0) = x9 and «a(tg) = ¢. For
q € B(qo,0,1), let v be such a curve, obtained by concatenating a minimising
Ly, —1/16-geodesic between x¢ and g, and a minimising g(0)-geodesic connecting
qo to q (see Figure 10.1). Then

L(Q7t0) 1
< ——L(qo,to — 1/16
2\/% 2\/% (QO 0 / )
1 [t

2v/t0 Jio—1/16

U(q,to0) =

+ \/;(Rg(tofT) + |;Y(T)‘3(t077'))d7-7

which leads to

U(q,to) < \/%5(%@ —1/16) + % (271(?6_1) + 16C(n)d3(q,qo)>

since for ¢ € [0,1/16] (i.e., 7 € [to —1/16,1¢]) all metrics g(t) satisfy R < 2n(n—1)
and are C(n)-Lipschitz equivalent for some universal constant C(n). This comes
from the fact that |[Rm| < 2 on this interval. It follows that for all ¢ € B(qo,0,1)
and tg > 1/16, we have

lq,tg) < n/2+ C(n).

By integration we get

/ 2= Uato) gy > / £7/2=400) dg > =12 C vol B(go, 0,1).
X B(q0,0,1)
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Recall that inf,ex vol B(x,0,1) > uo(1). Thus

~ C
_ —n/2,—£(q,to)
V(to) = /Xto e dq = 2t0n/2U0(1)’

and from (10.4) and the monotonicity of the reduced volume we deduce

C C
— >

H/ton/ﬁy

if Kk < k(n). O

10.3 k-noncollapsing of Ricci flow with bubbling-
off: proof of Proposition C

We now turn to the proof of Proposition C, which deals with k-noncollapsing
properties for Ricci flows with (7, §)-bubbling-off. In fact, we shall prove a stronger
result, which applies to Ricci flows with 7(-),d(-)-bubbling-off (see Definition
5.4.6). Indeed, in Part 11T we shall need another x-noncollapsing result, where & is
independent of time (see Theorem 11.1.3a)). The proof of this stronger theorem,
which is given in Section 10.4 below, uses the same arguments as for Proposition
C, with some modifications due to the variation of the parameters. To avoid
redundancy, we prove directly Proposition C in the context of Ricci flow with
r(+),d(+)-bubbling-off. More precisely, we have the

Proposition C’. For any T > 0 there exists k := w(T), such that for any ¥ €
(0,1073), there exists 6cr := ¢/ (T, 7) € (0,80) with the following property. Let
g(+) be a Ricci flow with r(-), (- )-bubbling-off, with normalised initial condition,
defined on some interval [0,b). Assume that # <r(-) <1073, 0 < 6(+) < d¢cr and
b<T. Then g(-) satisfies (NC),.

Note that letting r(-) =r and §(-) = ¢ gives Proposition C.
Before we start the proof of Proposition C’, we prove a lemma, which we state
in a slightly more general setting for later reference.

Lemma 10.3.1 (Scathed curves have large L-length). Let 7 € (0,1073) and A, A
be positive numbers. Then there exists § = 5(7, A, A) € (0,80) with the following
property. Let g(-) be a (r(-),d(+))-Ricci flow with bubbling-off defined on an inter-
val I = [a,a+A], wherea >0, §(t) < § andr(t) > 7 on I. Let (vo,to) € M xI and
po = 7 be such that Py := P(zq,to, po, —p2) C M x I is unscathed and |[Rm| < p52
on Po.

Let t1 € [0,to] and ~y: [t1,to] — M be such that y(to) = xo and v is scathed,
that is, there exists t € [t1,1t9) such that v(t) € £y. Then

E(tg*tl) (,Y) 2 A
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Proof. Without loss of generality we assume A > 1. First note that R > —6 by
the curvature pinched toward positive assumption. One then has

to
Vio — tR(y(t),t) dt > —4[r3/]7 > —4A3/2,

t1

Hence it is sufficient to prove one of the two inequalities

" T ER(y(t),t)dt > A, (10.5)

t1

to
Vo =t [(t) 2y dt > A+ 4032 = N, (10.6)
t1

Intuitively, those two conditions mean that a curve has large L-length if it stays
for a sufficiently long amount of time in an area of large scalar curvature, or it has
large energy (which is the case if it moves very fast or goes a very long way).

By hypothesis, there exists ¢ € [t1,%0) such that v(¢) € ;. In particular, ~(t)
lies outside Py. We shall make a first dichotomy according to whether - goes out
very fast or not.

Set

~ 2
N -6
a= <4A,> € (0,1079).

Case 1. There exists t' € [ty — ap?, to) such that v(t') € By.

Zo
Po
to < 2
2
()
to — ap% RN
Py
to — P}

Choose ' maximal with this property. Let us recall that 7 =ty — t. By abuse
of language, we consider 7 as a function of 7. We then have
1/2
dT) ,
t

to—t’ to—t’ 1/2 to—t’ 1
[ e ([ varar) (|
0 0 0
o—t’

7

to—t’ to—t’ 2
ik ars [ rsE ar s ( JA dr) ( /
0 0 0

SO
to—t1

- dT>_1_

0
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When ¢ € (¥, t0], we have y(t) € By. Since Py is unscathed, we have on By X (t/, to]
glta)e™75" =) < g(t) < glto)ea” o),
hence

1 _
§g(t0) < e *g(to) < g(t) < e*g(to) < 29(to).

Since y(t') & B,

to—t’ 1 to—t’
) _ndr > — 3 dr >
/0 Hlg(to—r) \/5/0 Flg(to)

9

SO

fo=t' 2 P(z) to—t'\—1 Po r
; dr > 22 ([2y/7)fe > > .
/0 191" v/rdr 2 (2vrle™) 4/a 7 4y/a

By choice of «, this last quantity is bounded from below by A’. This shows that
~y satisfies (10.6).

Remark 10.3.2. In this case, there is no constraint on §.

Case 2. For all t € [tg — apd, to], 7(t) € Bo.

By assumption there exists (Z,%) such that y(f) = £ € ;. Since Py is un-
scathed, we have t < tg — ap3. Assume that ¢ is maximal for this property. We
consider the restriction of g(-) to [t,to] (in the sense of Definition 8.1.1). Let us
choose 7 such that R(Z,) > h~2(t)/2. Since h(t) < §(t)r(t) < 61073, we may
choose ¢ small enough (depending on #) so that

h72(t)/2 > 105672/2 > 12772 > 12p; 2.

We then have R(Z,f) > 12p, 2. For the sake of simplicity we set h := h(f).

Zg
to
'\7
to — ap?
Py \(a.‘c, t)
to — pg

For constants 6 € [0,1) and A > 1 to be chosen later, we set

P := P(z,1, Ah,0h?)
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and take § < Oper(A,0,7), so that the Persistence Theorem 8.1.2 applies. In
particular, we have

1 _
R>§h 2>6p02

on P. This implies that Py N P = (), since on Py, |R| < 6|Rm| < 6py 2.

(0, to)

PO il I T Tl

Let 6 := 0(#, A, A) € (0,1) be such that

—constst@ In(1—-6) > A,

where constg; is defined in Proposition 4.3.4. We again distinguish two subcases,
according to the position of v as described in the above picture.
Subcase (i). y([t,t + 6h?%]) C B(z,t, Ah).

Then by Theorem 8.1.2, P is unscathed. Indeed, otherwise B(Z,t, Ah) C 3y
for some t' € (,£+6h?), and in particular y(t') € ¥,/, which contradicts our choice
of t.

(T + 0h2)

t + 0h?

Ah

(1)

8l
Il

Moreover,

t+0h% <t —ong,
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which implies that tqg —t > «ap? for all t € [, + 0h?]. The closeness part of
Theorem 8.1.2, and Proposition 4.3.4 imply

T+0h? T+0h? o2

constgt -
to — tR(y(1),t) dt > ——= tg —t———————dt
| vE=iRa@.0as S [
t t
T4+0h?
2 -2
> constg; &P hi dt
2 1—(t—t)h=2

= constgt

t
Vo [ 1
c;po/ du

0

> —constst@ In(1-0) > A,

by the choice of 6.
From these inequalities we deduce

t to
/ Vitg —tRdt + Vit —tRdt
tl tl

t+0h? to

= Vito —tRdt + Vito —tRdt

t t+0h2
> A —4A3/2 = A,

Hence (10.5) holds.
Subcase (ii). There exists ¢’ € [t, + 0h?] such that (') ¢ B(z,t, Ah).

t+0h?

V()

Ah

t

7 =1(1)

We assume that ¢’ is minimal with this property.

By the same argument as before, P’ := P(Z,t, Ah,t') is unscathed, and A~-
close to the standard solution by the persistence theorem. As before, this implies
that for all s,s" € [t,t'], we have on P/,
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where C' is a universal constant. We thus have

t’ Y ) c t’ 2 to—t q -1
T Y|4 dt = eT=2 (/ v dt) (/ d’7'> .
/{ | \g(t) . | |g(f) ot JT

Since ¢’ < tg — ap? we can bound 7 from below by ap? on [t,t], so

t/
VTRt > eT (AR JapR(t — )L
/{ o (AR Japd(t — )

g T 1 —c ;A2
— = e1-9

10V “on2 A
Choosing A large enough, (10.6) holds. O

> 77 (Ah)

A consequence of the previous lemma is the following result (for more details,
see [KLO08], Lemmas 78.3 and 78.6). We shall not give the proof of this statement
since in the next section a local version, in the spirit of 8.2 of [Per02], will be
sketched.

Lemma 10.3.3. Let 7 € (0,1073) and let A, A be positive numbers. There exists
5 = 0(*,A,A) € (0,00) with the following property. Let g(-) be a Ricci flow
with r(-),6(-)-bubbling-off defined on [a,a + A] where a > 0, # < r(-) < 1073
and §(-) < 6. Let (xo,t0) and po = 7 be such that Py := P(xo,to, po, —p3) C
M x [a,a+ A] is unscathed and |Rm| < py? on Py. Then the following statements
are true:

(i) Forall (q,s) € M x [a,a+ Al if €(q,to — s) < A, then there is an unscathed
minimising L-geodesic vy connecting (xo,to) to (g, s).

(ii) For all >0, min, ¢(q,7) < 3/2 and is attained.

We now turn to the proof of Proposition C’. Let us fix T' > 0, # € (0,1073), a
Ricci flow g(-) with r(-), (- )-bubbling-off on [0,b] where b < T, # < r(-) < 1073
and §(-) < 6, where 0 is a constant to be defined later.

Let (9, tp) be a point in spacetime. Thanks to Lemma 10.1.2 we restrict atten-
tion to the maximal scale pg < 1 such that |[Rm| < paQ on Py := P(xo, to, po, —p3),
and we assume that Py is unscathed (see Remark 10.1.3). Hence either pg = 1, or
po < 1 and the upper curvature bound is attained on Py. We shall treat the two

cases pg < 7 and py > 7 separately. As before we set By := B(xo, to, po)-

10.3.1 The case py <7

In this case pg is below the scale of the canonical neighbourhood for all ¢ in
the interval. Thus any point (y,t) with scalar curvature greater than pg 2 has
a canonical neighbourhood. At such a point, the noncollapsing property follows
from geometric properties of this neighbourhood. Of course (y,t) need not be
equal to (zg,tg), so we have to ‘propagate’ the k-noncollapsing property using the
curvature bound on P,. This case follows from the following assertion:
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Assertion 10.3.4. vol(By) > Cy e '8p3.

Let us prove Assertion 10.3.4. Since pg < 7 < 1, there exists (y,t) € Py such
that |[Rm(y,t)| = p52 > 772, By Pinching Lemma 4.4.7, if R(y,t) < #~2 then
|[Rm(y,t)| < #72. Hence

Ry, t) > 7 2> r(t)"?

and (y,t) is the centre of an (g9, Cp)-canonical neighbourhood U.

(z0t0)

Canonical neighbourhood U
of (y,1)

(y,1)

~ Our next task is to show that B(zo,t,e72po) C U. By the curvature bounds on
Py we have d;(zo,y) < e?po and B(zg,t,e 2pg) C B(wo,to, po). If U is a eg-neck,
then dy(y, 0U) > (2g0) "' R(y,t)~ /2. Since R(y,t) < 6py 2, we get

di(y,d0) > (2v/620) " po = (€% + %) po,

hence ~ -
dt<x07aU) 2 dt(% aU) - dt($07y) 2 e_poa

and B(zg,t,e 2pg) C U.

If U is an (g9, Cp)-cap, then U = VUW where V is a core and W is a gg-neck.
Let 7: [0,1] — By be a minimising g(()-geodesic connecting y to xo. Let us recall
that y € V; if 2o ¢ V, let s € [0, 1] be maximal such that v(s) € V. Since (s) €
By, we have R(y(s),t) < 6py 2 and we deduce that di(y(s),0U) > (v6e0) ™ po.
Since dy(v(s), z0) < €2po we get as above, that B(zg,t,e 2pg) C U.

By the noncollapsing property of the canonical neighbourhoods ( (4.1), p. 40),
we get that

volyy B(zo,t,e 2po) = Cq ' (e 2po)>.

By estimating the distortion of distances and volume as in the proof of Lemma 10.1.2,
we conclude that
voly (1) (Bo) = Cite™8p3.

10.3.2 The case pg > 7

Recall that Py is unscathed, and satisfies |[Rm| < py2. Let us recall that %,
the singular set at time ¢, is the closure of {x € M, g¢g(z,t) # g+(z,t)}. Let
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v: [a,b] = M be a curve. Given v € T,,, M at time tg, we set, for 7 =tg — ¢

To(T) = Lo exXPyy 1, (0)-

It is straightforward to check that the monotonicity of reduced length (see Lem-
ma 10.1.6) is also valid along any minimising £-geodesics which is unscathed. In
particular, if -, (7) is minimising and unscathed on [0, 79], then

r38/2g=4v.7) J(v,T)

is nonincreasing on [0, .
Set

Y(7) :={v € Ty M | v, is minimising and unscathed on [0, 7)}.

It is easy to check that 7 <7/ = Y (7) D Y(7'). Then we set

Vieg(T) = / 7_3/26_4(”’7)J(v, T) dv.
Y (7)

Thus this function is nondecreasing on [0,%o]. We shall adapt the proof of x-non-
collapsing in the smooth case, replacing V' by Vie.. Set

o VOlg(to) (Bo)

3 Y

T0 = Hl/gpg.
Po

Upper bound on ‘Zeg(To)

As in the smooth case, we get

Lrexp({veY(r)]| v < %f—fl/ﬁ}) C Byp.

Thus
I ::/ 778267 1y, 1)dv < 97
{veY (1)slv|< g5~ 1/6}
and
I = / 7_3/26_6(”’T)J(v,7)dv
{veY (1)slv|> 5K~ 1/6}
g/ lim (773/2e74%7) J (v, 7)) dv
{veY (r)ilv]> g5r=1/0} 70

In conclusion,
—1/6

/3
T+1 <O i+ e 105

for K < k(3) and some universal C.

< CVk
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Lower bound for V,e.(to)

Monotonicity of Vieg(70) implies

Vrreg (TO) = ‘Zeg (tO ) .

We are going to bound Vieg(to) from below as a function of vol B(go,0,1), where
qo € M.

Set A = 21 and apply Lemma 10.3.3 with parameter §(7, 7, A). There exists
qo € M such that #(qo, to — 1—16) < % and the first part of Lemma 10.3.3 gives us a
minimising curve v connecting xg to g realising the minimum £(gg,to — 1/16). Let
q € B(qo,0,1). Consider a curve 7 obtained by concatenating some g(0)-geodesic
from (g,0) to (go,1/16) with some minimising £-geodesic between (go,1/16) and
(zo,t0). We have

L(q,to) 1
< —L(go.to — 1/16
W 2V (g0,t0 = 1/16)

1 to
+ — VT(Ryto—my + |H(T 2 _n)dr,
2v/to Jig—1/16 Rato—r) + [1(Dlgteo—))

£(q,to) =
(10.7)

which leads to

to

3 1 .
ot <54y [ (2eehmEe)n
t071/16

since for s € [0,1/16] (i.e., 7 € [tg — 1/16,t0]) the metrics g(s) satisfy Rm < 2,
hence R < 12, and are 1/2-Lipschitz equivalent. We obtain

3

1/1
Hat) S5 +5 (1612 + 16 2d3 ) (g, qO)) < 20.

Hence ¢(g,t9) < A, and Lemma 10.3.3 (i) gives again an unscathed minimising
L-geodesic 4 connecting xo to ¢. Hence ¢ = Y(tg) = Ly, exp(?) for © € Y (to). This
shows that L, exp(Y (¢0)) D B(g,0,1).

Moreover, we have {0 € Y (to) | L+, exp(?0) € B(q,0,1)}, £ < 10, which implies

Vieg(to) = / ty et 000) I (0, 1) dv
Y (to)

/ ty /2 dv, o)
B(q0,0,1)

> T7%2e720voly () B(qo, 0, 1).

WV

This completes the proof of Proposition C'.
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10.4 ~k-noncollapsing at bounded distance of the
thick part

In what follows the canonical neighbourhood scale r(t) is assumed to be nonin-
creasing.

Theorem 10.4.1. For all A > 0, there exists k = k(A) > 0 such that for any
to > 0, there exists § := §(tg) € (0,80) decreasing in to, with the following property.
Let g(-) be a Ricci flow with r(-), (- )-bubbling-off on M defined on [0, 4+00) such
that §(t) < & for t € [to/2,t0]; if the parabolic neighbourhood P(zg,tg, po, —p2),
where 2p% < tg, is unscathed and the solution satisfies |[Rm| < p0_2 there, and if

vol B(zo, to, po) = A~ pj,
then the solution is k-noncollapsed on the scales less than pg in the ball B(xg, to, Apo).

Proof. We shall assume that pg > r(tg). To justify this, note that for pg < r(to)
we can copy the proof of Proposition C’ in the case where py < 7, replacing 7 by
7(to). (This is where we use that r(-) is nonincreasing.)

Since the noncollapsing property is unsensitive to homothety we can do a
parabolic rescaling so that pp = 1 and ty; = 1. More precisely we shall work
with the flow,

oL 2 2
9(t) = —9(to — p5 + ()
Po

From now on, unless otherwise stated, we work with the flow g( - ). For simplic-
ity we shall not “overline” the geometric quantities related to this metric unless it
is necessary.

Let € B(zo,1,A) and p € (0,1] be such that [Rm| < p=2 on P(x,1,p, —p~2).
As before, we set
vol B(zx, 1, p)

PE
and assume that x < x(3), where k(n) appears in Section 10.2. We wish to show
that there exists C' = C(A) > 0 such that k > C(A). We shall consider space-time
curves starting from x. As before, we set

i

Vieg(T) := /Y( )7_3/26_Z(U’7—)J(’l}77’)d1},

for 7 =1—1t € [0, 1], and where
Y(7):={veT,yM| Lexp(v): [0,7] = M is minimising and unscathed}.

The function f/reg is nonincreasing in 7. The same computation as before yields
the upper bound
Vieg('/%p%) < CVi
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for some universal C' > 0. Now the monotonicity of f/reg gives

Vieg(1) < Vieg(k'/3p?) < C/k.

We thus have to estimate Vieq(1) from below.

10.4.1 A formal computation

By the curvature pinched toward positive assumption we have, before rescaling,

hence, after rescaling,

2 2
R>_§ [;0 2>_§ /2)0 1.2
2to — py + 1oy 20— pp + 300

for t € [1/2,1]. Recall that tq > 2p3. Thus

3 =1
2205 — 303

Hence, using that 7 =1 — ¢,
_ - A
Ly, 7) :=2V/7L(y,7) > —2ﬁ/ Veds = —37°
0

(here we have neglected the energy of the curve in the definition of L). We now
define L(y,7) := L(y,T) + 2+/7. Then, for 7 € (0,1/2],

. 4 4
Ly,7) > —§72 + 27 > (—3 +2> VT > 0.

Define h(y, 7) := (di (20, y))L(y, 7), where dy(z0,y) = di(20,y) — A(2t—1), and ¢
is a cutoff function equal to 1 on (—o0,1/20], to +o0c on [1/10, +00), nondecreasing
and smooth where defined. We now follow the computation in [Per02], 8.2 (p. 21)
and use the operator

0
D= = By

it yields

Oh > —(L+2y7)C(A)Y — 6 — %w =—C(A)h - (6 + \;) Yod, (10.8)

where C(A) is a constant depending on A only. At the spatial minimum point,
with 7 fixed, Ah > 0. Let us define ho(7) = minh(-,7). We then have

d<10g<h3(;)>> adho 1 <C(A)+j;fi217—217.

dr O dr 20r
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By integration we get,

log (h(z;)> — lim log <h°(s>> > C(A)T + 100/7.

Now for s small,

L=L+2/s=2/sL+2J/s>0 and h=vyL>2,

h
2< f/(:sf) = min{yY(2L +2)} < 2L(x,s) + 2
since ¢ = 1 near x when s is small. Indeed, d;(zg,2) < A and ¢ = 1 on B(x,0,

75 + A).
Now, using a curve which is constant equal to x, we have that

L(z,s) < VsRds — 0
0 5s—0

and hence

h
o) _,
\/E s—0
which gives

ho(7) < 2¢/T exp(C(A)T + 1004/7).

10.4.2 Justification of the formal computations

We now apply Lemma 10.3.1 with the unscaled metric g(t) and with the constant

A =3exp(C(A) + 100)\/?

and 7 < r(tp), A = tg/2. This gives a 0 = 0(A,ty) such that every scathed
curve v(7) starting at o (in particular, v exits the set P(x,to, p, —p?)) satisfies the
unnormalised inequality

Ly(y) = A

This implies that
Li(v) =N =AN/\to/2.

From now on all geometric quantities refer to the normalised metric g(¢). In
particular if

L(y,7) < 3exp(C(A)T + 100y/7) < 3exp(C(A) + 100) = A/,
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the L-geodesics joining x to a neighbourhood of y are unscathed. Moreover, near
such a point, the formal calculations (10.8) with the function h are valid in the
barrier sense.

Let us define Gy(7) = log (ho—\/(;)) — C(A)T —100y/7 —log 3. From the preceding
argument lim,_,o Bo(7) = log2 — log3 < 0. We now follow the proof given in
[KLO08], Lemma 78.6. The arguments developed there apply to show that f§y is

continuous on (0, 7;), where
71 = sup{7 > 0; SBo(7) < 0}.

Similarly the previous computation shows that the upper right derivative of 3y on
(0,71) is nonpositive. This implies that Gy(m1) < 0 by the same argument as in
[KLO08], Lemma 78.6, and hence that 71 = 1. This shows that for each 7 > 0, there
exists y such that L(y,7) < L(y, 7) < 3v/7 exp(C(A)T + 100,/7). Henceforth, for
T = 1/2 there exists y € B(xo,1/2,1/10) such that

L(y,1/2) < A" and £(y,1/2) < A'/V2 = A/1o.

Let us come back to the proof of noncollapsing. We now know that there
exists y € B(xo,1/2,107!) such that £(y,1/2) is small (see Figure 10.2 below).
By distance comparison and the fact that [Rm| < 1 on P(z,0,1,—1) for the
normalised metric, we get that on this set,

1
—d; < dg <10d;.
T 0 0dy

Hence, B(zg,1,1072) C B(z0,0,107!) € B(xo,1,1) and then
volg (o) B(z0,0,107") > voly(g) B(zo, 1,1072)
> 107%/2 voly(1) B(xo,1,1072)
—3/2 v_1(107%)

> 10 o1 (D) volg(1y B(wo,1,1)
> 1042419210078
U_l(l)

The third inequality comes from the Bishop—Gromov inequality and the last one
from the hypothesis. Now, as before, in order to estimate ¢(z, 1) for z € B(xg,0,1/10)
we shall concatenate curves from (z,1) to (y,1/2) with curves from (y,1/2) to
(2,0).

From (z,1) to (y,1/2) we take a minimising £-geodesic. From (y,1/2) to (z,0)
we take a minimising g(1)-geodesic from y to xg and a minimising g(1)-geodesic
from xg to z; the curve thereby obtained is contained in B(xg, 1,1), on which the
scalar curvature is bounded from above by 6. The proof given in the previous
section now shows that

0(2,1) < C(A) for all z € B(x0,0,107").
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vol > A e

Figure 10.2: Concatenation of £ geodesics with g(1)-geodesics.

Finally,

Vmg(l):/ 173/2e=4=D J (2, 1)dv
Y (1)

/ eic(A)dvg(O)
B(20,0,10-1)

> e ¢ volg (o) B(z0,0,107")

WV

S e~CA)1(=3/2 41 v_1(107?)
’Ufl(l)

We recall that 7 = 1 corresponds to ¢ = 0 and the parameter in the metric g is
the time ¢ whereas the parameter in the reduced volume is 7. This is the desired
inequality. O

Notes

This chapter corresponds to [Per03b], Lemma 5.2. Our treatment follows closely
[KLO08], except for the fact that we use the canonical neighbourhood property in
the first case. For this, we use the fact that M is not spherical.

For the analytic properties of the L-functional, the papers of Ye [YeO8b],
[YeO8a] are a good reference. The reader may also look at Chapters 7 and 8
in the book [CCGT07], where most of the details are treated.
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The goal of Part III is to prove the Thin-Thick Decomposition Theorem 1.3.4. To
do this, we use the Ricci flow with r(-), §( - )-bubbling-off provided by the long-time
existence theorem (Theorem 5.4.1). We shall need to choose the time-dependent
parameters r(-) and §(-) carefully in order to have the necessary estimates.

In Chapter 11 we first state the corresponding refined results on the long-
time behaviour of Ricci flow with bubbling-off. These results, which correspond
to [Per03b], Section 6, in Perelman’s work, are the most technical theorems proved
in this book. We then prove the thin-thick decomposition theorem assuming these
technical results.

Finally, the technical theorems are proved in Chapter 12. One of them gives
versions of the xk-noncollapsing, curvature-distance estimates and the canonical
neighbourhood property at space-time points where the time multiplied by the
curvature is large. The second one essentially shows that certain parabolic neigh-
bourhoods in the thick part are unscathed and with bounded geometry. This is
used to show that on the thick part the rescaled metric converges towards the
hyperbolic metric.
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Chapter 11

The thin-thick
decomposition theorem

In this chapter, we fix a closed orientable, irreducible, nonspherical 3-manifold M.

Our goal is to prove the Thin-Thick Decomposition Theorem 1.3.4 whose state-
ment is recalled below (Theorem 11.1.1). This theorem asserts the existence of a
Ricci flow with bubbling-off on M, defined on [0, +00), with the following extra
properties. When t — oo, the rescaled metric t~1g(t), given any sequence of base-
points (z,,t,) in the thick part, subconverges in the pointed smooth topology to
a complete hyperbolic manifold of finite volume. Moreover, there are local esti-
mates on the curvature tensor and its first covariant derivative, a property we call
‘locally controlled curvature in the sense of Perelman’. In Section 11.1 below, we
outline the proof of the thin-thick decomposition theorem, splitting it into several
technical results. The proof of the theorem, assuming these technical results, is
given in Section 11.2. The proof of the technical results is postponed to the next
chapter.

11.1 Introduction: main statements

Let (X, g) be a Riemannian manifold and ¢ be a positive real number. We define
the e-thin part of (X, g) to be the subset X~ (¢) of points € X for which there
exists 0 < p < 1 such that the ball B(z, p) has sectional curvature > —p_2 and
volume < gp?. Its complement is called the e-thick part and denoted by X ().

Below we recall the statement of Theorem 1.3.4. For convenience, this state-
ment has been slightly rephrased. In particular, the metric is rescaled by t instead
of 4t, producing ‘hyperbolic’ limits of sectional curvatures % instead of —1:

Theorem 11.1.1 (Thin-thick decomposition). Let go be a normalised metric on
M. There exists a Ricci flow with bubbling-off g(-) on [0, +00) with gy as initial
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condition, and such that the following is true:
1. There exists C > 0 such that vol(g(t)) < Ct3/2.

2. Let w > 0, z, € M and t, — +oo. If x, is in the w-thick part of
(M, %g(tn)) for everyn, then the sequence of pointed manifolds (M, ig(tn)7 Zn)
subconverges in the C*° sense to a complete pointed 3-manifold of finite vol-
ume with all sectional curvatures equal to —1/4.

3. For all w' > 0 there exists T > 0, Ko, K1 > 0 and tqg < oo depending only
on w' such that for all x € M and t > to,, for all r € (0,7), if the ball
B(x,r) C (M,t"tg(t)) satisfies Rm > —r=2 and vol B(z,r) > w'r®, then
[Rm(z)| < Kor=2 and |V Rm(x)| < Kyr~3.

Remark 11.1.2. The third assertion in the conclusion implies that if ¢, is any
sequence tending to infinity, then the sequence (t,)~'g(t,) has locally controlled
curvature in the sense of Perelman (cf. Definition 13.1.1). Of course, the sequence
(4t,,)"tg(t,) has the same properties for slightly different constants.

Let us outline the proof of this theorem. Since we assume M to be non-
spherical, the Long-Time Existence Theorem 5.4.1 yields a nonincreasing positive
function (- ), and for any positive function &( - ), a nonincreasing function §( -) <
5(-) such that a Ricci flow with r(-),d(-)-bubbling-off exists on [0, +00) for any
normalised initial condition. The given function r( - ) is now fized forever. However
we have the freedom of choosing §(t) going to zero when ¢ goes to infinity as steeply
as we need. This we will use to obtain better estimates than those of Part II.

The main difficulty is to obtain a local upper bound for the sectional curva-
ture on the thick part. This bound will be used in order to apply a compactness
theorem to prove subconvergence of rescalings of g( -) when the basepoint belongs
to the thick part. Then the fact that the time slices of the limit flow have con-
stant sectional curvature will follow from a comparatively easy maximum principle
argument. For this argument to work, however, it is essential to consider limits
of evolving metrics, although we are ultimately only interested in sequences of
metrics.

As a first step toward the required curvature bound, we shall prove the fol-
lowing result, which says that under hypotheses similar to that of belonging to
the thick part, we have x-noncollapsing, canonical neighbourhoods and an upper
scalar curvature bound at the appropriate scales:

Theorem 11.1.3. For all A € (0, 00) there exist positive numbers r, K, K', 7 and a
nonincreasing function t +— d(t) depending only on A with the following property.
Let g(-) be a Ricci flow with r( ), (- )-bubbling-off on M with normalised initial
condition, and let (x,t,p) have the following properties. Assume that 0 < p <
V/2,0 < 5(-) < 0a(t) on [t/2,t], and that

(i) P(x,t,p,—p?) is unscathed,

(ii) |Rm| < p~2 there,
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(iii) vol B(x,t,p) = A=1p3.
Then the following assertions hold:

(a) The solution is k-noncollapsed on scales less than p in B(z,t, Ap).

—2

(b) Every point of B(x,t, Ap) of scalar curvature at least Kp~2 admits a canon-

ical neighbourhood.
C p < TVt, then <_p_ i B(z,t, Ap).
If Vt, then R< K'p~2 in B A

An important point in part (a) is that x does not depend on time. This is
crucial since we will use this result to obtain convergence of parabolic rescalings
of g(+) at basepoints (z,t,) with ¢, going to infinity. Also note that the scale p
may be much larger than 1.

Note that part (a) has been stated and proved in Section 10.4. Before stat-
ing the theorem giving the curvature estimates in the thick part, we define the
appropriate function & (+).

Definition 11.1.4. With the function d4(-) as above, set

5(t) = min {5%(275),17(15)7”(4” } (11.1)

where 7: [0,00) — (0, 1] is some fixed decreasing function such that n(t) — 0 as
t — +o0.

Remark 11.1.5. Inequality &(t) < 02¢(2t) ensures that any Ricci flow with
r(-),8(-)-bubbling-off with §(-) < &(-) satisfies the conclusions of Theorem 11.1.3
at time ¢ for all A < ¢.

We shall then prove a stronger version of Theorem 11.1.3, where the property
of having an unscathed parabolic neighbourhood is deduced from the hypotheses
rather than included in them.

Theorem 11.1.6 (Curvature estimate in the thick part). For all w > 0, there
exist positive numbers é, 7, T, T, K depending only on w with the following prop-
erty. Assume that g(-) is a Ricci flow with v(-),d(-)-bubbling-off on [0, 00), with
normalised initial condition and 6(-) < 6(-). Letx € M, t>T, r > 0 such that

(i) 0~ h < r < V1, where h is the mazimal surgery radius on, [t/2,1],
(i) Rm > —r~2 on B(x,t,71),

(iii) vol B(w,t,7) = wr?.

Then P(z,t,r, —772) is unscathed and |Rm| < Kr=2 there.

We return to the thin-thick decomposition theorem. Denote M,, = (M, t,1g(t,)),
and assume that z,, € M} (w) for all n. Once we have obtained the required cur-
vature estimates, it remains to show that (M, x,) sub-converges to a complete



144 CHAPTER 11. THE THIN-THICK DECOMPOSITION THEOREM

hyperbolic manifold (see Section 11.2.2), proving part (ii) of the thin-thick de-
composition theorem. The locally controlled curvature in the sense of Perelman
property, i.e., part (iii), is obtained from the local curvature estimates and Shi’s
derivative estimates. (cf. Subsection 11.2.3).

The functions (- ) and §( - ) being fixed as above, Theorem 11.1.1 then reduces
to the Long-Time Existence Theorem 5.4.1 and the following result:

Theorem 11.1.7 (Thin-thick decomposition reduced). Let g(-) be a Ricci flow
with r(-), (- )-bubbling-off on M defined on [0,00), with normalised initial con-
dition, and such that 6(-) < 6(-). Then g(-) satisfies assertions (i)-(iii) of the
conclusion of Theorem 11.1.1.

This theorem is proved in Section 11.2 below, assuming Theorems 11.1.3 and
11.1.6. The proof of these results occupies Chapter 12.

11.2 Proof of the thin-thick decomposition theo-
rem

In this section, we consider a Ricci flow with r(-),d(-)-bubbling-off g(-) on M x
[0, 4+00), with normalised initial condition, such that 6(-) < &(-), where 6(-) is
the function fixed in Definition 11.1.4. The goal is to prove assertions (i)—(iii) of
the conclusion of Theorem 11.1.1.

11.2.1 Rescaled volume is bounded and limits are hyper-
bolic

The main results of this subsection are Proposition 11.2.1, which immediately
implies assertion (i), and Proposition 11.2.3.

We first recall some definitions introduced in Section 1.3.1. We let R(g) =
Rmin(g)V(g)z/?’. Recall that our assumption that M is not spherical implies that
Runin(g) < 0 for any metric g on M. By Proposition 1.3.1, t — R(g(t)) is then
nondecreasing along any Ricci flow with bubbling-off (at singular times, Ry, can
only go up and V' go down).

Proposition 11.2.1. V(¢)(t + %)*% is monincreasing.

Proof. From (C.1) of Corollary C.2.2 and (1.3) on p. 11, we get at any regular
time ¢:

(11.2)

hence
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3

It follows that V(¢)t~2 is also bounded as t — oo. This proves part (i) of
Theorem 11.1.7.

Next we will show that whenever local limits exist (as ¢ — 4o00), they are
hyperbolic. Along the way, we prove a few other useful facts.

Set R :=lim R(t) and V := lim V (¢)(¢ + i)_% where the limits are taken when
t — oo.
Lemma 11.2.2. If V > 0 then RV-3 = —% and Ruyin(t) ~ -3,

2t

Proof. We have

_2
RV = lim R ()V(0F (VO (E+ 1)
fmroo 3 (11.3)
S E . 1 _Z
= Jim Run()(t+ ) > 3,
by the right inequality of (11.2).
Assume that RV =3 = ¢ > —3. Then Rpyin(t)(t+ 1) = —2 + p for some p > 0
and t > to. From V'(t)V(t)"! < — Ruin,we have

e’

hence

Then

o

V) (t + i) < V(to) (t + i) T

contradicting the assumption V' > 0. Finally, it follows from equality in (11.3)
that Ruyin(t) ~ —5 . O
Proposition 11.2.3 (Limits are hyperbolic). Let 0 < r < 1 and P(xg, t, r/tx,
—12ty) be a sequence of parabolic neighbourhoods which, after parabolic rescaling
by 1/ty, converge to a Ricci flow on P(xo0, 1, r —7r2). Then all sectional curvatures
of the limit are equal to 7 4t , for allt € [1 —7r2,1].

Proof. Let us prove first that under the previous assumptions, V' > 0. Denote by
gr(t) the rescaled Ricci flow ¢, ~1g(tt)). Then

3

1
V(tr) (te + yU vol(gx(1)) = vol B(Z,1,7) = vol B(s,1,7) > 0.

Lemma 11.2.4. R is spatially constant on P(xs, 1,7, —172).
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Proof. If R(-,sp) is not constant for some so € [1 — 2, 1], then there exist ¢ > 0
and p > 0 such that

Vs € [so — p, S0 + pl, / Ruineo " (8) — R(z, s) dvg < —c,
B(zoo,8,T)
where Ruyineo” (8) = min{Roo (2, s) | © € B(20, 8,7)}. Hence for large k,

—C
7\/%7

Ruin™ (st) — R(, sty) dvg(st,) < 5

/;(:L‘RHStk-,T\/E)

where now Ry, (str) = min{R(z,sty) | * € B(xk,str,7vVIk)} = Rumin(sts).
Thus,

c

/ Runin(sty) — R(x, sty,) dvg(se,) < _7\/5 (11.4)
B(mk,stk,’r tk)

After passing to a subsequence, we can suppose
t So +

k+1 50 M’

tk S0 — [

that is tx41(so — ) > tr(so + ). Then, using Corollary C.2.2 of the Appendix,
R — R(0)
= IR > rte(sotu) gp
= / —dt =y / — dt
o dt k=0 te(so—H) dt

oo tr(so+mp)
> Z/ ZR(t)V_l(t)/ (Rmin(t) — R(,1)) dvg ) dt
k=0 7 tr(s0—n) M

[

so+p

= Z/ %R(Stk)vfl(stk) /M tk(Rmin(Stk) — R(ZL’, Stk)) dvg(stk) ds

2 R(st)V ™~ (sty) / (Ruin(stx) — R(z, sty,)) dvds
B(zg,str,m/Tk)

2 & sotp —c
2>t [ RV st o Vs
3 _ 2
k=0 So—H
—e = sotp 1 3
=3 Z/ R(sty)V ™" (sti)t ds.
k=0 S0TH
Using R -
R(Stk) E— R,
k—o0
and . s ,
VT (stp)t2 =V (sty)(stg)2s™2 —— VlsT2,
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and —c R(st},) > 0, we find that for some large ko € N,

B . _ RV—l 0 So+p
R_R(O)>%Z/ 572 ds = +o0,
k—kg S0

which gives the contradiction. O

We continue the proof of Proposition 11.2.3, the scalar curvature on the limit
space being denoted by R(t). Since Ruin(t) ~ —3 in (M, g(t)) by Lemma 11.2.2,
it follows that R(t) > —3 on P(zu, 1,7, —r?). Indeed, for y € B(zso,1,7),

R(t) = R(y, t) = lim th(yk, ttk) > lim Rmin(gk(t))
-3 3

= lim thmin(g(ttk)) k:oo tkfkt = —2t.

If there exists so € [1 — r2,1] such that R(sq) > %,
replacing Ruin(str) by % in (11.4) to get a contradiction.

Hence R(t) = —2 on P(z, 1,7, —r?). Putting this in (ii) of Proposition C.2.1,
we get

we can argue as above

hence |Ric’ |2 = 0 on P(z4, 1,7, —12). It follows that Ric = %g = f%g, finishing
the proof of Proposition 11.2.3. O

11.2.2 Hyperbolic limits exist: proof of part (ii)

We continue the proof of Theorem 11.1.7, showing that smoothly convergent sub-
sequences exist for each sequence x,, € M, " (w), i.e., g(-) satisfies part (ii). We
introduce a new definition:

Definition 11.2.5. If £ > 0, we say that g(-) is &-almost hyperbolic at (x,t) if
|2tRiC((E) + g(x,t)\g(t) < &.
Remark 11.2.6.

t~g(x,t)

2 g

|2t Ric(x) + g(z,t)]4¢+) = 2 |Ric(z) +

so &-almost hyperbolicity implies that the sectional curvatures of t~tg(t) are £/2-
close to Z—tl.
Proposition 11.2.7. For all positive numbers w,r, &, A there exist positive num-
bers A, 7 and T with the following property. Let x € M and t > T be such that

(i) vol B(z,t,7v/t) > w(rv/t)?,
(i) Rm > —(rvt)=2 on B(xz,t,rV1).
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Then
(a) P(xz,t, Ar/t, —7(rv/t)?) is unscathed and |Rm| < A(rv/t)~2 there, and
(b) g(-) is £-almost hyperbolic at every point of B(x,t, Ar\/t).

Proof of Proposition 11.2.7. We start by proving a weaker version of this proposi-
tion, Lemma 11.2.8 below. For w’ > 0, let 6/ := 0(w'), T7 := T(w'), K’ := K(w'),

7= 7(w'), and # := 7(w’) denote the parameters given by Theorem 11.1.6.

Lemma 11.2.8. For allw’ > 0, r € (0,#') and § > 0, there exists T' =T (w',r,£)
with the following property. Let x € M and t > T" be such that

(i) vol B(z,t,7vt) = w'(rv/1)3,
(i) Rm > —(rvt)~2 on B(x,t,7V1).
Then
(a) P(x,t,rVt,—7' (rV1)2) is unscathed and |Rm| < K'(rv/t)~2 there, and
(b) g(-) is &-almost hyperbolic at (x,t).

Proof of Lemma 11.2.8. We apply Theorem 11.1.6 with w = w’. For r < #/ we
have rv/t < #v/t. By taking ¢ sufficiently large, we can ensure that 6'—1h </t
(cf. Remark 5.4.8). Part (a) is then given by the conclusion of Theorem 11.1.6.

Assume now that part (b) is false. Then there exists t, — +o0o0 and x € M
such that B(xy, tx, rv/Tx) satisfy (i) and (ii) but (M, gx(tx)) is not £-almost hyper-
bolic at (xy,t;). By part a), the neighbourhoods P(wy, ty, rv/tx, —7 (rv/tr)?) are
unscathed and [Rm| < K'(r/%;)~2 there for large k. Consider the parabolic rescal-
ings gi(-) =t 1g(tx-). The sequence of parabolic neighbourhoods P(Z, 1, r, —7'12)
then satisfies the assumptions of the Local Compactness Theorem C.3.3. Hence it
subconverges towards a Ricci flow g (- ) defined on a neighbourhood P(z s, 1, —r,
—7'r?).

Proposition 11.2.3 applies to a smaller neighbourhood P(z, 1,7, —r"?) con-
verging to P(%s0, 1,7, —7"?) and shows that g..(t) has constant sectional curva-
ture equal to 74% there. We get a contradiction at (xy,tx) for k large enough,
finishing the proof of Lemma 11.2.8. O

We go back to the proof of Proposition 11.2.7. We begin by extending the con-
clusion of Lemma 11.2.8 to any radius r (allowing r > #'). We use Lemma 10.1.2.
For w > 0, we set w' = czw, where c3 is the constant given by that lemma.
For r > 0 we define ' = min{r,#'}. For any £ > 0, Lemma 11.2.8 applies to
B(z,t,r'Vt)ift > T'(w',r', &) = Ty. Hence P(z,t,r'\/t, —%'(r'\/t)?) is unscathed,
we have [Rm| < K’(r'v/t)~2 there, and g(-) is £&-almost hyperbolic at (z,t).

Our next goal is to enlarge the ball where the conclusion holds to be B(z, t, Arv/t),
where A > 0 is the given constant. Define

B:=min{K'"2,7#7} <« 1,
p:=Br'Vt.
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By Lemma 11.2.8, P(z,t,p, —p?) is unscathed and |[Rm| < p~2 there. Clearly

p < +/t/2. Define

A= max{3AB ' w' T > 1,

which gives
A'p>3Aryvt and vol B(z,t,p) > A" 1p.
Recall that by choice of §(-) (see Remark 11.1.5), Theorem 11.1.3 applies to
constant A’ > 0 for all t > A’. Define Ty := max{A’,T1} and assume t > T5.
Setting K := max{K(A’),10}, we obtain by Theorem 11.1.3(b) that any
(y,t) € B(z,t,A'p) where R(y,t) > Kp~2 =: Q is the centre of an (g9, Co)-
canonical neighbourhood. Define

BI = CO_%R_%,
r’ = min{B’BT’,TA(Coil)}a
Ty := max{T"(Co~"',r",107"), Tp},

where T" is the parameter defined in Lemma 11.2.8.
Claim. R < Q on B(z,t, A'p) if t > Ts.

Proof of the claim. We argue by contradiction: since R(z,t) < 6p~2 < Q, if the
claim does not hold, then there exists y € B(x,t, A'p) such that R(y,t) = Q.
By definition of @, (y, t) is the centre of an (gg, Cp)-canonical neighbourhood U D
B(y,t,Cy'Q™Y2), and R(-,t) € [C;'Q,CoQ] on U. From Pinching Lemma 4.4.7,
IRm| < CoQ on U. Define p’ := v/t < B’p, and note that Rm > —CpQ >
—p'~2 on B(y,t,p'). Moreover, by properties of the canonical neighbourhoods,
vol B(y,t,p') > Co 'p'®. Ast > Ty, Lemma 11.2.8 applies on B(y,t, p’) and says
that g(-) is 10~ 1-almost hyperbolic at (y,t). But this is not possible in a canonical
neighbourhood. This proves the claim. O

By Pinching Lemma 4.4.7, we have Rm > —Q = —Kp~2 on B(xz,t, A’p). Set
o= f(’%p, so that Rm > —o 2, and pick a point y € B(x,t,%). By the
Bishop—Gromov inequality we have

vol B(y,t,0) V_g—2(0)
A5 2 247
vol B(y,t, =52) = v_,—=(=52)

2 411_1(2714,[(1/2)
Since B(y, ,#) D B(x,t, AT/") D B(z,t,p), we deduce

vol B(y,t, %) > vol B(x,t, p) > w'p,
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hence .,
vol B(y,t,0) > Ew'p® = Ew' K20°.

It follows that for any ¢’ € (0,0), we have
vol B(y,t,0') > csBw' K20 = w0’
Define
7= P(w”),
" :=min{K 2 Br,#"},
Ty = max{T"(w",r" £), T3},
K" := K(u"),

=7 (w").

For o/ = r"\/t < 0, Lemma 11.2.8 can be applied to B(y,t, r""\/t) and gives that
P(y,t,r"\/t,—7"(r"+/t)?) is unscathed and [Rm| < K" (r"+/t)~2 there, and that
g( ) is &-almost hyperbolic at (y,t). Thus, if one sets

Al " ? 11 " -
T=7"{—], A=K"[— , and T :=1Ty,

r r

and one recalls that (y, t) is an arbitrary point of B(x, t, AT/’)) D B(x,t, Arv/t), it is
clear now that the conclusion of Proposition 11.2.7 holds on P(x, t, Arv/t, —7(rv/1)?),
with parameter A for ¢ > Ty. O

Lemma 11.2.9 (Lower curvature bound in thick part). For all w > 0 there exists
p € (0,1 and T € (0,400) such that for any t > T and = in the w-thick part of
(M,t=1g(t)), then B(z,p) C (M,t=1g(t)) satisfies Rm > —(p) 2.

Remark 11.2.10. By definition of the w-thick part, this implies vol B(x, p) >
3

w(p)®
Proof of Lemma 11.2.9. We argue by contradiction. Suppose there exists pr — 0,
tr, — +00 and points xy in the w-thick part of (M, ¢, g(tx)) such that sectional
curvature is not bounded below by —(px) =2 on the ball B(xy, pr.) C (M, tx " tg(tr)).
Let p}, € (0,px) be such that inf{Rm(y) | y € B(xk,p})} = —(p},) "2, and let
yr € B(xy, p),) be a point where the minimum is achieved. We define ry, := pj./tg,
and note that t,r, 2 = p§;2 — o0o. It follows from the curvature pinched toward
positive assumption, and more precisely from (4.8) p. 44, that (for the unscaled
metric):

R(yk7 tk)

Tk_g

We shall apply Theorem 11.1.6, showing first that 7, > 0~ (w)hs, where hy =
h(tx/2) is the maximum of the surgery radii on [t;/2,t;]. Recall that h(ts/2) <
0(t/2)r(tr/2) < n(tr/2)r(ty) by Definition 11.1.4, hence h(t/2) < r(t;) for large
k. It then suffices to show the following:

> % (log((1 +t)ri~2) — 3) — +oo. (11.5)
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Assertion 11.2.11. ry, > r(t) for large k.

Proof of Assertion 11.2.11. We argue by contradiction. Up to extracting a subse-
quence, assume that r, < r(t) for all k. Let us show that

inf{R(l‘/,tk)Tk2 | 2 e B(zg,tg, )} — +oc.

If this is not true, then let ¢ € (1,4+00) and z} € B(zy,tx,ry) be such that
R(z},t;) < cri,—2. Consider a point 25, on the segment [yxz}] such that R(zg, tx) =
cr, 2. We apply the Curvature-Distance Theorem 6.1.1 at (zx,t;) with A =
2¢1/2. Since every point of scalar curvature greater than R(zk,ty), hence greater
than 7(t;) ™2, has an (e, Cp)-canonical neighbourhood, when (1 + t3)R(zk,tx) >
Q(A,e9,Cp), we get the upper bound R < A(A4,ep,Co)R(2k,t;) on the ball
B(zp, th, AR(zp, tr) = /%) = B(z, ty, 2r1). In particular R(yy,tx) < Acrp~2 which
is a contradiction. Hence inf{R(a’,ty)ry? | 2’ € B(xg, tr, )} — +00.

From that we deduce that for k large enough, the scalar curvature on B(z, tg, ri)
is much greater than r, ~2. This implies that each point of the ball is the centre of
an (g9, Cp)-canonical neighbourhood, of size much smaller than r;. We now recall
that xy, is in the w-thick part of (M, t; 1g(tx)) and hence that vol B(zg, tx, 7x) =
wry3 by the very definition of ry. The sub-ball lemma (Lemma D.1.6) applied to
the ball of radius 7, /2 yields a ball B(yx, tx, 0o (w)ri/2) C B(zg, tx, rx) all of whose
sub-balls B(z,7) C B(yg, tk, 0o(w)ry/2) have (1 — gp)-almost Euclidean volume.
However consider a sub-ball B(z,r) in an gg-neck included in B(y, t, 0o (w)re/2)
with 7 = e "' R(z, t;) being the radius of the eg-neck. We obtain that vol B(z,r) ~
€0 '2r is much less than 3. This gives a contradiction, proving the assertion. [

We now finish the proof of Lemma 11.2.9. Since pj, — 0, we have
0~  (w)hy, < 3 = P/ < F(w' )V

From Theorem 11.1.6, P(z, tx, 7, —77%>) is unscathed and |Rm| < Kr, =2 there.
Hence R < 6Krj, 2, contradicting (11.5). O

At last we can prove assertion (ii) of Theorem 11.1.7: fix w > 0, a sequence
t, — oo and a sequence of points x,, such that for each n, x,, belongs to the w-thick
part of (M, (t,)"tg(t,)). Set r equal to the parameter p given by Lemma 11.2.9
and choose sequences &, — 0 and A,, — oo. Applying Proposition 11.2.7 and
Hamilton’s Compactness Theorem C.3.1, we obtain a subsequence converging to
some complete pointed 3-manifold of sectional curvature constant equal to —1/4.
By the already proved part (i), the limit has finite volume.

11.2.3 Locally controlled curvature: proof of part (iii)

In this subsection we prove that g(-) has locally controlled curvature in the sense
of Perelman, which is part (iii) of Theorem 11.1.7. Precisely, we check that for
every w’ > 0 there exists 7 > 0,Ky, K1 > 0 and tg € (0,+00) such that for z € M
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and t > tg, for all r € (0,7, if B(z,r) C (M,t"1g(t)) satisfies Rm > —r~2 and
vol B(x,r) > w'r3, then |Rm(z)| < Kor~2 and |V Rm(z )| < K3

We shall apply Theorem 11.1.6, with parameters 7, T,0,K and 7 depending
on w'. Set 7 := 7 and consider, for r € (0,7 and t > T, a ball B(z,r) C
(M,t"1g(t)) as above. Denote by h the maximum of the function h(-) on [t/2,1],
ie., h = h(t/2). If 7/t > 6~ 'h, then Theorem 11.1.6 applies and says that the
neighbourhood (for the unscaled metric) P(z,t, v, —7(r/t)?) is unscathed and
|[Rm| < K (rv/t)~2 there. The bound on the covariant derivative is then obtained
from Shi’s estimate (see [MT07], Theorem 3.29). The conclusion for the rescaled
metric t~1g(t) follows.

In the sequel we then argue by contradiction, assuming 7vt < 0 'h. Let
T € My, tp — 400 and h, = h(tk/2) rr, — 0 such that rp\/fx < 0 'hy, be
sequences such that B(xy,r,) C (Mt tg(tx)) is a counterexample. Up to taking
a subsequence there are two cases.

Case 1. rp\/T, <07 hy and R(zg,tr) > r(ty) 2

We then have that (zy,tx) is the centre of a canonical neighbourhood. Prop-
erty (4.4), p. 40, leads to [VRm| < Co|Rm[*/? on this neighbourhood, and
in particular at (xg,tx). Thus it suffices to estimate from above |Rm(zg,tx)]
by const. (rg/f;) 2, and for this to show that R(x,t;) is bounded above by
c(re+/tr)~2, where ¢ depends on w’ only. Pinching Lemma 4.4.7 then allows us to
conclude. We argue by contradiction and assume that

R(xk,tk)(rkxf) — +00,

possibly after taking a subsequence. Then we can repeat the proof of Lemma
11.2.9, starting at equation (11.5). Indeed, the Distance-Curvature Theorem 6.1.1
implies that the inﬁmum of R(- tk)(rk\/») on B(zg,tr, re/tk) goes to +00. As
(riv/Tr) =2 = 02hy ™2 > r(ty) =2 for all k large enough, the ball B(xg, ty,7r/Tx)
is totally covered by canonical neighbourhoods of very small size compared to 7.
We then take a ball B(y,tk, 0o(w')(rev/tr)) C B(xg, tk, 7e/tx) given by Sub-
Ball Lemma D.1.6, all of whose sub-balls have (1 — g¢)-almost Euclidean volume.
Considering an eg-neck included in one of these sub-balls, whose volume is not
almost Euclidean, gives the contradiction.
Case 2. 1/t <07 thy and R(xy,tx) < r(tp) 2

We note (using Definition 11.1.4) that
Q= | R(wp, tr)| +r(te) 72 < 2r(th) 2 < x> < 2(rpv/E) 2072,

If P(xy,tr, (2Cov/Qr) L, —(8CoQk) 1) is unscathed, then the Curvature-Distance
Lemma 6.1.2 shows that R < 4Q < (r1v/%x) 2 on this neighbourhood. Pinching
Lemma 4.4.7 implies that [Rm| < (rk+/%x) "2 on the same neighbourhood. The
lifetime of the flow being greater than (16Cy) ! (ry+/%x)?, we obtain from Shi’s es-
timate [MT07], Theorem 3.29, the upper bound |V Rm | < e(rp/tx) ™2 at (x, ty),
where c is independent of k, reaching a contradiction.
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Now the estimate R < 4Qx < 8r(tx)~2 holds on B(xy,ty, (2Cov/Qr) 1) X
(=7,0], if 7 € [0, (8CoQx) '] and if this set is unscathed. As 8r(t;)"2 < hy 2,
which is below the curvature scale of surgeries on [tx/2,¢], this proves that
P(zg, tr, (2C0v/Qr) ™1, —(8CoQk) 1) are in fact unscathed, and finishes the proof
of Theorem 11.1.7.

Notes

Theorem 11.1.3 corresponds to Proposition 6.3 in [Per03b]. Theorem 11.1.6 to
Corollary 6.8 of [Per03b].

Arguments of this chapter corresponds to [Per03b], Section 7.1, [KLO08], Sec-
tions 86—87, Lemma 92.13.

Remark 11.2.12. In Corollary 6.8 of [Per03b], the conclusion is that R < K72
on P(x,t,r/4,—%r?). The extension to |[Rm| follows from Pinching Lemma 4.4.7.
The extension to the parabolic ball of radius r follows from part (c¢) of Theo-
rem 11.1.3. The setting above is made for later convenience.
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Chapter 12

Refined estimates for
long-time behaviour

In this chapter, we prove the technical Theorems 11.1.3 and 11.1.6, stated and
used in the previous chapter to prove the thin-thick decomposition theorem. Sec-
tion 12.1 is devoted to Theorem 11.1.3. The proof of Theorem 11.1.6 is given in
Section 12.2.

We assume throughout that M is a closed, orientable, irreducible, nonspherical
3-manifold.

12.1 Spatial extension of local estimates: proof of
Theorem 11.1.3

For convenience we recall the statement of this theorem:

Theorem 12.1.1 (Theorem 11.1.3). For every positive number A there exist posi-
tive numbers k, K, K',7 and a nonincreasing function t — 8§ (t) with the following
property. Let g(+) be a Ricci flow with r(-),d(-)-bubbling-off on M with nor-
malised initial condition, and let (x,t,p) have the following properties. Assume
that 0 < p < \/t/2, that §(-) < d4(t) on [t/2,t], and that

(i) P(x,t,p,—p?) is unscathed,
(ii) [Rm| < p~2 there,
(iii) vol B(z,t,p) = A™'p?.
Then the following assertions hold true:
(a) The solution is k-noncollapsed on scales less than p in B(x,t, Ap).

2

(b) Every point of B(x,t, Ap) of scalar curvature at least K p~2 admits a canon-

ical neighbourhood.

155
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(c) If p < 7V/t, then R < K'p~2 on B(z,t, Ap).

Recall that part (a) has been proved in Section 10.4. Parts (b) and (c) are
tackled in Sections 12.1.1 and 12.1.2 respectively.

12.1.1 Canonical neighbourhoods: proof of part (b)

As usual we argue by contradiction. As in the proof of Proposition B, the goal
is to prove that a sequence of counterexamples subconverges, after rescaling, to a
k-solution for some k > 0.

We fix A > 0, a sequence K — 400, and 6%( - ) be a sequence of nonincreasing
functions going to zero. We assume that 6%(-) < 64/(-) where

’_ v_1(1) —3/2
A" = max {v_1(10—2) 10 A, 20A 5,

and 04/ (-) is the function given by part (a) of Theorem 12.1.1. We assume also
that
= < 1
04(t) < Oper (t, 1-— t,r(t)) ,
which is the parameter given by Persistence Theorem 8.1.2.
For each «, we assume there exists a counterexample. Let t* € [0, 4+00) and
Jga(-) be a Ricci flow with r(-),d%(-)-bubbling-off on M®, such that 6*(t) <

0 (t*) for t € [t*/2,t*], and assume that there exists

o p@ € (0,/t*/2] and * € M such that P(x®,t*, p*, —(p®)?) is unscathed
and has curvature |[Rm| < (p®)~2 and vol B(z®,t%, p®) > A=1(p*)3;

e y* € B(x®,tY, Ap®) such that R(y®,t*) > K%(p®)~2 and that (y*,t%) is
not the centre of an (g9, Cp)-canonical neighbourhood.

We observe that R(y®,t*) < r(t*)~2, and hence that K%(p®)~2 < r(t*)72. It
follows that 2K* < t*r(t*)~2. Since ¢t r(¢)~2 is bounded on finite intervals, t* —
+00.

We first refine the choice of ‘bad’ points (z¢,t%) using a standard point picking
argument.

In the sequel, for the sake of simplicity, we shall suppress the indices «.

Lemma 12.1.2 (Point picking). For all  large enough, there existt € [t — p/2,1]

and ¥ € B(z,t,2Ap) such that Q := R(%,t) > Kp~2, (z,t) is not the centre of an
(€0, Co)-canonical neighbourhood but every (x',t') such that
t—-KQ <t <t, dp(a z)<di(x,z)+ K/?Q 2,

and R(2',t") > 2Q, is centre of an (e, Cy)-canonical neighbourhood.
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p T T 2Ap
—— t t
T _
i * t
RQ1
4

S

ds(-, ) < i@, ) + K1/2Q71/?

2 = R(z,1)

Proof of Lemma 12.1.2. Starting with (y,t), we inductively define (y;,t;) as fol-
lows. We set @Q; = R(y;,t;). If there exists (y',t') such that t; — %KQfl <t <y,
dp(y',x) < di, (x,y;) + KY2Q,71/2, R(y',t") > 2Q;, and (y',t’) is not centre of an
(€0, Cp)-canonical neighbourhood, then we set (y;y1,ti+1) := (y/,t'). Otherwise,
(Z,t) := (y;,t;) satisfies the requirement. We observe that as long as the sequence
is not stationary, we have

Qi = R(yi, ti) > 2Qi—1 > 2'Qo = 2'Kp~2,

and Q; < r(t;)"* < r(t)™? < 400 («a is fixed here). The sequence thus becomes
stationary for i large enough. Since t;11 € [t; — iKQfl, t;], we have t; — ;41 <
iK’Qi_l < i2*ip2, from which we deduce

> 27’ =p%)2.
7=0

o] =

i
t—1i41 < th —tjy1 <
j=0

On the other hand
dti+1 (yi+17 (,C) < dti (yi7 .%') + Kl/QQi_l/Q
<Ap+) KVRQ;TVE< Ap+) (V2)p < 24p
§=0 §=0
since one may assume, without loss of generality, that A > Z;’;O(\/?)_j . O

Lemma 12.1.3. There exists &' = '(A) > 0 such that for all « large enough,
g(-) is k' -noncollapsed on scales less than p on B(z,t,2Ap).
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Proof. We shall apply part (a) of Theorem 12.1.1 to the ball B(z,t,1071p), with
the constant A’ which satisfies A’1071p > 2A4p. Let us check the assumptions of the
theorem at (z,%). We first remark that 1071 p < \/t/2 as t >t — p?/2 > /2 > p?.

Since |Rm| < p=2 on P(xz,t,p,—p?) and t > t — p?/2, it follows from the
distance-distortion lemma (Lemma 2.2.7) that

107! < @ < €4P72(P2/2) =2 < 10,

9()
and
B(x,t,107%p) C B(z,t,107p) C B(xz,t,p).

The neighbourhood P(z,%,1071p, —1072p?) is thus unscathed and satisfies the
required curvature bound. Moreover, using the Bishop—Gromov inequality:

voly ) B(x,1, 1071p) = 1073/2 voly ) B(z,t, 107 1p)
> 1073/%voly(;) B(x,t,107%p)

> 103/ V—p—2(10—2p)

” volgy B(x,t, p)

—p~2(p)

Recall that 6%(-) < 64/(-). Part (a) of Theorem 12.1.1 yields a constant
k = k(A’) such that g(-) is x-noncollapsed on B(z,t, A’107!p) on scales less
than 10~*p. We deduce that g(-) is 1073x/-noncollapsed at scales less than p, on
B(z,t,A'107'p) D B(x,t,2Ap). Thus Lemma 12.1.3 is proved by setting x’ :=
10 3k. O

‘We now consider the parabolic rescalings

§() = Rz Dg (f+ M)

and we argue as in the proof of Proposition B in order to extract a subsequence con-
verging towards a k-solution. Using Theorem 4.2.11 and Definition 5.1.1, this will
give a contradiction for « large enough. Unless otherwise stated we work with these
rescaled metrics. We note that (z,0) does not have an (¢, Cp)-canonical neigh-
bourhood, but all points (z',#') such that ¢’ € [~K/4,0], dy(z',z) < do(Z,2) +
K2 and R(a',t') > 2 do have such neighbourhoods. In the sequel, we set!

Pi={(a,t") |t € [-K/4,0],dp (2", 2) < do(Z,z) + K/?}.

Since §%( ) goes to 0, one can check that Lemma 9.2.1 is still valid, although
0%(+) is now a function. For convenience we give this modified statement:

INote that this is not a parabolic neighbourhood. This entails some complications.
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Lemma 12.1.4. For all positive numbers K, A, T, there exists g = ao (K /_1_ T)E
N such that for all a > oy, if |Rm| < K on B(%,0, A) x(—7,0], then P(z,0, A, —7)

1s unscathed.

Step 1. The sequence (M, g(-),Z), subconverges towards a partial Ricci flow
(Moo, goo(+), Zoo), Where goo(0) is complete and goo(t) has nonnegative curvature
operator.

Proof of Step 1. Let us check that arbitrarily large (in space) parabolic neigh-
bourhoods are unscathed with bounded curvature. From the Curvature-Distance
Theorem 6.1.1, for all A > 0, there exist Q = Q(A) > 0 and A = A(A) > 0 such
that if (2/,t") satisfies

(i) AI+t)R("1) > Q,

(ii) every y € B(z/,t',AR(z,t')~/?) such that R(y,t’) > 2R(z',t) has an
(g0, Cp)-canonical neighbourhood,

then R(z,t') < AR(2/,t) for all z € B(a',t', AR(a',t')~1/2).

Assumption (ii) is satisfied at (z,) by definition, as soon as K /2 > A since
then B(z/,t',AR(a’,t')~'/?) ¢ P. Assumption (i) is also verified for a large
enough, since

(148 R(z,t) > tKp 2 > 2K.

We conclude that the evolving metrics g( - ) satisfy R(-,0)<A(A) on B(z,0, A)
for all « large enough. In order to be able to use the local compactness theorem
for flows, Theorem C.3.3, let us show that there exists 7(A4) > 0 such that
P(z,0, A, —7(A)) is unscathed and has bounded curvature, for all o large enough.
Precisely, we now intend to exhibit an honest parabolic neighbourhood contained
in P. We set K = K(A) :=2(A(A) +2). We may assume this number to be large
enough so that, by Pinching Lemma 4.4.7, if R < K then |Rm| < K. We define
a1(A) = ao(K, A, (CoK)™1), where ag is the parameter given by Lemma 12.1.4,
large enough such that for o > oy, K'/2 > 100A4.

Lemma 12.1.5. For all a > a1, P(z,0,A,—(CoK)™') is contained in P, is
unscathed and satisfies |[Rm| < K(A).

Proof. Let us consider s € [—(CoK)™1,0], and minimal (for « fixed) such that
B(z,0,A) x (s,0] C P and is unscathed.

As R(-,0) < K/2 on B(%,0, A) and every point in B(Z,0, A) x (s, 0] with scalar
curvature not smaller than 2 is the centre of an (g9, Cy)-canonical neighbourhood,
the curvature-time lemma (Lemma 6.1.3) shows that R < K on this set. It follows
that |[Rm| < K and hence by Lemma 12.1.4, P(z,0, A, s) is unscathed. We now
claim that if s > —(CoK) ™', then there exists o > 0 such that P(Z,0, 4, s—o) C P.
Recall that (2/,#) € P if (for the rescaled evolving metric §( ) dv(a’,z) <
do(x,7) + K'/2. We shall show that if 2’ € B(z,0, A), then d, ( x) < do(z,T) +
K'/2 /2, which suffices to prove the claim, by continuity. Let 2’ € B(Jc 0, A), then
we have d,(2', ) < ds(2',Z)+ds(Z, 7). As |Rm| < K on P(z,0, A, s), by the usual
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v

distance distortion estimate (Lemma 2.2.7), for t’ € [s, 0],

40 < 9(0) < 200

In particular,

ds(2', %) < 10dp(2’, ) < 10A. (12.1)
In order to estimate ds(Z,x) we shall use the additive distance-distortion,
Lemma 2.2.10, which gives a better estimate for large distances. Set r; :=
K~Y2 <« 1 (hence r;? = K). For t' € [s,0], we have |Rm| < K on B(z,t',r1) U
B(z,t',71). Indeed, we have [Rm| < Q" 'p~ 2 < K~! < 1 on B(x,t',Q'/?p/10) D
B(z,t', K'/?/10) > B(xz,t',r1), on the one hand. Similarly, since B(z,#,10~*A4) C
B(z,0, A) by the above estimate for all ¢’ € [s,0], we get |[Rm| < K on B(Z,t',ry).
Lemma 2.2.10 gives

d

%dt/(:c,i) > —4(2Kr +rit)y > —10rt

Integrating between s > —(CoK)~! and t = 0 we obtain
do(z,2) — dg(2,7) = —10C; 'ry > —1.

Thus
ds(z,z) < do(z,T) + 1.

Combining this with (12.1) and the definition of a;, we obtain
ds(x/’.]j‘) < 1014 + do(aj" j) + 1< d()(x,i‘) + [_(1/2/2

This finishes the proof of Lemma 12.1.5 [
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It follows from Lemma 12.1.3 that g( - ) is x’-noncollapsed at (Z, 0) on scales less
than Q'/2p, hence on scales less than K'/2. Combined with the curvature bound
given by Lemma 12.1.5, Theorem B.1.2 shows that the injectivity radius of the
metrics g(0) is bounded from below independently of o. By Theorem C.3.3, the
sequence (M, g(- ), T)q subconverges towards a partial Ricci flow (Moo, goo( - ), Too)
where g (0) is complete. Moreover, the curvature operator of g () is nonnegative
by Proposition 6.1.6. This finishes the proof of Step 1. O

Step 2. The manifold (M, goo(0)) has bounded curvature.

The proof of this step is identical to the corresponding one in the proof of
Proposition B. Since the points in P(z,0, A, —7(A)) with scalar curvature larger
than 2 are centres of (g, Cp)-canonical neighbourhoods for all « large enough, we
get by taking limits that each point of (M, g0 (0)) with scalar curvature larger
than 3 is the centre of a (2g¢,2C))-weak canonical neighbourhood. We conclude
in the same way that the scalar curvature of g.,(0) is bounded above by some
constant Q.

From that we deduce that the constant K(A) used in Lemma 12.1.5 can be
chosen independently of A. From this we see that

70 :=sup{7 >0 | IK(7) > 0,YA > 0,3a(A,7),Ya > a(A, 1),
P(z,0,A,—7) C P, is unscathed and |Rm| < K(7) there}
is positive.

Step 3. There exists () > 0 such that the scalar curvature of g (t) is bounded
above by @, for all ¢ € (—79,0].

The proof is identical to the one done for Proposition B, using the nonnegativity
of the curvature and the canonical neighbourhoods property.

Step 4. 1) = +o0.

We argue as in the proof of Proposition B. We deduce from Step 3 that for all
7 € (0,79), for all A > 0, for all a large enough P(Z,0, A, —7) C P, is unscathed
and with sectional curvature bounded by a constant K independent of A and of
a. Let us assume that 79 < +00. We now need to extend the above property
beyond —7y. Let us consider 7 close enough to 79 so that 7 — 79 < %(ZC’O(K +
2))~!. Let s € [-719 — $(2Co(K + 2))~!, —7] be minimal (depending on «) such
that B(Z,0,A) x (s,0] is contained in P and is unscathed. We can also use the
Curvature-Time Lemma 6.1.3 in order to show that B(z,0, A) x (s, 0] has scalar
curvature (hence sectional curvatures) bounded by 2(K + 2). Lemma 12.1.4 then
shows that P(z,0, A, s) is unscathed for a large enough depending only on A and
K. Let us show that P(z,0,A,s—0) C P for o > 0. We do the same computations
as in Step 1.

Let 2/ € B(z,0,A). We set K’ :=2(K +2). On B(%,0, A), we have

2
_ ’ O ’
e 4K'|s| < ( ) < 64K |s| < C%,

(s

QI

~

Qi
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for some constant ¢; > 0 independent from A and a. Thus d,(2/,7) < ¢1 A.
As before, set r; := K’~'/2. Integrating inequality (2.2) given by Lemma
2.2.10 between s and 0 we find

do(2,7) — dy(x, %) = —10r; s > —cq,
for some constant ¢, > 0 independent of A and «. Hence
do(2',2) < do(z, ) + 1A+ o < do(a,z) + KV/?/2,

for a large enough depending only on A and 79. By continuity, we have dy_, (2, ) <
do(x,7) + K'/2 for all ' € B(%,0,A), for ¢ > 0 small enough. It follows that
P(z,0,A, —719 — %(200(1( +2))71) C P is unscathed and with curvature bounded
by K’ for o large enough depending on A and on 7y. This contradicts the definition
of T0-

It follows that 79 = +o00, and we can conclude, as in proof of Proposition B
that a subsequence of (M, g(-),Z) converges to a k’-solution. As explained before,
this finishes the proof of part (b).

12.1.2 Curvature-distance estimates: proof of part (c)

Fix A > 0. Applying parts (a) and (b) of Theorem 12.1.1 with A replaced by 24,

we obtain a constant K = K(2A4) > 1 and a function §(t) = d24(t). Let Q(-, -, -)
and A(-, -, -) be given by Theorem 6.1.1. Define
A= AKY?,

Q = Q(AI7€0; CO);
A= A(A,,Eo, Oo),
K':= KA,
7= K%Q_%.
Let us fix ¢ > 0 and p € (0,7v/t]. We note that for all y € B(x,t,24p), if
R(y,t) > Kp~? then (y,t) has an (g9, Cp)-canonical neighbourhood. B
Let us show that assertion (c) holds with K’ := KA, that is R(-,t) < KAp~2

on B(z,t, Ap). If not, there exists 2’ € B(w,t, Ap) such that R(z',t) > KAp~2.
Since R(x,t) < 6p~2, we can find y € [z2'] such that R(y,t) = Kp~2. Then

(1+8)R(y,t) > tp*K > 7K = Q,
and every point of
B(y,t, A'R(y,t)"Y/?) = B(y,t, Ap) C B(x,t,2A4p)

with scalar curvature not less than R(y,t) is centre of an (g9, Cp)-canonical neigh-
bourhood.
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Theorem 6.1.1 thus shows that
R(-,t) <AR(y,t) = AKp~®

on B(y,t, A'R(y,t)~'/?) = B(y,t, Ap). It is in particular true at 2’ since d;(2’, y) <
Ap.

This ends the proof of Theorem 12.1.1.

To conclude this section, we give a corollary to Theorem 11.1.3 which will be
useful to prove Theorem 12.2.1.

Corollary 12.1.6. For all A,w > 0 there exist positive numbers 71 € (0,1073), 6y,
K1, 71 and Ty with the following property. Let g(-) be a Ricci flow with (), d(-)-
bubbling-off on [0, 00[, with normalised initial condition and 6(-) < 6(-). Let

xe M, t>Ty, r>0 such that
(i) 07 'h < r < TV,
(i) P(x,t,r,—r?) is unscathed,
(iii) |Rm| < 772 there,
)

(iv) vol B(w,t,7) > wr3.

Then P(z,t, Ar, —711%) is unscathed and |[Rm| < Kr~2 there.
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Proof. Define

3/2
A’ := max {4A7 ev_l(l)w},

8 wv_1(1/4)
T, := 2A’
r1:=7(A),
K, :=4K'(4"),
01 := (2K1) /2,
7= (4K,)71,

where 7 and K’ are parameters given by Theorem 12.1.1.
Let (z,t,7) be a triple that satisfies the assumptions. Set 7' := 5. By assump-
tions (ii) and (iii) and the multiplicative distortion lemma (Lemma 2.2.7),

4= TS <e<4 12.2
X g(s) x4 ( )
for every s € [t — % t] = [t — é,t], hence
7,/
B <x,t, 2) C B(z,s,r") C B(x,t,r)
for all such s. In particular P(z,s,r’,—1"?) C (x t,r,—r?). Tt follows that
P(x,s,7",—r'"?) is unscathed and [Rm| < r=2 < r'=2 satlsfylng assumptions (i)

and (i) of Theorem 11.1.3. Moreover, by ( .2) and the above inclusion,

/
voly(s) B(z, s, ) > volgs) B (w7 t, ;)

—3/2 r
> e 3/ voly) B (a:,t, i)
3/2 v_1(1/4)

>e” o volg(y B(x,t,7)
> 6_3/2v_1(1/4)wr3
’L},l(].)
8 73/2'0—1(1/4) 3
U,]_(l)
>A/—1T/3

Hence assumption (iii) of Theorem 11.1.3 is satisfied at (z, s,r’) for all s € [t—7'2,].
As 7’ <r < 71Vt < 1073V/t, we have 7“’2 <10 % hence s > t—r2 > (1-10"%)t >
t/4, so r' <1073/t < 10732/5 < /s/2. In addition,

\Tl\[
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as required in part (c) of Theorem 11.1.3. Finally, s > ¢/2 > A’. Our choice
or d(-) in Definition 11.1.4 implies that Theorem 11.1.3 applies at time s for the
constant A’ (cf. Remark 11.1.5).

P(x,t, Ar,—711?)

P($, S, Tla —7'/2)

Then R < K'(A")r'~2 = K172 on B(z,s, A'r') D B(x, s,2Ar). From 0;'h <
r, we then have

S h~ h=2(s)
R < K162h™2 S5
hence the solution is unscathed on Jye(,_ 2 4 B(x7 s,2Ar).

Moreover, by Lemma 4.4.7, |Rm| < K;7~2 on this set. Then, using Lemma
2.2.7 as usual, we deduce that B(z,t, Ar) C B(z,s,2Ar) for all s € [t — 7172, ].
Hence

P(z,t, Ar, —711%) C U B(x,s,2Ar).

sE[t—T17r2,t]
This completes the proof of Corollary 12.1.6. O

12.2 Curvature estimates in the thick part: proof
of Theorem 11.1.6

Let us first recall the statement of Theorem 11.1.6:

Theorem 12.2.1. For all w > 0, there exist positive numbersé T, T, K with
the following property. Assume that g(-) is a Ricci flow with r(-), (- )-bubbling-
off on M defined on [0, o), with normalised initial condition and 6(-) < 0(-). Let

xeM,t>T, r >0 be such that

(i)

0~'h < r\f where h is the mazimal surgery radius on [t/2,1],
(ii) Rm > —r™= on B(z,t,7),
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(iii) vol B(w,t,7) = wr?.
Then P(z,t,r,—712) is unscathed and |Rm| < Kr=2 there.

The proof of Theorem 12.2.1 is quite involved. We shall deduce it from a
weaker statement, Theorem 12.2.3, and from Corollary 12.1.6. In the same way,
the proof of Theorem 12.2.3 is reduced to another result, Proposition 12.2.4, and
to Corollary 12.1.6. Finally, Proposition 12.2.4 is deduced from a core lemma
(Lemma 12.2.6), whose proof ends the section.

We begin the reduction by replacing assumption (iii) of Theorem 12.2.1, which
depends on w, by a stronger requirement. We need a definition:

Definition 12.2.2 (cf. Lemma D.1.6). We say that a metric ball B(z,r) has
(1 — &9)-almost Euclidian volume if vol B(x,r) > (1 — gg)vo(r).

Theorem 12.2.3. There exist positive numbers ég,fg,fg,f(g with the following
property. Assume that g(-) is a Ricci flow with r(-),d(-)-bubbling-off on M de-
fined on [0,00), with normalised initial condition and §(-) < 6(-). Let (x,t,r)
satisfy

(1) 03 'h < r < #o/t, where h is the mazimal surgery radius on [t/2,1],
(i) Rm > —r=2 on B(z,t,r),
(iii) every sub-ball of B(x,t,r) has (1 — €g)-almost Euclidean volume.
Then P(z,t,r, —7or?) is unscathed and |Rm| < Kor—2 there.

The only difference to Theorem 12.2.1 is the stronger assumption on the volume
of B(z,t,r). We now deduce Theorem 12.2.1 from Theorem 12.2.3, postponing
the proof of 12.2.3.

Proof of Theorem 12.2.1 assuming Theorem 12.2.3. The idea is the following: Sub-
ball Lemma D.1.6 provides a sub-ball of B(z,t,r) all of whose sub-balls have
(1 — gg)-almost Euclidean volume, on which we apply Theorem 12.2.3. Then we
obtain curvature bounds on the larger parabolic ball by Corollary 12.1.6.

The details are as follows. Fix w > 0 and let 8y = 0p(w) be the parameter
given by Lemma D.1.6. Set

L1
B :=min{K, 2,77 }6p.

Applying Corollary 12.1.6 with A = 2/B and w = (1 — 9)vo(1), we obtain
numbers 71,601, 71,11, K. Define

D>

= min{Bél, 00@2},
:= min{7, 2},

T = max{7}, T2},

>



12.2. CURVATURE ESTIMATES IN THE THICK PART: PROOF 167

7= 7 DB?
K = K,{B™2.
Pick (z,t,r) satisfying the assumptions:
t>T, 6'h<r<#/t, Rm>-r2 on B(z,t,r), volB(x,t,r) > wrd.

Set 1’ := fgr. By Lemma D.1.6 there exists B(a',t,r’) C B(x,t,r) such that
every sub-ball of B(z',¢,7') has (1 — &p)-almost Euclidean volume. Clearly Rm >
—r'=2on B(a',t,r"). Moreover, t > Ty and

05 h < 0 '0ph < Ogr = r' <1 < PVE < oV,

hence Theorem 12.2.3 applies to (2',t,7’). Therefore P2 t, v, —7r'"?) is un-
scathed and satisfies |[Rm| < Kor'~2. Set

1 1
r’" = Br = min{K, %,77 }r'.

This is precisely the choice such that Kor'=2 < 7”72 and 72 > 2. Then
P(a',t,r", —r""?) is unscathed and |[Rm| < r”~2 there (see Figure 12.1).

x x r’/ r

7 =

P’ t, Ar", —F11""?) P t,r", —r"?)
P! t,r, —7r'?)

Figure 12.1: Extending curvature bounds from a smaller ball.

We have t > T} and

S
N
3\
S

07 h <O 'Bh< Br=r"<r< i
Moreover, B(z',t,r") C B(z',t,r’), hence
vol B(x/,t,7") = (1 — eo)vo(r”) = (1 — e0)vo(1)r"”>.

Therefore Corollary 12.1.6 applies to the triple (z’,¢,7"") with parameters A and
(1 — eo)uo(1). Tt follows that P(2',t, Ar”,—77""%) is unscathed and |Rm| <

Kir"2 = K1B %72 = Kr~2. As Ar” = 2r and ' = nB*r? > 7P it
follows that P(z,t,r, —772) is unscathed and |Rm| < Kr~2 there. O

We now deduce Theorem 12.2.3 from Corollary 12.1.6 and the following propo-
sition, whose proof is postponed.

Proposition 12.2.4. There exist positive numbers ég, T3, Tg, 73, Kg with the
following property. Assume that g(-) is a Ricci flow with r(-),0(-)-bubbling-off
on [0, oo[, with normalised initial condition and 5(-) < 5(-). Let x € M, t > Tj,
and r > 0 satisfy
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(i) 03'h <r < 73v/t, where h is the mazimal surgery radius on [t/2,1],
(i) Rm > —r=2 on B(z,t,r),
(iii) any sub-ball of B(x,t,r) has (1 —eo) almost Euclidean volume.
Then Uy s, 2. B(@, s,7/2) is unscathed and |Rm| < K3r=2 there.

Remark 12.2.5. The proposition is weaker in the sense that it involves a union
of balls of radius r/2 rather than a parabolic ball of radius 7.

Proof of Theorem 12.2.3 assuming Proposition 12.2.4. Set
. 1
T := min {(4K3)_%,%32 },
1
B :=min {7’7%,K3 2 %}
Let 71,61, 71,T1, K1 be the parameters obtained by applying Corollary 12.1.6
with A =1/B and w = (1 — g¢)vp(1). Define
05 := min{ B0, 05},
To 1= min{ﬂ, fg},
Ty := maX{Tl,j}},
’TA'Q = ’7_'132,
KQ = KlB_2.
Choose (z,t,7) satisfying the assumptions of Theorem 12.2.3. Since ¢ > Ty > Ty

and . .
03 h < 03h < h < iVt < PV,

we deduce that ¢ and r satisfy assumption (i) of Proposition 12.2.4. Assumptions
(i), (iii) are also satisfied, thus J;_;, 2, B(®,s,r/2) is unscathed and |[Rm| <

Ksr=2 there. By the Multiplicative Distance-Distortion Lemma 2.2.7,

g(s) =
on B(x,t,r/4) if s € [t —7r?,t]. Hence P(z,t,r/4,—711?%) C Up—sr2, Bz, 8,7/2)

is unscathed and |[Rm| < K3r~2 there. Set v’ := Br. We have P(x,t,r',—r"?) C
P(z,t,r/4,—7r?) and |[Rm| < 7/~2. On the other hand, ¢ > T} and

07 h < BOy'h < Br=1" < foVt < VL

Moreover, vol B(x,t,r') > (1 — eg)vo(r’) by assumption (iii). Hence the assump-
tions of Corollary 12.1.6 are satisfied for the constants A and (1 —eg)vg(1). Then

P(x,t, Ar', —71"?) D P(x,t,7, —or?)

is unscathed and |Rm| < K17'~2 = Kor~2 there. O
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We now turn to the proof of Proposition 12.2.4. The core of the argument
relies on the following lemma, whose proof is postponed again.

Lemma 12.2.6 (Core lemma). There exist positive numbers 7., K, such that
for any Ricci flow g(+) on an open subset Q@ C M (not necessarily complete),
T € [0, 7], and x € Q the following holds. Assume that

(i) for allt € [-7,0], B(x,t,1) C Q is relatively compact,

(ii) g(-) is smooth on \J_, o) B(z,t,1) and Rm > —1 on this set,
(iii) vol B(x,0,1) = (1 —eg)vo(1).
Then

(a) R< K.t on Ui=r /2,0 Bz, 1,1/2),

(b) vol B(w,—7,1/4) = 15v0(1/4).

Proof of Proposition 12.2.4 assuming Lemma 12.2.6. The proof will be by contra-
diction. We shall make another reduction, considering that the radius r is smaller
or greater than the scale r(t) of the canonical neighbourhoods. The case where
r < r(t), which is easier, will be tackled by the following lemma.

Lemma 12.2.7 (Small radius lemma). There exist positive numbers é4, T4, T4,
K4 with the following property. Assume that g(-) is a Ricci flow with v(-),8(+)-
bubbling-off on M defined on [0, 00), with normalised initial condition and 6(-) <
5(-). Letx € M,t > Ty, 7 > 0 satisfy

(i) 07 h <r < (),
(ii) Rm > —r=2 on B(x,t,1),
(iii) any sub-ball of B(x,t,r) has (1 — &g)-almost Euclidean volume.
Then P(x,t,r, —74r2) is unscathed and [Rm| < K42 there.
Proof. Define
Ko := 3202,
0 1= (32C5) 7,
B:= min{KO_%,TO%, ik
Let 71, 6, 71, T1, K; be the parameters given by Corollary 12.1.6 applied with
A=1/B and w = (1 — eg)vp(1). Then define
0, = min{ B0y, (8C;) "1},
74 :=1 DB,
K4 = I_(lB_Q,
T, > T, such that r(t) < PVt if t > Ty
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Let (x,t,r) satisfy the assumptions of the small radius lemma. In particular
we have 8Coh < r < r(t).

Assertion 12.2.8. P(z,t,r/4, —7or?) is unscathed and R < Kor~2 there.

Proof of Assertion 12.2.8. Let us prove first that R < 16C2r=2 on B(z,t,7/4).
Assume that it is not true and pick ' € B(x,t,7/4) such that

R(2',t) > 16C2r=2 > 16Car(t) "2 > r(t) 2.

Then (2,t) has an (g9, Cp)-canonical neighbourhood U, and B(z/,¢,7') C U C
B(x,tg,2r"), where v’ € (Cy ' R(x',t)~'/2,CoR(2',t)~/?). In particular,

' < CoR(z',t) "2 < r/a4.

Hence 2r" < r/2. We deduce that U C B(a',t,r/2) C B(x,t,r). This con-
tradicts the assumption of almost Euclidean volume for sub-balls. Indeed, there
exists y € U and s ~ R(y,t)"'/%¢;' < r such that B(y,t,s) is close to an eo-neck
included in U, hence has volume

2 2 .
~ R(y, t)*3/2; vol(5?) ~ (550)3; vol(5?) = 2e2 vol(5?)s3,
0 0
which is much less than (1 — g¢)vg(1)s®. Hence R < 16C2r~2 on B(x,t,7/4).
Now consider s € [t—7or?, ] minimal such that B(z,t,7/4) X (s, t] is unscathed.
By the same argument as in the proof of Lemma 6.1.3, R < 32C3r—2 = Kor—2 on
this set. On the other hand 8Cyh < r hence
h—2
R < 3202(64)7'Cy2h 2 = -
It follows that P(z,t,7/4,s —t) is unscathed and s = t — 7or?, proving Asser-
tion 12.2.8. O

By Assertion 12.2.8, P(xz,t,7/4, —7or?) is unscathed and R < Kor~2 there.
Set v’ := Br. We have ' < r/4 and r"? = B?r? < 79r?, hence P(x,t,r',—r'%) C
P(x,t,7/4,—19r?). Moreover, we have

07 h < BO;'h < Br=1' <r<r(t) <7 Vi
In particular, Lemma 4.4.7 applies, giving [Rm| < Kor~2 < '~ on P(z,t,7/, —1'%).
Recall that ¢ > Ty and vol B(z,t,7') > (1 — eg)vo(r’). Hence the hypotheses of

Corollary 12.1.6 are satisfied for the constants A and (1 — eg)vg(1). Therefore
P(x,t, Ar', —717'?) is unscathed and

|RH1| < [7(17"/72 = K1B727‘72 = [A(4T‘72

there. Since P(x,t,r, —747?) C P(x,t, Ar', —71r'?), this proves Lemma 12.2.7 [
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‘We continue the proof of Proposition 12.2.4. We use Lemmas 12.2.6 and 12.2.7
to define the following parameters and constants:

O3 := 0Oy,
T3 *Tﬁla
N T HNv—1 A
73 :mln{z,(él 1) ,7'4},
R K, -
Ks:= max{ ,K4},
T
1 ’Uo(l)
B:=-0
4 °< 10 )
1 1
72 (K.\ 21
Bl = min E ,( A*) y s
{ V2 3 40
A:=4BB)™!

Here 6y(-) is the parameter given by Lemma D.1.6. Let 71, 6;, 71, T} and K
be the parameters given by Corollary 12.1.6 applied to the above-defined A and
w = (1—ep)vg(l). Set

K := K,(BB')™?
o :=min {(4K)"', 7 B°B"?}.

Let us make an observation. For any triple (z,t,r) satisfying the assumptions
of Proposition 12.2.4, and moreover r < r(t), the conclusion of the proposition is
true. Indeed, in this case the small radius lemma (Lemma 12.2.7) applies, hence
P(x,t,r,—74r?) is unscathed and |Rm| < K42 there. By the multiplicative
distance-distortion lemma (Lemma 2.2.7), we get

B(xz,s,5) C B(x,t,r),

for all s € [t —min{(4K,)~", 74 }r2,t]. By definition of 73, K3, this proves that the
conclusion of Proposition 12.2.4 is satisfied for such (z,t,r).

Thus, arguing by contradiction, all counterexamples to Proposition 12.2.4 sat-
isfy 7 > r(t). We hence assume that there exist a sequence 7 — 0, Ricci flows
with 7(-),6%(-)-bubbling-off g,(-) on M,, defined on [0, +00), with normalised
initial condition and 6(-) < (- ), and counterexamples (2%, t%, %), which satisfy
t* > Ty and

(i) 65 'h> < r® <712, where h* is the maximal surgery radius on [t*/2,t%],
(i) ro = r(t?),
(i) Rm > —(r%)~2 on B(a%,t%,r®),

)

(iii) any sub-ball of B(xz*,t* r%*) has (1 — g¢)-almost Euclidean volume,



172 CHAPTER 12. REFINED ESTIMATES FOR LONG-TIME BEHAVIOUR

but Upa — sy (ra)2,e0) B(@,,7%/2) is scathed or [Rm| < Ks3(r*)=2 is not true there.

The idea of the proof is the following. We want to consider the counterex-
amples B(z,t,r) of “smallest” radius. Then we shall apply the conclusion of
Proposition 12.2.4 to a sub-ball of much smaller, but controlled, radius, and then
extend to the previous one by Corollary 12.1.6, getting a contradiction.

For each «, define

rg :=inf{r > 0| a counterexample (z,t,r) exists with ¢ < t“}.

Note that by the fact that »(-) is nonincreasing, r > r(t) > r(t*). Hence
rg = r(t*) > 0. The infimum need not be attained, but clearly we can rede-
fine (z*,t*,r*) in such a way that

,,,.Ot

1.

7“8‘ a—r+00

In particular no counterexample (x,t, ) now exists with r < r*/2 and t < t*. Let
us remark that t — 400. Indeed, from r(t*) < r® < FV/t%, we get

Ifo‘r(t"‘)_2 > (7”3“)_2 — 400,

and the remark follows from the fact that ¢ r(¢) =2 is bounded on any finite interval
[0,T]. Define

7% := sup {7- >0 | U B(z“,t,r%) is unscathed and Rm > —(r®)=2 there} .
[t —7(re)2,te]

Remark 12.2.9. B(z*,t* r%) is unscathed by definition of our surgery, and due
to the discreteness of the surgery times, U;c o _r(pay2 4o) B(2®, ¢, 7%) is unscathed
for some 7 > 0. However, maybe 7% = 0 if the curvature control is barely realised.

Lemma 12.2.10. For large a, 7% > T,.

Proof of Lemma 12.2.10. By contradiction. Let us assume that 7¢ < 7, for a
subsequence, which we consider thereafter as the sequence. Define n := o(27.)71,
where o has been defined on p. 171. Set 7/* := (1 — n)7*. Note that

B(x*,t,r%)
te[tQ_T/() (T(X)Q,t()]

is unscathed and Rm > —(r®)? there.
From now on we sometimes drop the indices a. Define

<“°(1)> r=Br<r/2.

We claim that there exists B(z/,t',r") C B(x,t',r/4), all of whose sub-balls have
(1 — eg)-almost Euclidean volume.

1
t':=t—7'r? and ' := 100
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x r
4 @
7_/7,2
U[t’,t] B(z,s,r)
7'7'2

, /

y ‘ -
/T _ =12 .

Pz’ t', 2r, —7{%) P(.%‘I,tl,rl,—TgTI?)

Figure 12.2: Finding a sub-ball of almost Euclidian volume.

Indeed, if t = ¢’ we can take ' = x. If not, observe that 7/ < 7., and that (up
to rescaling the metric by 7~2), the hypotheses of Lemma 12.2.6 are satisfied on

U B(z,s,T).

sE[t—T1'12,t]

Then by Lemma 12.2.6 (b) we have

1 r 1 r\3
B (a0, 7) = 1500 (3) = 75000 (3)
volB (.t 7) 2 1gv0 () = 1o (3

Then we apply Lemma D.1.6 to B(z,t',r/4) (after rescaling by (i)*z) to get a

ball
D\ r r
B 1oyl UO( r B 7"
(l‘,t,eo( 10 1 - (x7t74>7

satisfying the required assertion. Let us now check that the triple (', ¢, ") sat-
isfies the assumptions of Proposition 12.2.4 for large « (recall that we omit some
mentions to «). In particular we must have

0510 < <PV,

where now h' = maxpy 5 ;7 ().
Recall that h(-) is nonincreasing and h(-) < 6(-)r(-). Clearly, [t'/2,t] C
[t/4,t], as
V=t—7r*>t—7"t>(1-10"%)t
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On the one hand, using the fact that n(t*) — 0 in Definition 11.1.4 of 6(-),
for large o we have

r' = Br > Br(t) > 05 'r(£)3(5) = 65 'r(£)5(%) > 65 h(%) > 05 h(5) > 6570
On the other hand,
' = Br < Bivt <iVUBy/ L <#VP. (12.3)

WV

Finally recall that t* — oo hence t'* > ta/2 Ty for large a. Assumption
(ii) of Proposition 12.2.4 is clearly true as v’ < r and (iii) holds by definition of
B(2',t',r"). Finally, as r'* < % and t'* < t%, the conclusion of Proposition 12.2.4
holds true by definition of r* and r¢®. Then

U B@. /2

SE[t —T3r/2,t’]

is unscathed and |[Rm| < K3r’'~2 there. We now need to extend the curvature
control to B(x,s,r) using Corollary 12.1.6. Before doing this we need better
curvature estimates. Note that on the set above, by the curvature pinched toward
positive property, we have (see Section 4.4)

Po((1+ 8)K3T'_2)k s -2
(1+ 5)[%37"*2 ’ -

R > —¢s(R) > —¢s(Kr'~2) = —

for large a.. Indeed, using (12.3) we get t' — 7372 >t/ — 7372’ > ¢/ /2, hence

tl 72—2

(1+ s)f(gr'_Q > §r'_2 > - — 00,

as a goes to +o0o. Doing the parabolic rescaling by 4r'~2 at (2/,t'), one finds that
U B@,s1)
[—473,0]

is unscathed and Rm > —1 there. Applying Lemma 12.2.6 (a) (note that 473 < ),

we obtain R < ff on
T3

U B(z',s,1/2),

[—273,0]
hence, unscaling and using Pinching Lemma 4.4.7, we get |Rm| < %r’ 2 on
U B(2',s,7"/2).
[t'—%’r"g,t/]

Set r"" := B'r’, where B’ has been defined on p. 171. Then |[Rm| < r”~2 on the
set above. Using the multiplicative distance-distortion lemma (Lemma 2.2.7),

B(a',t',r") Cc B(a',s,10r") C B(a',s, %),
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for s € [t/ — r"2,#']. Then
Pt ", —r"?) C U B(a',s, %)
[t — %rﬂ,t’}
and hence it is unscathed. Let us check that the assumptions of Corollary 12.1.6

hold true at (z/,¢,r") for the constants A = 4(BB’)~! and (1 — g¢)vo(1). As
before, for large a we have

" = BB'r > BB'r(t) > 0, 'r(L)5(%) = 67 "h(%) > 67'R.

On the other hand, since ¢’ > (1 — 1075)¢, we have
" = BB'r <i*VtBB <Vt

Finally, ' > (1—107%)¢ > T} for large a. Then P(x’,t', Ar"” , —71r""?) is unscathed
and |Rm| < K;7"~2 = K;{(BB')r~2 = Kr~2 there by Corollary 12.1.6. Since
Ar" = 4r, we also have |[Rm| < Kr~2 on P(x,t',2r,—71(BB’)?*r?) (recall that
dy (x,2") < r/4). Using the distance-distortion lemma, we deduce that

U B(z,s,r) C P(x,t',2r,—7(BB')*r?),
[t/ —or2,t]

where o has been defined at the beginning of the proof. By the same pinching
argument as before, we deduce that Rm > —r~2 on this set. We thus have obtained
that, for large « (see Figure 12.2),

U B(z,s,r)
[t—(7/+0)r2 1]
is unscathed and Rm > —r~2 there. But
T +o=0 -7 +2T 2T —NTu + 20T = T + N7
contradicting the definition of 7%. This proves Lemma 12.2.10. O

We now conclude the proof of Proposition 12.2.4. Having obtained that 7¢ > T,
for large «, we get by definition of 7 that

U B(z,s,T)

[t—T.72 8]

is unscathed and Rm > —r~2 there. Recall that the sub-balls of B(z,t,7) have
(1 —¢o0)-almost Euclidean volume, and in particular B(z,t,r) itself. Hence we can
apply (after rescaling) Lemma 12.2.6 a) at (z, ¢, r) to get that R < %r’z < Kar—2

on
U B(z,s,5) D U B(z,s,3).
[t— 72,8 [t—Tir2,t]

This proves Proposition 12.2.4. [
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It remains to prove Lemma 12.2.6.

Proof of Lemma 12.2.6. We begin with a time-dependent estimate, which will be
sufficient to prove part (a) of Lemma 12.2.6.

Sublemma 12.2.11. There exists L > 0, 74 > 0 such that under the assumptions
(i) and (i) of Lemma 12.2.6, if 7 € [0, 4] then the scalar curvature satisfies

R<L(t+7)"" on U B(z,t,1).
te[—,0]

Proof of Sublemma 12.2.11. We argue by contradiction. If the sublemma is not
true there exist 7, — 0, Ly — +00, gi(-) Ricci flows on f, smooth on By =
U[—rk,o] B(zg,t, %) where z;, € Q. The sectional curvature is bounded below by
—1 on By and vol B(z,0,1) > (1 — €9)ug(1). Finally there exist points (z7,t})
such that zj; € U_, o B(@k. 1, 1) and t} € [—74, 0], contradicting the conclusion,
that is

R(a t) = Li(t] + 7)™

Define

ui(1/4)
 4u_4(1)
ty = inf{t € [-7%,0] | vol B(zg,t',1) > C(1 — g9)vo(1) for all ¢’ € [¢,0]}. (12.5)

€ (0,107h), (12.4)

By continuity ¢ < 0, and we can assume moreover that —1 < —7 < t%.

The first step of the proof is to obtain on [t;,0] a curvature bound as in
Sublemma 12.2.11, —71 being replaced by ;. Then we have to prove that in fact,
tr, = —7k, and this a contradiction. We begin with the curvature bound:

Assertion 12.2.12. There exists L' such that, for k large enough,

R<L(t—tg)™" on |J Blaw,t,3).
[tk;o]

Proof of Assertion 12.2.12. If it is not true, then up to taking a subsequence, there
exists Lj — +oo and (2}, t}) € Uy, o) B(@k, t,1/2) X [t, 0] with

Rz}, t) = Li(t, — te) ™

Now (z},,t},) may not be the “best” point with this property; we have to choose a
point with almost maximal curvature. This is done in the following point-picking
claim, whose proof is postponed at the end of the section.

Let Ay := 5=1/Lj and Hy, := m where C(n) is the constant given by
Lemma 2.2.11. We may assume A > 2.



12.2. CURVATURE ESTIMATES IN THE THICK PART: PROOF 177

Claim (Point-picking claim). There exists (T, ) with #; € [ty, 0], such that Q;, =
R(i‘k, Ek) = L;C(fk—tk)_l @nd fk—Hkélzl > t, and such that B(Zy, e, AkQ;1/2) C
B(xg,tx,2/3) and R < 2Qj, on

U B@etA4Q, ") c | Blawt.1)

(B —He @, Fk) (tx,0]
Tk
* ! /
(xk.v tk)
(Zk, tr)
2/3
1

Figure 12.3: Point-picking: finding (Zy,{x) with local curvature estimates.

Using the point-picking claim, we continue the proof of Assertion 12.2.12. After
rescaling by Qy, at (ZTg,tr) we get a sequence gi( -) satisfying

Rz, <2 on U B(Z,t, Ay),
[Hkao]

and Rm(gx(+)) = —Q; ' — 0 as k — oo. Since #j, € (t4,0] we have a lower bound

on the volume of B (a‘ck,fk,AkQ;l/ 2). Indeed, on a Riemannian manifold whose
sectional curvature is not smaller than —1, any ball B(z,r) C B(xo,2/3) satisfies

vol B(z, )

> ¢, vol B(zg, 1),
r’n,

for a universal constant c,, by Bishop—Gromov’s comparison inequality. Applying
this to the unscaled metrics, we get

c3 vol B(Zg, t, 1)(AkQ1:1/2)3
e30(1 = e0)vo(1)(ArQ, %)3,

VOIB(fk,fmAkQ;;l/Q) >
>
and, after rescaling,

vol B(%,0, Ag) = c3C(1 — go)vo(1)A3.
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Since Ay — oo and R(x,t) < 2 on this last ball, we have a positive lower bound
on the injectivity radius of gx(0) at Zj by Theorem B.1.2. This allows us to apply
the local version of Hamilton’s Compactness Theorem C.3.3 to get a complete
limit Ricci flow goo (- ) defined on Qo X (—00, 0], which has nonnegative curvature
operator, bounded sectional curvature and is ancient (recall that Hy — oo) and
non flat.

Let us denote by V(t) the asymptotic volume of §oo(t). Since Ax — oo, the
above volume estimate shows that V(0) > 0. By Theorem 4.2.2, joo( - ) cannot be
a k-solution.

This means that for each x > 0 there exist z,, t, and r, such that Rme, < r
on B(w,,tx,7) and vol B(,, t.,7.) < kro. Recall that in nonnegative curvature,
r~"vol B(z,r) is nonincreasing. It follows that V(¢.;) < k. On the other hand,
since the curvature is nonnegative, V(t) is also nonincreasing in ¢. Indeed, for
U C Q%

2

M:_/Rdv <0
dt U oo =

Moreover, the additive distance-distortion lemma (Lemma 2.2.10) shows that
dy < do + c|t| for t < 0, where ¢ denotes a generic constant. This implies that
B(xy,0,7) C B(Zk, ts, 7 + c|tx]). Consequently

X

vol B(z,0,7) < voly__ 0y B(ww,tw,m +cltsl) (7" + C|tn|)3

r (r+ cftx])? r
< VOlgoo(tm-) B(mﬁvtﬁvr+c|tﬁ|) <T+C|t,{|>3
h (r + c|te])3 r ’

which gives, by letting r go to infinity, V(0) < V(t.) < . Hence V(0) < & for all
k > 0, a contradiction. This ends the proof of Assertion 12.2.12. O

To conclude the proof of Sublemma 12.2.11, we need a last distance comparison
estimate. We recall that C(3) is the constant of Lemma 2.2.11.

Assertion 12.2.13. For any L > 1 and a € (0,1/2), there exists (L, a) > 0 with
the following property. Assume that for some T € [0,7(L,a)],

Rm>-1 and R<L({t+7)"" on U B(z,t,1/2),
[—T,O]

then
di(z,) < do(z,-) +4C3)(L|t)? on B(xz,0,a) x [-,0].

Proof of Assertion 12.2.13. Define

1
3
(L, a) := (40”3)>2 Lt
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Let 7 € [0,7(L,a)] and ¢’ € [—7, 0] be minimal such that B(x,0,a) C B(x,t, 5 —n)
for all ¢t € [t/,0]. Consider ¢t € [t/,0] and o’ € B(x,0,a). Then B(z',t,n) C
B(x,t,1/2). Indeed, if y € B(2/,t,n) then

di(w,t) < dy(w,2") + de (2, y) < 1/2 =n+n=1/2.

By assumption Rm > —1 on B(x,t,1/2), hence denoting v < p < A its eigenvalues,

—1
Rm<re B, BT

2 < Lt -1
5 5 T2 Lit+T)

on this ball. Applying Lemma 2.2.11 at time ¢ with constant K = 2L(t + 7)1,
we get

%dt(m,m’) > _C(3)(2L)2(t + 1)1/,
Integrating between ¢ and 0 we get
do(,2') — di(z,2') = —2C(3)(2L)V2((t + 7)Y/ — 71/2) > —2C/(3)(2L) Y ?|t|'/2.

In particular,

1 1 1
dy (x,2") < do(z,2") + 4C3)(LIt'|)2 < do(z,2") +4C(3)(L7)2 <a+n< 3 21).

It follows that B(x,t',a) C B(x,O,% — 27), hence that ' = —7. This proves
Assertion 12.2.13. O

An immediate consequence of Assertion 12.2.13 is that
B(z,0,a) C B(z,t,a+A4C3)(L[t))?) ift e [-7(L,a),0].
Recall that by Assertion 12.2.12, we have for large k,

R<L'(t—t)™" on |J B(zx,t,1/2).
[tkvo]

Hence the assumptions of Assertion 12.2.13, with the constant L' and a = i, are

satisfied on [t);, 0] when k is large enough so that t;, € [-7(L’, ),0]. Since tx — 0,
Assertion 12.2.13 implies

1 1
B <.’L‘k70,4> CcB ($k7tk,4 +4C(3)(L/|tk|)é> C B(zk, t, 1),

for k large enough. Then, using again the Bishop—Gromov inequality when Rm >
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—1, we have for k large enough,

voly(s,) B(zk, 0, 1)

VOlg(tk) B(xg, tg, 1) >
2 6

tr vol g(0) (.rk, 0, %)

~1(3)

>e 6tk ——42 ol (o) B(zy, 0,1
(1) VOlg(0) (xk’ )
v 1(1)
> eStr 242 (1 — g)up(1
U71(1)< 0) 0( )

2 20(1 — 60)1}0(1)7

the last inequality using (12.4) on p. 176. If t, > —7i the above estimate con-
tradicts the definition (12.5) of #. Indeed by continuity volyq,) B(wx,t,1) >
C(1 —g9)vo(1) on [ty — 0,0] for some o > 0. We thus have proved that tj = —7y.
Then Assertion 12.2.12 contradicts the assumptions made at the beginning of the
proof of Sublemma 12.2.11 that we have no such scalar curvature bound on By.
This finishes the proof of Sublemma 12.2.11. O

We set K, := 2L, where L is given by Sublemma 12.2.11, and

, 1 1073\? |
Ty .—mln{Tﬂ,T<L,4>,<4C(3)> L }7

where 73 is given by Sublemma 12.2.11, and 7(L, %) is the parameter of Asser-
tion 12.2.13.

Then part (a) of Lemma 12.2.6 follows from Assertion 12.2.12, by noticing that

2L
R<L(t+71) <=, ifte[-7/2,0].
T

Let us check that part (b) of Lemma 12.2.6 holds with the above choices. By
Sublemma 12.2.11 and Assertion 12.2.13, if 7 € [0, 7], then

B(z,0,1/4 — 4C(3)(L7)?) C B(z,—7,1/4).

1

Set ¢ := 4C(3)(L7)? < 4C(3)(Lm3)? < 103, Then using as in the computation
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above that Rm > —1, we get

VOlg(—T) B(xa -7, i) 2 VOlg(_T) B(x’ 0’ (i _ C))
= (6*47)3/2 VOlg(o) B(a;’ 0, (i _ C))
1
> (e 3”% Loon B(z.0.1
(6 ) 'Ufl(].) VO 4(0) (q;7 , )
or. V-1(1 =€)
> 67, ~—1\g — 5) 1— 1
T nm (el
or. U-1(3 —0)
> e 0 031 1
¢ U_l(].) ( 50)U0(4)
1
2 EUQ(%)
as 1002043 > .42,
This finishes the proof of Lemma 12.2.6. 0

We end this chapter by proving the point-picking claim of p. 177.

Proof of the Point-Picking Claim. Since we are working with a fixed Riemannian
manifold we may drop the index k. Recall that we assume that there exists

W tye | Bwsd)x [0
s€(t,0]

such that R(z',t') > L'(t' —t)~!. We are looking for a ‘better’ point satisfying
this property. More precisely, the claim is that there exists (z,t) with ¢ € [t,0],
such that Q = R(z,t) > L'(t —t)"' and t — HQ~! > t, and such that

B(z,t,AQ™'/?) ¢ B(x,t,2/3),

and R < 2Q on
U B(z,s, AQ™/?) c U B(x,s,1).
[i—HQ-1,1] (¢,0]
We recall that A := %\/ﬁ and H := m.

We prove first that there exists (Z,t) such that

1. R(y,s) < 2@7: R(z,t) for all (y,s) such that s € [t — HQ™1,#], ds(y,7) <
di(z, ) + AQ™'/?,

2. B(z,t,AQ™'/?) C B(x,1,2/3).



182 CHAPTER 12. REFINED ESTIMATES FOR LONG-TIME BEHAVIOUR

Let us start with a space-time point (z1,%;) such that z1 € B(xz,t1,1/2),
ty € [t,0] and Q1 = R(x1,t1) > L'(t; —t)~1. The point (x1,t;) may satisfy
the curvature requirement, in which case we take (Z,t) = (x1,%;). In that case

HQ' < HL 7 Mt; —t) < =(t — 1)

B~ =

(we may assume L’ > 1). If this is not the case, there exists (z2,ts) with to €
[ti — HQy ', t1] C [t1 — 2(t1 — t),t1] C [t,0], such that

_ 1 _
diy (2, 2) < dy, (21, 2) + AQ; /? < 5T AQ,

and Q2 = R(x2,t2) > 2R(x1,t1) = 2Q1. Let us notice that with our choices

_ H _ 1 1 1
tQ—HQ21>t2—5Q11>t2—§(t1—t)>t1—1(t1—t)—§(t1—t).

Either (x9,t2) is the point that we are looking for or we iterate the procedure.
It has to stop after finitely many iterations. Indeed, if not one finds a sequence
(xn,ty) such that ¢, 1 € [t, — HQ, 1, t,],

dtn+1 (l’n+1,$) < dt'n, (xn,x) + AQ;1/2

and Qn+1 = R(Tpnt1,tnt1) = 2Q,. We thus get

(tl - tn) < (tl - t2) + -+ (tn—l - tn)
<> HQ,!
n>1
SHQ'Y 27"
n=0
H 1
=2HQ;" <25 (t —1) < S(t — 1),

Similarly
—-1/2
dtn ('rn? x) < dtn—l (xn—lv QL’) + AQn71

n—1
<dy, (x1,2)+ A Q.

k=1

<dy,(w1,2) + AQT 2N (V)

n=0
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<dyg (x1,2) + 4AQ;1/2
1 A
SpA——(t —t)Y/?
< 2 =+ \/17( 1 )
L
RN
(Recall we assume that ¢ < 1.) Now with our choice of A we get 1/2+4A/vV L/ <
2/3, that is

<

B(zn,tn, AQ,Y?) C B(x,t,2/3).

This yields the contradiction if the above sequence is not finite since then R(z,,, t,,) —
+o00 and we are in a compact (part of) a smooth Ricci flow.
We now show that

B (x, s, I;Q_l/2> C B(z,s,di(z,x) + AQ_l/Q). (12.6)

Let s’ € [t — HQ™',f] be minimal such that (12.6) holds on [s/,#]. We will show
that for ¢ € [t/, 1],
A~ 3A -
B <xt 2@“) cB (x,t,dt(:z,a:) + 4621/2) :
proving that s’ = — HQ~'. We have to show that

%*71/2'

A -
ds(y,7) < 5Q7? implies  di(y, ) < de(7,2) + =-Q

By the triangle inequality we have for such y and s,
A
ds(y, 7) < ds(y,2) + ds(3,2) < Q72 + ds (%, 7).

Hence it suffices to show that

This comes as before from Lemma 2.2.11,

Lau(a,0) > ~CEKY?,

where K > 0 lzounds froEH above the Ricci curvature. AsRm > -1 andﬁ R < 2@
we get Rm < Q + 2 < 2Q on B(z, s, dg(z,z) + AQ™1/?). Setting K = 4Q we get

d
ds
Integrating for s € [s,] we obtain, as s’ € [t — HQ™ ', 7],

dy(Z,2) > —20(3)Q>.

d; > dy —2C(3)HQ™ 2.
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This yields

SIS

di(z, ) > do(Z,3) — 2C(3)HQ ™7 > dy(Z,2) — =Q 2.

A
4
This proves (12.6) for all s € [t — HQ™',].

Now for each s € [t — HQ ™1, t], we have

_ e
B(f,S,AQ*IM) cB <$7S,dt(j’x) + 32@1/2) C B(z,s,1)
as di(#, @) < § and AQ™V2 < ALTV2 = L. O

Notes

Theorem 12.1.1 is similar to [Per03b], Proposition 6.3. Our proof follows [Per03b],
[KLOS].

Theorem 12.2.1, Theorem 12.2.3 and Lemma 12.2.6 are similar to [Per0O3b],
Corollary 6.8, [Per03b], Proposition 6.4, and Lemma [Per03b], Lemma 6.5, re-
spectively. Our proof of Theorem 12.2.3 uses arguments of [Per03b], [KL08], but
slightly rearranged. Precisely we prove first the weaker version 12.2.4.
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Weak collapsing and
hyperbolisation
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Chapter 13

Collapsing, simplicial volume
and strategy of proof

13.1 Collapsing and weak collapsing

The phenomenon of collapsing has received much attention in all dimensions from
Riemannian geometers: a sequence of Riemannian metrics on a fixed manifold
collapses with bounded curvature if all the sectional curvatures remain bounded
while the injectivity radius goes uniformly everywhere to zero. For example, any
flat torus 7™ admits such sequences, obtained by choosing a fixed metric go and
rescaling the metric on some of the S' factors. More generally, any product of
a closed manifold by a closed flat manifold has a sequence which collapses with
bounded curvature.

J. Cheeger and M. Gromov [CG86], [CGI0] show that a manifold M admits
a sequence of collapsing metrics with bounded curvature if and only if it carries
a so-called F-structure, which is a kind of generalised torus action. If M is a
closed, orientable 3-dimensional manifold, then the existence of an F-structure on
M implies that of a partition into orbits which are circles and tori, such that each
orbit has a saturated neighbourhood. It follows that 3-manifolds supporting an
F-structure are precisely the so-called graph manifolds. A compact, orientable 3-
manifold is called a graph manifold if it is a union of circle bundles glued together
along their boundaries. This important class of 3-manifolds first appeared in
D. Mumford’s seminal work on the topology of normal singularities of algebraic
surfaces in 1961 [Mum61]. Shortly thereafter, F. Waldhausen [Wal67] gave the
general definition of graph manifolds and classified them.

Another, more geometric, description of the class of graph manifolds is as
follows: M is a graph manifold if and only if all the summands in its Kneser
decomposition are graph manifolds; moreover, if M is irreducible, then it is a graph
manifold if and only if all pieces in its JSJ decomposition are Seifert fibred. Hence
this class includes the class of compact Seifert manifolds discussed in Chapter 1.

187
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R. Hamilton, based on Theorem 1.2.2, suggested that Cheeger—-Gromov theory
might be used in his Ricci flow program for proving the Geometrisation Conjec-
ture. However, it is still unknown as of this writing whether the sequences of
metrics which can be extracted from the long-time analysis of Ricci flow with
bubbling-off have bounded sectional curvature (compare Theorem 1.3.4). In order
to circumvent this difficulty, Perelman introduced a different notion of collapsing,
which fits better with the results he obtained about the long-time behaviour of
Ricci flow and where no global upper curvature bound is imposed.

Let us give some definitions, which are due to Perelman up to slight modi-
fications. Let (M, g) be a Riemannian 3-manifold and € > 0 be a real number.
Recall from Chapter 1 that a point € M is e-thin with respect to g if there exists
0 < p < 1 such that on the ball B(z, p), the sectional curvature is greater than or
equal to —p~2 and the volume of this ball is less than ¢ p3.

Definition 13.1.1. Let M be a 3-manifold and g,, be a sequence of Riemannian
metrics on M.

o We say that g, has locally controlled curvature in the sense of Perelman if
it has the following property: for all ¢ > 0 there exist #(¢) > 0, Ko(g) > 0,
K (g) > 0, such that for n large enough, if 0 < r < 7(¢), x € (M, g,,) satisfies
vol B(x,r)/r® > ¢, and if the sectional curvature on B(xz,r) is greater than
or equal to —r~2, then | Rm(z)| < Kor~2 and |V Rm(z)| < Kyr~3.

e We say that g, collapses in the sense of Perelman if it has locally controlled
curvature in the sense of Perelman and there exists a sequence of positive
numbers &, going to zero such that for every n, each point of M is g,-thin
with respect to g,.

In [Per03b], Perelman stated a collapsing result without proof, a special case
of which is the following:

Theorem 13.1.2 (Perelman’s collapsing theorem, closed case, see also [MTO08],
[CGO09], [SYO05], [KL10]). Let M be a closed, orientable 3-manifold. If M admits
a sequence of Riemannian metrics that collapses in the sense of Perelman, then
M is a graph manifold.

The main result of Part IV, Theorem 13.1.3 below, can be viewed as a weak
collapsing result in the sense that we allow the thick part to be nonempty, but
require a control on its volume. For sequences of metrics coming from the Ricci
flow, the thick part is not compatible with a global collapse [Ham99], but we do
not use this in our approach. In addition, Theorem 13.1.3 applies also to other
sequences of metrics.

Recall the definition of the topological invariant Vo(M): a link in M is a
(possibly empty, possibly disconnected) closed 1-submanifold of M. A link is
hyperbolic if its complement is a hyperbolic 3-manifold (necessarily of finite volume,
as M is closed). The invariant Vo(M) is defined as the infimum of the volumes
of all hyperbolic links in M. When M is closed, this quantity is finite because
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any closed 3-manifold contains a hyperbolic link [Mye82]. Since the set of volumes
of hyperbolic 3-manifolds is well-ordered, this infimum is always realised by some
hyperbolic 3-manifold Hy; in particular, it is positive.

The following is a restatement of Theorem 1.3.13:

Theorem 13.1.3 (Weak collapsing). Let M be a non-simply connected, closed,
orientable, irreducible 3-manifold. Suppose that there exists a sequence g, of Rie-
mannian metrics on M satisfying the following:

(1) The sequence vol(gy,) is bounded.

(2) For alle > 0 and for every sequence x,, € M so that x,, is e-thick with respect
to g for each n, the sequence of pointed manifolds (M, gy, xy) subconverges
in the pointed C%-topology towards a hyperbolic pointed manifold with volume
strictly less than Vo(M).

(8) The sequence gy, has locally controlled curvature in the sense of Perelman.
Then M is a Seifert fibred manifold or contains an incompressible torus.

Remark 13.1.4. Since any irreducible graph manifold is Seifert or contains an
incompressible torus, the conclusion of Theorem 13.1.3 is logically equivalent to
saying that M is a graph manifold or contains an incompressible torus. In the
proof, we will in fact assume that M does not contain any incompressible torus,
and show that M is a graph manifold.

Remark 13.1.5. A special case of Theorem 13.1.3 is when the sequence g, col-
lapses in the sense of Perelman. In a sense, this amounts to Condition (2) being
vacuously true. In this case, Hypothesis (1) is not used, so that we recover Perel-
man’s collapsing theorem for closed manifolds (Theorem 13.1.2) under some extra
(in fact unnecessary) topological hypotheses on M. This special case is sufficient
to complete the proof of the Geometrisation Conjecture provided one is willing to
apply some minimal surface arguments of Hamilton’s (cf. [Ham99]) to show that
in the case of sequences of metrics coming from Ricci flow with bubbling-off, the
tori appearing in the boundary of the thick part are incompressible. Namely, when
the irreducible manifold has infinite fundamental group, the flow runs for infinite
time and there are two possibilities: either there is a thick part and Hamilton’s
argument [Ham99] provides a hyperbolic piece in the geometric decomposition of
the manifold, or the manifold collapses and (since it is not simply connected) the
collapsing case in Theorem 13.1.3 applies. We will not use [Ham99] here, preferring
to deal with the incompressibility issue by an argument inspired by M. Anderson’s
approach to geometrisation [And02]. See also the comments in Section 13.4.

13.2 Simplicial volume

The purpose of this section is to review the notion of simplicial volume, sometimes
called Gromov’s norm, introduced by M. Gromov in [Gro82]. This is a key tool
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in the proof of Theorem 13.1.3. In particular, we need an additivity result for the
simplicial volume under gluing along incompressible tori (see [Gro82], [Kue03],
[Som81]) which implies that the simplicial volume of a 3-manifold admitting a ge-
ometric decomposition is proportional to the sum of the volumes of the hyperbolic
pieces. In particular, such a manifold has zero simplicial volume if and only if it
is a graph manifold. We also use in an essential way Gromov’s vanishing theorem,
recalled below as Theorem 13.2.6.
The main references for this section are [Gro82], [Iva85].

13.2.1 Definition and first examples

The simplicial volume of a compact, orientable n-manifold M (possibly with
boundary) is defined as

class in H,(M,0M;R), where o;: A™ — M

Zle Aio; is a cycle representing a fundamental }
is a singular simplex and \; € R, i =1,...,k.

MW=M{ZLAA

It follows from the definition that if f: (M,0M) — (N,0N) is a proper map,
then

IM]| = |deg(£)I I N]-

In particular, if a manifold admits a self-map of degree d with |d| > 1, then its
simplicial volume is zero. Hence, for the n-sphere and the n-torus, ||S™|| = |77 =
0. The same formula implies that the simplicial volume of spherical or Euclidean
manifolds is zero. In general, the simplicial volume of a Seifert fibred manifold
vanishes, by the following result of [Yang82]:

Proposition 13.2.1 (Yano). The simplicial volume of a compact, connected,
smooth manifold M which admits a nontrivial smooth S'-action is zero.

The following is a non-vanishing result [Gro82], [Thu80]. We let v,, denote the
volume of the regular ideal hyperbolic n-simplex.

Theorem 13.2.2 (Gromov-Thurston). If M is a hyperbolic n-manifold with torus
or empty boundary, then

1
1) = L vol(ar).
Un

13.2.2 Simplicial volume and geometric decompositions

The following result is useful for computing the simplicial volume of a 3-manifold
from its geometric decomposition [Gro82], [Kue03], [Som81], provided it exists.
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Theorem 13.2.3 (Gromov). The simplicial volume of 3-manifolds is additive for
connected sums and gluing along incompressible tori.

Combining 13.2.1, 13.2.2 and 13.2.3, we get:

Corollary 13.2.4. If M is a closed, orientable 3-manifold admitting a geometric
decomposition, and Hy, ..., Hy, are the hyperbolic pieces of this decomposition, then

k
1
M| = - > vol(H).
=1

Remark 13.2.5. By applying this corollary, once we know that M has a geometric
decomposition, then M is a (possibly reducible) graph manifold iff | M| = 0.

We will also use a vanishing theorem of Gromov. We say that a covering {U,};
by open sets of a topological space X has dimension at most k if every point of X
belongs to at most k£ + 1 open sets of the covering. The dimension of the covering
is defined by taking a minimum of such k; it equals the dimension of the nerve of
the covering.

A connected subset U C M is said to be amenable if the image of its fundamen-
tal group m1(U) — 71 (M) is amenable. This definition extends to disconnected
subsets by requiring that all connected components should be amenable.

Theorem 13.2.6 (Gromov’s vanishing theorem). Let M be a closed and orientable

n-manifold. If M admits a covering of dimension at most n—1 by amenable open
sets, then |M| = 0.

This theorem is proved in [Gro82], [Iva85] using bounded cohomology, a notion
dual to simplicial volume. Namely, [Gro82], §3.1, implies that the image of the
bounded cohomology of an n-dimensional manifold M in the usual cohomology
vanishes in dimension n. Thus the dual to the fundamental class in H"(M;R) is
not a bounded cohomology class. By duality this is equivalent to the vanishing of
the simplicial volume, cf. [Gro82], §1.1.

13.2.3 Simplicial volume and collapsing

Philosophically, the connection between collapsing and simplicial volume is that
any manifold which admits a collapsing sequence in any reasonable sense should
have zero simplicial volume. The model for such a result is Gromov’s isolation
theorem [Gro82], p. 14. His argument extends to collapsing in the sense of Perel-
man. Although we will not need this fact, we give a quick sketch, since it provides
an example of a covering argument, a technique essential to our proof of Theo-
rem 13.1.3.

Let M be a closed, orientable 3-manifold and g, be a sequence of Rieman-
nian metrics on M which collapses in the sense of Perelman. For n large enough,
thanks to the local control on the curvature, each point x € M has a neigh-
bourhood U, in (M, g,,) which is close to a metric ball in some manifold of non-
negative sectional curvature, whose volume is small compared to the cube of the
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radius (cf. Proposition 14.2.1). These neighbourhoods will be called local mod-
els throughout Part IV. By Corollary B.2.6, they have virtually abelian, hence
amenable fundamental groups.

Adapting Gromov’s arguments, one can extract from this open cover a finite
cover Uyp,...,Up, of dimension at most 2. Since these open sets are essentially
small metrics balls, it is not difficult to obtain a 3-dimensional covering. The
crucial part in the argument is to go down from dimension 3 to dimension 2, using
the upper bound on the volumes of the U;’s, which ultimately comes from the
collapsing hypothesis.

One concludes the argument by simply quoting Gromov’s vanishing theorem
(Theorem 13.2.6).

The argument sketched above makes plausible the idea that it should be possi-
ble to detect the geometry of a 3-manifold (i.e., graph vs. hyperbolic) from collaps-
ing via the simplicial volume. However, it is not sufficient to prove Theorem 13.1.3,
since we do not know (yet) that the manifold M has a geometric decomposition.
The trick to overcome this problem is explained in the next section. The strategy
will consist in transforming the original problem into one about irreducible mani-
folds with non-empty boundary, where Thurston’s geometrisation theorem can be
used, since these manifolds are Haken (cf. Theorem 1.1.5).

13.3 Sketch of proof of Theorem 13.1.3

13.3.1 The collapsing case

For simplicity, we first do the sketch under the extra assumption that the sequence
collapses in the sense of Perelman, i.e., the case treated in the paper [BBBT10].
Assumption (2) is then vacuous, and as we will see, Assumption (1) is not needed.

Let M be a 3-manifold satisfying the topological hypotheses of Theorem 13.1.3
and let g, be a sequence of Riemannian metrics on M which collapses in the sense
of Perelman.

We begin by covering M by local models as explained in the previous section.
The next step, Proposition 14.3.1, consists in finding a local model U such that
all connected components of M \ U are Haken. This requirement is equivalent
to irreducibility of each connected component of M \ U, because each connected
component of M \ U has nonempty boundary. Since M is irreducible, it suffices
to show that U is not contained in a 3-ball. This is in particular the case if U is
homotopically nontrivial, i.e., the homomorphism 71 (U) — 1 (M) has nontrivial
image.

The proof of the existence of a homotopically nontrivial local model U is done
by contradiction: assuming that all local models are homotopically trivial, we
construct a covering of M of dimension less than or equal to 2 by homotopically
trivial open sets (Assertion 14.3.2). By a result of J. C. Gémez-Larrafiaga and
F. Gonzédlez-Acuna [GLGA92], corresponding to Corollary A.4.2 here, a closed
irreducible 3-manifold admitting such a covering must have trivial fundamental
group. This is where we use the hypothesis that M is not simply connected.
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The last step (Subsection 14.3.3) is again a covering argument, but done rel-
atively to some fixed homotopically nontrivial local model U. It shows that any
manifold obtained by Dehn filling on Y := M \ U has a covering of dimension
less than or equal to 2 by virtually abelian open sets, and therefore has vanishing
simplicial volume. We conclude using Proposition 14.0.1, which states that if Y is
a Haken manifold with boundary a collection of tori and such that the simplicial
volume of every Dehn filling on Y vanishes, then Y is a graph manifold.!

13.3.2 The general case

A few arguments are needed in order to carry over the previous arguments to the
general case: the thick part may now be non-empty, and needs to be taken care
of. As already mentioned, we will assume that M contains no incompressible tori,
and show that M is a graph manifold.

Let (M, g,) satisfy the hypotheses of Theorem 13.1.3. In the first step (Sec-
tion 14.1), we cover the thick part by submanifolds H! approximating compact
cores of limiting hyperbolic manifolds. This is where Hypothesis (1) gets used,
via a Margulis constant, to control the number of such ‘quasi-hyperbolic’ pieces.
Their boundaries consist of tori, which by assumption are compressible.

We then cover the thin part by local models (Section 14.2) as explained be-
fore. The bulk of the proof is in Section 14.3: we consider the covering of M by
approximately hyperbolic submanifolds and local models of the thin part and per-
form two covering arguments: the first one (Assertion 14.3.2) proves the existence
of a local model homotopically nontrivial M; the second one (Assertion 14.3.15)
is done relatively to this homotopically nontrivial subset and proves that M is a
graph manifold.

13.4 Comments

Theorem 13.1.3 is taken from the unpublished manuscript [BBBT07], which was
posted on arXiv in June 2007. A shortened version tackling only the collapsing
case appeared as [BBBT10]. The idea behind the notion of weak collapsing is
to combine the concept of collapsing Riemannian manifolds with that of volume
comparison, which can be traced back at least to early work of Thurston and
Gromov. Our direct sources of inspiration are, besides Perelman’s collapsing the-
orem [Per03b], Theorem 7.4, the argument for incompressibility of tori outlined
in [Per03b], §8, and the observation (which we learned from M. Gromov, and can
also be found in an earlier version of the Kleiner—Lott notes) that the scalar cur-
vature can be used in place of Perelman’s MA-invariant. For a detailed discussion of
this, and the relation with the o-constant, see [KLO08], [And05].

1 As already mentioned in [BP01], [BLPO05], Proposition 14.0.1 is a consequence of the geome-
trisation of Haken manifolds, additivity of the simplicial volume mentioned above, and Thurston’s
hyperbolic Dehn filling theorem.



194 CHAPTER 13. COLLAPSING, SIMPLICIAL VOLUME AND ...

There is an abundant literature on collapsing in Riemannian geometry. In
particular, there are by now several texts on Perelman’s collapsing theorem or some
variant of it: an article by Shioya and Yamaguchi [SY05], the above-mentioned
paper by the authors of the present monograph [BBBT10], an arXiv preprint by
Morgan and Tian [MTO08], and two more recent preprints by Cao and Ge [CG09],
and Kleiner and Lott [KL10].

We shall not attempt a detailed comparison between all versions of the theorem,
in particular various minor technical differences such as the restriction p < 1 in the
definition of the thin part (hence flat manifolds are not collapsed), or the number
of derivatives involved in the curvature control hypothesis. It is important to
note that the primary role of such a theorem is to be a step in a proof of the
Geometrisation Conjecture. Viewed a posteriori, i.e., after the Geometrisation
Conjecture has been established, the result(s) become easier to prove, and some of
the hypotheses appear to be unnatural and/or superfluous. More interesting is to
see which techniques are used or avoided in the proof of the collapsing theorem,
and in the deduction of the Geometrisation Conjecture from it.

Perelman’s statement (Theorem 7.4 of [Per03b]), allows the manifold to have
a nonempty boundary, imposing an ad hoc hypothesis on the geometry near the
boundary. This is essential if one wishes to prove the Geometrisation Conjecture
without using Thurston’s hyperbolisation theorem for Haken manifolds (Theo-
rem 1.1.5).

Shioya—Yamaguchi [SY05] and Cao—Ge [CG09] do not have the hypothesis of
curvature control in the sense of Perelman. In counterpart, they use deep results
on Alexandrov spaces, such as Perelman’s stability theorem [Per91] (see also the
paper by V. Kapovitch [Kap07]).

The Morgan—Tian’s proof is closest in spirit to Perelman’s and their statement
is nearly identical to [Per03b], Theorem 7.4. Thanks to the curvature control
hypothesis, they only need elementary facts about Alexandrov spaces. In our
treatment, Alexandrov spaces do not appear at all, although it should be clear to
the expert that they are lurking behind the scenes.

Unlike all other authors, we always assume that the manifold is irreducible.
This hypothesis is consistent with our choice of starting the proof of the Geometri-
sation Conjecture by quoting Kneser’s decomposition theorem (Theorem 1.1.3).
This simplifies the exposition quite a bit; however, we do not feel that mathe-
matically it makes such a great difference, because Kneser’s theorem is an ‘ele-
mentary’ result in 3-manifold topology, not significantly more difficult than Wald-
hausen’s classification of graph manifolds, which gets (at least implicitly) used
in the proof anyway. By contrast, Thurston’s hyperbolisation theorem is a deep
result, whose proof requires completely different techniques than those used by
Perelman’s (e.g. Teichmiiller theory and Kleinian group theory). Hence it is nat-
ural to ask for a proof of the Geometrisation Conjecture which does not use this
theorem. This is Perelman’s original viewpoint which is developed in [KLO0S],
[MTO08] or [CG09).

In Theorem 13.1.3, we assume that the manifold is not simply-connected. This
restriction is needed for our proof, but of course a posteriori unnecessary, since
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the only closed, simply-connected 3-manifold is 52, which is a graph manifold.
Logically, this is not a problem, since the Poincaré Conjecture follows from the
independent arguments expounded in Chapter 1 and Parts I and II. However, it
would be nice to extend the proof of Theorem 13.1.3 given in the next chapter to
cover the simply-connected case.

We believe weak collapsing to be interesting in its own right. In particular, it
leads to the refined invariant V(M) discussed in Chapter 15, which may have other
applications. It also permits us to embed the argument for incompressibility of the
boundary tori in the thick part into a general result about sequences of metrics,
independent of the Ricci flow part of the proof. Using Hamilton’s minimal surface
arguments would not make this possible, since his computation seems to be special
to Ricci flow.

To sum up, there are several results and techniques which can be used to good
effect in proving the Geometrisation Conjecture, but can also be avoided: Kneser’s
decomposition theorem, the Jaco-Shalen—Johannson splitting theorem, Thurston’s
hyperbolisation theorem, minimal surface theory, Alexandrov space theory... so
far, all authors (including us) purposefully avoid one or more of those, to the ex-
pense of making some or other part of the proof more complicated or convoluted.
If on the contrary one is willing to use all of them, one gets a more streamlined
and conceptually appealing proof. Here is a brief sketch of such a proof: first
use 3-manifold theory to reduce geometrisation to the irreducible, atoroidal case
(Theorem 1.1.6); construct Ricci flow with (r(-),d(-), x(-))-bubbling-off. When
71 (M) is finite, use Colding—Minicozzi to show that M is spherical. When 71 (M)
is infinite, prove a simplified thin-thick decomposition theorem (Theorem 1.3.4
without the condition of controlled curvature in the sense of Perelman). Then
consider the sequence g, := (4n)~'g(n). If this sequence collapses, show that
M is a graph manifold. Otherwise there is at least one hyperbolic limit. Fol-
lowing Hamilton [Ham99], prove persistence of a hyperbolic limit H. If H were
noncompact, then by Hamilton’s minimal surface argument, M would contain an
incompressible torus, contradicting the hypothesis that M is atoroidal. Hence H
is closed, and M is hyperbolic.
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Chapter 14

Proof of the weak collapsing
theorem

In this chapter we prove Theorem 13.1.3. Firstly, in Section 14.1 we investigate the
structure of the thick part. In Section 14.2 we construct local models for the thin
part. The core of the proof consists of the two covering arguments of Section 14.3.

Throughout this chapter, M is a 3-manifold satisfying the topological hypothe-
ses of Theorem 13.1.3, i.e., it is closed, orientable, irreducible and not simply con-
nected. We let g, be a sequence of Riemannian metrics satisfying Hypotheses
(1)-(3) of the same theorem. We further assume that M is atoroidal. Our
goal is to show that M is a graph manifold. As already mentioned in the previous
chapter, this implies that M is in fact Seifert fibred.

For general facts and notation about 3-manifolds, the reader is referred to
Appendix A.

We shall conclude the proof by applying the following consequence of Thurston’s
hyperbolic Dehn filling theorem (for the proof, see. [BLP05], Proposition 10.17, or
[BMPO03], Proposition 9.36):

Proposition 14.0.1. Let Y be a Haken 3-manifold whose boundary is a union
of tori. Assume that any manifold obtained from'Y by Dehn filling has vanishing
simplicial volume. ThenY is a graph manifold.

This proposition will be applied to the complement of a well-chosen submani-
fold Vy € M, which is homeomorphic to S* x D?, T?x I, or K?xI. In particular Vy
is a circle bundle, so once we have proved that its complement is a graph manifold,
it follows that M itself is a graph manifold, which is the required conclusion.

For the sake of simplicity, we use the notation M, := (M,g,). It is implicit
that any quantity depending on a point z € M,, is computed with respect to the
metric g, and thus depends also on n. For € > 0, we denote by M, (¢) the e-thin
part of M, (i.e., the set of e-thin points) and by M, (¢) its complement.

197
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14.1 Structure of the thick part

Proposition 14.1.1. Up to taking a subsequence of M,, there exists a finite
(possibly empty) collection of pointed hyperbolic manifolds (H*,*),..., (H™, +™)
and for every 1 < i < m a sequence x', € M, satisfying the following:

(i) lim (M, %) = (H? %) in the C* topology.
n—oo

(ii) For all sufficiently small e > 0, there exist no(e) and C(g) such that for all
n = ng(e) one has M,F () C |J, B(z%,C(e)).

Proof. By assumption, the sequence vol(M,,) is bounded above. Let pp > 0 be a
universal number such that any hyperbolic manifold has volume at least uyg.

If for all e > 0 we have M, (¢) = () for n large enough, then Proposition 14.1.1 is
vacuously true, with m = 0. Otherwise, we use Hypothesis (2) of Theorem 13.1.3:
up to taking a subsequence of M, there exists £ > 0 and a sequence of points
xrl € M](e1) such that (M,,z}) converges to a pointed hyperbolic manifold
(H, *1).

If for all e > 0 there exists C(g) such that, for n large enough, M, (¢) is included
in B(z!,C(e)), then we are done. Otherwise there exists e5 > 0 and a sequence
x2 € M, (e2) such that d(x},22) — co. Again Hypothesis (2) of Theorem 13.1.3
ensures that, after taking a subsequence, the sequence (M,,z2) converges to a
pointed hyperbolic manifold (H?, 2). We iterate this construction.

Note that for each i, and for n sufficiently large, M,, contains a submanifold
C2-close to some compact core of H; and whose volume is greater than or equal
to po/2. Moreover, for n fixed and large, these submanifolds are pairwise disjoint.
Since the volume of the manifolds M™ is uniformly bounded above this construc-
tion has to stop. Condition (ii) of the conclusion of Proposition 14.1.1 is then

satisfied for 0 < & < min{ey,...,en}. O

Remark 14.1.2. By Proposition 14.1.1, up to subsequence one can choose se-
quences &, — 0 and r,, — oo such that the ball B(zf,r,) is arbitrarily close to a
metric ball B(x*,r,) C H’, for i = 1,...,m, and every point of M, \ U, B(z%,ry)
is &,-thin.

Let us fix a sequence of positive real numbers ¢, — 0. Let H',..., H™ be
hyperbolic limits given by Proposition 14.1.1. For each ¢ we choose a compact
core H' for H® and for each n a submanifold H C M, and an approximation
¢t : Hi — H'. Up to renumbering, one can assume that for all n we have M,, \
UH: c M, (s,), and that the H!’s are disjoint.

The hypothesis in Theorem 13.1.3 that the volume of each hyperbolic limit H*
is less than Vj implies that for n sufficiently large no component H is homeomor-
phic to the exterior of a link in M. Also, since we assume that M is atoroidal,
all boundary components of each H! are compressible. By classical 3-manifold
arguments based on the loop theorem and recalled in Appendix A, this implies
that each H} is contained in a 3-ball or a solid torus. Hence the thick part is
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‘topologically inessential’, which explains why we can hope to show that M is a
graph manifold.

More precisely, Lemma A.3.3 implies that for all sufficiently large n and each
i € {1,...,m}, there exists a connected submanifold Y,) C M,, containing H},
whose boundary is a boundary component of H?, and which is a solid torus, or

n?

contained in a 3-ball and homeomorphic to the exterior of a knot in S3.
In the sequel we shall pass to a subsequence, so that this holds for all n.

Proposition 14.1.3. FEither M is a lens space or there exists for eachn a (possibly
empty) submanifold W,, C M,, such that the following holds:

(i) UH;, C W,.

(i) Each connected component of Wy, is a solid torus, or contained in a 3-ball
embedded in M,, and homeomorphic to the exterior of a knot in S3.

(iti) The boundary of each connected component of W, is a connected component

of U, 0H.

Proof. We take W,, to be the union of the Y,’ defined above. This readily implies
assertion (i). Note also that those manifolds have disjoint boundaries.

If there exist indices 4, j such that M, = Y,! UY,J, then by Lemma A.4.3, M
is a lens space. Suppose this is not the case. Then for all i # j, the submanifolds
Y, and Y,/ are disjoint or one contains the other. Thus each connected component
of W,, is homeomorphic to one of the Y,’s. This yields assertions (ii) and (iii) of
Proposition 14.1.3. O

14.2 Local structure of the thin part

Let us choose a sequence €, — 0 (see Remark 14.1.2). For all x € M, (g,),
we choose a radius 0 < p(z) < 1, such that on the ball B(z, p(z)) the sectional
curvature is > —p~2(z) and the volume of this ball is < &, p%(z).

Let 6 be a positive real number. Recall that a diffeomorphism f: X — Y is
(1 + 0)-bi-Lipschitz if both f and f~1 are (1 + 6)-Lipschitz. In this chapter, we
say that two Riemannian manifolds X,Y are J-close if there exists a (1 4 §)-bi-
Lipschitz diffeomorphism between them. A (1+446)-bi-Lipschitz embedding is a map
f: X — Y which is a (1 + §)-bi-Lipschitz diffeomorphism onto its image.

In the following proposition we use the Cheeger—Gromoll soul theorem (Theo-
rem B.2.1).
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Proposition 14.2.1. For all D > 1 there exists no(D) such that if n > no(D),
then we have the following alternative. Fither

(a) M, is %-close to some closed Riemannian 3-manifold of nonnegative sec-
tional curvature.

Or

(b) For all x € M, (ey,) there ezists a radius v(z) € (0,p(x)) and a complete
open Riemannian 3-manifold X, , with nonnegative sectional curvature and
soul Sy, such that the following properties are satisfied:

(1) B(z,v(z)) is L-close to a metric ball in X,

(2) there is a (1 + %)-bi-Lipschitz embedding f.: B(z,v(z)) — X, such
that
maX{d(f({,E)’ Sm), dlam Sz} < Vg)’

(3) vol B(z,v(z)) < Hv°(z).

Remark 14.2.2. Since v(z) < p(x), the sectional curvature on B(z,v(x)) is
greater than or equal to 7/)%(3:)’ which is in turn bounded below by —V%(x).

Remark 14.2.3. By Theorem B.2.5, if Case (a) occurs, then M is a graph man-
ifold. In case (b) we can apply Corollary B.2.3. Since M is orientable and irre-
ducible, some cases are excluded. In fact the only possibilities for the soul are a
point, a circle, a 2-sphere, a 2-torus or a Klein bottle. Thus the ball B(z,v(z)) is
homeomorphic to R?, 51 x R2, 52 x R, T2 x R or to the twisted R-bundle on the
Klein bottle.

Before starting the proof of this proposition, we prove the following lemma and
its consequence.

Lemma 14.2.4. There exists a small universal constant C' > 0 such that for all
e >0, for all x € M,,, and for all r > 0, if the ball B(z,r) has volume > er® and
sectional curvature > —r~2, then for all y € B(z, %7“) and all0 <71’ < %r, the ball
B(y,r") has volume > Ce(r")? and sectional curvature > —(r')=2.

We use the function v_,2(r) to denote the volume of the ball of radius r in
the 3-dimensional hyperbolic space with curvature —x2. Notice that v_,2(r) =
K3v_1(kT).

Proof. The lower bound on the curvature is a consequence of the monotonicity
of the function —r~2 with respect to 7. In order to estimate from below the
normalised volume we apply Bishop—Gromov’s inequality (Theorem B.1.1) twice.
First, we apply it to the ball around y, increasing the radius 7’ to %T:

vol B(y, ") > vol B(y, %r)
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Since v_,—2(1") = 7“31)_1(%,) > 7“3(7"7/)301 for C1 > 0 uniform, v_,-2(3r) =
rv_1(2), and B(z, ir) C B(y, 2r), we get

vol B(y,r") > vol B(x, %r)(’%)BCQ.
Applying the Bishop—Gromov inequality again, we obtain

v o)
U_p—2(r) > E1)_1(1)

Hence vol B(y,7") > ()% Cy. O

vol B(x, 37) > vol B(z, ) =13 Cs.

The next corollary is similar to the condition of controlled curvature in the
sense of Perelman. The differences are that the conclusion is valid at each point of
some metric ball, not only the centre, and the constants may have changed. This
fact will be useful for technical purposes.

Corollary 14.2.5. For all e > 0 there exist ¥ (g) > 0, K((¢), K (¢) such that for
n large enough, if 0 < r < 7'(¢), x € M,, and the ball B(z,r) has volume > er?
and sectional curvatures > —r~2 then, for all y € B(z,r), |Rm(y)| < Kjr—2
and |V Rm(y)| < K} r=3.

Proof. 1t suffices to apply Lemma 14.2.4, setting 7 (¢) = 7(Ce), K{(e) = Ko(Ce)
and K1 (e) = K1(Ce), so that we can apply the controlled curvature condition on
y € Bz, gr). O

Proof of Proposition 14.2.1. Suppose that there exists Dy > 1 and, after re-indexing,
a sequence x, € M, such that neither of the conclusions of Proposition 14.2.1 holds
with D = Dj.

Set g := U“fl((ll)) Dio. We shall rescale the metrics using the following radii:

Definition 14.2.6. For x € M,,, define
rad(z) = inf{r > 0| vol B(z,r)/r® < e0}.

Notice that rad(x) < oo because M,, has finite volume, and that rad(z) > 0,
because vol B(x,r)/r — %w when  — 0. In the following lemma, we gather some
properties which will be useful for the proof:

Lemma 14.2.7. (i) For n large enough and x € M, (e,), one has 0 < rad(z) <
p(z).
(ii) For x € M, (e,,), one has
vol B(z,rad(x))
rad(z)3
(iil) For L > 1, there exists no(L) such that for n > no(L) and for x € M, (,)
we have

= £&9-

L rad(x) < p(z).

In particular lim rad(z,) = lim rad(@n) _
n—roo n—o00 p(zn)
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Proof of Lemma 14.2.7. Property (i) holds as long as €,, < &g, since rad is defined
as an infimum.

Assertion (ii) is proved by continuity.

Let us prove (iii): for L > 1, we choose ng(L) so that e, < % for n > ng(L).
Then, for x € M, (e,) and n > ng(L),

vol B(z, @) < L3v01B(x, p(x))

NS < L38 < €0-
(£ledya p(x)® !

This implies that p(x)/L is greater than or equal to rad(x). O

Remark 14.2.8. For n large enough, from Lemma 14.2.7 (iii), we have rad(z,) <
7 (o), where 7(gg) is the parameter from Corollary 14.2.5.

Corollary 14.2.9. There exists a constant C' > 0 such that every sequence x,, €
M (ey,) satisfies
inj(a)

>
rad(z,) ~ ¢

for n large enough.

Proof. Since rad(x,) < p(xy), the sectional curvatures on B(z,,rad(zy)) are

bounded from below by _p(zln)z > —rad(i,n)z. Moreover, since rad(z,) < 7(go),

rad(zn))
3

Corollary 14.2.5 implies that the sectional curvatures on B(x,,, are bounded

from above by K{(go)/rad(x,)?. This rescaled ball

1
rad(z,)

B(zp, % rad(z,))

has volume > £0/27 (because vol B(zy, 5 rad(z,)) = eo(rad(z,)/3)? by definition
of rad(x,)), radius 1/3 and curvatures with absolute value < K{(¢¢). Then the
local injectivity radius estimate in Theorem B.1.2 gives a uniform lower bound on

the injectivity radius at x,, with this rescaled metric. This proves Corollary 14.2.9.
O

Having proved Lemma 14.2.7 and its corollary, we proceed with the proof of

Proposition 14.2.1. Let us consider the rescaled manifold M,, = WII)MW We

look for a limit of the sequence (Mn, Zn), where T, is the image of x,,. The ball

B(Zn, = é”(”zi)) C M, has sectional curvature bounded below by — (rzc(ix’;) )2, which

goes to 0 when n — oo, as follows from assertion (iii) of Lemma 14.2.7.

Given L > 1, the ball B(Z,,,3L) is obtained by rescaling the ball B(x,,, 3L rad(x,,)).
Since, for large n, 3Lrad(x,) < p(x,), the sectional curvature on B(z,,3Lrad(zy))
is > —p(zln)g > — 6 raé(zn))z. Moreover, by Lemma 14.2.7 (ii), we have

vol B(zy,3Lrad(zy)) S vol B(zp,rad(z,)) 1 S o
(3Lrad(z,))3 - rad(x, )3 (3L)3 ~ (3L)3"
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By applying Corollary 14.2.5 for n sufficiently large so that we have 3L rad(z,) <
7’ ((;To)g_), one gets that the curvature is locally controlled in the sense of Perelman
at each point of the ball B(z,, Lrad(x,)). Therefore the curvature and its first
derivative can be bounded above on any ball B(Z,, L) C M, with a given radius
L>1.

Since the injectivity radius of the basepoint Z, is bounded below along the
sequence, this upper bound on the curvature allows us to use Gromov’s com-
pactness theorem. By Theorem B.1.4 of the appendix, one obtains pointed C1%-
convergence. Using the bound on |V Rm |, this convergence is improved to C? (see
[Ham95a], Theorem 2.3, or [Fuk90], Theorem 5.10). It follows that the pointed se-
quence (M, Z,,) subconverges in the C>-topology towards a 3-dimensional smooth
manifold (X, Zoo), With a complete Riemannian metric of class C? with nonnega-
tive sectional curvature. This limit manifold cannot be closed, because that would

contradict the assumption that the conclusion of Proposition 14.2.1 does not hold.

Hence X, is open. By pointed convergence, assertion (b)(1) of Proposi-
tion 14.2.1 holds. Let S be a soul of X,,. Let us set

v(z,) == Lrad(z,), where L > 2 diam(S U {z}) Do.

For n large (to be specified later) we set

X, i=rad(r,)Xoo and S, =rad(z,)S.

We then have

diam(S,, ) = rad(x,) diam(S) < v(z,)/Do.

Suppose that fn: B(Zp, L) = (Xoo, Too) is a (1 + d,,)-bi-Lipschitz embedding
such that d(f,(Zn), Too) < 0n, Where 6, is a sequence going to 0. After rescaling,
fn: B(xn, Lrad(z,)) — X, is also a (144, )-bi-Lipschitz embedding. We deduce:

<rad(z,)([d(fn(Tn), Too) + d(T 0, S))
4

v(wn) < v(wn)
2Dy Dy

/N

rad(z,,)0,

This proves assertion (2) of Proposition 14.2.1 (b).
Using the facts that v(x,,) = Lrad(z,) < p(z,), the curvature on B(z,, v(x,))
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is > —1/v(x,)?, L > 1 and the Bishop-Gromov inequality, we get

vol B(zp, v(zy)) o vol B(zp,rad(z,))

v () T ve o (rad(a))
rad(z,)?

v__1  (rad(z,))

N l’2($n)

. <rad(xn)>3 1
= €0
V@) ) ()
1 1

= €0§7,U71(%).

:50

Since v_1(+) = vo(1) = vo(1) 75, we find that

vol B(zp, v(zy)) < 5023;}_11((?) V3 (xn) < g0 UU_O1<(11)) V3 (x,) = D—Oy3(xn),

where the last equality comes from the definition of £, see p. 201.
This provides the contradiction required to conclude the proof of Proposi-
tion 14.2.1. O

14.3 Constructions of coverings

14.3.1 Embedding thick pieces in solid tori

Let us start by making some reductions.

If case (a) of Proposition 14.2.1 occurs for arbitrarily large D, then M is a
closed, orientable, irreducible 3-manifold admitting a metric of nonnegative sec-
tional curvature. By [Ham82], [Ham86], M is spherical or Euclidean, hence a
graph manifold. Therefore we may assume that all local models X, produced by
Proposition 14.2.1 are noncompact.

For the same reasons, since lens spaces are graph manifolds, we can also assume
that M is not homeomorphic to a lens space, and in particular does not contain a
projective plane (cf. the beginning of Section 1.2.2).

Consider the submanifolds W,, given by Proposition 14.1.3. Assume that there
exists a component X of some W,, which is not a solid torus. From Proposi-
tion 14.1.3(ii), X is a knot exterior and contained in a 3-ball B C M,. By
Lemma A.3.1, it is possible to replace X by a solid torus Y without changing the
global topology. Let us denote by M/, the manifold thus obtained. We can endow
M with a Riemannian metric g/, equal to g, away from Y and such that an
arbitrarily large collar neighbourhood of dY in Y is isometric to a collar neigh-
bourhood 0X in X, because the end of the interior of X is close to a hyperbolic
cusp. When n is large, this neighbourhood is thus almost isometric to a long piece
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of a hyperbolic cusp, and this geometric property will be sufficient for our covering
arguments.

Repeating this construction for each connected component of W,, which is
not a solid torus, we obtain a Riemannian manifold (M), g//) together with a
submanifold W/ satisfying the following properties:

(i) M/ is homeomorphic to M,.

(ii) M\ W) is equal to M, \ W,, and the metrics g,, and g/, coincide on this
set.

(iii) M\ W/ = M, \ W, is £,-thin.

(iv) When n goes to infinity, there exists a collar neighbourhood of W}/ in W}/
of arbitrarily large diameter isometric to the corresponding neighbourhood

in W,.
(v) Each component of W/ is a solid torus.

For simplicity, we use the notation M, g,, W, instead of M/, g/, W/ . This
amounts to assuming in the conclusion of Proposition 14.1.3 that all components
of W,, are solid tori.

14.3.2 Existence of a homotopically nontrivial open set

We say that a path-connected subset U C M is homotopically trivial (in M)
if the image of the homomorphism 7 (U) — 7 (M) is trivial. More generally,
we say that the subset U C M is homotopically trivial if all its path-connected
components have this property.

We recall that the dimension of a finite covering {U;}; of M is the dimension
of its nerve, hence the dimension plus one equals the maximal number of U;’s
containing any given point.

Proposition 14.3.1. There exists Dy > 1 such that for all D > Dy, for every
n = no(D) (where ng(D) is given by Proposition 14.2.1), one of the following
assertions s true:

(a) some connected component of Wy, is not homotopically trivial, or

(b) there exists x € M, \ W, such that the image of m (B(z,v(x))) — m1(M,)
is not homotopically trivial, where v(x) is also given by Proposition 14.2.1.

In the proof of Proposition 14.3.1 we argue by contradiction using Corollary
A.4.2 and the fact that 71 (M) is not trivial.

With the notation of Proposition 14.2.1, we may assume that for arbitrarily
large D there exists n > ng(D) such that the image of m1 (B(z,v(x))) = w1 (M,)
is trivial for all x € M, \ Int(W,,) as well as for each connected component of W,,.
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Then for all x € M, \ Int(W,,) we set

m1(B(z,7)) — m(M,) is trivial and
triv(z) = sup ¢ r| B(z,r) is contained in B(z’,r") with
curvature > *ﬁ

Notice that triv(z) > v(x), by Proposition 14.2.1 (cf. Remark 14.2.2).
The proof of Proposition 14.3.1 follows by contradiction with the following
assertion.

Assertion 14.3.2. There exists a covering of M, by open sets Ui,..., U, such
that the following is true:

e FEach U; is either contained in some B(x;, triv(x;)) or in a subset that defor-
mation retracts to a component of Int(W,,). In particular, U; is homotopi-
cally trivial in M.

e The dimension of this covering is at most 2.

Since M is irreducible and non-simply connected, this contradicts Corollary
A.4.2.
To prove Assertion 14.3.2, for x € M,, \ W,, we set

r(z) == min { & triv(z), 1}.

Lemma 14.3.3. (1) Vl(gf) < r(z), where v(z) < p(z) < 1 is given by Proposi-
tion 14.2.1.
(2) B(x,11r(x)) is contained in some ball B(x',r'(x)) with curvature > — L

and satisfying r(z) < 7 triv(z) < Fr'(x).

Proof. Assertion (1) uses the assumption that B(x,v(x)) is homotopically trivial
in M, and the inequality v(z) < p(z), because the curvature on B(z,p(x)) is
> —p(a)? > —v(z)~2

To prove (2), we shall show that B(x, triv(x)) is contained in some metric ball
B(2',r") with curvatures > *ﬁ and satisfying r’ > 1 triv(z). By definition,
there exists a sequence of radii 7, 7 triv(x) satisfying that 71 (B(z, 7)) — m1(My,)
is trivial and that B(z, ) is contained in some B(z},, 7)) with curvature > —ﬁ.

k

Since 71 (M,,) is nontrivial, M,, ¢ B(x,ry), therefore there is a point yx € M, such
that d(z,yr) = ri. By applying the triangle inequality to z, y, and x}, we get
T, < 2r},. Then the claim follows by taking a partial subsequence so that both

and 7}, converge, since we are working in a fixed M, that has bounded diameter.
O

Lemma 14.3.4. Let z,y € M, \ int(W,,). If B(z,r(z)) N B(y,r(y)) # 0, then
(a) 3/4 <r(x)/r(y) <4/3;
(b) B(z,r(x)) C By, 4r(y)).
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Proof. To prove (a), we may assume that r(z) < r(y) and that r(z) = 7 triv(z) <
1. Since B(z, triv(y) — r(z) — r(y)) C B(y, triv(y)), we get

triv(z) > triv(y) — r(z) — r(y),

hence
11r(z) = triv(z) > 11r(y) — r(z) —r(y) = 9r(y).

Thus 1 > r(x)/r(y) = 9/11 > 3/4, which proves assertion (a).
Assertion (b) follows because 27(z) + 7(y) < (5 + 1)r(y) < 4r(y). O

For n large enough, we pick points zi,...,z4, € OW, in such a way that
a tubular neighbourhood of each connected component of the boundary of W,
contains precisely one of the z;’s and that the balls B(z;,1) are disjoint, have
volume < % and sectional curvature close to —1. Furthermore, we may assume
that B(z;, 1) is contained in some submanifold W}, which contains W,, and can be
retracted by deformation onto it. In particular, W}, and B(x;, 1) are homotopically
trivial, since we have assumed that W, is. This implies that triv(z;) is close to 1.

Moreover, for n large enough, we may assume that B(z;, %r(xj)) contains an
almost horospherical torus corresponding to a boundary component of W,,. We can
even arrange for both components of B(z;,7(x;)) \ B(z;, 2r(x;)) to also contain
a parallel almost horospherical torus (by going far enough into the cusp). This
allows us to retract W), on the complement of B(x;, 37(x;)).

We complete the previous finite sequence to a sequence of points x1, x2,... in
M, \Int(W,,) such that the balls B(z1, t7(z1)), B(z2, +7(x2)), ... are pairwise dis-
joint. Such a sequence is necessarily finite, since M, is compact, and Lemma 14.3.4
implies a positive local lower bound for the function z — r(z). Let us choose a
maximal finite sequence x1,...,z, with this property.

Lemma 14.3.5. The balls B(z1, 37(x1)), ..., B(zy, 27(xp)) cover M, \ Int(W,,).

Proof. Let x € M, \Int( n) be an arbltrary point. By maximality, there exists a
point z; such that B(x, 1r(z)) N B(z;, 1r(z;)) # 0. From Lemma 14.3.4, we have
r(@) < 3r(a;) and d(z, 27) < 3(r(2) +7(2;)) < fr(e;), hence & € B(ay, 2r(z;)).

O

Set ri:=r(x;). ¥ Wy 1,..., W, 4 are the components of W, so that the almost
horospherical torus OW,, ; C B(x;, %ri), fori=1,...,q, we define

o Vi:=B(x;,r;) UW,;, fori=1,...,q;
o V,:=B(ay,r;), fori=q+1,....p

Furthermore, each connected component of W, ; can be retracted in order not to
intersect B(z;, 27;) when j # i.

Since r; < 1y triv(z;), the V;’s are homotopically trivial. The construction of
the V;’s and Lemma 14.3.5 imply the following:

Lemma 14.3.6. The open sets Vi,...,V, cover M,. ]
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Let K be the nerve of the covering {V;}. The following lemma shows that the
dimension of K is bounded above by a uniform constant.

Lemma 14.3.7. There exists a universal upper bound N on the number of open
sets V; which intersect a given V.

Proof. Assume that V; N Vi # 0. Then B(x;,r;) N B(zk, k) # 0 and B(z;,7;) C
B(xy,2r; + ;) € B(zk,4r;). On the other hand, for all i1 # iz such that Vj,
and V;, intersect Vi one has Tiy) = 5(ri, +71i,) = 3rp. Thus By, S5ri) N

d(x;,
B(wi,, &re) = 0 and B(z;, & k) C B(wg,4r;). This motivates the following
inequalities:

vol B(zy, 41) < vol B(x;, 8r) < vol B(x;, 117;)
vol B(z;, s=71,)  vol B(zi, &) volB(zs, %)

Since B(x;, 117;) is contained in some B(z',7’) with curvatures > — )2, by the
Bishop—Gromov inequality this quotient is bounded from above by

v__1_(11r;) U_l(ﬁ)

)2
—~— = <N
@) ()
The existence of a uniform N uses 7’ > 4r; (Lemma 14.3.3). O

Let AP~ C RP denote the standard unit (p — 1)-simplex. Using %—Lipschitz
test functions ¢; supported on the V;’s, we obtain a Lipschitz map:
fi= 5 ¢l(¢1,...,¢>p); M, — AP~! C RP.

Remark that the coordinate functions of f are a partition of unity subordinated
to (V;).

We view K as a subcomplex of AP~1, so that the range of f is contained in K.
Crucial for the following arguments is that the dimension of K is bounded from
above by the universal number N from Lemma 14.3.7.

We first show that if the ¢;’s are chosen properly, then the local Lipschitz
constant of f can be estimated from above:

Lemma 14.3.8. For an adequate choice of the ¢;’s, there is a uniform constant
L > 0 such that for each k, the restriction fly, is %—Lipschitz.

Proof. Let 7: [0,400) — [0,1] be an auxiliary function with Lipschitz constant
bounded by 4, which vanishes in a neighbourhood of 0 and satisfies T|[%’+Oo] =1
Let us define ¢y, := T( d(0Vy,-)) on Vj, and let us extend it trivially on M,,. Then
o is T—k—LlpSChltz

Let = € Vj,. The functions ¢; have Lipschitz constant < % . r%. on Vg, and all

¢; vanish at = except at most N 4+ 1 of them. Since the functions
Yk

N
> im0 Yi

(yOa"wy]V)’_>
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are Lipschitz on

{yERN+1|yO2O,...,yN 0 and ZZ Oy2/1}7

and each x € M, belongs to some Vj with d(x,dV}) > & by construction of the
Vi and Lemma 14.3.5, the conclusion follows. O]

We shall now inductively deform f by homotopy into the 3-skeleton K®), while
keeping the local Lipschitz constant under control.

We recall that the open star of a vertex of K is the union of the interiors of all
simplices whose closure contains the given vertex.

Lemma 14.3.9. For alld > 4 and L > 0 there exists L' = L'(d, L) > 0 such that
the following assertion holds.
Let g: M, — K@ be a map that is %—Lipschitz on Vi and such that the

pull-back of the open star of the verter vy, € K9 is contained in Vk Then g is

homotopic relative to K=Y to a map §: M,, — K=V which is —-szschltz on
Vi and such that the pull-back of the open star of vy, is still contamed m Vi.

Proof. It suffices to find a constant § = 6(d,L) > 0 such that each d-simplex
o C K contains a point z whose distance to do and to the image of g is > 6.
In order to push g into the (d — 1)-skeleton, we compose it on o with the radial
projection from z. This increases the Lipschitz constant by a multiplicative factor
bounded from above by a function of 8(d, L), and decreases the inverse image of
the open stars of the vertices.

If 8 does not satisfy the required property for some d-simplex o, then one can
tile an open subset of o \ (§ — neighbourhood of d) with at least C’(d) - 77 cubes
of length 26, and each cube contains a point of Im(g) in its interior. By choosing
one point of Im(g) inside each cube whose tiling coordinates are even, we find a
subset of cardinality at least C(d) - 4 of points in Im(g) N Int(c) whose pairwise
distances are > 0. Let A C M,, be a set containing exactly one point of the inverse
image of each of these points. By hypothesis, A C V}, for some k corresponding to
a vertex of o; we may assume that ANW,, = 0, hence A C B(xg, r) for the same
k. As g is i—Lipschitz on Vi, the distance between any two distinct points in A
is bounded from below by %rkﬁ. In order to bound the cardinal of A, we use the
following inequality for y € A:

vol B(wg, 1) _ vol B(y,27) _ voas 270) oy (2m) o <L>3
vol B(y, g’f) vol B(y, g’f) U*ﬁ(%> v z

Since 7, < %r’ , such a uniform C exists. Thus the cardinal of A is at most

C(L/9)3. Note that in order to apply Bishoprromov, we used the fact that

B(zk, 11ry) is contained in some metric ball of radius r’ with curvatures > —1/(r")?.

The inequality C(d) - 37 < C - (4)? yields a positive lower bound y(d, L) for 6.

Consequently, any 6 < 6, has the desired property. O
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Lemma 14.3.10. There exists a universal constant C' such that the following
holds. Let D > 1 and n > ng(D) be as in Proposition 14.2.1. Then

1
vol B(z;,1;) < CBT? for all i.

Proof. We know that, by Proposition 14.2.1, vol B(z;, v(z;)) < Sv(z;)®. More-
over, r; > V(fli), and B(z;,r;) is contained in some metric ball B(2’,r’') with
curvatures > —T%. As v’ > %ri > r;, the curvatures on B(z;,r;) are at least

—%2- The Bishop—Gromov inequality gives

i

vol B(z;, A) S VOlB(.’EZ‘,Ti).

v () T e

11

7

Equivalently,

ey vol Bz, 1) () 1 (v(z)\°
VOlB(ZEi, (11))2 o) v_1<11” 2V01B(z,;,r,;)6 p ,

for some uniform C > 0. Hence, using Proposition 14.2.1 (b) (3), we get

3
> vol B(z;, 7)) < Crf 5. O

1) <
vol B(z;,1;) < C (1/(1‘2)

Finally we push f into the 2-skeleton.

Lemma 14.3.11. For a suitable choice of D > 1, there exists a map f?: M, —
K®@ such that the following holds:

1. @ s homotopic to f relative to K2,

2. The inverse image of the open star of each vertez vy, € KO s contained in
V.

Proof. The inverse image by f of the open star of the vertex vy, € K© is con-
tained in Vj. Using Lemma 14.3.9 several times, we find a map &M, - KG®
homotopic to f and a universal constant L such that (f())~!(star(vy, )) C V}, and

fl(?’) is L—Lipschitz.

Vi Tk

Sublemma 14.3.12. Let o be a 3-simplex of K. Then o is not contained in the
image of f©®).

Proof. Arguing by contradiction, we consider a 3-simplex o contained in the image
of f®). The inverse image of Int(c) by £ is a subset of the intersection of those
V;’s such that vy, is a vertex of 0. Let V} be one of them. Since vol(f®)(V})) <
vol(f®)(B(x, 1)), Lemma 14.3.10 yields

3
vol(Im(f®) N o) < vol(f® (Vi) < <L> vol B(zy, 1) < CL

ol =

Tk
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with uniform constants C' and L. Thus we have vol(Im(f®) N o) < vol(o) for
sufficiently large D. O

Having proved Sublemma 14.3.12; we conclude the proof of Lemma 14.3.11 by
simply choosing in each 3-simplex of K a point which is not in the image of f®),
and compose f®) with central projections from those points. Note that here no
metric estimate is required in the conclusion. O

The inverse images of the open stars of the vertices vy, satisfy (f(2))~!(star(vy, ))
Vi, and therefore (f(?))~!(star(vy,)) is homotopically trivial in M. This proves
Assertion 14.3.2 and ends the proof by contradiction of Proposition 14.3.1. O

14.3.3 End of the proof: covering by virtually abelian sub-
sets

The following is a consequence of Proposition 14.3.1, where the constants Dy and
no(D) are provided by Propositions 14.3.1 and 14.2.1 respectively.

Corollary 14.3.13. There exists Dy > 0 such that if D > Dy and n > ng(D),
then there exists a compact submanifold Vo C M,, with the following properties:

i) Vo is either a connected component of W,, or -close to a tubular neighbour-
() P 5 g
hood of a soul of the local model of some point xy € M,,.

(i) Vo is a solid torus, a thickened torus or the twisted I-bundle on the Klein
bottle.

(11i) Vo is homotopically non-trivial in M,.

Proof. We recall that each connected component of W,, is a solid torus. If one
of them is homotopically non-trivial, then we choose it to be Vy. Otherwise, by
Proposition 14.3.1, there exists a point z¢g € M, such that B(zo,v(zo)) is homo-
topically non-trivial; Remark 14.2.3 shows that B(x, v(z)) is necessarily a solid
torus, a thickened torus or a twisted I-bundle over the Klein bottle. Indeed, the
soul Sy of the local model Xy can be neither a point nor a 2-sphere, otherwise
B(g,v(70)) would be homeomorphic to B? or §? x I, which have trivial funda-
mental group. Let f,,: B(xg,v9) — Xo denote the (1+%)—bi—Lipschitz embedding
provided by Proposition 14.2.1. We take Vy = f;ol (N5(Sp)), the inverse image of
the closed tubular neighbourhood of radius § of Sy, for some 0 < § < vy/D. O

As V) is not contained in any 3-ball, each connected component Y of its com-
plement is irreducible, hence a Haken manifold whose boundary is a union of tori
(possibly compressible). In particular, Y admits a geometric decomposition. As
remarked at the beginning of this chapter, in order to prove that M, is a graph
manifold, it is sufficient to show that each connected component of M, \ Int(Vy)
is a graph manifold. By Proposition 14.0.1 and Remark 13.2.5, all we have to do
is prove the following proposition:
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Proposition 14.3.14. For n large enough, one can choose the submanifold Vy as
above such that every Dehn filling on each connected component' Y of M, \ Int(Vp)
has vanishing simplicial volume.

We choose the set V), as follows:

e If some component of W,, is homotopically non-trivial, then we choose it as
Vo.

e If all components of W,, are homotopically trivial, then there exists a point
x € M, such that B(z,v(z)) is homotopically non-trivial. We choose zg €
M,, such that

1
vy =v(xg) > 5 sup {v(z) | m1(B(z,v(z))) — m1(M,,) is non-trivial}.
zeM,

Let Sy be the soul of the local model Xg of B(xg, 1), provided by Proposi-
tion 14.2.1. If f,,: B(zo, 1) — Xo is a (1 + 2)-bi-Lipschitz embedding, we
choose

Vo = fa (N5(S0))

where N5(Sp) denotes the closed tubular neighbourhood of radius § of Sp,
with 0 < ¢ < 4§, where D > Dy is given by Corollary 14.3.13.

After possibly shrinking W,,, one has Vo N W,, = 0, as vg < 1.

We say that a subset U C M, is virtually abelian relative to Vy if the image in
w1 (M, \Vo) of the fundamental group of each connected component of UN(M,\Vp)
is virtually abelian.

We set

B(x,r) is virtually abelian relative to Vg
and B(z,r) is contained in a ball B(z/,1")

with curvature > —ﬁ

ab(z) =sup| r

and
r(z) = min {111 ab(z), 1}.

Since we may assume that M,, is not virtually abelian relative to V,, for every

x € My, M,, ¢ B(z,ab(z)). Therefore, by the same argument as Lemma 14.3.3,

r(z) < Z1', where B(z’,1’) contains B(z,ab(z)) and has curvature > *ﬁ~
We are now led to prove the following assertion:

Assertion 14.3.15. With this choice of Vy, for n large enough, M, can be covered
by a finite collection of open sets U; such that the following holds:

o FEach U, is either contained in a component of W, or a metric ball B(x;,r(x;))
for some x; € M, (gy,). In particular, U; is virtually abelian relative to Vy.
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o The dimension of this covering is not greater than 2, and it is zero on Vg
(equivalently Vo only intersects one open set of the covering).

Let us first show why this assertion implies Proposition 14.3.14. This implica-
tion is a direct consequence of Gromov’s vanishing theorem.

Proof. The covering described in the assertion naturally induces a covering on
every closed and orientable manifold ¥ obtained by gluing solid tori to Y. By
the second point of Assertion 14.3.15, it is a 2-dimensional covering of Y by open
sets which are virtually abelian and thus amenable in Y. Hence by Theorem 13.2.6,
Y has zero simplicial volume. O

We now prove Assertion 14.3.15. The argument for the construction of a 2-
dimensional covering by abelian open sets is similar to the one used in the proof
of Assertion 14.3.2, replacing everywhere the triviality radius triv by the virtual
abelianity radius ab. The construction of the covering takes care of Vg, in partic-
ular we require Lemma 14.3.16. The direct analogues of Lemmas 14.3.4 to 14.3.11
apply here, with three small fixes. Firstly, the proof of Lemma 14.3.3 (2) needs to
be adapted in this setting (Lemma 14.3.17). Secondly, Lemma 14.3.3 (1) must be
replaced by a similar statement with different constants (Lemma 14.3.18). Finally,
the analogue of Lemma 14.3.5 also needs further discussion (Lemma 14.3.19).

We now make the details precise.

If V) is a connected component of W,,, then for n large enough we choose points
Z0,%1,...,2q € OWy, with 29 € 0V, in the following way:

e Every boundary component of W,, contains exactly one of the z;’s.

e The balls B(z;, 1) are pairwise disjoint.

e Every B(z;,1) has normalised volume < % and sectional curvature close to

—1.

e Every B(z;,1) is contained in a thickened torus (which implies that this ball
is abelian).

Furthermore, going sufficiently far in the cusp and taking n large enough, one can
assume that B (:r:j, %r(a:j)) contains an almost horospherical torus corresponding
to a boundary component of W,,. In this case the proof previously done applies
without any change, since the dimension of the original covering and all those
obtained by shrinking is zero on W,, (or on a set obtained by shrinking W,,).

From now on we shall assume that all connected components of W,, are homo-
topically trivial. We then choose xg € Vo C M, \ Int(WW,,) as above and points
Z1,...,2Tq € OW, as before.

We complete the sequence xg,z1,...,7, to a maximal finite sequence

Io,xhl'g,...,xp

in M, \ Int(W,) such that the balls B(z;, 1r(z;)) are disjoint.
We set r; = r(x;), and, if W, 1,... W, 4 are the connected components of W,,,
then we set
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o VO = B(l‘o,’l‘o),
o Vi:=B(x;,r;)) UW,; fori=1,...,q,
o V,:=DB(x;,r;)\ Vo fori=q+1,...,p.

After possibly shrinking W,,, we have Vo N B(x;,7;) = 0 for ¢ = 1,...,q, since
r; <1and Vo NW,, = 0. It follows that Vo N'V; = 0 for i # 0.
We first need the following result about V.

Lemma 14.3.16. If n is large enough, then

4
Vo C B (:z:o, V(xO)) CB (xo, %0) V.

D

Proof. The first inclusion uses the properties of Proposition 14.2.1: diam(Sp) < %5,
d(fze (o), So) < 43, the construction Vo = f; 1(N5(So)) with § < %% and the fact
that fy, is a (1 + %)-bi—LipSChitZ embedding. The second inclusion follows from

ro = ﬁu(mo) by taking D >4-9-11. O

Then we have the proof of the following analogue of Lemma 14.3.3 (2).

Lemma 14.3.17. We can assume that, for every x € My \Int(W,,), B(z,11r(x))
is contained in some ball B(z',r'(x)) with curvature > —ﬁ and satisfying r(z) <

1—11 ab(z) < 1—217"’(3:).

Proof. If M,, is virtually abelian relative to 1y, then Assertion 14.3.15 holds true
by taking a single open subset, the whole M,. Hence we may assume that M,
is not virtually abelian relative to Vg, thus for every € M,,, M,, ¢ B(x,ab(x)).
Therefore, by the same argument as in the proof of Lemma 14.3.3 applies. O

The next lemma is the analogue of Lemma 14.3.3 (1), with a new constant ¢
that just entails a change of constant in the analogue of Lemma 14.3.10.

Lemma 14.3.18. There exists a universal ¢ > 0 such that, if n is sufficiently
large, then r; > cv(x;) for all i.

Proof. Onehasro > t;v(20) by construction. For alli > 0, if B(z;, v(z;))NVy = 0,
then ab(x;) > v(z;) so r; > Tllu(xz) Hence we assume B(z;,v(z;)) N Vo # 0, and
we claim that d(z;, Vo) > ¢ v(x;) for a uniform ¢ > 0.

We also assume from now on that r; = ﬁab(xi) < 1 (otherwise (r; =1 >
p(zi) > v(x;) and we are done). Since Vo C B(o, 7o)

1 1 1
> ﬁd(xi,VO) > 1 <d(mi,x0) — 9r0>
(14.1)

1 1
270 —gT0 _ 7o 1

> oy -
11~ 88~ 1000

v(xg).
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We distinguish two cases, according to whether Vy is contained in B(z;,v(z;)) or
not.

If Vo C B(x;,v(x;)), then the image of 71 (B(z;,v(z;))) — 71 (M,,) cannot be
trivial, since the image of w1 (Vy) — m1(My,) is not. In addition,

v(z;) < 2v(zo), (14.2)

by the choice of xy and v(zg). Equations (14.1) and (14.2) give r; > v(z;),/2000.
If Vo ¢ B(z;,v(z;)), then since Vo N B(x;, v(x;)) # 0 and Vy C B (xo, %"), we
have
11r; = ab(x;) = d(xi, o) —10/9, v(z;) < d(x;, o) +10/9.

Since d(z;,zo) = iro, this yields % > ﬁ . 1?:—%3 > 3—10. O

Finally the analogues of Lemmas 14.3.4 to 14.3.11 apply with no changes,
except for Lemma 14.3.5 in the context of the new boundary created by V),
and it is used in the control of the Lipschitz constant of the characteristic map,
Lemma 14.3.8.

Lemma 14.3.19. Fach x € M,, belongs to some Vi, such that d(x,0V)) > %rk.

Proof of Lemma 14.3.19. If € B(xo, %ro) we may choose & = 0. Let us then
assume that ¢ ¢ B (mo, %ro). There exists k such that ¢ € B (xk, %Tk), by the
analogue of Lemma 14.3.5. If B(zy, ;) and Vj are disjoint, then B(zg,rp)NVo =0
and we are done. Hence we assume that B(zg,rr) N Vo # 0. By Lemma 14.3.16
and the analogue of Lemma 14.3.4, one has:

1 2 1
d(xz, Vo) = d(z,x0) — §T0 > =

This implies that d(z,dVy) > $7s. O
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Chapter 15

A rough classification of
3-manifolds

In this final chapter, which is not part of our proof of the Geometrisation Con-
jecture, we prove the refined Theorem 1.3.12 using an invariant Vj(M) which is
closely related to Vo (M).

For a closed 3-manifold M, let Vj(M) denote the minimum of the volumes of
all hyperbolic submanifolds H C M having the property that either H is the com-
plement of a link in M or OH has at least one component which is incompressible
in M.

By definition, we always have 0 < Vj(M) < Vo(M). If M is orientable and
irreducible, then it admits a metric of positive scalar curvature if and only if
it is spherical. If this is not the case (which amounts to saying that m (M) is
infinite), then the invariant V(M) can be defined as the infimum of V taken on
all Riemannian metrics (see (1.5), p. 14) and may be zero.

Here is the main result of this chapter. It characterises hyperbolic mani-
folds and graph manifolds among irreducible 3-manifolds with infinite fundamental

group.

Theorem 15.1.1. Let M be a closed, orientable, irreducible 3-manifold with in-
finite fundamental group. Then, one of the following occurs:

(i) 0 < V(M) =Vi(M) = Vo(M) if M is hyperbolic.

(i) 0 < Vg(M) < V(M) < Vo(M) if M contains an incompressible torus and
has some hyperbolic pieces in the JSJ decomposition.

(iii) 0 = V(M) < Vg(M) < Vo(M) if M is a graph manifold.

Before giving the proof, we note the following variant of Theorem 13.1.3, where
Vo is replaced by V{, and the conclusion is changed to ‘M is a graph manifold’:

217
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Theorem 15.1.2. Let M be a closed, orientable, non-simply connected, irreducible
3-manifold. Let g, be a sequence of Riemannian metrics satisfying the following
conditions:

(1) The sequence vol(gy,) is bounded.

(2) Foralle >0, if x,, € M is a sequence such that for alln, x,, is in the e-thick
part of (M, gy), then (M, gn,x,) subconverges in the C* topology to a pointed
hyperbolic manifold with volume strictly less than V§(M).

(3) The sequence (M, gy) has locally controlled curvature in the sense of Perel-
man.

Then M is a graph manifold.

Proof. Let H',..., H™ be hyperbolic limits given by Proposition 14.1.1 and let
en — 0 be a sequence chosen as in the remark after Proposition 14.1.1, or in the
beginning of Section 14.2 to describe the local structure of the thin part. As in
the proof of Theorem 13.1.3, for each i we fix a compact core H* of H* and for
each n a submanifold H! and an approximation ¢! : H: — H®. The fact that the
volume of each hyperbolic manifold H' is less than V(M) implies the following
result:

Lemma 15.1.3. Up to taking a subsequence of M, for all i € {1,...,m} each
connected component of OH' is compressible in M for all n.

Proof. Indeed, if the conclusion of Lemma 15.1.3 does not hold, then up to ex-

tracting a subsequence we may assume that there exists an integer io € {1,...,m}
such that OH.° contains an incompressible torus for all n. From the definition of
Vg (M) this would contradict the inequality vol(H™) < Vy(M). O

From this lemma on, the proof of Theorem 15.1.2 is identical to the proof of
Theorem 13.1.3. O

Remark 15.1.4. In fact, Theorem 15.1.2 is also true if M is simply-connected,
since this implies that M is diffeomorphic to S2, which is a graph manifold.

Proof of Theorem 15.1.1. (i) If M is hyperbolic, then M is atoroidal, hence V(M) =
Vo(M). We already saw that V(M) = V(M) in this case, so there is nothing to
prove.

(iii) If M is a graph manifold, then by Cheeger-Gromov [CG86], one can con-
struct Riemannian metrics on M with sectional curvature pinched between —1
and 1 whose volume is arbitrarily small. In particular, V(M) = 0.

(ii) Let us suppose that M is neither a hyperbolic manifold nor a graph man-
ifold. We already know that V(M) < V,(M), because M is not hyperbolic. We
show that Vj(M) < V(M) by contradiction. If VJ(M) > V(M) then M ad-
mits a Riemannian metric go such that V(go) < V{(M). Using Corollary 1.3.7
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with initial condition gy, we find a sequence g, satisfying the hypotheses of The-
orem 15.1.2. This theorem implies that M is a graph manifold, contrary to the
hypothesis. O
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Appendix A

3-manifold topology

General references for this appendix are [Hem76], [Jac80] and [Hat00].

A.1 General notation

For n > 1, we let S™ (resp. T™, resp. B", resp. RP™) denote the n-dimensional
sphere (resp. torus, resp. ball, resp. real projective space). By abuse of language,
we say that S is a (smoothly embedded) 2-sphere in a 3-manifold M if S is a
smooth submanifold of M which is diffeomorphic to S2. Similar terminology is
used for 2-tori, 3-balls, RP?’s etc.

We let I denote the real interval [0,1] (which for a topologist is the same as
B'). Consequently, S? x I and T? x I are compact, orientable 3-manifolds (with
nonempty boundary), sometimes called the thickened sphere and the thickened
torus respectively. We let K2 denote the Klein bottle. If S is a surface, then we
let S % I denote the twisted I-bundle over S. This manifold is orientable if and
only if S is nonorientable; thus we shall be interested only in RP% x I and K2 x I.

We let Int(M) denote the interior of a manifold M with boundary.

A.2 Alexander’s theorem and consequences

Let M be a 3-manifold. Two closed, embedded surfaces Fy, F5 C M are parallel
if they cobound a submanifold diffeomorphic to F; x I.

Theorem A.2.1 (Alexander, see e.g. [Hat00]). Let S be a smoothly embedded 2-
sphere in B3. Then S bounds a 3-ball B. Furthermore, the complement of Int B
is diffeomorphic to S* x I.

Corollary A.2.2. Let S be a smoothly embedded 2-sphere in S? x I.

1. If S is null-homologous, then it bounds a 3-ball.

221
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2. Otherwise, it is isotopic to S x {0}.

Proof. Capping-off S? x {0} by a 3-ball B, we obtain a 3-manifold B’ which is
also diffeomorphic to B3. By Theorem A.2.1, S bounds a 3-ball B” C B’. Then
either B” C S? x I, or B C B” and S cobounds with S? x {0} a submanifold X
such that B” = X U B.

If S is null-homologous in S? x I the former case must happen. This proves the
first part of Corollary A.2.2. If not, then the latter case must happen. By Theo-
rem A.2.1 again, X is diffeomorphic to S? x I. This proves the second assertion.

O
A similar argument gives:

Corollary A.2.3. Let Sy, So be two smoothly embedded 2-spheres in S? x I.
Assume that Sy, So are isotopic to each other, disjoint, and not null-homologous.
Then they are parallel.

A.3 Submanifolds with compressible boundary

Let X be an orientable, irreducible 3-manifold and T be a compressible torus
embedded in X. The loop theorem shows the existence of a compression disc D
for T, that is, a disc D embedded in M such that D N'T = 9D and the curve
0D is not null homotopic in T. By cutting open T along an open small regular
neighbourhood of D and gluing two parallel copies of D along the boundary curves,
one constructs an embedded 2-sphere S in X. We say that S is obtained by
compressing T along D.

Since X is assumed to be irreducible, S bounds a 3-ball B. There are two
possible situations depending on whether B contains T or not. The following
lemma collects some standard results that we shall need.

Lemma A.3.1. Let X be an orientable, irreducible 3-manifold and T be a com-
pressible torus embedded in X. Let D be a compression disc for T, S be a sphere
obtained by compressing T along D, and B a ball bounded by S. Then the following
holds:

(i) X\T has two connected components U,V , and D is contained in the closure
of one of them, say U.

(ii) If B does not contain T, then B is contained in U, and U is a solid torus.

(iii) If B contains T, then B contains V, and V is homeomorphic to the exterior
of a knot in S3. In this case, there exists a homeomorphism f from the
boundary of S* x D? into T such that the manifold obtained by gluing S* x D?
to U along f is homeomorphic to X.

Remark A.3.2. If T is a component of 0X and T is a compressible torus, the
same argument shows that X is a solid torus.
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To understand the situation in Lemma A.3.1 (iii), one has to think of the
connected sum of any manifold with a solid torus S* x D?, which is glued to any
knot exterior in S3.

Lemma A.3.3. Let X be a closed, orientable, irreducible 3-manifold. Let H C X
be a connected, compact, orientable, irreducible submanifold of X whose boundary
is a collection of compressible tori. If H is not homeomorphic to the exterior of
a (possibly empty) link in X, then H is included in a connected submanifold Y
whose boundary is one of the tori of OH and which satisfies one of the following
properties:

(i) Y is a solid torus, or

(ii) Y is homeomorphic to the exterior of a knot in S3 and contained in a ball
BcCX.

Proof. By hypothesis the boundary of H is not empty. We denote by T4, ..., T\,
the components of 9H. If one of them bounds a solid torus containing H, then we
can choose this solid torus as Y. Henceforth we assume that this is not the case.

Each T; being compressible, it separates and thus bounds a submanifold Vj
not containing H. Up to renumbering the boundary components of H, we may
assume that V7,...,Vy are disjoint solid tori, but Vj41,...,V,, are not solid tori.
At least one of the V;’s is not a solid torus, otherwise H would be homeomorphic
to the exterior of a link in X.

For the same reason, at least one Vj, for some j > k, is not contained in the
3-ball bounded by the sphere obtained after compressing 75. Otherwise each of the
Vi1, .-, Vi is homeomorphic to the exterior of a knot in S3, by Lemma A.3.1,
and one could then replace each V;, £+ 1 < j < m by a solid torus without
changing the topological type of X. Hence H would be homeomorphic to the
exterior of a link in X.

Pick a Vj, for j > k, which is not contained in a ball. Then compressing surgery
on the torus T; = 0V yields a sphere S bounding a ball B in X, which contains H
by the choice of V}. This shows that conclusion (ii) is satisfied with ¥ = X \int V.

O

A.4 Covering 3-manifolds by abelian subsets

In [GLGA92] J. C. Gémez-Larranaga and F. Gonzalez-Acuna have computed the
1-dimensional Lusternik—Schnirelmann category of a closed 3-manifold. One step
of their proof gives the following proposition (cf. [GLGA92], Proof of Proposition
2.1):

Proposition A.4.1. Let X be a closed, connected 3-manifold. If X has a covering
of dimension 2 by open subsets which are homotopically trivial in X, then there is
a connected 2-dimensional compler K and a continuous map f: X — K such that
the induced homomorphism f,: m(X) — w1 (K) is an isomorphism. O
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Standard homological arguments show the following, cf. [GLGA92], §3:

Corollary A.4.2. Let X be a closed, connected, orientable, irreducible 3-manifold.
If X has a covering of dimension 2 by open subsets which are homotopically trivial
in X, then X is simply connected.

Proof. Following Proposition A.4.1, let f: X — K be a continuous map from
X to a connected 2-dimensional complex K, such that the induced homomor-
phism f,: m(X) — m(K) is an isomorphism. Let Z be a K(m1(X), 1) space.
Let ¢: X — Z be a map from X to Z realising the identity homomorphism on
m1(X) and let ¢: K — Z be the map from K to Z realising the isomorphism
ft:m(K) = 7(X). Then ¢ is homotopic to 1 o f and the induced homo-
morphism ¢, : H3(X;Z) — H3(Z;Z) factors through ¢.: Hs(K;Z) — Hs3(Z;Z).
Since H3(K;Z) = {0}, the homomorphism ¢, must be trivial.

XLZ

i

K

If 711 (X) is infinite, then X is aspherical and ¢.: H3(X;Z) — H3(Z;Z) is an
isomorphism. Therefore m (X) is finite.

If 71(X) is finite of order d > 1, then let X be the universal covering of X.
The covering map p: X — X induces an isomorphism between the homotopy
groups 7 (X) and m(X) for k > 2. Since mo(X) = {0}, m(X) = {0}, and by
the Hurewicz theorem, the canonical homomorphism 75(X) — Hs(X;Z) = Z is
an isomorphism. It follows that the canonical map m3(X) =Z — H3(X;Z) =Z
is the multiplication by the degree d > 1 of the covering p: X — X. Tt is well
known that one can construct a K(m(X),1) space Z by adding a 4-cell to kill
the generator of 73(X) = Z, and adding further cells of dimension > 5 to kill the
higher homotopy groups. Then the inclusion ¢: X — Z induces the identity on
7m1(X) and a surjection ¢, : H3(X;Z) = Z — H3(Z;Z) = Z/dZ. Therefore, since
¢4 vanishes, X must be simply connected. O

Finally, we need the following fact:

Lemma A.4.3. Let X be a closed, orientable, irreducible 3-manifold. Assume
that X is the union of two submanifolds X1, Xo which are solid tori or 3-balls.
Then X is a lens space.

Proof. When X7 and X, are both solid tori, this is proved in [GLGAHO04]. Other-
wise X is covered by three 3-balls and thus homeomorphic to the 3-sphere S by
[HM69] (see also [GLGAHO07]). O



Appendix B

Comparison geometry

Let us recall the fundamental comparison theorem below due to M. Gromov. It is
used extensively in Perelman’s work as well as in this book.

B.1 Comparison and compactness theorems

Theorem B.1.1 (Bishop—Gromov inequality [Gro99]). Let (M,g) be a Rieman-
nian manifold satisfying Ric, > (n — 1)kg, where k € R. Let v (r) denote the
volume of an r-ball in the simply connected n-space of constant sectional curvature
equal to k. Then for all0 <r < R, for allxz € M,

volg B(z,r) v (r)
voly B(z,R) ~ v}(R)’

From [CGT82], Theorem 4.3, one has the following local version of Cheeger’s
injectivity radius estimate [Che70]:

Theorem B.1.2. For any K,v,D > 0 and any integer n > 2, there exists
C =C(K,v,D,n) > 0 with the following property. Suppose that (M, g) is a Rie-
mannian n-manifold, and let B(x, D) C M be a geodesic ball of radius D compactly
embedded in M. Suppose also that |Rm| < K on B(x, D) and that vol B(x, D) > v.
Then the injectivity radius at x of (M, g) satisfies inj(M, g,x) > C.

Proof. Bounding the injectivity radius at x is equivalent to bounding two quanti-
ties: on the one hand, the distance [; between x and the closest conjugate point
(if any); on the other hand, the length 5 of the shortest geodesic loop based at x.

By the Rauch comparison theorem, I; is at least min(7/+/K, D). Note that this
only uses the upper bound on the curvature along geodesic segments starting at
x. To estimate Iy from below, we use Cheeger—Gromov—Taylor [CGT82|. Indeed,
Theorem 4.3 from [CGT82] applies here because it only requires a bound of the
curvature on the ball. More precisely, taking r = min(r/vK,D) (and 79 = s =
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r/4 in the notation of [CGT82]) by [CGT82], Inequality 4.22, we have

r/8

B oD vl B

In addition, by the Bishop-Gromov inequality applied to the balls of radius r/4
and D centred at x,

v_k(r/4)
vol B(xz,r/4) > ——————w.
The combination of both inequalities gives the required lower bound for l5. See
[BBBT10], Appendix A, for more details. O

‘We shall now state Gromov’s compactness theorem. Before we need to define
the notion of Lipschitz convergence.

Definition B.1.3. Let M; and M, be two metric spaces we define
dp(My, My) = inf{| In(dil(f))| + [ In(dil(f~"))[},

where the infimum is taken over the bi-Lipschitz homeomorphisms f between M;
and Ms (possibly dy, (M7, M) = +00). Now, a sequence (M, xy) of pointed metric
spaces is said to converge in pointed Lipschitz topology towards (M, 2o ) if for
all R > 0, dr(B(ze, R), B(xk, R)) goes to zero as k goes to infinity.

We next state the main compactness theorem, whose proof follows from [Gro99],
[Pet87], [GW8S].

Theorem B.1.4. Let 0 < a < 1. Let (Mg, gr, xk) be a sequence of pointed smooth
n-dimensional complete Riemannian manifolds such that

(a) for all R > 0, there exists A(R) > 0 such that the sectional curvature is
bounded in absolute value by A(R) on B(zy, R) for all k,

(b) there exists V > 0 such that vol B(xy,1) =V for all k.

Then, there exists a subsequence which converges in the pointed Lipschitz topology
to a smooth n-dimensional complete Riemannian manifold (Mso, goo, Too) where
the Riemannian metric goo is of class CH.

Remarks B.1.5. (i) From [GW8S§], the convergence takes place in the C1'* norm.
More precisely, there exist diffeomorphisms fj from B(ze, R) to B(zg, R) such
that (fx)*grx converges to g in the C1* norm (cf. [GWS8S], p. 139-140).

(ii) If the manifolds M}, have uniformly bounded diameter, then M, is compact
and diffeomorphic to Mj, for k large enough.

(iii) If assumption (a) is weakened to “For some R > 0, there exists A > 0
such that...”, one obtains sub-convergence of (B(xk, R), gk, zx) to a (possibly non
complete) smooth n-dimensional Riemannian manifold (Meo, goos Too)-
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B.2 Manifolds with nonnegative curvature

Next we describe the Cheeger—Gromoll soul theorem and some of its consequences.
Let M be a Riemannian n-manifold. A subset S C M is totally convez if every
(possibly nonminimising) geodesic segment M with endpoints in S is contained in
S. This is stronger than being totally geodesic. We say that S is a soul of M if S
is a closed, totally convex submanifold of M.

Theorem B.2.1 ([CGT2]). Every Riemannian manifold M of nonnegative sec-
tional curvature has a soul S.

If M is closed, then it turns out that S = M. In the open case, Theorem B.2.1
has strong topological consequences thanks to the following lemma:

Lemma B.2.2 ([CG72]). Let M be an open Riemannian manifold of nonnegative
sectional curvature, and let S C M be a soul. Then M is diffeomorphic to the
normal bundle of S in M. In addition, for every r > 0, the tubular neighbourhood

Ny (S)={x e M |d(z,S) <r}
18 diffeomorphic to the disc subbundle of the normal bundle.

This lemma is proved by constructing a vector field that averages all directions
between a point and S. Since S is totally convex, this average is nonzero and the
vector field is well defined, it is in fact an almost gradient vector field for minus the
distance function to S. The integral curves of this field correspond to the fibres of
the normal bundle.

Since the soul S is itself a closed manifold of nonnegative curvature, we easily
classify the diffeomorphism type of low-dimensional manifolds with nonnegative
curvature, [CGT2]:

Corollary B.2.3 (Classification of open 3-manifolds of nonnegative curvature).
Let M be an open, orientable 3-manifold M of nonnegative sectional curvature.
Then exactly one of the following conclusions holds:

1. Ifdim S = 0, then S is a point, and M = R3.
2. Ifdim S =1, then S is a circle, and M = S* x R2.

3. If dim S = 2, then S is diffeomorphic to S%, T?, RP?, or K2. Thus M is
diffeomorphic to S2 x R, T? x R, RP? X R, or K2 x R, respectively.

Remark B.2.4. All these manifolds are irreducible except S? x R and RP? x R.
This follows from Alexander’s theorem (Theorem A.2.1) and the elementary fact
that if M is a 3-manifold whose universal cover is irreducible, then M itself is
irreducible.

In the closed 3-dimensional case, the classification has been obtained by R. Hamil-
ton using Ricci flow [Ham82], [Ham86]:
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Theorem B.2.5 (Classification of closed 3-manifolds of nonnegative curvature).
FEvery closed, orientable 3-manifold of nonnegative sectional curvature is spherical,
Euclidean, or diffeomorphic to S? x S' or RP3 # RP3. In particular, any such
manifold is a graph manifold.

Next we discuss the consequences of the classification for the fundamental
group. We say that a group is virtually abelian if it contains an abelian subgroup
of finite index.

Corollary B.2.6. Let M be an orientable 3-manifold of nonnegative sectional
curvature. Then m (M) is virtually abelian.

Proof. If M is noncompact, then we apply Corollary B.2.3. By elementary compu-
tations, 71 (M) is isomorphic to the trivial group, Z, Z/27Z, Z? or the Klein bottle
group. The latter has a subgroup of index 2 isomorphic to Z2.

If M is compact, apply Theorem B.2.5. Thus 71 (M) is finite, virtually Z3, or
virtually Z. O

Remark B.2.7. This corollary is in fact also true if M is nonorientable, by passing
to the orientation cover.
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Ricci flow

C.1 Existence and basic properties

Theorem C.1.1 ([Ham&2], [Shi89b], [CK04], [CZ06¢]). Let (M, go) be a complete
Riemannian manifold such that |Rm| < A for some A < +00. Then there exists a
unique complete Ricci flow g(-) of bounded curvature defined on M x [0, (16A)71],
such that g(0) = go. Moreover, we have |[Rm| < 2A everywhere.

Proposition C.1.2. Let (M,{g(t)}icj0.5)) be an n-dimensional Ricci flow. If the
interval of definition [0,b) is mazimal, then sup(, 4 |[Rm(x,t)| = +oo.

C.2 Consequences of the maximum principle

We recall some basic formulas (cf. [CK04]):

Proposition C.2.1. For a Ricci flow, the quantities R(x,t) and V(t) satisfy

1. ﬂ:—/ RdV,
dt M

dRrR L0112 2.9
2. o = AR+ 2|Ric" | +3R,

Corollary C.2.2.

X min V¥, 1
7 RV, (C.1)
dRmin 2 2

2 o in’ 2

dt 3Rm1n (C )
dR _ 2 .

. F 7RV_1 Rmin R)dV. C.3

L ) (©3)
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Proof.

Equation (C.2) follows from Proposition C.2.1 (ii) and the maximum principle.

dh_r viy ngm / “RdvV~3

dt min
2 2
> gR?MV% + 3 Bmin | ~R dvV ™5

2
= 7RminV% <Rminvl/ dU+/—R dUV1>
3 M

= nginV%V_1 (/M(Rmin - R) d”)
gR(Q)V_l (/M(Rmin —R) d”) -

C.3 Compactness

A pointed evolving metric is a triple (M, {g(t) }+cr1, (0, to)) where M is a manifold,
g(-) is an evolving metric on M, and (x¢, to) belongs to M x I. We say that a se-
quence of pointed evolving metrics (Mg, {gx(t) }ter, (zk, to)) converges smoothly to
a pointed evolving metric (Mo, {goo (t) }ter, (oo, to)) if there exists an exhaustion
of M by open sets Uy, such that x € Uy, for all k, and smooth maps ¥y : Uy — My,
diffeomorphic onto their images, sending x to xy, such that ¥} gi(-) — g(-) and
all its derivatives converge to zero uniformly on compact subsets of M x I.

Theorem C.3.1 (Hamilton’s compactness). Let (My, {gx(t)}+e(a,); (Tk,t0)) be a
sequence of complete pointed Ricci flows of the same dimension. Assume that

L. for all p > 0, SUPyeN SUP B (), 10,p) x (a,p] IRI| < +00, and
2. infren inj(My, gk (to), vx) > 0.

Then (M, {gx(t)}te(a,)s (Tk,to)) subconverges smoothly to a complete Ricci flow
of the same dimension, defined on (a,bl.

Remark C.3.2. If g(¢) is defined on [a,b], one can take ty = a if one has also
uniform bounds on the derivatives of the curvature operator at time tg, that is:
for any p > 0, for any integer p, SUpPen SUP (4, 10,p)x {to} | VP R | < +00.
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An inspection of the proof of Theorem C.3.1 shows that the following natural
extension holds. The definition of a partial Ricci flow is given in Section 2.2.

Theorem C.3.3 (Local compactness for flows). Let (Uk, {gx(t) }re(a,0)> (21, 0)) be
a sequence of pointed Ricci flows of the same dimension. Suppose that for some
po € (0,400], all the balls B(xk,0,p) of radius p < po are relatively compact in
Ui and that the following holds:

1. For any p € (0, po), there exists A(p) < +o00 and 7(p) > 0 such that |Rm| <
A(p) on all P(zk,0,p,—7(p)).

’ilélenJ(Uk,gk(O),xk) > 0.

Then there is a Riemannian ball B(Zso, po) of the same dimension such that the
pointed sequence (B(xk,0,p0), gk( ), xx) subconverges smoothly to a partial Ricci
flow goo(+) defined on |, , (B(zoo, p) x (—=7(p),0]). Moreover, if py = +oc then
for any t € [sup, —7(p), 0], goo(t) is complete.

C.4 Harnack inequalities for the Ricci Flow

We state first the matrix Harnack inequality. Consider the following tensors P
and M associated to the curvature:

Pabc = vaﬁ)bc - vaam
1
Mab = A}zab - §VQVbR + RabcdRcd - RacRbc-

For a 2-form U and 1-form W, Hamilton defines:
Z(UW) = MapWo Wy + 2PapcUat We + RapeaUabUca-

Theorem C.4.1 (Hamilton’s matrix Harnack inequality [Ham93]). Suppose we
have a Ricci flow on t € [0,T] such that every time slice is complete with bounded
curvature. If Rm > 0 then, for every 2-form U and 1-form W,

Z(U,W) > 0.

Given two vector fields X, Y, taking U = X° AY? and W = Y, and tracing
over Y, with the same hypothesis as in Theorem C.4.1, we obtain Hamilton’s trace
Harnack inequality:

OR

1
ot ERJFQg(t)(VR,X)JrQRic(X,X) 2 0.

In particular for X = 0 and reparametrizing the time, we get:
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Corollary C.4.2 ([Ham93]). Suppose we have a Ricci flow for t € [tg,T| such
that every time slice is complete with bounded curvature. If Rm > 0, then

OR 1

or R>0.
ot it

If in addition the flow is ancient (to = —00), then

OR
— = 0.
815/0

C.5 Ricci Flow on cones

The following lemma is used in Section 4 for the proof of Theorem 6.1.1. It
rests on Hamilton’s strong maximum principle (cf. [KLO8], Theorem 41.2, [MTO07],
Proposition 4.22):

Lemma C.5.1. Let (C,go,p) be a Riemannian cone with base point p, such that
the curvature operator of go is nonnegative and nonzero. Let U C C'\ p be an open
subset and g(-) be a Ricci flow on U x [—7,0], for some T > 0, with final time
slice g(0) equal to go. Then g(-) cannot have nonnegative curvature operator.



Appendix D

Alexandrov spaces

We recall a few facts about Alexandrov spaces that are used in this book. General
references are [BBIO1], [BGP92].

Definition D.1.2 ([BGP92], 2.3, [BBI01], 10.1.1). A locally complete length space
M is called an Alezandrov space of nonnegative curvature if in some neighbourhood
U, of any point p € M the following condition is satisfied:

For any four (distinct) points (a, b, ¢,d) in U, we have the inequality

4(bac) + £(bad) 4+ £(cad) < 2.

Remarks D.1.3. 1) Here £ denotes the comparison angle in R?. For a precise
definition see the cited references.

2) For spaces in which locally, any two points are joined by a geodesic, the
condition can be replaced by: For any triangle A(pgr) with vertices in U, and any
s € [gr], one has |ps| > |ps|, where § is a point on [¢7], side of the comparison
triangle A(pgr) such that |gs| = |G3| and |rs| = |73]. We will say that A(pgr) is
thicker than A(pgr). This definition applies in Section 6.1.2.

We recall that given a metric space (X,d) and z € X, one calls a tangent cone
of X at z, a pointed Gromov—Hausdorff limit, if it exists, of (X, A\;d, ), where \;
is a sequence of real numbers going to +oo.

In Section 6.1.2 we consider finite-dimensional Alexandrov spaces of nonnega-
tive curvature, for which we have:

Theorem D.1.4 ([BBIO1], p. 391). Let X be a finite-dimensional Alezandrov
space of nonnegative curvature and x € X. Then the tangent cone of X at x exists
and is isometric to the cone on the space of directions at x.

Remark D.1.5. In fact, Theorem D.1.4 is stated in [BBIO1] for complete spaces,
but as observed in the beginning of [BBIO1], Chapter 10, local results hold for
locally complete spaces. Hence this theorem applies in our situation.

233
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Lemma D.1.6 (Sub-ball lemma). For all w > 0, there exists 0y = Op(w) > 0,
such that if B(xz,1) is a ball with volume at least w, which is relatively compact
in a manifold without boundary whose sectional curvature is bounded below by —1,
then, there exists a B(y,0y) C B(x,1), such that every sub-ball B(z,r) C B(y, )
of any radius r > 0 has volume bounded below by (1 — €g) times the volume of a
Euclidean ball of the same radius.

In such a context, we will say that B(z,r) has (1—¢g)-almost Fuclidean volume.



Appendix E

A sufficient condition for
hyperbolicity

Below we give a proof of Proposition 1.3.10 which we recall here.

Proposition E.1.7. Let M be a closed and orientable 3-manifold. Suppose that
the inequality V(M) > Vo(M) holds. Then equality holds, M is hyperbolic, and

the hyperbolic metric realises V(M).

Proof. Let Hy be a hyperbolic manifold homeomorphic to the complement of a
link Lo in M and whose volume realises Vj(M). To prove Proposition E.1.7, it is
sufficient to show that Lg is empty. Let us assume that it is not true and prove that
M carries a metric g. such that vol(g.) < Vo(M) and Ruyin(g:) = —6. This can
be done by a direct construction as in [And02]. We give here a different argument
relying on Thurston’s hyperbolic Dehn filling theorem.

If Ly # (), then we consider the orbifold O with underlying space M, singular
locus Lo local group Z/nZ with n > 1 sufficiently large so that the orbifold carries
a hyperbolic structure, by the hyperbolic Dehn filling theorem [Thu80] (cf. [BP01],
Appendix B). We then desingularise the conical metric on M corresponding to the
orbifold structure, in a tubular neighbourhood of Lg:

Lemma E.1.8 (Salgueiro [Sal09]). For each € > 0 there exists a Riemannian
metric g. on M with sectional curvature bounded below by —1 and such that
vol(M, g-) < (1 + ¢€) vol(O).

For completeness we give the proof of this lemma, following [Sal09], Chapter 3.

Proof. Let g be the hyperbolic cone metric on M induced by the hyperbolic orb-
ifold O. Let N' C O be a tubular neighbourhood of radius ¢ > 0 around the
singular locus Lg. In N the local expression of the singular metric g in cylindrical
coordinates (7,0, h) is:

2
1

ds® = dr* + (sinh(T)> db* + cosh?(r)dh?,
n

235
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where 1 € (0,7¢) is the distance to Ly, h is the linear coordinate of the projection
to Lo, and 6 € (0,27) is the rescaled angle parameter.

The deformation depends only on the parameter r and consists in replacing N’
with the metric g by a smaller cylinder N7 with smooth metric g’ of the form

ds* = dr? + ¢*(r)df? + *(r)dh?,
where for some 6 = d(¢) > 0 sufficiently small the functions
o, (0,79 — 8] = [0, +00)
are smooth and satisfy the following properties:
(1) In a neighbourhood of 0, ¢(r) = r and (r) is constant.

(2) In a neighbourhood of o — &, ¢(r) = Lsinh(r + 6) and ¥(r) = cosh(r + §).

(3) Vr € (0,79 — 9), ¢¢((TT)') <1l+e, 12)((;)') <14¢and %E:;Z(%) <1+e.
The new metric is Euclidean near Ly (hence non-singular) by (1), it matches the
previous one away from A by (2) and has sectional curvature > —1 — ¢ by (3).
We first deal with the construction of v, satisfying

e on [0,7], ¥ is constant, where 1? = 6,
e on [n,r9 — 6], ¥ = cosh(r + ), ¥’ <sinh(r 4+ 4), " < cosh(r + §)(1 + ¢).

We start with a function fs = v’ which vanishes in [0, 7], fs = sinh(r + ) on a
neighbourhood of ro — J, and satisfies fs < sinh(r 4 6), f5 < cosh(r + d)(1 +¢).
This f5 can be achieved by a suitable deformation of fy(r) = sinh(r), because
fi(r) < cosh(r)(1 4 €). Then # is just the primitive of f that equals cosh(r + ¢)
atr=1rg—29.

Next we deal with the construction of ¢. Let r; = r1(d) > 0 be the smallest
positive real number satisfying r; = % sinh(r1 +9). Consider the piecewise smooth
function

{7‘ on [0,rq],
r— 1.
~sinh(r 4+4J) on [ry,79 —4].

Then, since r; ~ ﬁé < n, ¢ can be chosen as a smooth modification of this
function satisfying

® on [07T1]a ¢ 2 T/(l +8)a ¢” < 07

e on [ry,n], ¢ > %Sinh(r—l—é)l—ie, ¢" < =sinh(r + 9),

1
n

e on [n,79 — 0], ¢ = L sinh(r + 6).
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As 6 — 0, vol(M, g') — vol(O), since ¢ — Lsinh(r) and ¢ — cosh?(r). Hence,
given € > 0, for a choice of § sufficiently small, one obtains a smooth Riemannian
metric ¢' on M with sectional curvature > —1 — ¢ and volume vol(M, ¢’) < (1 +
g)vol(O). Then the rescaled metric g. = v/1+¢e¢’ on M has sectional curvature
> —1 and volume vol(M, g.) < (1 + €)% vol(O). O

As vol(O) < vol(Hp) [Thu80], [Hod86], [NZ85], for € > 0 sufficiently small we
obtain a Riemannian metric on M such that vol(M, g.) < vol(Hp) and Rumin(ge) =
—6. In particular

V < vol(M, g.) < vol(Hp) = Vo(M),
which contradicts the hypothesis. The link Lg is thus empty and we have M = Hj.
This proves Proposition E.1.7 O
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