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Abstract

The aim of this project is to introduce the basics of Hamilton’s Ricci Flow. The Ricci flow is a PDE
for evolving the metric tensor in a Riemannian manifold to make it “rounder”, in the hope that one
may draw topological conclusions from the existence of such “round” metrics. Indeed, the Ricci flow
has recently been used to prove two very deep theorems in topology, namely the Geometrization
and Poincaré Conjectures. We begin with a brief survey of the differential geometry that is needed
in the Ricci flow, then proceed to introduce its basic properties and the basic techniques used
to understand it, for example, proving existence and uniqueness and bounds on derivatives of
curvature under the Ricci flow using the maximum principle. We use these results to prove the
“original” Ricci flow theorem — the 1982 theorem of Richard Hamilton that closed 3-manifolds
which admit metrics of strictly positive Ricci curvature are diffeomorphic to quotients of the round
3-sphere by finite groups of isometries acting freely. We conclude with a qualitative discussion of
the ideas behind the proof of the Geometrization Conjecture using the Ricci flow.

Most of the project is based on the book by Chow and Kunopf [6], the notes by Peter Topping
[28] (which have recently been made into a book, see [29]), the papers of Richard Hamilton (in
particular [9]) and the lecture course on Geometric Evolution Equations presented by Ben Andrews
at the 2006 ICE-EM Graduate School held at the University of Queensland. We have reformulated
and expanded the arguments contained in these references in some places. In particular, the proof
of Theorem 7.19 is original, based on a suggestion by Gerhard Huisken. We also diverge from the
existing references by emphasising the analogy between the techniques applied to the Ricci flow
and those applied to the curve-shortening flow, which we feel helps clarify the important ideas
behind the technical details of the Ricci flow. Chapter 6 is based on [6, Chap. 6, 7], but we have
significantly reformulated the material and elaborated on the proofs. We feel that our organization
is easier to follow than Chow and Knopf’s book. The attempt to motivate the compactness result
in Section 8.1 is also original.
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Chapter 1

Riemannian Geometry

We will sweep through the basics of Riemannian geometry in this chapter, with a focus on the
concepts that will be important for the Ricci flow later. Most proofs will be neglected for brevity, as
the main point of much of the chapter is to establish conventions. The particularly useful formulae
have been collected in Appendix B. We also give a flavour in Section 1.5 of how geometry can
be used to draw topological conclusions. The material in this chapter is presented in much more
detail in many texts — for example, [14] presents the basics of manifolds, tangent vectors, tensors
and the Lie derivative. The book [18] is an excellent place to learn the theory of curvature.

1.1 Vectors, Tensors and Metrics

A topological space M™ is an n-manifold if it looks like Euclidean space (R™) near each point.
The formal definition has some other technical conditions as well, to avoid certain pathologies that
may arise:

Definition 1.1. A topological space M™ is a topological n-manifold if:

1. For each p € M™ there is an open neighbourhood U of p and a function ¢ : U — R™ that is a
homeomorphism onto an open subset of R™. The pair (U, p) is called a coordinate chart.
We will frequently write o(q) = (x'(q), 2%(q),...,2"(q)). These x'(q) are referred to as local
coordinates for M™.

2. M™ is Hausdorff.
3. M™ is paracompact (see [26, Vol. I, App. A, Chap. 1] for a discussion of this condition).

We will usually write M for a generic manifold, and M™ for an n-manifold if the dimension
is of particular relevance. In this project we will deal with smooth manifolds, which have more
structure than topological manifolds. In order to define what a smooth manifold is, we must first
define the concept of a smooth function between subsets of Euclidean space.

Definition 1.2. A function f: U — R™, where U is an open subset of R™, is called smooth or
C™ if all of its partial derivatives exist and are continuous on U.

Now we can define the concept of a smooth manifold.

Definition 1.3. Given two coordinate charts (U, @) and (V,v) on a manifold M, with UNV # 0,
we call the map Yop=t: p(UNV) — p(UNV) a transition map. Note that each transition map
is a homeomorphism from an open set in R™ to another open set in R™. We make the definitions:

1. M is called smooth or C* if all the transition maps are smooth.
2. M is orientable if all the transition maps are orientation-preserving.

It is now possible to define the the concept of a smooth map between manifolds.



Definition 1.4. Let f: M — N, where M and N are smooth manifolds. f is called smooth if,
Jor every pair of coordinate charts (U, @) of M and (V,1) of N, the function

Yo fop T ipUNfTHV)) = y(f(U)NV)

18 smooth.
As a special case we can set N = R, which has a natural smooth manifold structure. The set
of all smooth real-valued functions f : M — R is denoted C*(M).

Two topological manifolds are equivalent if they are homeomorphic. The notion of equivalence
on smooth manifolds is a bit more subtle.

Definition 1.5. Two smooth manifolds M,N are equivalent if there exists a smooth function
f: M — N which has a smooth inverse. We will call such a function f a diffeomorphism® and
say that M and N are diffeomorphic.

In 3 dimensions, topological and smooth manifolds are essentially equivalent. That is, any
topological manifold is homeomorphic to a unique smooth manifold, and vice versa. This result
is not true for higher dimensions. However most of the results in this project will deal with 3-
manifolds, so it is of interest to note that we do not lose any generality by assuming that our
3-manifolds are smooth.

Now that we know what a manifold is, we would like to define a tangent vector to our manifold
M at a point p € M.

Definition 1.6. A tangent vector to a smooth manifold M at a point p € M is a derivation,
that is, an R-linear function X : C*°(M) — R satisfying the product rule:

X(fg) = X(f)glp) + f(p)X(g)-

The set of all tangent vectors to an n-manifold M™ at p forms an n-dimensional vector space

T,M".

We note that this definition is related to the more intuitive notion of a tangent vector as a
velocity vector of a curve v : (—e, ) — M in the manifold. If 4(0) = p then we associate to the
velocity vector of v at p the derivation X € T, M, where

X(f) = 5 F6O)limo.

We then write X = 5(0).

If (2%) is a local coordinate system about p on an n-manifold M™, then the set of derivations
{8/0z",i = 1,2,...,n} forms a basis for T, M". To avoid unseemly typesetting nightmares we
will often write 9; for 9/9z* if there can be no confusion about the coordinate system being used.
The set of all tangent vectors at all points of M™ forms a (2n)-manifold known as the tangent
bundle, and denoted T M™.

A vector field on a manifold M is a smoothly-varying choice of tangent vector at each point
p € M. Here “smoothly-varying” means X (f) € C°(M) for any f € C*°(M).

We note in passing that there is some additional structure to T.M on top of the vector space
structure on T, M: given two vector fields X,Y on M, we can form their Lie bracket [X,Y],
defined by

(X, Y]f = XY () - V(X))

(it turns out that the [X, Y] defined in this way is a tangent vector in the sense of being a derivation
as described above, although this is not immediately obvious).

The example of tangent vectors is a specific case of a more general construction on a manifold,
known as a vector bundle. The idea is that one associates a vector space to each point of
the manifold M, then glues these vector spaces together so as to get a new, higher-dimensional
manifold.

1A diffeomorphism is usually defined to be a differentiable map with a differentiable inverse. The distinction
is important when dealing with manifolds of varying levels of differentiability, but in this project we will deal
exclusively with smooth manifolds. Thus the slight abuse of terminology will not cause any confusion.



Definition 1.7. A k-dimensional vector bundle is a manifold £ (the total space) together with a
manifold M (the base space) and a surjective map 7 : E — M (the projection) such that

1. For each p € M, the set £, :== n~1(p) (the fibre of & over p) has a k-dimensional vector
space structure.

2. For each p € M there is an open neighbourhood U of p and a smooth diffeomorphism ¢ :
71 (U) — UxRF¥ (alocal trivialization) such that ¢ takes each fibre £, to the corresponding
fibre {p} x R* by a linear isomorphism.

A section of £ is a map F : M — & such that mo F = 1d . The space of sections of £ is denoted
C>(€&).

The tangent bundle is an n-dimensional vector bundle with base space M and projection defined
by m(X) =pif X € T,M. A vector field is a section of the tangent bundle.

Another important example of a vector bundle is the dual bundle to the tangent bundle, known
as the cotangent bundle, 7* M. The fibre Ty M = (T, M)* consists of all linear functionals acting
on the vector space T, M (the covectors or 1-forms at p). Given a local coordinate system (),
i = 1,...,n about p on an n-manifold M", the set of covectors {dz’,i = 1,2,...,n} (where
dz'(X) := X (2")) forms a basis for Ty M™.

This method of constructing new vector bundles from old can be generalized. Let V be the

category of finite-dimensional real vector spaces. Given vector bundles £, &2, ..., E* over M and
a covariant functor 7' : V x V x ... x V — V | it is possible to form a unique vector bundle
£ =T(E,&% ... ,EF) over M having fibres £, = T(E},E2,...,EF) (see [20], Chapter 3). The

cotangent bundle arises in the case k =1, £! = TM, and T(V) = V*.
In this way we can form the tensor product of vector bundles, by making T the tensor product
functor on vector spaces. We define a (]f)-tensor field to be a section of

k copies [ copies

TFM) =T"MOITM@.. T"MITMRTM® ... TM.

Given a local coordinate system (z°) about p € M, we can express any (];)—tensor field F in the
coordinate system as

F=F"7(po, ®...®0;, ®ds" ®...®da™. (1.1)

In this equation we sum over each index j,, ¢, that is repeated twice, once raised and once lowered —
this is known as the Einstein summation convention. We will almost always use this coordinate
representation of tensors because it makes technical calculations easier a lot of the time, and we

will often write F}' "/ when we mean F.

Definition 1.8. Given a map between manifolds ¢ : M — N, we define the derivative map
between the corresponding tangent spaces, ¢, : T, M — Tf(p)N by

(@ V)(f) =V(fed)

forV e T,M and f € C®(N). Defining ¢.(ARB) := ¢..(A)@¢.(B), we can extend this definition
to apply to all (2) -tensors.
In a similar way we can define the derivative map between the corresponding cotangent spaces,
6" TN = TiM. by
(@"w)(V) = w(e.V)
for Ve Ty,M, w € T}k(p)./\/. By a similar method to above we can extend ¢* to apply to all

(g) -tensors.

Given a tensor F}' /!

G € TF(M) we can take the trace over one raised and one lowered index
as follows:

(trF)2--t = Frie--it

2.1k plg...ik



to get an element of le__ll (M). Note the use of the Einstein summation convention: the index p
is summed over. Obviously the trace depends on which indices you choose to trace over — here
we traced over the j; and i; indices. Although it is not immediately obvious, the resulting tensor
does not depend on the local coordinate system you are working in.

A k-form on M is a section of A¥T*M, i.e. a (§)-tensor field that is completely antisymmetric
in all its indices. A k-vector field on M is a section of A¥T' M.

Definition 1.9. For a (g) -tensor A we write A >0 (A>0) if
A(V,V) >0 (A(V,V) 2 0)
for allV.e TM,V #0. We can similarly write A>B (A>B)if A—B>0(A-B>0).

Definition 1.10. A Riemannian metric on a smooth manifold M is a smoothly-varying inner
product on the tangent space at each point of M, i.e. a ((2)) -tensor field which is symmetric and
positive definite at each point of M. We will usually write g for a Riemannian metric, and g;; for
its coordinate representation. Given such a g, there is an induced norm on each T, M which we
write

1Xlg == Vg(X, X) (1.2)

for X € T,M. A manifold together with a Riemannian metric, (M, g), is called a Riemannian
manifold.

When there is only one metric under consideration, we will usually neglect the subscript g in
equation (1.2), but there will be some situations in the study of the Ricci flow where we will need
to distinguish between the norms induced by different metrics. We will sometimes use the notation
(X,Y) for g(X,Y).

Note that a Riemannian metric is not actually a metric (although we will frequently say “metric”
rather than “Riemannian metric” for brevity, in contexts where no confusion is possible). It can
be thought of as an “infinitesimal metric”. In fact any Riemannian metric ¢ on a manifold M
induces a bona fide metric on M, as we will now see:

Definition 1.11. Given a Riemannian metric g we can define the length of a piecewise C! curve

v:10,1] - M by X
o) = / NECIORION.

where 4(t) := dvy/dt.
This allows us to define a metric d on M induced by the metric g:

d(p, q) == inf{l(7y) : v is a piecewise C* curve in M starting at p and ending at q}.

We will sometimes use the metric space notation for a ball: if (M,g) is a Riemannian manifold,
pEMandr >0, then

B(p,r) :={qge M :d(p,q) <r}

where d is the metric induced by g.

Finally, we say that a map ¢ : M — N between Riemannian manifolds (M, g) and (N, h) is
an isometry if it is a diffeomorphism and ¢*h = g. In this case we say that the two Riemannian
manifolds are isometric.

It is not hard to see that an isometry between Riemannian manifolds in the sense just defined
is also a metric-space isometry between the manifolds, if we view them as metric spaces with the
metrics induced by the corresponding Riemannian metrics.

We note that any smooth manifold, by virtue of its paracompactness, admits a smooth Rie-
mannian metric. Thus we do not lose any generality by tackling topological properties of smooth
manifolds from the point of view of Riemannian geometry.

Given a Riemannian manifold (M, g) and a manifold N embedded in M (a submanifold of
M), there is an induced Riemannian metric g on N defined by restricting g to T, at each point
peN.



Given the metric g;;, which is a positive-definite symmetric matrix at each point of M, we define
the metric inverse ¢ to be the inverse matrix at each point, satisfying ¢*/ ik = 6}; where 5,@ is
the Kronecker delta. Any inner product on a vector space gives a natural isomorphism V & V*,
via X +— X, where X*(Y) = (X,Y). In coordinates, (X”); = g;; X7. In general, we can lower an
index i on a tensor F#¥, for example, by setting

Jjk . _ . mjk
Fipq = glmeq .

This takes us from an element of 7)F(M) to something in 7 *(M). We can similarly raise an

index using ¢g*. Using the metric inverse we can also define a norm on the space of tensors, for
example
ijk|2 ., L P1P2 9192 Fi1j1k1 pizjake
Iqu |g = Givio9jrja Gk ko g R g E T FRa

We will make frequent use of the very convenient x-notation in later chapters. Given two

tensors A, B, the expression A * B means “some linear combination of traces of A ® B with

coefficients that do not depend on A or B”. For example if we have A = A¥™ B = B  then

. i pars
A x B might represent o
17A5'B] — nl Al By,

lgr isT

where n is the dimension of the manifold, or
ik ol
Aij Bklm .

The meaning is obviously very broad, and is of most use when we want to obtain bounds on
complicated combinations of tensor quantities (as we will in later chapters). The most useful
property of this notation is that, for any given expression of the form A * B, there is a constant C
which does not depend on A or B such that

|Ax B| < C|A]|B|
by the Cauchy-Schwarz inequality. As a particular case that we will use frequently, we have

Lemma 1.1. If A is an n X n matriz then

|A]? > —(trA)?.

1
n

The *-notation can obviously be extended to multiple *-products like A * B *...* Z or powers
A = Ax Ax...x A. We also define %(A, B,...,Z) to mean any combination of *-products of
any powers of A, B, ..., Z, for example

B % Z + A*? x 7",
In later chapters we will use the notation

* (Az) = *(Al,AQ,...,An).

1<:<n

1.2 The Covariant Derivative

We can differentiate scalar functions on a manifold M without any problem: to find the rate of
change of a function f in the direction of the tangent vector X, we simply calculate X (f). We
ought also to be able to differentiate vector fields, or more generally a section Y of an arbitrary
vector bundle, in the direction of a given tangent vector X.

Definition 1.12. Given a vector bundle £ over M, a connection in £ is a map
V:C®(TM) x C®(E)— C=(€)

with the following properties:

10



1. VxY is linear over C°(M) in X.
2. VxY is linear over R inY.

3. V satisfies the product rule:
x(fY)=X(H)Y + fVxY.

We call V(X,Y) the covariant derivative of Y in the direction X. We usually write VxY
rather than V(X,Y).

It is possible to calculate VxY (p) if we are given X, and the values of Y along a curve ~y :
(—€,€) = M such that v(0) = p and v/ (0) = X,. A sectionY of € defined along a curve v in M
is said to be parallel along v if Vi)Y =0 along 7.

A connection on the vector bundle £ is completely specified by its Christoffel symbols Ffj
in a local coordinate system (z') with a local basis (E;) for &, defined by:

Vo,Ej =T} Eg.
As a very important special case, we can consider connections on the bundles le (M).

Lemma 1.2. Given a connection V on the tangent bundle TM, we can define connections on all
of the tensor bundles T} (M) (which we will also denote V) satisfying:

1. V is the given connection on TM.
2. For a scalar function f, Vxf = X(f).
3. Vx(F®G)=(VxF) G+ F® (VxQ).

4. Vx commutes with all traces:
Vx(tI‘Y) = tl"(VXY)

for all traces (over any indices) of the tensor Y.

If Fisa (Il“) -tensor field on M which is given in local coordinates by equation (1.1), we will write
the coordinate form of the covariant derivative VF as

(VxF) = (vaz‘jll.'.'.'ij,f)ajl ®...®0; @dr" ®...®dz" XP.
We can write down the coordinate form of V explicitly:
, ‘ o k
VpFit = 9, Fl ZF{I{'_;Z'“”F;;—ZFM gt e (1.3)

91...q... 0" DPis®
s=1

In the second term of the above equation, the upper q index occupies the position normally occupied
by js, and in the third term the lower q index occupies that position normally occupied by is.

Note that equation (1.3) can be expressed using the x-notation as
VF =0F 4+ T« F. (1.4)

We can generalize this observation:

Lemma 1.3. Let V" F denote the mth iterated covariant derivative of F and O™F denote the
coordinate expression

(O™F); =0iy..i,, F

Levim

11



in some local coordinate system? (x°) defined in a coordinate patch U on the manifold M. Then

m—1
V"F = 9"F+ Y k (&T) | xVIF
=0\ j<m—1
in U.
Proof. The result follows from equation (1.4) by induction. O

Although there are many possible connections on the tangent bundle T M, if M is equipped
with a Riemannian metric then there is one in particular that has more geometric significance.

Lemma 1.4. Given a Riemannian metric g;; on M, there is a unique connection V on TM that
satisfies

1. X(gV,2)) = g(VxY,Z) + g(Y,VxZ) (V is compatible with g). This is equivalent to
Vg = 0 where Vg is defined by Lemma 1.2.

2. The torsion tensor of V,
T(X,Y):=VxY - VyX — [X,|Y]
is identically 0.
This connection is known as the Levi-Civita connection of the metric g. Its Christoffel symbols

are given in local coordinates by

1
Iy = igkl(aigjl + 0jgi — 01gij)- (1.5)

Using the Levi-Civita connection we can define the Laplacian:
Definition 1.13. The Laplacian® is o family of operators
A1 CR(TEM) — CX(TFEM)
(where (M, g) is a Riemannian manifold) defined by
AF = ¢"V,V,F,

where V is the Levi-Civita connection of the metric g. If F has the coordinate form given in
equation (1.1), we will write o

AR
for .

(AF)

If we are given a connection on T M (we will usually be using the Levi-Civita connection for
some metric g;;) we can define geodesics to be the paths that you could move along in the manifold
“without feeling any force”. That is, a path v : [0,1] — M is a geodesic if V)¥(t) = 0 at each
point. Given an initial point and velocity (or equivalently an element of T'M), there is a unique
geodesic in M setting off from that point with the given initial velocity. If M is complete (in
particular if it is closed, as it will be for all of our applications), the geodesic will exist for all time.

2The coordinate expression 8™ F does not represent any coordinate-independent tensor field in the way that
V™F does. We regard 0™ F' as representing the tensor field

Oiy .. in Fdz'' ®...® dxi'ln7
defined only in U. We similarly represent by I' the tensor field
Tz’ © d’ © O,

also defined only in U.

3There exist other, non-equivalent definitions of the Laplacian in different settings. For that reason the Laplacian
defined here is sometimes called the rough Laplacian. We will only ever use the rough Laplacian in this project,
so we simply call it the “Laplacian”.

12
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Figure 1.1: The injectivity radius: inj(A) is small, inj(B) is large.

Definition 1.14. Suppose M is complete and has no boundary. Given v € T,M, let 7, : [0,1] —
M be the unique geodesic in M that starts at p with initial velocity vector v. That is, v,(0) = p
and 7,(0) = v. We define the exponential map exp : TM — M by exp(v) = 7,(1). We denote
by exp,, the exponential map restricted to T, M. The exponential map is smooth.

Because exp,, is locally a diffeomorphism at the origin of T}, M, it is possible to choose an open
neighbourhood U of p that is diffeomorphic via exp,, to an open set in 7, M = R", by the inverse
function theorem. We choose coordinates (x;),i = 1,...,n on T, M so that the basis vectors
{0; :i=1,...,n} are orthonormal with respect to the metric g at p. We then have a coordinate
chart (U, (exp,)"!). These coordinates are called normal coordinates about p and have some
properties which make them very convenient for doing calculations:

Lemma 1.5. In normal coordinates about p, we have

1. gij = 6s5 at p.

2. If v € R™ then the curve 7,(t) = tv is a geodesic for as long as it exists.

3. Okgij = 0 and Ffj =0 at p. Thus

ViE = 0cF) )
at p, by the formula (1.3).
Definition 1.15. The injectivity radius inj(p) at a point p € M is defined by
inj(p) := sup{r > 0: exp, : B(0,7) — M is injective}.
The injectivity radius of a manifold M with metric g is defined by
inj(M, g) := inf{inj(p) : p € M}.

One can interpret the injectivity radius at p € M as follows: imagine there is a flash of light
at p at some time. Light rays propagate in all directions — the injectivity radius is the smallest
distance one of these rays has to travel before it collides with another light ray. The injectivity
radius is a crucial concept in the study of the convergence of manifolds, as we shall see in Chapter
8. Where the injectivity radius is small (as at A in Figure 1.1), the manifold is close to “pinching
off” as described in Section 2.4.

13



1.3 The Lie Derivative

The covariant derivative gives one way of differentiating tensor fields. We will now look at a different
way, which can be defined purely from the manifold structure of M, without any reference to a
Riemannian metric or the extra structure of a connection.

Given a vector field X on a manifold M, we define a time-dependent family of diffeomorphisms
of M to itself, p; : M — M for t € (—e¢,¢), such that g is the identity and

d
o =X
dt%

at each point (the existence of such ¢; follows from basic existence theorems for differential equa-
tions — see [5, Sec. 6-2] for this argument and other details relating to the Lie derivative). This is
to be interpreted as a “flow” of the manifold in the direction of the vector field X. We now define
the derivative of some (’?)—tensor field F' in the direction of X as the change in F' when we move
a small step in the direction of X — but we need to have some way of comparing the value of F' at
the point a little step away with that at the original point. Rather than making this comparison
using a “connection” as before, we make it by pushing the value of F' at the translated point back
to the original point using the diffeomorphism ;.
We define
(*Spt)Fp(Xla s ,Xk,wl, cee 7wl) = F%t(p)(wt*(Xl(p))a R @t*(Xk(p)),

(07 ) @ (p))s -+ (07 ) (Wip)))-

Note that (x¢;)F, € TFM, for all t. It is now possible to define the Lie derivative of F in the
direction X as

d
»CXF = (dt(*@t)F> o

Lemma 1.6. The Lie derivative is well-defined. It obeys similar conditions to those satisfied by
the covariant derivative as outlined in Lemma 1.2, with one important exception:

1. For a scalar function f, Lxf = X(f).
2. IfY is a vector field then LxY = [X,Y].
3. Lx(F®G)=(LxF)®G+F®(LxqG).
4. Lx commutes with all traces:
Lx(trY) =tr(LxY)
for all traces (over any indices) of the tensor Y.

Proof. See [5, Sec. 6-2]. O
Lemma 1.7. On a Riemannian manifold (M, g), we have

(Lx9);; = ViX; + V; X,
where V denotes the Levi-Clivita connection of the metric g, for any vector field X .

Proof. Let w be the 1-form dual to the vector field X, w(Y) = (X,Y). Using the product rule
(from Lemma 1.6) and the metric compatibility and torsion-free conditions on the Levi-Civita
connection we have
Lxg(Y,2) = X(g(Y,2)) - g(LxY,Z) = g(Y, LxZ)
(VxY,2) + (Y, Vx2) = (X, Y], 2) = {V,[X, Z])
(VxY - [X,Y],Z) + (Y, VxZ - [X, Z])
(VyX,Z) +(Y,VzX)
Y(X,Z) - (X,VyZ)+ Z(Y,X) = (V2Y, X)
Y (@(2)) — w(Vy Z) + Z(@(Y)) — w(VY)
= (Vyw)(Z2)+ (Vzw) (Y)
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which is the coordinate-free way of expressing the identity we wanted. Note that we used the
product rule again to get the last line. O

1.4 Curvature

We start with a description of curvature for 2-manifolds. Given a Riemannian 2-manifold (M2, g),
we would like to define some quantity that describes “how curved” the surface is at a certain point
p € M2. Consider two tangent vectors vy, vy € TpM?, with |v1| = |ve| = 1 (with respect to g).
Let v; : [0,1] — M?2,i = 1,2 be two geodesics in M? that start at p, with ¥;(0) = v;. Let us
define f : RT — RT so that f(r) is the distance from ~1(r) to v2(r) along the circle with centre
p and radius r (where the radius is measured with respect to the metric d on M? induced by
the Riemannian metric g). If 6 is the angle between v; and vy then it is clear that for small r,
f(r) ~ 6r, ie. f(0) =0 (see Figure 1.2).

Figure 1.2: Top: geodesics in a 2-manifold of positive curvature converge. Bottom: geodesics in a
2-manifold of negative curvature diverge.

Curvature deals with second-order effects. We define the Gaussian curvature, K, of the
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surface at p so that

f@~9<1—[gr2>

for small r. See Figure 1.2 for pictures of manifolds with positive curvature (K > 0) and negative
curvature (K < 0). Euclidean space R? is flat (K = 0).

The generalization to higher-dimensional manifolds of this concept of curvature is not at all
obvious, and was first achieved by Riemann. His idea was that the curvature, intuitively, is the
obstruction to the “flatness” of a manifold. In other words, non-zero curvature at p is what stops
us from choosing coordinates in which the metric is the Euclidean, flat metric g;; = d;; in a
neighbourhood of p. Normal coordinates about p are, in some sense, “as close as we can get” to a
Euclidean metric in a neighbourhood of p: we know from Lemma 1.5 that in normal coordinates
about p, g;;(p) = 6;;(p) and Orgi;(p) = 0. However, in general, the second- and higher-order
derivatives of the metric at p may be non-zero.

This motivates the definition of the (é) Riemann curvature tensor, which holds all of
the information about the second-order derivatives of g. It is defined to be the (g)—tensor with
coordinates R;pq; such that, in normal coordinates about p,

1
gij(z) = d;5 + gRZ—quacpxq + (third- and higher-order terms in x). (1.6)

The factor of 1/3 is introduced so that this definition agrees with the alternative one that we
introduce next.

Since Riemann’s original work, it has emerged that the Riemann curvature tensor can be defined
in another way, using the Levi-Civita connection V. The (i’) Riemann curvature tensor is a
(‘I’)—tensor which can be defined for vector fields X,Y, Z and a 1-form w by

Rm(X,Y,Z,w) = w(R(X,Y)Z) (1.7)
where

R(X,Y)Z V2Z(X,Y) - V2Z(Y, X)

- VX(VYz) —VY(V)(Z) —V[X’y]Z.

Note here that
(V2Z)(X,Y) # Vx(Vy 2).
In fact,
(V2Z2)(X,Y) =Vx(VyZ) = Vv Z

There is a distinction because, by V2Z, we really mean the covariant derivative of the G)-tensor
VZ. Thus V2Z is a (%)-tensor.

It is definitely not obvious (but can easily be checked) that this is in fact a (i’)—tensor (in
particular that, for example, Rm(X,Y, fZ,w) = fRm(X,Y,Z w) for any f € C*°(M)). We
represent it in terms of local coordinates as Réjk. The (‘3) curvature tensor Rﬁjk defined by

equation (1.7) is obtained from the (g) curvature tensor R;;j; defined by equation (1.6) by raising
the final index.

The coordinates of Rm can be explicitly calculated by applying equation (1.3) with the Levi-
Civita connection V:

Lemma 1.8. The Riemann curvature tensor has the explicit form
! l l l l
Rm has many symmetries, which can be proven by manipulating the defining equation (1.7):

Lemma 1.9. (Symmetries of the curvature tensor) The Riemann curvature tensor has the
following properties:

1. Rijii = Rriiy = —Rjimt = —Rijix
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2. The first Bianchi identity:
Rijri + Rjka + Riiji =0

3. The second Bianchi identity:
VpRijk + ViRjpri + ViRpi =0 (1.8)

Proof. See [18, Prop. 7.4]. O

The first of these symmetries allows us to view Rm as a section of the bundle
NT* M ®g N*T* M

of symmetric bilinear forms on the space of 2-vectors. If ¢ = ¢79; A §; and ¢ = " 9; A 9; are
2-vectors then we define the action of the curvature operator at p, R, : A’T,M @ A\*T,M — R,
by
R(¢, ) = Rijra™ ™"

(all evaluated at p). Note that the curvature operator is defined on 2-vectors by the antisymmetry
in the first two and in the last two indices of Rm, and is symmetric because of the symmetry
Rijri = Ruij-

We can now explain the relationship with Gaussian curvature. If there is a 2-plane element
¢ € N*T,M representing a 2-dimensional subspace II of T, M, we can imagine the 2-dimensional
submanifold of M that is the image under the exponential map exp,, of II (near p). The Gaussian

curvature of this 2-dimensional submanifold at p is called the sectional curvature of M associated
with II, and denoted K (II).

Lemma 1.10. If II is a 2-plane in T, M spanned by the vectors X,Y € TyM, and ¢ = X NY,

e R(6.4)
o =g
where |p* = girgj ¢ oM.
Proof. See [18, Prop. 8.8]. O

Because a rank 4 tensor is a bit awkward to work with, we define some simpler quantities by
taking the trace of Réjk:

Definition 1.16. The Ricct curvature tensor, Re, is the (3)—ten50r with coordinate expression

Rij = Rp

pij*

It is symmetric: R;; = Rj;.
The scalar curvature is the trace of the Ricci tensor,

R = gij Rzg
On a 2-manifold, it is equal to twice the Gaussian curvature.

The Ricci and scalar curvatures can be interpreted in terms of sectional curvatures:

Lemma 1.11. Let X € T, M be a unit vector. Suppose that X is contained in some orthonormal
basis for T, M. Re(X, X) is then the sum of the sectional curvatures of planes spanned by X and
other elements of the basis.

Given an orthonormal basis for T, M, the scalar curvature at p is the sum of all sectional
curvatures of planes spanned by pairs of basis elements.

Proof. See [18, end of Chap. 8§]. O

The Ricci and scalar curvatures can also be expressed in terms of the curvature operator.
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Lemma 1.12. On a 3-dimensional Riemannian manifold (M3, g), let us diagonalize the curvature
operator R with respect to a basis {ea A e3,e3 A er,e1 Aea} of A2’T M3, where {e1,es,e3} is an
orthonormal basis of TM?3 (this is possible because R is symmetric). Suppose that, with respect to
this basis, R is a diagonal matrix with entries A1, A2, A3 down the diagonal. Then with respect to
the basis {e1, ea,e3}, the Ricci tensor takes the form

A2 + A3 0 0
Rc = 5 0 Az + A1 0 (19)
0 0 A1+ Ao
and the scalar curvature is
R=MX+ X+ As. (1.10)

Proof. Note that for i # j, |e; Aej|*> = |e; ® e; — ej @ ¢;|> = 12 + 1% = 2 (if we chose a different
norm on AT M3 the result of Lemma 1.10 would change). Thus, by the result of Lemma 1.11,
using Lemma 1.10 to calculate the sectional curvatures, we have

Rc(el,el) = (R(61 N ea,er /\62)—|—R(61 N es,er /\63)) (111)

e

= A .

5 (As+A2)
Similarly, Re(ez, e2) = (A1 + A3)/2 and Re(es, e3) = (A1 + A2)/2. This accounts for the diagonal
entries of the matrix of Re.

We now need to show that the off-diagonal matrix elements of Rc are zero, for example that
Re(er, eq) = 0. We have

Re(ey + e2,e1 + e2) — Re(er, e1) — Re(eg, e2)
2 b

Re(er, e2) =
hence it suffices to show that

Re(eq + ez, e1 + e2) = Re(er, e1) + Re(eg, e2). (1.12)

{61+62 €1 — €z 6}
\/§ ) \/§ s €3

is also an orthonormal basis for T, M3. We can re-apply formula (1.11) for this new basis to
calculate Re(e; + ea,e1 + e3). The result is as in equation (1.12), hence Re has the stated form.
The formula for R follows by taking the trace of Rc. O

To do this we note that

Definition 1.17. The Einstein tensor on a Riemannian n-manifold (M™, g) is the tensor
1
Eij = Rij — ﬁRgij'
It is also known as the traceless part of the Ricci tensor. A metric g is called Einstein if its
Einstein tensor is identically 0.

In dimension 3, the Einstein tensor has particular significance. We record here a result which
shows that, for 3-dimensional manifolds, the Riemann curvature tensor can be expressed quite
simply in terms of the Einstein tensor and the scalar curvature.

Lemma 1.13. On a 3-manifold,

R
Rmzz(9®g)+E®g7

where ® denotes the Kulkarni-Nomizu product of symmetric tensors:

(PO Q)ijw = PuQjr + PjrQiu — PiQji — PjiQik-
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Proof. This result follows from the decomposition of Rm, which holds on any n-manifold:

Rm:WIM(QQQ)—Fﬁ(EQQ)—FW, (113)

where W is the so-called “Weyl tensor”, which is defined by equation (1.13). The Weyl tensor
vanishes in dimension 3 (see [9, Sec. 8] for a simple proof using the symmetries of W), from which
the result follows. O

In dimension 3, Einstein metrics are very special.

Lemma 1.14. An Einstein metric on a manifold of dimension n > 3 has constant scalar curvature.
If n = 3, the metric has constant sectional curvature.

Proof. Consider the second Bianchi identity (1.8). If we raise the indices k,! we obtain
VpRii™ + ViR;,* + VR, = 0.

Taking the trace over the indices i,/ and using the symmetries of the curvature tensor we obtain

k ik E

VpRj — Viijt — VjRp =0.

Taking the trace over the indices j, k now gives us

VpR = VR, + VR,
or equivalently

. 1
9"ViRjp = §va~
Thus we have
ij i 1 1 1 1 1

(using Vg = 0). If the metric is Einstein then Ej, = 0, so

11
- ) V,R=0.
(2-3)%

Because n # 2 this means VR = 0, hence R is constant.
If n = 3, we can apply formula (1.9) from Lemma 1.12 and deduce that

A2+As 0 0 R cC 0 0
Re = - 0 As+XA 0 Zg=[ 0 c o

3 , (1.15)
0 0 A+ Ao 0 0 C

where C = %R is a constant over the whole manifold. Therefore the curvature eigenvalues \; are
all equal to the constant value C', from which it follows that the manifold has constant sectional
curvature. O

If a metric has constant sectional curvature, we call it a constant curvature metric. There
are three essentially distinct possibilities: the value of the sectional curvatures can be positive, zero
or negative. We have the following examples:

Definition 1.18. Constant Curvature Metrics
Fuclidean n-space, E" := R"™ with the standard metric, has constant sectional curvature 0.
The n-dimensional sphere of radius R,

%:{xER"H:m:R}

with the metric induced as a submanifold of E"*1, has constant sectional curvature 1/R?.
The hyperbolic n-space of radius R, HY, is the open ball of radius R in R™ with the metric
4R4(5ij
9 = (e

It has constant sectional curvature —1/R? (there are other equivalent ways of representing this
Riemannian manifold).
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See [18, end of Chap. 8| for more details, including a proof that these spaces have constant
curvature.

Using the theory of Jacobi fields (see [18, Chap. 10]), one can prove many comparison theorems,
as well as results about constant curvature metrics. For example one can prove that the local
structure of a metric with constant sectional curvature C' is unique (see [18, Prop. 10.9]) — we will
see a more general result in Theorem 1.16. One can also prove the following, which will come in
handy in Chapter 7:

Theorem 1.15. The Bishop-Ginther Volume Comparison Theorem. Let us denote by
VE(r) the volume of the ball of radius r in the complete, simply-connected n-dimensional space
of constant sectional curvature k (this will be either S%, E" or HY,). Suppose that (M™,g) is a
Riemannian n-manifold, and p € M"™. Then

1. If there is a constant a > 0 such that Rc > (n — 1)ag then
Vol(B(p,r)) < V;'(r).

2. If there is a constant b such that all sectional curvatures of (M™, g) are bounded above by b,
and the exponential map is injective on the ball B(p,r), then

Vol(B(p,r)) > V2(r).

Proof. See [8, Theorem 3.101]. O

1.5 Topology from Geometry

The central idea of the Geometrization Conjecture is that the topology of a manifold and the type
of geometry that the manifold can have are intimately related. Here we will record some of the
theorems that relate the geometric structure of a manifold to its topology.

Theorem 1.16. Let (M™, g) be a complete, simply-connected Riemannian n-manifold with con-
stant sectional curvature C. Then M™ is isometric to one of E™ (if C =0), S} (if C =1/R?) or
H% (if C = —1/R?).

Proof. See [18, Theorem 11.12]. O

In particular, any simply-connected manifold with constant non-positive sectional curvature is
diffeomorphic to R™, and any simply-connected manifold with constant positive sectional curvature
is diffeomorphic to S™.

This also allows us to characterize non-simply-connected manifolds of constant curvature — by
applying Theorem 1.16 to the universal covering space, we see that any of these manifolds must
be a quotient of R™S™ or H™ by a discrete group of isometries acting freely.

We can also derive topological information from bounds on the curvatures, as the following
theorems show:

Theorem 1.17. (Myers’ Theorem) Suppose (M™,g) is a complete, connected Riemannian n-
manifold whose Ricci tensor satisfies

Re>(n—1)Hyg

for some constant H. Then M™ is compact with finite fundamental group and diameter at most
1
mH™z.

Proof. See [18, Theorem 11.8]. O

Theorem 1.18. (The Sphere Theorem) We say that the Riemannian manifold (M,g) is
strictly 0-pinched (for some 6 > 0) if there is a constant K > 0 such that all of the sectional
curvatures of M lie in the interval (0K, K.

If M™ is a complete, simply-connected and strictly i—pinch@d n-manifold then M™ is homeo-
morphic to S™.

Proof. See [3]. O
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1.6 Scaling

We will be interested later on (when we deal with the normalized Ricci flow in Chapter 7) in how
various geometric quantities scale when the metric is scaled by a constant factor C.

Lemma 1.19. If g = Cg are two Riemannian metrics on an n-manifold M™, related by a scaling
factor C, then the various geometric quantities scale as follows:

1. g =C"1g".
2. I, =T},

Pl pl
3. Rl = R

4 Rijii = CRiju.
5. Rij = Ryj.
6. R=C"'R.

7. The volume elements: dji = C™/?dju.

1.7 Time-evolving metrics

When our metrics depend on time, as in the Ricci flow, we will want to know how the various
geometric quantities evolve when the metric evolves.

Lemma 1.20. Suppose that g;;(t) is a time-dependent Riemannian metric, and

2 0is) = his (1)

Then the various geometric quantities evolve according to the following equations:

1. Metric inverse:

0

agij = —h" = —g" g hy. (1.16)
2. Christoffel symbols:
0 1
EF% = igkl(vz‘hjl + Vihi — Vihij). (1.17)

3. Riemann curvature tensor:

Ot Low] ViVl +ViVihip = ViVphie | (1.18)
8t ik 2 *VjVihkp - vjvkhip + V]Vphik
4. Ricci tensor:
0 L oo
ERU = 59 (quih]‘p + qujhbp — quphij‘ - Vzvthp) (119)
5. Scalar curvature: 5
aR =—-AH 4 VPVih,, — h? Ry, (1.20)

where H = gPhy,,.

6. Volume element: "
—du = —dp. (1.21)
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7. Volume of manifold:

d H
—/ dp = / —dpu. (1.22)
8. Total scalar curvature on a closed manifold M:
d 1 g
—/ Rdu = / —~RH — W R;j | dp. (1.23)
Proof. Proof of (1.16): We have g/ g;;, = §i = constant. Differentiating,
g O(9gjn) = 0
= (097)gjr + 97 (Ogjr) = 0
= Og? = —hY.

Proof of (1.17): We use formula (1.5), which yields
3tri'€j = (09" (Digj + 0j9u — D19:;)
1

1
2
+§gkl(aiatgjl + 0;0:gi1 — 01019ij)-
Now we work in normal coordinates about a point p. By Lemma 1.5 we have 0;g;, = 0 at p, and
0;A = V,;A at p for any tensor A. Hence

1
3trf:€j(p) = 59“ (Vihji + Viha — Vihi;) (p).

Now although the Christoffel symbols are not the coordinates of a tensor quantity, their derivative
is.* Hence both sides of this equation are the coordinates of tensorial quantities, so it does not mat-
ter what coordinates we evaluate them in. In particular, the equation is true for any coordinates,
not just normal coordinates, and about any point p.
Proof of (1.18): We use the result of Lemma 1.8. Each term can be expressed using the
result of formula (1.17):
Rij.

81‘F§'k -0, + Fg?krgp - karg.p

i (0, Thy) — D;(9:TYy,)
(@ OTL T (@) — (7T, — T (8,T).

Once again we work in normal coordinates so that I‘fj (p) = 0. This gives us

8tRﬁjk(p) =V; (atré'k) (p) —V; (atrlik) (p)-

Once again, both sides are tensors, so the equation holds in any coordinates. Plugging the result
of formula (1.17) in on the RHS yields the result.
Proof of (1.19): This follows from formula (1.18) by taking the trace over the indices i, [.
Proof of (1.20): This follows from the formulae (1.19) and (1.16):

8tR = 3t (ginij)
= (0:9”)Rij + 9" (0, Rij)
. (1
= 7h”Rij + g” <29pq(quihjp + qu]'hip — quphij — Vithqp))
= —AH + V*Vih,, — PR,

4This is true because the difference between the Christoffel symbols of two connections is a tensor. Thus, by
taking a fixed connection with Christoffel symbols Ffj, we have
oy = or (T8 - )

and the right hand side is clearly a tensor.
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(recall that Vg =0 and A = gV, V).
Proof of (1.21): We will use the formula

w=/det g;jdz* Ndz® A ... Adz"

(see [14, Sec. 7.5] on the volume form).

First we need to calculate the variation in the determinant of a matrix det A, when the matrix
A itself varies. Because A will end up being a metric, we may assume that it is symmetric and
hence we can choose a basis in which A is diagonalized with eigenvalues A; # 0. Then A;; = A;0y5,
and det A =[], A\;. If we then vary the entry A;;, the determinant will not change unless i = j. If

1 =7, we have
Ddet A _ (H A)

Aj=— d t A.
DA H ©
Therefore by the chain rule,
d "\ [Odet A\ dA;;
adetA = ”Z: ( OA;; ) dt

- 1 dA;;
= D% 5 det A=y

= (ahy <d21;j> det A

where we have observed that (A=1)¥ = §%/)\; and we are now using the Einstein summation
convention. This formula manifestly does not depend on the basis we choose as traces are basis-
independent.

It now follows by the chain rule that

Oydp = 8t\/detg¢jda:1/\.../\dx"

1 .
= 7‘9”}1”‘ det gijdxl A AN dx™

2./ det Gij

H
= —d
2#

where H = g h;;.

Proof of (1.22): This follows from formula (1.21) by taking the derivative under the integral
sign.

Proof of (1.23): This follows from formulae (1.21) and (1.20):

0

2| Rip = / (9:R)dp + R(ydp)

1
/ (—AH + VPV, — WP Ry, + 2RH) dy
M

1
= / (QRH - thqu) dys
M

Here we have used Stokes’” Theorem (see [14, Sec. 7.5]) to get rid of the first two terms in the
integral because they were expressible as the divergence of a vector field on M, and M has no
boundary. O
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Chapter 2

Introduction to the Ricci Flow

The main aim of this project is to introduce the basics of Hamilton’s Ricci flow program, which is
aimed at proving Thurston’s Geometrization Conjecture and consequently the Poincaré Conjecture.
In this chapter we will present the context for the Ricci flow: what is it, what are the problems
that it is intended to solve, and why might it be expected to solve them? In the process we will also
see some simple solutions to the Ricci flow and try to gain a bit of intuition about its behaviour. A
lot of space in this introduction is devoted to material that is not elaborated (or is elaborated very
little) in the main body of the thesis — namely the description of the Geometrization Conjecture
and the section on pinching. That is because the introduction is intended to serve as a “big picture”
guide to the reasons we study the Ricci flow, so that the reader understands, when encountering
the formidable technical details of Chapter 7, why it is all worthwhile.

2.1 The Prehistory of the Ricci Flow — Geometrization

The Poincaré Conjecture was one of the iconic unsolved problems of 20th century mathematics.
Around 1900, Poincaré asked if a simply-connected closed 3-manifold is necessarily the 3-sphere
S%.  After many years of topological difficulties, William Thurston made promising progress in
the 1970s. He proposed, not only a way of approaching the Poincaré Conjecture, but a far more
general conjecture that, if proven, would lead to a classification of all compact 3-manifolds. We
will outline, extremely vaguely, Thurston’s conjecture.

It was already known by the time Thurston came onto the scene that compact orientable 3-
manifolds could be decomposed into simpler manifolds using the “connected sum” decomposition.
Figure 2.1 shows the connect sum operation # for 2-manifolds. For 3-manifolds, the definition
is analogous: one cuts out a 3-ball from each manifold then glues them together along the S?
boundaries created.

If a manifold can not be nontrivially decomposed using the connected sum decomposition then
it is called prime. Hellmuth Kneser showed in 1929 that every compact orientable 3-manifold can
be decomposed into a finite number of prime “factors” (see [16]), and John Milnor showed in 1962
that this decomposition is unique (see [19]). Thus, to classify 3-manifolds it suffices to classify
prime 3-manifolds.

The connected sum decomposition involves cutting 3-manifolds along 2-spheres; the next step
is to cut them along 2-tori. Thurston conjectured that any compact, orientable, prime 3-manifold
can be decomposed by some finite number of embedded tori into pieces so that each piece has
one of eight fundamental, highly symmetric geometric structures (of which the constant-curvature
metrics on S3 H3 R3 are three). Note the analogy with the 2-dimensional case: any compact,
orientable 2-manifold is either S? (which can be given a metric of constant positive curvature),
a torus T2 (which can be given a metric with zero curvature), or can be decomposed using the
connected sum into tori with holes (which can be given metrics of constant negative curvature)
(see [22, Theorem 77.5] for the topological classification and [27, Chap. 1] for a discussion about
the existence of geometric structures).

It might not be obvious that the geometric structure will give us useful topological information,
but we saw in Chapter 1 how it is possible to make progress towards classifying constant curvature
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Figure 2.1: Connect sum for 2-manifolds: cut a hole in each of M and N, then glue them together
along the boundary circles created to get the connected sum M#N.

metrics in any dimension — an example of the way that a knowledge of the geometric structure of
a manifold can lead to knowledge of the topological structure. Thurston proved that this decom-
position worked for a certain class of 3-manifolds (the so-called Haken manifolds), but not in full
generality. If his conjectured classification of 3-manifolds, known as “Thurston’s Geometrization
Conjecture”, were proven for all 3-manifolds, then the Poincaré Conjecture would follow (see [2,
Sec. 7.7]).

2.2 Hamilton’s Ricci Flow

Enter Richard Hamilton. Hamilton published a groundbreaking paper ([9]) in 1982, introducing
the concept of the Ricci flow. If you have a Riemannian manifold M with metric gg, the Ricci flow
is a PDE that evolves the metric tensor:

Salt) = ~2Re(g(t)

g(0) = go

where Re(g(t)) denotes the Ricci curvature of the metric g(t).
The idea is to try to evolve the metric in some way that will make the manifold “rounder
and rounder”. We hope that the metric will evolve towards one of Thurston’s eight fundamental
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geometric structures, and that the decomposition by spheres and tori will somehow emerge nat-
urally. In choosing what should go on the right hand side of the equation of the Ricci flow, we
know that it should be a rank-2 tensor, symmetric (so that the metric g remains symmetric), and
it should involve the curvature somehow — the Ricci curvature tensor is the obvious choice. The
minus sign makes the Ricci flow a heat-type (parabolic) equation (as we shall see in Chapter 5),
so it is expected to “average out” the curvature. This should make the metric rounder in the way
that we want.

A characteristic property of heat-type equations is the maximum principle, which we will see
in Chapter 3. We will use the maximum principle in Chapter 7 to prove quantitatively that this
rounding of the metric does indeed happen in one specific case. The main theorem we will prove
is the one proved by Hamilton in the paper that introduced the Ricci flow:

Theorem 2.1. (Hamilton, 1982) Let M3 be a closed 3-manifold which admits a Riemannian
metric with strictly positive Ricci curvature. Then M3 also admits a metric of constant positive
curvature.

In particular, by Theorem 1.16, any simply-connected closed 3-manifold which admits a
metric of strictly positive Ricci curvature is diffeomorphic to the 3-sphere. We are certainly starting
to get into the territory of the Poincaré Conjecture with this result!

More specifically, we will see that if the initial metric gy has strictly positive Ricci curvature
then the manifold M? will shrink to a point in finite time under the Ricci flow. But if we dilate the
metric by a time-dependent factor so that the volume remains constant, the problem of shrinking
to a point is removed. Furthermore, we can show that the rescaled metric converges uniformly
to the desired metric of constant positive curvature on M?3. This process of “blowing up” the
manifold when it is becoming singular is a crucial one in the Ricci flow program. Because it is
rather complicated and can get lost in the technical details, we have provided an analogous but
much simpler argument for the “curve-shortening flow” in Chapter 4 in the hope that this will
make it easier to understand what is going on in later chapters.

We note that the Uniformization Theorem (any Riemannian metric on a closed 2-manifold is
conformal to one of constant curvature) can be proved using the Ricci flow as well (see [6, Chap.
5] for the bulk of the argument, and [4] for the remainder). Once again we encounter problems
with singularities: the manifold will shrink to a point in some cases and become arbitrarily large
in others. As before, the solution is to rescale so that the volume is constant. When we do
this, the rescaled metric converges smoothly to a smooth metric of constant curvature. Note
that the Uniformization Theorem is the closest thing to a 2-dimensional analogue of Thurston’s
Geometrization Conjecture, so the fact that the Ricci flow solves it in this way is another strong
indicator that we’re heading in the right direction.

In 2002 and 2003, Grisha Perelman posted three papers ([23, 25, 24]) on arXiv.org which claimed
to have completed Hamilton’s work towards using the Ricci flow to prove the Geometrization
Conjecture. More recently several authors have posted papers elaborating on the technical details
of Perelman’s papers ([2, 21]). The proof seems to have been accepted by the mathematical
community, wrapping up the 100-year history of the Poincaré Conjecture (and the younger but no
less important Geometrization Conjecture).

2.3 Special Solutions of the Ricci Flow

In this section we will exhibit some of the special solutions of the Ricci flow. The first thing, of
course, is to know what they do on the spaces of constant curvature.

On an n-dimensional sphere of radius r (where n > 1), the metric is given by g = r2g where g
is the metric on the unit sphere. The sectional curvatures are all 1/72. Thus for any unit vector
v, the result of Lemma 1.11 tells us that Re(v,v) = (n — 1)/r%. Therefore

n—1 _
Re = 72 g:(n_l)g7
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so the Ricci flow equation becomes an ODE:

%g = —2Rec

= 20%) = —2(n-1)g
d(r

= G = 2(n-1).

We have the solution

r(t) =4/ R3 —2(n — 1)t,

where Ry is the initial radius of the sphere. The manifold shrinks to a point as t — R2/(2(n —1)).
Similarly, for hyperbolic n-space H" (where n > 1), the Ricci flow reduces to the ODE

d(r?)
dt

r(t) =4/ R3 + 2(n — 1)t.

So the solution expands out to infinity.

Of course the flat metric on E™ has zero Ricci curvature, so it does not evolve at all under the
Ricci flow. There are other non-trivial Riemannian manifolds with vanishing Ricci curvature (the
metric is flat, i.e. locally isometric to Euclidean space, if and only if the Riemann curvature tensor
vanishes). These metrics can be regarded as the “fixed points” of the Ricci flow. However, we
ought really to regard S™ and H™ as honorary fixed points of the flow — even though the metric
was changing under the flow, it only ever changed by a rescaling of the metric.

Even more generally, one can regard as “generalized fixed points” of the Ricci flow those
manifolds which change only by a diffeomorphism and a rescaling under the Ricci flow. Let
(M™,g(t)) be a solution of the Ricci flow, and suppose that ¢; : M™ — M™ is a time-dependent
family of diffeomorphisms (with ¢ = id) and o(t) is a time-dependent scale factor (with o(0) = 1).
If we then have

=2(n—1)

which has the solution

9(t) = a()prg(0)
then the solution (M™, g(t)) is called a Ricci soliton. Taking the derivative of this equation and
evaluating at t = 0 yields

Do = W i00) + 002 61900
“2Re(g(0)) = o(0)g(0) + Lv(0),

where V' = dy; /dt, by the definition of the Lie derivative given in Section 1.3. Let us set o/(0) = 2.
We can now use the result of Lemma 1.7 to write this in coordinates as

—QRij = 2>\gij + VZVJ + VJV;

As a special case we can consider the case that V' is the gradient vector field of some scalar
function f on M", ie. V; = V,;f. The equation then becomes

Rij + Agij + ViV f = 0. (2.1)

Such solutions are known as gradient Ricci solitons. A gradient Ricci soliton is called shrinking
if A < 0, static if A = 0, and expanding if A > 0. The gradient Ricci solitons play a role in
motivating the definition of Perelman’s F- and W-functionals which we will see in Section 8.4.

One example of a gradient Ricci soliton is Hamilton’s cigar soliton: Let ¥2 = R? with the
standard coordinates and 5

ij

Sl a?4y?
Because the metric is rotationally symmetric, the calculation of the Ricci curvature tensor and
the covariant derivative is particularly simple (by the rotational symmetry we can embed %2 in
R3 as a manifold of revolution — see [18, Ex. 8.2] for the calculation of the Gaussian curvature of
manifolds of revolution). We can show that

Rij +ViV,;f =0

9ij

where f(z,y) = (22 + y?)/2, hence (X2, g) is a static gradient Ricci soliton.
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Figure 2.2: A neck in a 2-manifold.

==+ C

Figure 2.3: A neck “pinching off” in a 2-manifold. This diagram is intended to illustrate by lower-
dimensional analogy what a neckpinch in a 3-manifold is like — the Ricci flow on 2-manifolds does
not give rise to neckpinches.

2.4 Pinching

We now describe how the connected sum decomposition arises out of the Ricci flow. Firstly we
note that, if we have a product Riemannian manifold with a product Riemannian metric, then
under the Ricci flow each factor in the product evolves independently.

Now consider a “neck” shaped like St x I (I is an interval) between two parts of a 2-manifold,
as shown in Figure 2.2. We expect the metric on the neck to be close to a product metric; the I
factor has no curvature so it will not change, and the S' factor also has no intrinsic curvature so it
will not change. In contrast, when we have an analogous neck shaped like S? x I in a 3-manifold,
we have seen in Section 2.3 that the 2-sphere will shrink to a point in finite time. Therefore we
expect that in some situations, the manifold will “pinch off” at such a neck (see Figure 2.3 for
the 2-dimensional analogue of such a neckpinch). Thus the Ricci flow can actually perform the
connected sum decomposition for us! The details of how this pinching off actually happens (how
one ought to perform “surgery” on one’s manifold) are very tricky.

We will discuss the pinching process in more detail in Chapter 8.

The torus decomposition arises in a different way. After we have have performed the connected-
sum decomposition by surgery on the neckpinches, we consider the evolution of the remaining
pieces. Some will be quotients of S* (which shrink to a point) or products S? x S! (which shrink
down to the S' factor). Both of these cases satisfy the Geometrization Conjecture, so it is the
remaining pieces that concern us. They will exist without singularities as t — oo.

We expect these pieces to be made up of pieces with the fundamental geometries of Thurston,
glued together along torus boundaries (if the Geometrization Conjecture is true). Some pieces
will be hyperbolic, and we have seen in Section 2.3 that hyperbolic metrics will tend to expand.
The metric on the torus necks, on the other hand, will be close to a product metric on T2 x I.
Recall that under the Ricci flow on a product metric, each factor will evolve independently. Both
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factors have zero curvature, so we expect the neck to remain static, with the hyperbolic pieces of
the manifold expanding around it. If we rescale the flow so that the volume remains constant, the
torus neck will become very thin, in the same way that the S? x I neck becomes very thin before
a neckpinch. This is how the torus decomposition arises.

Under the rescaling, the manifold splits along tori into hyperbolic pieces with cusps and “col-
lapsing” pieces (with injectivity radius shrinking to 0). The collapsing pieces can be identified as
so-called “graph manifolds”, which are known to satisfy the Geometrization Conjecture. For a
more detailed description of how this decomposition arises, see [1]. For the full story on the proof
of the Geometrization Conjecture see [2].
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Chapter 3

The Maximum Principle

The maximum principle is the key tool in understanding many parabolic partial differential
equations. It appears in many guises, but it always essentially expresses the fact that parabolic
or “heat-type” PDEs will “average out” the values of whatever quantity is evolving. It is cru-
cial to understanding the Ricci flow (which will be shown in Chapter 5 to be parabolic modulo
reparametrization), where it can be used to put bounds on the curvature of the metric. In some
situations we will need more refined estimates than can be obtained by applying the maximum
principle to scalar quantities related to curvature, so we must apply the maximum principle to
tensor quantities like the curvature operator. The question of what it means for a tensor quantity
to “average out” naturally arises.

In this chapter we first motivate the idea of the maximum principle using the example of the
heat equation on the real line. We generalize this situation to a scalar function obeying a heat-type
equation on an arbitrary Riemannian manifold (rather than just R), then finally generalize to an
arbitrary section of a vector bundle over a manifold (rather than just the trivial R-bundle whose
sections are the scalar functions).

3.1 The Heat Equation

The simplest parabolic PDE is the heat equation, describing the time evolution of the temperature
distribution u(x,t) on an infinite 1-dimensional bar:

2
Qu _ 07w (3.1)
ot 0z?
The maximum principle says that the temperature of the hottest point on the bar is a non-increasing
function of time, and the temperature of the coldest point on the bar is a non-decreasing function
of time.
This can be seen intuitively from the fundamental or Green’s function solution of the heat
equation, which is the temperature distribution due to a delta-function distribution at time t = 0.
That is, it solves the PDE

ou _ o

ot 012

u(z,0) = d(x).

The solution is ,
u(z,t) = exp(—7)

Vart

It can be seen in Figure 3.1 that at each time the temperature distribution is Gaussian, and
the distribution becomes flatter and wider as time evolves. This is what we expect of heat flow:
the heat spreads out as time evolves, any relatively hot region becomes cooler, and the maximum
temperature on the bar drops over time. Any solution of the heat equation can be expressed as
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Figure 3.1: The evolution of the temperature distribution due to a pointlike source at time ¢ = 0.
The solution becomes flatter and wider as time increases.

a weighted integral of such fundamental solutions, by the method of Green’s functions. Thus it
is plausible that the “averaging out” behaviour of the fundamental solution is characteristic of all
solutions of the heat equation.

One can see why the maximum principle is true in a different way. At a point of maximum
temperature (at a given time), the temperature distribution v must have a local maximum. Thus
0%u/0x* < 0. Tt follows by the heat equation (3.1) that, at the hottest point of the bar,

ou 0%u <0

ot 022 =7
so the temperature is nonincreasing. Therefore one would expect the maximum temperature on
the bar to drop over time.

3.2 A Scalar Maximum Principle on Manifolds

We now generalize to scalar functions on an arbitrary manifold, and we also take reaction terms
into account. This and the subsequent section are based on [6, Chap. 4].

Let us work on a closed manifold M with a Riemannian metric g(t) that varies with time. In
this section we will consider PDEs of the form

ou

n = Ag(t)u +(X(t),Vu) + F(u), (3.2)

where u : M x[0,T) — R is a time-dependent real-valued function on M, X (¢) is a time-dependent
vector field on M and F': R — R. We will see many PDEs of this broad type — they consist of a
Laplacian term A,yu and the reaction terms (X (), Vu) + F'(u). We call such PDEs heat-type
equations, because of the analogy with the heat equation (3.1).

In practice, we will apply the maximum principle to heat-type equations with such fearsomely
complicated reaction terms that it is impossible to keep track of them all. The best we can hope
to do, in most cases, is bound them. Incorporating bounds on the reaction terms into the heat-
type equation will give rise to differential inequalities, rather than equalities. For this reason, the
results stated and proved in this chapter relate to differential inequalities, rather than equalities
as in equation (3.2).

Before showing how to deal with the reaction term F'(v) we will prove the maximum principle
in the simpler case that F' = 0.

Lemma 3.1. Let (M, g(t)) be a closed manifold with a time-dependent Riemannian metric g(t).
Suppose that u: M x [0,T) — R is initially nonpositive (i.e. u(z,0) <0 for all z € M) and that
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it satisfies the differential inequality

ou
Zr < Lowu+{X(1), V)

at all points (xz,t) € M x [0,T) where u(zx,t) > 0. Then u(x,t) <0 for allz € M and t € [0,T).

Note the rather strange condition that the inequality is satisfied only at points and times
where something has “gone wrong” (in the sense that u(x,t) has become positive). The condition
is designed so that we can apply this lemma in the proof of the more general scalar maximum
principle (Theorem 3.2).

Proof. The proof will be based on the idea outlined at the end of Section 3.1.

Given € > 0, let us set v. = u — €(1 4+ t). Note that v.(z,0) < —e < 0. We will show that for
any € > 0, v. < 0 on M x [0,T). From the fact that e > 0 is arbitrary it will follow that u is
non-positive.

First we compute the evolution equation (or evolution inequality) of v, which follows from that
of u:

%Ue < Au+(X,Vu) —e¢
= Ave+(X,Vu,) —¢ (3.3)

at any point  and time ¢ where u(z,t) > 0. In particular, because v, < u, the inequality holds at
any (x,t) such that ve(z,t) = 0. Note that Av. = Au and Vv, = Vu because —e(1 + ¢) has no
spatial dependence.

Now suppose, for a contradiction, that v.(z,t) > 0 for some (z,t) € Mx[0,T). By compactness,
there exists a first time ¢y € [0,7) and point g € M at which v, hits 0. That is, ve(xo,t) = 0
but ve(z,t) < 0 for any t < ¢o. It follows that

O,
ot

Furthermore, zp must be a local maximum of v.(-, ), so

(zo,t0) > 0.

V’l}e(a?o,to) = 0
Avs(l‘o,to) < 0.

We can plug these inequalities into equation (3.3), which holds at (z, t9) because ve(zg,%9) = 0.
We obtain:

0ve
0< 6—1;(330,150) < Ave(xo,t0) + (X (to), Voe(xo,t0)) — e < —e < 0,

which is a contradiction.
Therefore, ve(z,t) < 0 for all (z,t) € M x [0,T) and for all ¢ > 0. Hence u(z,t) < 0 for all
(z,t) € M x [0,T), as required. O

We can now prove the main result of this section, which shows how to deal with the reaction
term F'(u) in equation (3.2).

Theorem 3.2. The Scalar Maximum Principle. Let (M, g(t)) be a closed manifold with a
time-dependent Riemannian metric g(t). Suppose that u: M x [0,T) — R satisfies

0
571: < Dgwyu+ (X (1), V) + F(u)

u(z,0) < C forallx e M,

for some constant C, where X (t) is a time-dependent vector field on M and F : R — R is locally
Lipschitz. Suppose that ¢ : R — R is the solution of the associated ODE, which is formed by
neglecting the Laplacian and gradient terms:

do
£ = Fl)

6(0) = C.
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Then
u(z,t) < ¢(t)
forallz € M and t € [0,T) such that ¢(t) exists.

The theorem essentially tells us that our upper bound grows no faster than we would expect
from the reaction term F'(u).

Proof. Let us set v = u — ¢. We know that v(z,0) < 0 for all z € M, and we desire to show that
v(z,t) <0 for all (x,t) € M x [0,T). To do this, we fix an arbitrary 7 € [0,7) and show that
v < 0on [0,7], for any 7 € [0,T). First note that

ov _ Ou—¢)
ot ot
< Au+ (X, Vu) + F(u) — F(¢)
= Aut (X, Vo) + (F(u) — F(6)). (3.4)

Note that Vu = Vv and Au = Awv because ¢ depends only on t. We now want to deal with the
last term on the RHS.

Because M x [0, 7] is compact, there exists a constant C' (dependent on 7) such that |u(z,t)] < C
and |¢(t)] < C on M x [0,7]. Because F is locally Lipschitz and the interval [-C, C] is compact,
there exists C (also dependent on 7) such that |F'(z) — F(y)| < Ci|z —y| for all z,y € [-C,C].
Therefore, because u, ¢ € [-C,C), |F(u) — F(¢)| < Cilu—¢| = C1|v| on M x [0, 7]. Plugging this
into the evolution equation (3.4) for v, we obtain

ov

5 < Av+ (X, V) + Cqlv|.

City. Then we have

ow
ot

Now let w = e~

IN

e~ (Av 4 (X, Vo) + Cy|v| — Crov)
= Aw+ (X,Vw)+ Ci(Jw| — w). (3.5)

We are going to apply Lemma 3.1 to the function w. Because v(z,0) < 0 for all z € M, we have
w(z,0) <0 for all x € M. Furthermore, if w > 0 then |w| = w, so the differential inequality (3.5)
gives us

%—1: < Aw+ (X, Vw)

at any point (z,t) € M x [0, 7] such that w(z,t) > 0. Hence, by Lemma 3.1, w(z,t) < 0 for all
(x,t) € M x [0,7].

It follows that v(x,t) < 0, and hence u(z,t) < ¢(¢) for all (z,t) € M x [0, 7], for any 7 € [0,T).
Therefore u(z,t) < ¢(t) for any (x,t) € M x [0,T). O

3.3 A Maximum Principle for Vector Bundles

In [10], Hamilton showed how to generalize the maximum principle to apply to sections of a vector
bundle (of which scalar functions are a special case). There is a bit of a subtlety in this case though
— a heat-type equation has a Laplacian term in it, but what exactly do we mean by a Laplacian
in this situation? Let 7 : £ — M be a vector bundle over M with a fixed bundle metric h, V(t) a
smooth time-dependent family of connections on £ compatible with A, and ¢(t) a time-dependent
Riemannian metric on M. Now to define the Laplacian of a section ¢ we need to take two covariant
derivatives of ¢ then take the trace. However the first covariant derivative is Vi € C®(T*M ® &)
(compare Definition 1.12).

There is a problem because V¢ is not a section of £, so we cannot simply take the second
covariant derivative using V(t). To resolve this, we define a connection V(t) on the vector bundle
E ® T* M by the product rule:

Vx(p®E) =Vxp®E+p® VxE
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Figure 3.2: A 2-dimensional vector bundle over a 1-manifold. The set K (shaded) is not invariant
under parallel translation. The initial section (in black) is contained in C, but averages out to to
a section (shown in grey) that is not contained in K.

where p € C*(€), £ € C®°(T*M), and V denotes the Levi-Civita connection of the metric g(t).
We can now define the Laplacian: if we use the index a for sections of £ and indices 4, j for sections
of T*M (so that an element H of £ ® T* M might have coordinates H;, with respect to some
basis) then

(Ap)a = 97 ViVp,
(compare this with Definition 1.13).

According to our earlier discussion, the maximum principle should somehow express the ten-
dency of solutions of heat-type equations to “average out”. What exactly does this mean for a
section of a vector bundle? We would expect a vector in R* that is getting averaged out to remain
inside any convex set that initially contains it. So rather than proving that the lower bound of
our solution is preserved, as we did for a scalar function, we prove that our solution stays inside
convex sets. The set should also be closed and invariant under parallel translation. The reason
for the latter can be seen from Figure 3.2 which shows a section of a 2-dimensional vector bundle
over a 1-dimensional manifold getting averaged out. The section is initially contained inside the
set I, which is closed and convex but not invariant under parallel translation, but the averaging
out takes it outside K.

Theorem 3.3. Let 7w : & — M be a vector bundle over M with a fized bundle metric h, V(t) a
smooth time-dependent family of connections on € compatible with h, and g(t) a time-dependent
Riemannian metric on M. Let K be a subset of € that is closed and convex in each fibre, and
invariant under parallel translation. Let F : € x [0,T) — & be a continuous map that is fibre-
preserving, and Lipschitz in each fibre. Let a(t) be a time-dependent section of £ that satisfies the
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conditions

9 .
5Y = Aa + F(a)
a(0) € K.

Let K, = n~Y(x) N K. Suppose that every solution of the ODE

da
il F(a)
a(0) € K,

remains in KCp. Then the solution a(t) of the PDE remains in K.

That is, if the reaction term does not force it out, then the solution will remain in . Note
that the behaviour of the ODE is much simpler than the behaviour of the original PDE because we
need only consider each fibre individually — the solution of the ODE is a time-dependent vector in
some vector space rather than a time-dependent section of some vector bundle.
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Chapter 4

Curve-Shortening Flow

This chapter is based on the lectures on Geometric Evolution Equations given by Ben Andrews at
the ICE-EM Graduate School in July 2006.

When Hamilton introduced the Ricci flow and used it to prove Theorem 2.1, he introduced
quite a general method of dealing with geometric evolution equations. This method has since
been applied to other flows, such as the mean curvature flow (MCF) and the curve-shortening flow
(csF) (see [30] for a description of both). Although these settings for Hamilton’s method of proof
emerged after Hamilton’s original Ricci flow paper, the CSF in particular is much simpler than the
Ricci flow. Many of the concepts central to the theory of the Ricci flow presented in Chapters 5,
6, 7 and 8 find simpler analogies in the theory of the CSF.

In this chapter we will outline the basic theory of the cSF, with the aim of providing a
“blueprint” for subsequent development of the theory of the Ricci flow. We will not prove all
of the results that we state — those proofs and those results that assist in building intuition for the
methods of proof employed in later chapters are emphasised.

4.1 Steepest Descent Flow for Length

Given a smooth immersion Xj : R/Z — R? (i.e. a smooth immersion of a circle into the plane),
we can evolve it by taking X : R/Z x [0,7) — R? such that

0X
E(u,t) = —kN(u,t) (4.1)

X(u,0) = Xog(u).
Here, x is the curvature of our curve, and N is the unit normal vector to it, defined by

0?X

_kN =
a 0s?

where s is the arclength parameter (see Figure 4.1). The book [15, Chap. 1] is a good reference
for the theory of curves in space.

One might wonder where this definition comes from. The idea is to look for the way to move a
curve in the plane that gives the greatest decrease in total length for the smallest total “movement”
— we say that the CSF is the “steepest descent flow for length”.

Lemma 4.1. Denote the length of the curve u— X (u,t) at time t by

1
L(t) = /O | X, |du.

Consider an arbitrary variation of the curve Xo(u) = X (u,0) with

0X
E(Uq t) = V(U, t),
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Figure 4.1: The curve-shortening flow moves a curve in the direction of its curvature vector.

which is normalized so that

L
/ V|%ds = 1
0

where s is the arclength along Xo and L = L(0). Then the rate at which the length decreases,
—dL/dt, is mazimised for the CSF, i.e.

V o« —kN.
Proof. We note that

X = o ((Xus Xo)?)

- L xnax)

-
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Hence

1
B0~ [ axa
0
L ds

X,, 0.V
/o < )X

L
/ (0.X,0,V)ds
0

L
[(9:X, V)5 — /O (855X, V)ds

/O "N

_</0Lﬁ2ds>; (/OL|V|2ds>é.

We have integrated by parts, and the boundary terms vanished by periodicity. The last line follows
from the Cauchy-Schwarz inequality, so equality holds if and only if V' o« —«IN. Thus the CSF is
exactly the variation that gives the fastest decrease in length. O

Y

Example: The shrinking circle. If our initial curve X is a circle of radius rg centred at the
origin, then the solution will take the form X (u,t) = r(t)(cos(u),sin(u)). We have N = X/r, k =
1/r, so the CSF equation becomes

ar_ 1
da  r
which has the solution )
X (u,t) = (rd — 2t)2 (cos(u), sin(u)). (4.2)

So the circle shrinks to a point at a finite time ¢ = \/r2/2 = ro/V/2.

4.2 Short Time Existence

Before anything else we must check that this system has a solution for a short time. To do this
we will use the existence and uniqueness theorem for parabolic PDEs (Theorem A.1). We need to
check if our system is strongly parabolic before we can apply this theorem.

If we set X (u) = (z(u),y(u)) and use the notation x, = g—i, then the CSF equation becomes

oty ] @4y | —rup T Yuu
For the system to be strongly parabolic, the matrix on the RHS ought to be positive-definite. It
clearly isn’t (it is even singular), so we seem to be in trouble.

Although it appears that our system is not parabolic, all that is going on is that the parabolic
nature of the system is being hidden from us by a poor parametrization of our solution. Suppose,
for the moment, that we have a solution of the CSF given by X : R/Z x [0,T) — R2. Consider a
time-dependent family of diffeomorphisms from the circle to itself:

¢ :R/Z % [0,T) — R/Z.

Then we can define X (u,t) = X (p(u,t),t). X is just a time-dependent reparametrization of
X. In particular, it won’t change how the curve “looks”, i.e. its image in R2.
The evolution equation satisfied by X is then

gf((u, t)

0

= —kN+ X,V
- I v
(22 +92)? { ~au } vuu || w0
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where we define 9

We are free to choose how to reparametrize our curve — that is, we may choose V and then
solve the differential equation (4.3) for ¢(u,t). We choose V so that our system of CSF with
time-dependent reparametrization is strongly parabolic:

Vo m (20 [ z:: } (4.4)

Then we have, setting X = (%, 7),

ali) = wmrtl S]]

- 1 1 0 Tuu
@) 101 Y |

We can now express Ty, Tyu, Yu, Yuu 10 terms of Ty, Ty, Yu, Yuw Using the chain rule. This gives
us a second-order differential equation for (Z,¢), which is strongly parabolic because the matrix
multiplying (Zyy, Juu) is positive definite. By Theorem A.1 there exists a solution X = (Z,7) on
some time interval [0,7"), and the solution is unique for as long as it exists. Using this solution it is
possible to reconstruct ¢ (u, t) from (4.3) — because we know &, § this is a simple ODE. Once we know
the reparametrization used, we can find X (u,t) = X((p_l(u, t),t) and show that it is a solution of
the csF. Therefore, although the CSF is not a strongly parabolic system, by reparametrizing it we
can show that it has a solution on some time interval [0,7'), and it is not difficult to further prove
that the solution is unique for as long as it exists. Because of this uniqueness we may without
ambiguity choose

T = sup{7 : X(u,t) exists and is smooth for t € [0,7)}.

In this situation, we call [0,7) a maximal time interval — it is the largest time interval on which
the solution exists (note that T could be o).

Theorem 4.2. For any smooth immersion Xo : R/Z — R?, there is a unique smooth solution
X :R/Z x [0,T) — R?
satisfying the CSF and with
X(u,0) = Xo(u)

on a mazimal time interval [0,T).

4.3 Finite Time Singularity

Theorem 4.3. The Avoidance Principle. If X,Y are solutions of the CSF on [0,T), and
X (u,0) # Y (v,0) for all u,v, then X (u,t) # Y (v,t) for all u,v, for all t € [0,T). That is, if the
curves do not intersect initially, they will not intersect at any later time.

This theorem can be proven using a version of the maximum principle to show that the smallest
distance between the two curves is a nondecreasing function of time.

Theorem 4.4. The CSF exists for only a finite time before becoming singular. That is, the maximal
time T mentioned in Theorem 4.2 is finite.

Proof. Given any Xy, we can take a circle that surrounds it. Running the CSF on the circle and the
curve Xg, the Avoidance Principle shows that the solution X can never move outside the evolving
circle. As we showed in (4.2), the circle shrinks to a point in a finite time, “crushing” our solution
X and forcing it to become singular in finite time. Therefore the maximal time T mentioned in
Theorem 4.2 must be finite. O
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4.4 Curvature Explodes

Theorem 4.5. Suppose we have a solution of the CSF on a mazximal time interval [0,T), where
T < oo by Theorem 4.4. Then

tlin% sup{|k(u,t)| : u € R/Z} = 0.

We will give an outline of the proof. The basic idea is to assume the curvature were bounded
as t — T, and show that the maps X;(-) = X(-,¢) must then converge so nicely as t — T that it is
possible to extend the solution past T', contradicting the assumption that [0,7) was the maximal
time interval on which the solution existed.

By differentiating equation (4.1) one can obtain an evolution equation for the curvature:

Ok 0%k

_ 3
E—@‘i‘lﬁ.

This is a heat-type equation. From it we can derive evolution equations for the derivatives of
the curvature 9"x/0s™, which will also be heat-type equations. Assuming an upper bound on x,
one can use the maximum principle (in the form of Theorem 3.2) to prove upper bounds on the
derivatives of k. These bounds are analogous to the bounds obtained in Chapter 6 for the Ricci
flow.

From the bounds on the derivatives of the curvature, it is possible to prove bounds on the
derivatives of X. Once can show that all of the quantities

ok o

are bounded above. This means that all derivatives of X are equicontinuous, so by the Ascoli-Arzela
theorem, for any &, > 0 there is a sequence of times (¢;) such that the maps

oF o
W@X(vti)

converge uniformly. Because the time-derivatives are also bounded, this means that the maps

ok o
JuF ot (-,1)

converge uniformly. Therefore the map X (-,¢) and all its derivatives converge uniformly to some
smooth map X (-, 7). We can then use Theorem 4.2 to find a solution X to the CSF with the initial
curve Xo(-) = X (-, T), defined on some time interval [0, ¢). The solution X can now be “glued onto
the end of X” to extend the solution X past T. Defining X(-,t) = X(-,t —T) for t € [T, T +¢)
(and leaving X unchanged for ¢ € [0,7)), we obtain a smooth solution! X to the cSF with the
given initial data, which is defined on the time interval [0, + €). This contradicts the maximality
of T. Hence the original assumption that the curvature was bounded was incorrect.

4.5 Grayson’s Theorem

We have seen that our curve becomes singular in finite time; in fact it can be shown that an
embedded circle will shrink to a point and become round as it approaches the maximal time T
What does “become round” mean though, when our solution is shrinking to a point? To make
sense of this, we “blow up” our solution — we dilate it by a time-dependent factor so that the area
enclosed by the curve is constant. Then the solution will not shrink to a point, but will stay of the
same size, and “becomes round” simply means that the curve converges to a circle.

IThe solution has smooth u-derivatives at t = T because of the uniform convergence of all derivatives of X (-,t)
to X(-,T) as t — T. The time-derivatives can be expressed in terms of the space derivatives using the equation of
the CSF, so they too are smooth.
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Theorem 4.6. (Grayson) Given any embedded circle Xg, the solution to the cSF X (u,t) with
X (u,0) = Xo(u) will remain embedded and will shrink to a point x as t approaches the mazimal
time of existence T. Furthermore, if A(t) denotes the area enclosed by the curve X (-,t) at time t,
then the curve

X(u,t) = ﬁ(X(u,t) — )

converges exponentially to a unit circle ast — T.

Proof. Once again, we will not give a complete proof but will outline one of the main concepts,
because it is analogous to the blowup technique that we will introduce for the Ricci flow in Chapter
8. See [30, Chap. 1 and Sec. 5.2] for the full proof of this theorem.

If the initial curve X is convex, one can prove using derivative estimates that the curvature
converges uniformly to 1, and all derivatives of curvature are bounded. Once again the Ascoli-
Arzela theorem can be employed to show that a limit exists, and that the limit is a smooth
embedded curve with curvature 1, hence the unit circle (see [30, Chap. 1] for the details). This
result is known as the Gage-Hamilton Theorem (a corresponding result for the mean curvature
flow was proven by Gerhard Huisken).

Grayson proved that any initial curve will eventually become convex under the CSF, from which
the result follows by the Gage-Hamilton Theorem. We will outline the proof presented in [30, Sec.
5.2]. We use the result of Theorem 4.5, which says that the curvature explodes as we approach
some singular time T' < co. This means we may choose points p,, € R/Z and times t,, that converge
to T such that

|H(pn7tn)| = sup |K/(pat)|a
pER/Z,t<t.,

and define M,, := |k(pn, tn)|, so that lim, . M, = co. We then define rescaled flows X,, by

Xn(p7 t) = M, (X (pn +p,tn + ]\22> - X(pnatn)) .
n
It is not hard to see that these rescaled flows are solutions of the CSF defined for t € [—M?2t,,, M2(T—
tn)), with X,,(0,0) =0 and |kp(p,t)| < |£n(0,0)] =1 for t € [-M,t,,0]. This technique is known
as “blowing up” at a singularity; we rescale the flow so that the curvature no longer diverges.

We saw in the discussion of Theorem 4.5 that it is possible to deduce bounds on derivatives of
the curvature from a bound on the curvature, using the maximum principle. Moreover, one can
get bounds on the derivatives of the maps X, : R x [—Myt,, 0] (considering X,, as a periodic map
on the real line) from the bounds on derivatives of the curvature. Hence, by the Ascoli-Arzela
theorem there is a subsequence of X,, that converges uniformly in all C* norms on all compact
subsets of R x (—00,0] to a limit solution X, : R x (—00,0] — R?. This limit solution satisfies
X50(0,0) =0 and koo (p,t) = Koo(0,0) =1 for all ¢ < 0.

After considerable work, one can show that this limit of rescaled solutions is convex with
compact image for all ¢t € (—o0,0], from which it follows that some X, is eventually convex and
hence the CsF X (-, t) is eventually convex for large enough ¢, as required. O
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Chapter 5

Short Time Existence and
Uniqueness of the Ricci Flow

Before we can do anything with the Ricci flow, we must show that a solution exists for a short
time. We would like to apply the short-time existence and uniqueness theorem for parabolic PDEs
(Theorem A.1) to the system

Salt) = ~2Re(g(t)

g(0) = go-

We need to check if the system is strongly parabolic. This chapter is based on [6, Chap. 3] and
[28, Chap. 5].

5.1 The Linearization of the Ricci Tensor

The first thing to do is to work out the linearization of the Ricci tensor in the sense described in
Appendix A. Recall that, if we have a time-dependent metric tensor g;;(t) (we are not assuming
that this time-dependent metric satisfies the Ricci flow or any other specific equation), we define
the linearization of the Ricci tensor, D[Rc] : C®(T*M @5 T*M) — C®(T*M @5 T*M) so that

é)gi i 0
D 1) =— i (1)).
el (%52 ) = 3Rt 0)
Lemma 5.1. The linearization of the Ricci tensor is given by
1
D[Re|(h)i; = igpq(_vpvqhij = ViVjhpg + VeViljp + VoVjhip).
Proof. This follows from equation (1.19). We have interchanged the indices p and ¢ in places,

which we can do because the metric inverse gP? is symmetric. O

To check if the system is strongly parabolic we must compute the principal symbol (see Ap-
pendix A for the definition). The symbol can be computed easily from the linearization:

Corollary 5.2. The principal symbol of the differential operator —2Rc (as a function of the metric
g) is:
6[—=2Rc|(¢)(h)ij = 9" (pppqhij + Piihpg — Pqpiliip — ©qpjhip)-

Now we recall that the Ricci flow is strongly parabolic if there exists > 0 such that for all
covectors ¢ # 0 and all (symmetric) h;; # 0,

(6[=2Rc](@)(h), k) > dl|*|h|?
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or, by Corollary 5.2,
9" (eppahis + iihpg — PqPilip — Ca@ihip)h > S hesh™.

However, if we choose h;; = @;¢;, it is clear that the LHS of this equation is 0, so the inequality
can not hold. Therefore the Ricci flow is not strongly parabolic.

5.2 The DeTurck Trick

Because the Ricci flow is not strongly parabolic, we can not immediately apply Theorem A.l.
Hamilton, in his original paper [9], used the Nash-Moser inverse function theorem to prove short-
time existence and uniqueness. Shortly afterwards, Dennis DeTurck introduced (in [7]) a much
simpler way of proving the short-time existence of the Ricci flow. In this section we show how one
does the “DeTurck Trick”.

We first rewrite the linearization of the Ricci tensor so that it is possible to see which terms
are making it non-parabolic.

Lemma 5.3. The linearization of —2Rc is equal to
D[-2Rc|(h)i; = ¢PIV,pV4hi; +V,V; +V,;Vi+ lower-order terms in h (5.1)

where )
V; = gpq(ivihpq — Vyhpi).

Proof. From Lemma 5.1 we have
D[—QRC](}L)U e gi"q(Vquhij + viv]‘hpq — qu,’hjp — qu]'h,’p). (52)
Applying the formula (B.3) for commuting covariant derivatives, we obtain

V¢Vikjp, = ViVghjp — Ry;ihep — Ry him

qij T qip
= V;V,hjp + lower-order terms in h.

Lower-order terms in h make no contribution to the principal symbol. Thus, as far as the principal
symbol is concerned, covariant derivatives commute. We can therefore rearrange equation (5.2) by
commuting covariant derivatives to give

1 1
D[_2Rc](h)ij = gpqvpvqhij + vi(§vjhpq - thjp) + vj(§vihpq - vqhip)
+ lower-order terms in A
= gP'V,V hij + V;V; + V;V; 4+ lower-order terms in h
(recalling that Vg = 0). O

The lower-order terms in A make no contribution to the principal symbol. The first term in
equation (5.1) is a good term (we can identify it as a Laplacian, which has a strictly positive
principal symbol), but the terms in V' are bad: they make the Ricci flow non-parabolic.

The situation is analogous to that for the curve-shortening flow described in Section 4.2: the
flow is not parabolic because we have a bad parametrization of our manifold. To obtain a parabolic
system, we must introduce a time-dependent reparametrization.

In analogy with the curve-shortening flow, we seek a system

S = P@) (5.3

that is parabolic, and a time-dependent diffeomorphism ¢; from our manifold M to itself, with
o = id, so that the metric

gt = i Gt
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is a solution to the Ricci low. We can compute

0 _ 0(pigr)

ot ot

_ (2 (©7 4 sTt+s)
Os o

o * 8§t+3 0 ((p:+sgt)
N <<pt Js S:0+ Js 0

i P(g) + Sﬁrﬁ% ¢

Il
QI

Here we have used the product rule and then the rule for the Lie derivative on tensors (see Section
1.3). We choose ¢, to satisfy

9
Bt%
po = id

= W(t)

for some time-dependent vector field W (¢) (this system will have a solution ¢; for as long as W (t)
exists — see [6, Lem. 3.15]). The problem now reduces to finding a differential operator P such
that the system (5.3) is strongly parabolic, and a time-dependent vector field W (¢) such that, if
we define a 1-parameter family of diffeomorphisms that satisfies (5.4), then

@i P(gt) + 0i Lw g = —2Re(p; g:) = =27 Re(qe)
(using the diffeomorphism invariance of the Ricci tensor). This is equivalent to
P(g:) = —2Rc(gt) — Lw (1) G-

Note that the choice of W(t) corresponds to the choice of V' in Section 4.2.
Now by Lemma 1.7 we have

(ﬁwgt)ij =V;W; +V,;W;.
Therefore we can use Lemma 5.3 to write the linearization of P as
D[P](h) = g"'V,Vghij +V,;V; +V;V; + lower-order terms in h (5.4)
—DIV,W; + V,;W;](h). (5.5)

Recall that the first term in equation (5.4) is a good term: if the other second-order terms cancelled
then the linearization would satisfy the condition for parabolicity. So our aim is to choose W in
such a way that the second-order part of the term (5.5) cancels the second-order part of the terms
in V. This will happen if the principal part of the linearization of W; is equal to that of V;!.

We defined V' by

1
Vi = gpq(ivihpq — Vphqi)
1
= 7§gpq(vphqi + th;m' - Vihpq).

We recall from formula (1.17) that

0

DITS)(h) = - (

1
F?j(g(t))) = §9kl(vihﬂ + V;hi — Vihij),
where h;; = a% gi;- This looks pretty similar to the form of V, so we might try

Wi = _gpqgijl—‘%q-

INote that, as far as the principal symbol is concerned, a covariant derivative V; is the same as a coordinate
derivative 9; by formula (1.3). Therefore, if the principal symbol of the linearization of W; is equal to that of V;
then the principal symbol of the linearization of V;W; is equal to that of V;V;.
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We need to be careful though — this expression depends on the coordinates we choose, because the
Christoffel symbol T" is not a tensor. However, the difference between two connections is a tensor,

so we can fix a constant connection with Christoffel symbols f‘fj and define

Wi = —g"gi; (Ff;q - F%q) ;

which s the coordinate form of some coordinate-independent vector field. The fixed background
connection, because it is independent of the metric, will make no contribution to the symbol of W,
so the principal symbol of W; will be equal to that of V; and all of the second-order terms other
than the first in equation (5.4) will cancel.

Thus, making this choice of W, the principal symbol of the linearization of P is just

a(DIP)(p)(h)ij = ¢"pppghij,

so we have
(@(DIP])(p)(h), h) = ||*|h[*.
Thus the Ricci-DeTurck flow defined by

%gij = P(g) = 72Rij + V1WJ + VJWl
is strongly parabolic, and therefore has a solution for a short time by Theorem A.1.

For as long as this solution exists, the vector field W(t) exists, and the time-dependent dif-
feomorphisms ¢; can be obtained by solving the ODE (5.4) with initial condition ¢y =id. Once
we know the ¢, exist, the above calculations show that the pullback metrics ¢g; = ¢} g; satisfy the
Ricci flow equation. Thus, the Ricci flow has a solution for a short time. In fact the solution is
also unique (see [6, Sec. 4.4]), so we have the following result:

Theorem 5.4. Given a smooth Riemannian metric go on a closed manifold M, there exists a
maximal time interval [0,T) such that a solution g(t) of the Ricci flow, with g(0) = go, exists and
is smooth on [0,T), and this solution is unique.
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Chapter 6

Derivative Estimates and
Curvature Explosion at
Singularities

In this chapter we will use the maximum principle in some creative ways to obtain bounds on
derivatives of the curvature and metric evolving under the Ricci flow. We will then use our
estimates to show that the curvature must explode! as we approach a finite-time singularity in the
Ricci flow, in analogy with Theorem 4.5 for the curve-shortening flow. This result is a key part of
the proof of Theorem 2.1 that we will present in Chapter 7. The derivative estimates themselves
are also vital to the proof of the compactness result presented in Chapter 8. Our exposition is
based on [6, Chap. 6,7] (with the exception of Corollary 6.13 which is based on results in [28] and
Section 6.2 which is based on [9, Sec. 13]), with significant reformulation of many of the arguments.

6.1 Evolution of Geometric Quantities Under the Ricci Flow

To apply maximum principle arguments to the curvature, we need to know what the equations
describing the evolution of curvature quantities under the Ricci flow are. We have already done
the bulk of the calculations in Lemma 1.20: the evolution equations for the Ricci flow follow by
substituting h;; = —2R;; into those formulae.

Lemma 6.1. Suppose that g;;(t) is a solution of the Ricci flow:

o
ot =

Then the various geometric quantities evolve according to the following equations:

—QRZ'J'.

1. Metric inverse:

9 . 3
g1 = 9R,
at’
2. Christoffel symbols:
0
al“fj = 7gkl(vile + VjRil — VlRij).
8. Riemann curvature tensor:
0
aRijkl = AR + 2(Bijit — Bijik + Bikji — Bijk)

—(BY Rpjii + R Riprs + R Rijp + Ry Rijip),

1Some books on the Ricci flow use the words “blow up” here — unfortunately this expressive nomenclature is
already employed to describe our method of examining singularities as in Chapter 8, so we substitute “explode”.
All it means is that the curvature goes to +o0o, as detailed in Theorem 6.7.
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where
. — _pa pp
Bijr = sz’qulk'

See Definition 1.13 for the definition of the Laplacian /\.

4. Ricci tensor:

0

o Bt = ORij + 2RyijoRM — 2RI R,

5. Scalar curvature:

0
—R = AR+ 2[Re|’.
5 R + 2|Rc|
6. Einstein tensor on a 3-manifold:
. 2 2 J ki, 20 2 3
§|E| = A|E]" -2|VE|" -8R} R; k+§R|Rc| —2R°.
7. Volume element:
0
dp = —Rdpu.

8. Volume of manifold:
0

— du = — Rdypu.
atMM /M'u

9. Total scalar curvature (on a closed manifold):

2/ Rdu:/ (=R? + 2|Rc|?) dp.

Proof. Most of these follow easily from Lemma 1.20, but some require a bit of extra fiddling to put
them in a nice form. The proof of the equation for the Riemann curvature tensor in particular is
rather lengthy and is contained (along with those for Rc and R) in [6, Sec. 6.1]. The main technique
is to use the identity (B.3) to commute covariant derivatives, then use the Bianchi identities.

The proof of the evolution equation for |E|? in dimension 3 can be found in [6, Cor. 6.39]. It
can be proven using the formula

1
B = [Ref? - 32,

the evolution equations for Rc and R given above, and the result of Lemma 1.13 to express the
Riemann curvature tensor in terms of the Ricci tensor. We will not use this result in the current
chapter, but it comes in handy in Chapter 7. O

6.2 Evolution Equations for Derivatives of Curvature

We aim to obtain bounds on the derivatives of the curvature, i.e. on quantities of the form |V*Rm|?
(here the k is not a raised index, it indicates the kth iterated covariant derivative). Our hope is
to apply the maximum principle of Theorem 3.2 to get such bounds, but before we can apply this
theorem we must have some PDEs that describe the evolution of the quantities.

Lemma 6.2. If A is a tensor quantity that satisfies a heat-type evolution equation:

P
O N pA+F
a1 +

under the Ricci flow (where F is a tensor of the same type as A), then the square of its norm
satisfies the heat-type equation

%|A\2 = AJAPR = 2|VAPR + F + A+ Re x A*2.
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Proof. We use g; to denote the metric at time ¢.

0 0 09¢
&gt(AvA) = 2g ((%Aw‘l) + E(AaA)

2g:(AA+ F, A) + Re x A*?
AJA]? —2|VA|> + F % A + Rc x A*?

where the final term in the second line comes from the derivative of the metric (which is —2Rc for
the Ricci flow) and we have used the identity

AJAP? = 2(AA, A) + 2|V AP

Lemma 6.3. If A is a tensor quantity that satisfies a heat-type evolution equation

P
O N pALF
a +

under the Ricci flow (where F' is a tensor of the same type as A), then its covariant derivative
satisfies a heat-type equation

%VA =A(VA)+VF +Rm=x VA+ VRc* A.

Proof. Recall from formula (1.3) that VA has the form
VA=0A+ f(T',A)

where f(T', A) is some expression of the form I" * A, which depends on the type of the tensor A.
Also, by Lemma 6.1 we have
8tF = (gil) * VRec.

It follows that

VA = 0,0A+ 0, f(T,A)
= 00:A+ f(T,0:A) + f(6:T, A) (by the product rule)
= V(0:A)+ f(g~* * VRc, A) (because 9,4 is a tensor of the same type as A)
= V(AA+F)+VRcxA
= (AVA+Rm#*VA+VRexA)+VF+ VRex A
= AVA+4+VF+Rmx*VA+ VRex A.

We used the formula
[V,A]JA:=VAA—-AVA=Rm=x*VA+ VRcx A,

which follows from careful use of formula (B.3) followed by the second Bianchi identity (1.8) (see
[6, p. 227]). O

Now we note that the formula for the evolution of the Riemann curvature tensor under the
Ricci flow given in Lemma 6.1 translates into *-notation as
a *2
aRm = ARm + Rm™. (6.1)
This allows us to use the preceding lemmas to calculate evolution equations for covariant derivatives
of the metric.

Lemma 6.4. The evolution equation for the kth iterated covariant derivative of the Riemann
curvature tensor under the Ricci flow is:

k

%V’“Rm = AV*Rm + Z V/Rm * VF 7/ Rm.

Jj=0
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Proof. We prove the result by induction. The evolution equation for Rm given above in equation
(6.1) is the base case k = 0. We assume the relation holds true for a given k and apply Lemma 6.3
with A = VFRm and

k
F = Z VI/Rm * V*7Rm.

j=0
This tells us that
d
EVVkRm = A(VV*Rm) + VF 4+ Rm * V(V*Rm) + VRc * V*Rm. (6.2)

It is clear that all of the reaction terms on the RHS are of the form ViIRm+V/Rm where i+j = k+1,
hence

k+1
0] , .
5V Rm = AVFTIRmM 4 Y V/Rm « VT Rm,
j=0
completing the inductive step. O

Corollary 6.5. The square of the norm of the kth covariant derivative of the Riemann curvature
tensor satisfies the heat-type equation

9 ok 2 k 2 k+1 2 SN k—j k

&'V Rm|* = A[V*Rm[* - 2)V*"'Rm[* + > V/Rm % V¥ /Rm » V*Rm. (6.3)

Jj=0

Proof. We simply apply Lemma 6.2 with A = V*Rm and

k
F= Z V/Rm % VF7IRm,
§=0

by the result of Lemma 6.4. The result is
%|V’“Rm|2 = AIVPRm|? — 2|V* ! Rm|? + F + V*Rm 4 Rc * (V*Rm)*2.

It is clear that all the terms on the left hand side other than the first two are of the form V‘Rm #
VIRm * VFRm where i + j = k, and hence

9 L ,

a\kamF = AIVFRm[* - 2|V*"'Rm|* + > V/Rm * V*/Rm * V*Rm

=0

as required. 0

6.3 The Bernstein-Bando-Shi Estimates

We now apply the maximum principle to the evolution equations derived in the last section to get
bounds on the derivatives of the curvature. We aim to obtain these bounds under the assumption
that the curvature itself is bounded above by some constant, [Rm| < K. There are two problems we
face in trying to apply the maximum principle to the evolution equation we derived for the covariant
derivatives of the curvature: firstly, we can not guarantee any initial conditions on the derivatives
of the curvature if we are only given bounds on the curvature, and secondly the evolution equation
has some terms in it which we are not sure how to control (namely the terms of the summation in
equation (6.3)).

We bypass the first problem by proving time-dependent upper bounds that diverge at ¢t = 0
(thus they only give us useful information after ¢ = 0). We will see how to bypass the second in
the process of the proof.
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Theorem 6.6. The Bernstein-Bando-Shi Estimates. Let (M",g(t)) be a solution of the
Ricci flow on a closed n-manifold. Then for each o« > 0 and m € N, there exists a constant Cp,
depending only on m,n and max{a, 1} such that if

|Rm(z,t)| 4 < K for all t € [0, ],
then oK
|vam(CE’7t)|g(t) < ﬂ:ﬁ for all t € (0, %]

Proof. We prove the result by induction on m. For m = 0 the result is true by hypothesis, with
Cy = 1. Assume the result is true for all p < m — 1. The result of Corollary 6.5 tells us that

%WmRmF = A[V™Rm[’ - 2/V""Rm[> + > V/Rm* V"™ /Rm * V"Rm
J=0
< AV™Rmf* = 2V Rm[? + ) | V/Rm|| V" Rm| |V R
j=0
m—1 C C
m 2 m—+1 2 m— J 2 m
< A|V™Rm|? — 2|V Rm|? + Zcmytm gz | KV R

+ (emo + crmn)K|VmRm|2

cr
< AIV™Rm|? - 2|V Rm|? + C,K|V™Rm|? + s 7 K?|V"Rmn|

for t € (0, %], where C},, C]] are constants depending only on m and n. We have used the inductive
hypothesis to go from the second to the third line. We can complete the square (in the variable

m|) on the right hand side then use the inequality (a + < a“ + b* to obtain
V™R he right hand side th he i li b)?/2 24 p? btai
9 2 2 1 2 A 2 K?
8t|vam| < AIV™Rm|?* - 2|V™ M Rm|? + C,, K (|VmRm| + tm> (6.4)

for some constant Ch,.

To get the desired bound, we need to find an upper bound on #"|[V™Rm|?. This quantity
clearly has an upper bound at t = 0 because it is equal to 0. So to apply the maximum principle
and get an upper bound we need only show that the reaction terms in its evolution equation cause
it to decrease. The problem we have is that this quantity satisfies the differential inequality

0

t"™V™Rm[?) < A@WE™|V™Rm|?) — 2t™| V™M Rm|? + 6.5
ot

(Crn Kt +m)t™ V™ Rm|? + C,,, K3, (6.6)

and the reaction terms (6.6) are not negative. This is the “second difficulty” outlined at the start
of this section.

To fix this problem, we make use of the term —2|V**1Rm|? in the evolution equation of
Corollary 6.5. By adding the right amount of t™~1|V™~1Rm|? (which we know by our inductive
hypothesis is bounded above by a constant) we can cancel off the unruly reactionary terms involving
t™|V™Rm|?. In so doing, we will introduce new unruly terms in t™~}[V" 1Rm|? — so we will
need to add the right amount of the next derivative down and so on. We define

m—1
G =t"V"Rm|* + Y ap;t’[V/Rm|?,
j=0
where we will determine the constants a,,; so that all the terms cancel as we want them to.
By equation (6.5), we have

%G < AGH (Cp Kt +m)t"™ V™ Rm|? + C,, K
m—1
+ 3y {26V Rm[? + (C;Kt + §)t 7 [VIRm|* + C; K7}
§=0
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By the inductive hypothesis there are numbers D; depending only on j,n for 1 < j <m — 1 such
that
C;Kt|V/Rm|* + C;K® < D;K®

for all ¢ € (0, %]. Hence we have

9 _ _
3G < OG+ (CnKt+m)t" V" Rm|* + Cp K°)
m—1
+ > oy {27 VI Rm|? + it/ [VIRm[? + D; K}
=0
= AGH+ (Cp Kt +m — 20y, m—1)t" | V"Rm|?
m—1
+ Z {jOsz‘ — QOémJ‘,l} tj_l‘VijP
j=0
m—1
+CmK3 + Z OlmijK?’.
j=0

Now we choose the a,,; so that the terms in this equation cancel: choose o, ,m—1 such that
0=Cha+m— 20 m—1 > CKt+m— 20m,m—1,

where the second step follows because we are working with ¢ € (0,«/K]. Now define , m—2,
Olm.m—3; - - -, Qi in that order, at each step setting

jOlmj - 2am,j71 =0.

If we now define

m—1
Bm = 7m + Z Ozmij

=0
then our evolution can be written as

o)
-G < A B, K?3.
8tG < AG+

The reaction term is simply a constant, so it gives linear growth at worst. Because G = cv,,,0|Rm|? <
amoK? at t = 0, the scalar maximum principle (Theorem 3.2) tells us that

G < amoK? + B K3t < (o + Bpa)K? := C2 K*?

for t € (0, %], where Cy, is a constant depending only on m, n and max{a,1}.

Therefore, we have
m | G Ch. K «a

as required. O

6.4 Curvature Explodes at Finite-time Singularities

This section will be devoted to proving that, if the Ricci flow becomes singular in finite time, the
curvature must explode as we approach the singular time T'.

Theorem 6.7. If gy is a smooth metric on a compact manifold M, the Ricci flow with g(0) = go
has a unique solution g(t) on a mazimal time interval t € [0,T) where T < co. If T < oo then

lim <sup |Rm(x,t)|) = o0.
=T \zeM
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The proof that the curvature must explode as t — T follows the same outline as the proof
of the corresponding result for the curve-shortening flow, Theorem 4.5. That is, we assume that
|Rm|, is bounded above by a constant K, and show that the metric g(t) converges smoothly to a
smooth metric g(7T"). It is then possible to use the short-time existence result of Theorem 5.4, with
initial metric g(T), to extend the solution past T'. This contradicts the choice of T' as the maximal
time such that the Ricci flow exists on [0, T).

A key element of the proof is the following theorem and its corollary, which show that a limit
metric g(7T') exists and is continuous:

Theorem 6.8. Let M be a closed manifold and g(t) a smooth time-dependent metric on M,
defined for t € [0,T). If there exists a constant C < oo such that

T
/
for all x € M, then the metrics g(t) converge uniformly as t — T to a continuous metric g(T)
such that

0

dt < C (6.7)
g(t)

e “g(x,0) < g(x,T) < e“g(x,0).
Note that this means g(T) is uniformly equivalent to g(0).
Proof. Let x € Mty € [0,T),V € T, M be arbitrary. Then

zt0) (VL V
log (g( o) ( ))‘ =

to 8 ‘
—- [log g(a,ty(V, V)] dt
9(z.0)(V:V) /0 ot [108 g1y (V. V)]

/t" 2 9wn(V,V) i@t
0o 9an(V,V)

g9 (T 7 )|
"I\ Vg Vg

0
&9(

to
<
0

to
<
0

< C

dt
g(t)

x,t)

where the penultimate step follows as |A(U,U)| < |A|, for any 2-tensor A and unit vector U.
Exponentiating both sides of this inequality gives us:

eng(Q:’O)(V’ V) < g(a:,to)(vva V) < ng(x,O)(Vr, V)a

for any V. Thus
eng(x, 0) < g(xa tO) < ecg('ra 0)7 (68)

0

so the metrics g(t) are uniformly equivalent.
ag( dt <’ (6.9)

Hence, we have
/T
0 9(0)

for some C’ > 0. Note the difference from equation (6.7): the norm is taken with respect to a
constant metric g(0) rather than the time-dependent one g(¢).
We now define

x,1)

T
9(z,T) :g(x,0)+/0 %g(x,t)dt.

This integral exists as the metrics are smooth and the integrand is absolutely integrable with
respect to the norm induced by ¢(0), by equation (6.9). Now

— 0
9(0)

T
l9(2,8) — g2, )], 0) < / 21)

59(
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as t — T for each x € M. Because M is compact, this convergence is uniform on M. Hence
g(t) — ¢(T) uniformly, so g(T) is continuous. By taking the limit of equation (6.8) we can show
that

e %g(z,0) < g(z,T) < eCg(z,0),

hence that ¢g(7') is positive definite.
Therefore, the metrics g(t) converge uniformly to a continuous Riemannian metric g(7") which
is uniformly equivalent to g(0). O

Corollary 6.9. Let (M, g(t)) be a solution of the Ricci flow on a closed manifold. If |Rm|, is
bounded on [0,T) (where T < o) then g(t) converges uniformly ast — T to a continuous metric
9(T) which is uniformly equivalent to g(0).

Proof. Any bound on [Rm|, implies one on |Re|y, and hence on |2 g|, (by the equation of the
Ricci flow). The integral (6.7) is then an integral of a bounded quantity over a finite interval, and
is hence bounded. Thus Theorem 6.8 applies. O

We have now got a foothold: we have shown that there is a limit metric g(7T"), and it is
continuous. We now want to show that this metric is smooth, because we need this if we are to use
the short-time existence result of Theorem 5.4 to extend our solution past 7. To do this, we need
to make sure the spatial derivatives of g near the limit time 7" are not exploding — we need bounds
on them. The first step is to bound the derivatives of the curvature, in analogy with the outlined
proof of Theorem 4.5. We do this via the Bernstein-Bando-Shi derivative estimates (Theorem 6.6),
which give bounds on the derivatives of the curvature under the assumption of bounded curvature.

We recall that the Bernstein-Bando-Shi estimates are completely useless at ¢ = 0 (as one might
expect, for bounds on an arbitrary curvature tensor will not tell us anything about its derivatives
— it is only after a period of Ricci flowing that the derivatives start to be brought under control).
That is fine for us because we are interested in derivative estimates near ¢ = 7. We can use
Theorem 6.6 to get such estimates, by considering our Ricci flow as starting at some time shortly
before T'. This gives us

Corollary 6.10. (of Theorem 6.6) Let (M™,g(t)) be a solution of the Ricci flow on a compact
n-manifold. If there exist 8, K > 0 such that

Rm (2, t)|g) < K for all t € [0,T7,

where T > B/K, then for each m € N there exists a constant B, depending only on m,n and
min{f3, 1} such that

V™ Rm(z,t < B K't% forallt e 2B |
| Do) (B}

Proof. We use the result of Theorem 6.6. Let 31 = min{3,1}. Now, given a time tq € [81/K, T,
we consider the Ricci flow as starting at the time Ty = tg — 81 /K. Applying Theorem 6.6 to this
Ricci flow, with a = 31, tells us that

CnK
V"Rm| < —— 2~
V"R < R
where C,,, depends only on m,n and min{«, 1}. Hence at ¢t = ¢y, we have

K
V™ Rm| < —ﬁc’" = m perimra,
(/2 B

from which the result follows. ]

Using this bound on the derivatives of curvature near ¢t = T', we can now proceed to bound the
derivatives of the metric g near ¢t = T'. The following corollary and its proof are a reformulation of
the argument found in [6, Prop. 6.48].
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Corollary 6.11. Let (M™, g(t)) be a solution of the Ricci flow on a closed n-manifold, and let
(%), i =1,...,n be a local coordinate system defined on some coordinate chart U C M™. If there
exists K > 0 such that

Rm(z,t)|g) < K forallt €[0,T)

then for each m € N there exist constants Cp,, Cl. depending only on the chosen coordinate chart
such that
0™ g(x, )| < O

and

|0 Re(z,t)] < C),
for all (x,t) € U x [0,T), where the norms are taken with respect to the Euclidean metric in the
coordinate system (x*).

We should explain some of the notation used. By "¢ we mean the ("'}?)-tensor field, defined
only in the coordinate chart U, which has coordinates

0iy - 0i,,9pg

with respect to the coordinate system (z%). The Euclidean metric, which is also defined only in U,
is the metric which has coordinates ¢;; with respect to the coordinate system (z°).

Proof. Throughout this proof, we will treat the Christoffel symbols I‘fj as the coordinates, with
respect to the coordinate system (z?%), of a tensor I' (T is defined only in U).

Note that by Corollary 6.10, for each m € N there is a uniform upper bound on |V™Rc¢| on a
time interval (3/K,T). There is also an upper bound on the same quantity on the interval [0, 3/ K]
because the interval is compact, so the quantity is bounded for all m:

|V™Re| < Dy, (6.10)

for all z € M™ and t € [0,T), where D,,, is some constant depending on m and the particular Ricci
flow (M™, g(£)).

We will now prove by strong induction that there exist constants P, @, R, for each m €
N U {0} such that

1. |om™~1T| < P,, (we only prove this for m > 1);
2. |0™Re| < Qm;
3. |0™g| < R,

for all t € [0,T).

For the base case m = 0, (2) follows from the bound |[Rm| < K and (3) follows from Corollary
6.9.

Assume (1) — (3) are satisfied for all m < p—1. We will prove they are true for m = p, starting
with (1). Note that there is some constant C' such that |0P~!T'| < C at t = 0, because the manifold
M™ is compact.

Bounds on |8™g| imply bounds on [0™ (g~ !)| by differentiating the formula g”g;x = d%, m
times. Recalling the formula for 0;I" from Lemma 6.1, we can prove:

0P’ = 91 (H,T)
"~ (g7! * VRe)
p—1
= ) Mg ) *0'VRe.
=0

We have bounds on the derivatives of g~!, so we just need to bound the other terms. For i < p—1

we have, by Lemma 1.3 (recalling the notation from the end of Section 1.1),

9'"VRe = V' Re + *  (9'I,0"Re).
0<j<i—1
k<i

INIA
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Note that we have a bound on V™ !'Rc by equation (6.10), and an inductive upper bound on all
of the other terms on the right hand side, because j < ¢ —1<p—2and k <1i < p— 1. Hence
|0iVRe| < C for i < p — 1, therefore

|0 0PIT| < C

for some constant C' (this C is different from the previous one — there are so many constant uniform
bounds at play in this and subsequent arguments that we will refer to most of them as ‘C” for
convenience, and hope that this does not cause too much confusion). Thus [9P~'T| is bounded
at t = 0 and experiences, at worst, linear growth on the finite time interval [0,7). Therefore
|0P~IT'| < P, for some constant P,. This completes the proof of (1).

We can now compute (again by Lemma 1.3)

#Rc=VPRc+ K (9T,0"Rc).
.
-

7 1
k 1

INIA

All terms on the right hand side are bounded inductively (with the exception of 9?~!T', which we
just showed was bounded as part of the inductive step), so we have |0PRc| < @), for some constant
Qp. This completes the proof of (2).
Finally,
|0:0Pg| = | — 20"Re| < C

by the second part of the inductive step, so because we are on a finite time interval, |0Pg| < R,
for some constant R,. This proves (3), completing the inductive step.
Therefore the result is true by induction. O

Corollary 6.12. The metric g(T) of Corollary 6.9 is smooth, and the metrics g(t) converge
uniformly in every C* norm to g(T) ast — T.

Proof. To show that ¢(7T') is smooth we must take derivatives with respect to some system of
coordinates which we can only choose arbitrarily, so take some coordinate patch U of M". We
have, from the Ricci flow equation,

T
9ij (2, T) = g;5(z,t) — 2/ Rij(z,T)dr
t

for any t € [0, 7).
Now if « is any multi-index (see Definition A.1), then Corollary 6.11 tells us that g%‘gij and

%RU are uniformly bounded on U x [0,T), and hence that we may take the derivative under the
integral sign:

glal glel T 7 9lal

for any = € U. In particular, the LHS of the above equation exists for all a, so g(7') is smooth.
Now we show that the convergence is uniform in every C"™ norm, in the following sense: we
can choose coordinate charts covering M, such that for any multi-index «, and any € > 0, there

exists 6 > 0 such that
olel olel
‘ngj(fEaT) - %gij(%t)

<e€ (6.12)
g(z,T)
in any of the chosen coordinate charts, for any t € [T'— 46,T) and z € M™.

Because M™ is compact, we can choose a finite set of coordinate charts such that the closed
unit balls of the coordinate charts cover M™. Because the closed unit balls are compact, the
Euclidean metric on each is equivalent to g(T). Because there are finitely many coordinate charts,
the Euclidean metrics are uniformly equivalent to g(7'). Thus it suffices to prove that equation
(6.12) holds if we take the norm with respect to one of the Euclidean metrics at each point z,
rather than with respect to g(z,T).

By Corollary 6.11, for each of the coordinate charts we have chosen there exists C/,, such that
|0™Re| < CJ, with respect to the Euclidean norm in that chart. If we choose C to be the largest
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of these CJ, where m = |a| (C finite because there are only finitely many coordinate charts), then
equation (6.11) gives us

olel Hled T 7 gled
9@ T) — (e, 1)) = |2 T Rij ) (z,7)d
Cmae 1) = S| = |2 [ (5ms ) woriar
T
< 2/ |0 Re(x, )| dr
¢
< 20(T —1t).
It follows that g(¢) — ¢(T') uniformly in any C™ norm as t — 7. O

We now prove Theorem 6.7. We assume, for a contradiction, that |Rm(z, )|, is bounded above
by K. It follows from Corollaries 6.9 and 6.12 that the metrics g(¢) converge uniformly in any C*
norm to a smooth metric g(T').

Because ¢g(7T) is smooth, it is possible to find a solution to the Ricci flow with initial metric
9(T), by the result of Theorem 5.4. Thus our solution to the Ricci flow can be extended past t = T,
as we did for the curve-shortening flow in the proof of Theorem 4.5. This extension is smooth,
because all spatial derivatives are continuous at ¢t = T (by the convergence of g(t) in any C* norm).
It follows that all space-time derivatives are continuous at t = T because the Ricci flow equation
allows us to write time derivatives of quantities related to the metric in terms of space derivatives
of those quantities, and the space-derivatives have been shown to be continuous. Therefore, the
solution can be extended past the time t = T, so the time T' could not have been maximal. This
is a contradiction, so the original assumption that |[Rm(z,t)|, is bounded must be incorrect. This
completes the proof of Theorem 6.7. O

Corollary 6.13. Suppose that (M, g(t)) is a solution of the Ricci flow on a closed manifold, such
that |Rm| < K at t = 0. Then there exists a positive constant b depending only on K and the
dimension n of the manifold such that the Ricci flow exists for all t € [0,b).

Furthermore, there exists a constant C depending only on n such that

for as long as the RHS exists.

Proof. We will first prove the second statement, then deduce the first.
Let u = |[Rm|?. By Corollary 6.5 with & = 0, we have

ou
— < 3/2
5 = Au + Cu

for some C' > 0 depending only on n. By hypothesis, [Rm|? < K2 at t = 0. The situation is perfect
for applying the maximum principle (Theorem 3.2). We need only solve the associated ODE:

do 30 2
19 062, 5(0) = K.

K 2
o) = (1_om> |
K 2

K
Rm| < ————
| m"l—%CKt

The solution is

It follows by Theorem 3.2 that

from which it follows that

as required.
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Now let b = 1/(CK). We then have
|[Rm(z,t)| < 2K
for all t € [0,b) and x € M, and b depends only on K and the dimension of the manifold. Because

lim sup |Rm(z,t)| = oo,
=T zeM

where T is the maximal time of existence of the Ricci flow, we must have b < T', hence the Ricci
flow exists for all t € [0,D). O
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Chapter 7

3-Manifolds With Positive Ricci
Curvature

Hamilton’s first major achievement using the Ricci flow was the following, proved in [9].

Theorem 7.1. Let M3 be a closed 3-manifold which admits a smooth Riemannian metric with
strictly positive Ricci curvature. Then M3 also admits a smooth metric of constant positive cur-
vature.

In particular, if M?3 is simply-connected, it follows from Theorem 1.16 that M3 is diffeomorphic
to S3.

The proof in [9] was substantially improved by the introduction of the maximum principle that
we have called Theorem 3.3, in [10]. This improved proof is also presented in Chapter 6 of [6], and
it is this proof that we present in this chapter (we base our exposition on Chow and Knopf’s with
the exception of the proof of Theorem 7.19, the outline of which was suggested to us by Gerhard
Huisken). We will present a more “modern” proof (as presented in [28, 2, 21]) in Section 8.3, based
on Perelman’s recent work.

Because the proofs of some of the results we will use require lengthy calculations which distract
from the main course of the argument, we will relegate these details to Section 7.8.

7.1 The Plan of Attack

To prove Theorem 7.1 we will consider the Ricci flow on the closed 3-manifold M3, starting from
a metric with strictly positive Ricci curvature. In this situation, the metric will become rounder
and rounder under the Ricci flow, but also smaller and smaller. The manifold shrinks to a point
in finite time, and its shape (locally) approaches that of a 3-sphere as we get closer to this time.
We want to take the limit as this finite time is approached, and show that the limit has constant
positive sectional curvature, but we are thwarted by the manifold shrinking to a point as the limit
time is approached. To overcome this problem, we rescale the manifold (and also time) so that the
volume of the manifold is constant, in analogy with the rescaling of the curve-shortening flow in
Theorem 4.6 to keep the enclosed area constant.

This rescaled metric will not shrink to a point. It will exist for all time, and in fact we can
show that it will converge smoothly to a smooth limit metric. While it is converging, its sectional
curvatures are getting exponentially closer and closer together, so that the limit metric has constant
positive sectional curvature. Thus the limit metric is exactly the one we need to prove Theorem
7.1.

Here is a brief outline of the proof of Hamilton’s theorem that we will present:

1. Prove the Ricci flow has a solution for a short time, and this solution is unique. Thus we
can consider a solution on a maximal time interval [0,T). Note the analogy with Theorem
4.2 for the csF. In addition, T' < oo, in analogy with Theorem 4.4 for the csr. It follows by
Theorem 6.7 that the curvature explodes as t — T, in analogy with Theorem 4.5 for the CSF.
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2. Show that the sectional curvatures must get close to each other as the curvature explodes.

3. Rescale time and the metric to get a solution to the normalized (volume-preserving) Ricci
flow,

0 2 [ RAV
- :_2 c2ImMmn T
ord = TR v Y

(in this case we have a 3-manifold, so n = 3). Show that this solution exists for all time, and
converges as t — 0o to a metric of constant curvature.

7.2 Existence and Finite-time Explosion of Curvature

By Theorem 5.4, the Ricci flow has a unique solution on a maximal time interval [0,T). We
now show that in the case under consideration, namely when the initial Ricci curvature is strictly
positive, T is finite.

Theorem 7.2. Let (M, g(t)) be a solution of the Ricci flow on a compact manifold, defined for
€ [0, T). If the metric g(0) has strictly positive scalar curvature (in particular, if it has strictly
positive Ricci curvature) then g(t) becomes singular in finite time, i.e. T < co.

Proof. Because M is compact and the scalar curvature at time 0 is strictly positive, it is bounded
below by some p > 0. Using the result for the evolution of the scalar curvature in Lemma 6.1 we
have

2
g AR+2|Re|®* > AR+ = R?
ot n

(here we have used Lemma 1.1). We can now apply the scalar maximum principle (Theorem 3.2).
The solution of the ODE

dp 2 ,
ar =0’
with ¢(0) = p is
1
¢(t):l_ﬁ
P n

Thus by Theorem 3.2,
R(z,t) > ¢(t).

But ¢(t) clearly diverges to o0 in finite time, hence R(x,t) becomes singular and so the solution
g(t) becomes singular in finite time. O

Corollary 7.3. The curvature explodes ast — T':

lim ( sup |Rm(x,t)|) = o (7.1)
- zEM3
lim < sup |Rc(x7t)|) = o0 (7.2)
- reM?3

Proof. By Theorem 7.2, the maximal time 7T is finite; by Theorem 6.7 the curvature must explode
as we approach this singularity. This proves (7.1). It now follows from Lemma 1.13 (which applies
because the manifold is 3-dimensional) that there exists a constant C' such that [Rm| < C|Re],
from which (7.2) follows. O
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7.3 Setting the Scene for the Maximum Principle — The
Uhlenbeck Trick

Having seen that the curvature explodes as the maximal time 7T is approached, we now show that
the metric g(¢) becomes “rounder” when the curvature becomes large. To do this, we will apply
the maximum principle for vector bundles (Theorem 3.3) to the Riemann curvature tensor.

Recall, from Lemma 6.1, that under the Ricci flow the Riemann curvature tensor evolves
according to

0
aRijkl = ARjji + 2(Bijr — Bijik + Bikji — Bitjk) (7.3)
*(Rprjkl + Rlepkl + RZRijpl + RfRijk-p% (74)
where
Bijk‘l = _RginZlk' (75)

Naively we might try to apply Theorem 3.3 to R;;i; as a section of the vector bundle of 4-tensors.
However, the reaction terms are so hideous that we will not be able to say anything useful about
the ODE that we need to solve to apply Theorem 3.3. Furthermore, Theorem 3.3 can’t deal with
bundle metrics that depend on time. The way forward is what is known as the Uhlenbeck trick.

The idea is to fix the initial tangent bundle with its initial metric, then to evolve the isometry
between this fixed bundle and the tangent bundle with its time-evolving metric. Suppose that we
have a solution ¢(t) of the Ricci flow on M. Let (V,h) be a vector bundle over M with metric h
such that

uo : (Vyh) — (TM, go)

is a bundle isometry. We evolve the isometry wu(t) by

9 . A

au; = Riul, (7.6)
where the u! are the components of the isometry with respect to some local bases of V and T M.
We will use indices a, b, ... on the vector bundle V and ¢, j,... on T'M to distinguish them more

clearly.
Lemma 7.4. u(t) remains an isometry.

Proof. u(t) : (V,h) — (TM,g(t)) is an isometry as long as h is the pullback of g(t) via u(t), i.e.
h =wu(t)*g(t). Because h is constant and «(0) is an isometry by definition, it suffices to show that
u(t)*g(t) does not change in time.

0 0, i
5 9w = (uguzgi;)
= Rivbulgij +ul Rlubgij + ulu)(—2Rij)
0
as required, so u(t) remains an isometry. O

Therefore we can consider the behaviour of the pullback of Rm to V, u*Rm, rather than Rm
itself.

The equation describing the evolution of (u*Rm)abed = Rabed is then the same as that for
R;jr; but without the irritating terms (7.4) (the fact that the Uhlenbeck trick gives the evolution
equation in such a nice form, as well as providing the framework that allows us to use the tensor
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maximum principle, is a little mysterious — Hamilton refers to it as “magic”):

%Rabcd = %(Uéuiufué&ju)
= (R u)udufulRijr + ul (Ry,up JubulyRijh
+ugup (R ulul Riga + uhupul (Ry,uf) Riga
Jruzizugulguii[ARijkl + 2(Bijki — Bijik + Bikji — Biji)
— (R} Ryjit + R Rip + R Rijpl + R} Rijiyp)]
= ARaped + 2(Babed — Babde + Bacbd — Badbe) (7.7)

where Bypeq is defined by equation (7.5).
Recall that we can view Rm as the curvature operator R, which is a section of the bundle

g _ /\QT*M'IL ®S /\2T*Mn

of symmetric bilinear forms on the space A2TM?3 of 2-vectors. This viewpoint was outlined in
Section 1.4.

In 3 dimensions, A2TM?3 has dimension 3, so each fibre of this bundle £ is naturally isomorphic
to the vector space of 3 x 3 self-adjoint (i.e. symmetric) matrices. We can diagonalize these with
respect to some orthonormal basis {e; A ez, ez A e3,e3 A €1} of A2T M3, where {e1,eq,e3} is an
orthonormal basis of TM3.

Now we would like to apply the vector bundle maximum principle (Theorem 3.3) to R, viewed
as a section of £. We must consider the ODE corresponding to the PDE describing the evolution of
Rm (which is given by equation (7.7)), namely

%Qabcd = 2(Babcd(Q) - Babdc(Q) + Bacbd(Q) - Badbc(Q))

where Bgpeq(Q) is defined by analogy with equation (7.5).

In 3 dimensions this ODE has a particularly convenient form. Choose a basis {e;} of TM3 so
that @ is diagonal with eigenvalues A1, A2, A3 down the diagonal, then the equation is (see [6, Sec.
6.3, 6.4]):

g [N 0 0 A2+ A2 0 0
- 0 N 0 |= 0 A+ A3\ 0
0 0 X3 0 0 A+ A

In particular, the matrix ) will remain diagonal — this does not happen for higher dimensions,
because the matrix on the RHS will not be diagonal (there are other useful decompositions in the
n = 4 case though — see [10]). Therefore, in three dimensions the three parameters Ai, Aa, A3
completely describe @, and we may represent @ as a point A = (A1, A2, A\3) moving in R? according
to the ODE

Al A+ Xods 3334 13
% X | = Xadn | =V (W + )\1)\2)\3) . (7.8)
As 22 4 Ao

We note that the initial value of A also tells us all about the initial Ricci and scalar curvatures, by
the formulae (1.9) and (1.10):

A2+ A3 0 0
Rc = 5 0 A3+ A1 0 (79)
0 0 AL+ Ae
and
R=MX+ X+ As. (7.10)

We can visualize the behaviour of the ODE (7.8) by visualizing the evolution of A(¢). The ODE
is homogeneous, so we can scale any solution to get another solution. We consider “projecting”
the solution A(¢) onto the unit sphere to get a path p(t) = A(t)/|A(t)]. Given u(0), the evolution
of p(t) of course depends on which solution A(t) we choose, satisfying A(0) = |A(0)|x(0). However,
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Figure 7.1: The axes and the region Rc > 0 (shaded) on the unit sphere in R3. The points
corresponding to S and S? x R are labelled. Note that S® corresponds to the point (1,1,1)/v/3,
not the origin.

Figure 7.2: The paths u(t) followed by the solutions to equation (7.8) on the 2-sphere.
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the different paths p(t) will only differ by a rescaling of time, by the homogeneity of the ODE.
Hence we can unambiguously consider the paths that the solution follows on the unit 2-sphere,
if we do not take into account the speed (this procedure corresponds to our freedom to scale the
manifold without changing its shape).

Figure 7.2 shows the paths p(¢) followed on the sphere by the solutions to the ODE (7.8). Figure
7.1 shows the axes, and the region corresponding to Rc > 0 is shaded grey (the diagram becomes
incoherent when these two are superimposed so we’ve split them up for clarity).

The solution is stationary at the points (£1,0,0), (0,41,0), (0,0, 1), (1,1,1)/v/3 and
(=1,—1,-1)//3. We recall that the eigenvalues of the curvature operator R correspond to sec-
tional curvatures. Thus the points (1,0,0), (0,1,0), (0,0, 1) correspond to a manifold with positive
curvature in one 2-plane and zero curvature in orthogonal 2-planes — we can identify these points
with the manifold S? x R, or quotients thereof if M is not simply connected. Similarly, we identify
the points (—1,0,0), (0,—1,0), (0,0, —1) with the manifold H? x R or quotients thereof. The point
(1,1,1)/v/3 corresponds to a manifold of constant positive sectional curvature, which we iden-
tify with S or quotients thereof, and (-1, -1, —1)/\/§ corresponds to a manifold with constant
negative sectional curvature, which we identify with H? or quotients thereof.

We can see from Figure 7.2 that the paths are flowing towards S?, but that some of the ones
flowing from outside the set of metrics with positive Ricci curvature get “caught” on the naughty
S? x Rs. The set of metrics of strictly positive Ricci curvature is the largest convex set (recall that
we need convexity for Theorem 3.3 to apply) that is symmetric in Aj, A2, A3 and does not contain
the S? x R points. Thus we can see that the Ricci flow is expected to converge towards S® whenever
it starts off with strictly positive Ricci curvature, but no stronger condition can be imposed.

It is interesting to note that, if we look at the sphere from the opposite direction, the arrows
are all reversed, the S? is replaced by H? and the S x Rs are replaced by H? x Rs. Of course the
region shown in Figure 7.2 is all that is important to the proof of Theorem 7.1.

If one chooses A1(0) > A2(0) > A3(0) then it is easy to show that this condition is preserved
under the evolution equation (7.8):

d
% 10g(>\1 — )\2) = ()\1 —+ AQ — )\3)

and

d
% lOg()\Q — A3) = ()\2 + )\3 — )\1)

7.4 Local Curvature Pinching from the Maximum Principle

We would now like to obtain quantitative results showing that this convergence towards constant
sectional curvature does actually happen. In this section we will assume that (M3, g(t)) is a
solution of the Ricci flow on a closed Riemannian 3-manifold with initially strictly positive Ricci
curvature.

We first use Theorem 3.3 to prove that, if the eigenvalues of R are initially close together, they
will remain so.

Lemma 7.5. There exist constants C < oo and € > 0 depending only on the initial metric such

that
A1

—<C
Az+ A T
(where A1 > Ao > A3 are the eigenvalues of the curvature operator) and

Rc > eg.

We have diverged slightly from Chow and Knopf’s formulation of this lemma (namely by
including the second condition) to avoid a technicality that arises in the proof.

Proof. See Section 7.8. O
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Corollary 7.6. The scalar curvature explodes as t — T. That is, if we define Ryax(t) =
sup,em R(2, 1), then

th_{I% Rinax(t) = co.

Proof. By the result of Lemma 7.5, Rc remains strictly positive under the Ricci flow. Therefore,
if we diagonalize Rc with respect to some orthonormal basis, with eigenvalues a, b, c > 0, then

Rel> =a? +b> +c* < (a+b+c)? =R,
from which the result follows by Corollary 7.3. O
Corollary 7.7. There is a constant 3 > 0 such that
Rec > 26%Ry.

Proof. We use Lemma 7.5 and formulae (1.9) and (1.10) to deduce that

Re > g>28%(M\1 + X2+ X3)g = 23°Ryg,

A2 + A3
2
for some 8 > 0. O

We now show that the pinching together of the eigenvalues actually gets better as the scalar
curvature goes to +o0.

Theorem 7.8. There exist positive constants 6 < 1 and C (depending only on go) such that

where R = A\ + Aoy + A3 is the scalar curvature.
Proof. See Section 7.8. O

Theorem 7.8 shows that, at each point, the sectional curvatures get “pinched” together as the
curvature explodes (A1 — Az is the greatest difference between any two eigenvalues). Furthermore
the left hand side of this estimate is scale-invariant — so even when we rescale the metric by some
factor, this bound tells us that the eigenvalues (i.e. the sectional curvatures) will be close together.

Corollary 7.9. There exist positive constants B, such that

2 _
|E] < BR™°

R? ~
where E is the Finstein tensor, E;; = R;; — %Rg,»j.
Proof. See Section 7.8. O

This quantity |E|? measures how far away the metric is from being an Einstein metric. By
Lemma 1.14, when |E|?> = 0 we have R;; = Cg;; where C is constant over the whole manifold. In
the case of 3 dimensions, it follows that the metric has constant sectional curvature (see Lemma
1.14). Thus bounds on |E|? are very useful.

7.5 Global Curvature Pinching

The previous section dealt with the pinching of sectional curvatures at a point. We know they
pinch together if the scalar curvature explodes at that point, but we only know that the curvature
explodes somewhere on our manifold as we approach the singular time — that is not enough to
conclude that the sectional curvatures pinch together everywhere.
However we recall that, by Corollary 7.9,
B

-4
Rz S BE
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for some B, 6 > 0. We recall the result of Lemma 1.14, which says that if £ = 0 then R is constant.
Thus we would expect that, when we have a bound on |E|? (as we do, by Corollary 7.9) everywhere
on the manifold, the scalar curvature R might be close to being constant. So it is reasonable to
expect that we will be able to obtain a bound on |V R| from our pinching result. This bound would
be very useful to have because it will allow us to compare values of R at different places in M.
Because we already know that R is exploding somewhere on M we will be able to show that it
is getting large everywhere, and hence that the sectional curvatures are getting close everywhere.
One way of bounding |V R is:

Theorem 7.10. Let (M3, g(t)) be a solution of the Ricci flow on a closed 3-manifold with initially
strictly positive Ricci curvature. There exist 3,y > 0 depending only on the initial metric such
that for any B € [0, 5] there exists C' such that

2
7|VR}§| <BR+CR™2

Proof. See Section 7.8. ]
Using this estimate we can get global bounds on the variation of the curvatures:

Theorem 7.11. Let (M3, g(t)) be a solution of the Ricci flow on a closed 3-manifold with ini-
tially strictly positive Ricci curvature, defined for t € [0,T). Then there exist constants C,vy > 0
depending only on initial data such that

Fowin 5 1 _op

max*
max
Note that this means Rumin/Rmax — 1 ast — T, because Rpyax — 00 ast — T by Corollary 7.6. It
follows that R — oo uniformly ast — T.

Proof. See Section 7.8. O

Now recall the discussion at the start of this section. Because R — oo as t — T, the curvature
should be getting uniformly pinched.

Corollary 7.12. Let M\i(x,t) > Ao(x,t) > A3(x,t) denote the eigenvalues of the curvature operator
at (x,t), then for any € € (0,1) there exists T, € [0,T) such that

in Ag(z,t) > (1 — A1(y,t) >0
Jnin, As(@,) 2 (1= ) max Ai(y,1)

forallt € [T.,T). Note that this means the metric will eventually attain positive sectional curvature
everywhere.

Proof. See Section 7.8. O

7.6 Normalized Ricci Flow

We now know that the Ricci flow becomes singular in finite time 7', that the curvature explodes
as we approach time T, and that the sectional curvatures get pinched together as the curvature
explodes. We want a metric of constant sectional curvature on our manifold, so the idea is to take
the limit of our flow as we approach the time 7. The problem is that the manifold is shrinking
down to a point at time T, just as was the case for the CSF. In analogy with the CSF, where we
rescaled the flow so that the area enclosed by the curve was constant, we consider a rescaling of
our manifold so that its volume is constant.

Let g(t) = ¥(t)g(t) be a rescaling of our Ricci flow metric g(t) on M™, with ¥(0) = 1. We use a
tilde to distinguish quantities that refer to the metric §, for example R := R(g) denotes the scalar
curvature of the metric §. Let us choose 1 (t) so that the volume (in fact the volume element) of
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the manifold with respect to g is constant. Using the result of Lemma 1.19 for the scaling of the
volume elements we have

Vol(g(t)) = Vol(g(0))
= P(H)"*Vol(g(t)) = Vol(g(0)) B
= Yit) = (%) n

We then have, from Lemma 6.1,

2 ( I du(t))“ & [ du(t)
1\ [y dul0) Jvin 411(0)

2 ¥(t) an Rdp(t)

n (fw Zﬂ((é)) Jaee dp(0)

v du(0)

d
aﬂf(t) =

= Zyw)

= Ty (7.11)

n

where the average scalar curvature, r, is defined by

. Joun Rdp
andl’l’ ’

and the normalized average scalar curvature, 7, is defined by

< Jan Rdpu o
. an dp ¥(t)

by the result of Lemma 1.19.
From this we can compute the evolution equation for g:

51 = (39) w0+ agu0

~2p(Re(g(1) + - (0(0)* g
v(o) (~2Re(a0) + 23)

We define a rescaling of time to get rid of the ¢ (¢) terms in this evolution equation:

= /0 () du,

The evolution equation is then

%g: —2Rc+%§. (7.12)
This is the equation of the normalized Ricci flow. It differs from the ordinary Ricci flow by a
rescaling of time and the metric, so that the metric has constant volume and the problem of the
manifold shrinking to a point as we approach the singular time is eliminated. Because we have
only rescaled the Ricci flow solution, the results that we have proven so far for the unnormalized
Ricci flow translate without too much pain to results for the normalized Ricci flow using the results
of Lemma 1.19. The issue of the curvature exploding is also dealt with by the following lemma:

Lemma 7.13. Ryax is bounded, for the normalized Ricci flow on a closed 3-manifold with initially
strictly positive Ricci curvature.
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Proof. We use Corollary 7.7 to deduce that
Rc = Re > 262Rg > 2682 Runing = 26? Runind

for some 3 > 0. Tt follows from Myers’ Theorem (Theorem 1.17) that L, the diameter of M with

respect to the metric g, satisfies
0

ﬁ \Y% Rmin
Now we can also get a lower bound for L from the fact that the volume of our manifold is constant

with respect to g, by the first part of the Bishop-Giinther volume comparison theorem (Theorem
1.15). Because Rc = Rc > 0, we have (in the notation of Theorem 1.15):

L<

AT i3

V =Vol(B(p, L)) < V§'(L) = 3

where V is the volume of M with respect to g, which we know is equal to a constant, which we
call V. Combining these gives us

3V, K T
- <L ——.
< Am > ﬂ V Rmin
This gives us an upper bound for Ryi,. Finally, it follows from the first part of Theorem 7.11 and
scaling invariance that there exists some C' > 0 such that

—Z?min _ Rmin > l
Rmax Rmax - C

Hence the upper bound for Rmin implies one for Rmax, and the proof is complete. O
We can now show that our rescaling of time has in fact taken us to an infinite time interval.

Theorem 7.14. If (M3, g(t)) is a solution of the Ricci flow on a closed 3-manifold with initially
strictly positive Ricci curvature then the corresponding normalized Ricci flow exists for all time.

Proof. First we show that
T
/ Riax(t)dt = o0,
0

where Ryax(t) is the maximum scalar curvature of the metric g(t) and [0,7) is the maximal time
interval on which the unnormalized Ricci flow exists. This can be done by setting

s =2 [ t R (1] Ros0),

which then satisfies

df
— = 2Rax(t
and hence, using the evolution equation for R given in Lemma 6.1,
9 2
E(R — f) = AR + 2|RC‘ — 2Rmaxf

S A(R_f)+2RmaX(R_f)

(using |Re|?> < R2, which follows as Rc is positive). Now we have (R — f) < 0 initially, as
f(0) = Rinax(0). This condition is preserved by the ODE obtained by ignoring the Laplacian term
in the above equation, as

d
%qb(t) = 2Rmax (t) ¢(t)
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is equivalent to
d
—10g(|p(t)]) = 2Rmax(t)

dt
from which we can see that ¢ never changes sign. Hence the condition (R — f) < 0 is preserved,
by the scalar maximum principle. By Corollary 7.6, Rpax — 00 ast — T, s0 f — o0 ast — T.
Recalling the definition of f, this means that

t

th~>H71“ | Rpax(u)du = 0.

Now the corresponding integral for the normalized flow will be the same:

/OT Runax(T)dT = /OT r(t)dt = oo

(if we define [0,7)) to be the maximal time interval on which the normalized Ricci flow exists).
This follows easily from the scaling results of Lemma 1.19 as Ryaxdr = (7 Rinax ) (1dt) = rdt. So
the integral for the normalized flow must also diverge — but the integrand is bounded by Lemma
7.13. Hence the region of integration must be infinite, so T = oo, i.e. the normalized Ricci flow
exists for all time. O

7.7 Convergence of the Normalized Flow

Now we will prove that the normalized Ricci flow converges as 7 — 0o to a smooth metric o, of
constant positive sectional curvature. We will use the notations

Joo = g(00) := lim g(7).

T—00

The proof will be very similar to that of Theorem 6.7, and the key element will again be Theorem
6.8. To show that g(oo) exists and is continuous, we must show that there exists some C' < oo

such that ©| g
/ ‘g dr < C.
0 8’7— g

Using the normalized Ricci flow equation (7.12), that is equivalent to showing that the integral

/ Re— —g|dr (7.13)
0 3
is bounded. We know from Corollary 7.9 that
|Rc — LRg|®
3 -5
T S CR .

This is a bound on exactly the right sort of quantity for the unnormalized Ricci flow (Theorem 7.11
tells us that as ¢ — oo, r and R approach one another uniformly). We need a bound that holds
for the normalized Ricci flow though, and one that will force the integral (7.13) to be bounded
too. The easiest way to do this is to prove the integrand is bounded by a decaying exponential (a
constant bound will not suffice as it did for Corollary 6.12, as the region of integration is infinite).
We will need a few preliminary results.

Lemma 7.15. If (M?,§(7)) is a solution of the normalized Ricci flow on a closed 3-manifold with
initially strictly positive Ricci curvature then there exists € > 0 such that R > € for all 7 > 0.

Proof. See Section 7.8. O

We are now ready to prove the key estimate that allows us to prove the integral (7.13) is
bounded.
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Theorem 7.16. If (M?3,G(7)) is a solution of the normalized Ricci flow on a closed 3-manifold
with initially strictly positive Ricci curvature then there exist constants C,d > 0 such that

‘E‘ < Ce 0.
Proof. See Section 7.8. O

To apply Theorem 6.8 we must prove an exponential bound on |Rc — 7/3g|. The previous
theorem gives us a bound on |E| = |[Rc — R/3§| which is almost what we want. We just need to
go from R to 7. So we need to show that the difference |R — 7| is exponentially bounded. We will
actually prove something a bit stronger:

Lemma 7.17. There exist constants C,d > 0 such that

Rmax - émin < 06_57--
This Lemma comes from [9, Lemma 17.4].
Proof. See 7.8. O

This allows us to prove the following:

Theorem 7.18. If (M?3,§(7)) is a solution of the mnormalized Ricci flow with initially strictly
positive Ricci curvature, then g(7) exists for all T € [0,00) and converges uniformly as T — oo to
a continuous metric §(oo).

Proof. By Theorem 7.16 and Lemma 7.17 we have
o0 a"‘ o0

[l - |

o |07 0

<

0

oo
< / Ce 07dr < 0o
0

Re —

where we have amalgamated the two exponential bounds into one. It follows by Theorem 6.8 that
g(7) converges uniformly to a continuous metric g(oco) as 7 — oo. O

The next step is to show that this convergence is smooth. This is important because we
want our limit metric to be smooth, and also because we want the curvatures of the normalized
flow to converge to the corresponding curvatures of the limit metric (as curvature quantities are
all essentially second-order derivatives of the metric). That will allow us to conclude that the
curvature pinching results we have proven for the flow lead to similar results for the limit metric,
and hence that the limit metric has constant curvature.

Theorem 7.19. The limit metric §oo := G(00) of Theorem 7.18 is smooth, and the convergence
of (1) to Goo as T — o0 is uniform in every C™ norm.

Proof. See Section 7.8. O

We are now finally in a position to prove Theorem 7.1. We show that the limit metric go, has
the properties required.

Theorem 7.20. The limit metric §o is a smooth metric with constant positive sectional curvature.

Proof. By Theorem 7.19, §(7) converges to o in the C°, C' and C? norms. Because all curvature
quantities are combinations of “Oth-order”, 1st-order and 2nd-order derivatives of the metric, this
means that we can take the limit to show that the Einstein tensor of the metric g, vanishes:

‘EOO’ = lim )E(T)) < lim Ce™®™ =0

T—00 T—00

by the result of Theorem 7.16. Therefore g is an Einstein metric, so by Lemma 1.14 g,, has
constant (positive) sectional curvature. O
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7.8 Details

Proof. (of Lemma 7.5) Note that such a C' and e will exist at time ¢ = 0 by the compactness of the
manifold M3: A\; /(A2 + A3) is a continuous, positive function at ¢ = 0 so it has an upper bound,
and the eigenvalues of Re are (Ay + A3)/2, (A5 +A1)/2, (A1 + A2)/2, all of which are strictly positive
at time ¢ = 0 so they have a strictly positive lower bound. Thus it suffices to show that these
conditions are preserved under evolution by the Ricci flow.

We use the maximum principle in the form of Theorem 3.3, on the vector bundle £, with the
set

K= {Q e&: )\1(@) - C()\g(Q) + )\Q(Q)) < 0and Ay + A3 > 26}.

Note that because A\; > Ay > A3, the last condition states exactly that Rc > eg by formula (1.9).
This set is invariant under parallel translation and convex in each fibre. Convexity follows because
the functions

f@) = M@

= ‘rglagl(Q(U, U))

and

Q) = —(X(Q)+As(Q))

pymax - (SQVV) - QW)
(VW) =0

are convex, so the function j(Q) = f(Q) + Ch(Q) is convex, therefore the set
K= h_l((_oo7 _6]) N j_l((_oov OD

is convex.
We just need to show that the solution of the associated ODE stays in C. That is, if

A1
<
A2+ Az T

and
Ao+ A3 > 2¢

initially, then this condition remains true under the evolution (7.8). This can be shown by proving

first that p
A2 As) = A2+ A2+ M (A2 +Ag) >0,

from which it follows that the condition A\ + A3 > 2¢ is preserved, then

d ( Al )_)‘%()\3_)\1)+)\§()\2_)\1)

1 = <0
at %\ G+ A1(As + Az) -

by the evolution equation (7.8), because A2 + A3 > € > 0 and hence \; > 0 also. This is the sole
reason for including the condition Rc > e€g — to show that the RHS of this equation does not become
singular.

Thus all the hypotheses of Theorem 3.3 are satisfied, so the solution to the PDE stays in K, i.e.
the conditions

A
A2 + A3
and
Rc > eg
are preserved. O
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Proof. (of Theorem 7.8) The proof is very similar to that of Lemma 7.5. It suffices to show that
there exist C, 6 such that -
AL — A3 C

< .

A2+ A3 T (A2 4 A3)°

By compactness, given § € (0,1) we can choose such a C at time ¢t = 0, because Ay + Az > 0
everywhere by the positive Ricci curvature condition. We show that this condition is preserved
using the maximum principle (Theorem 3.3) with the same vector bundle £ as we used in the proof
of Lemma 7.5, but a different K:

K=1{Q€&:M(Q) —s(Q)] - C2(Q) + A3(Q))'° < 0}

Once again, the set K is invariant under parallel translation and convex in each fiber by a
similar argument to that in the proof of Lemma 7.5.
To show that the solution of the ODE stays inside K we compute, from equation 7.8:

(7.14)

d A — A3 1
—1 — = < — —(1-— .
7 Og(()\2+)\3)16> <o\ 2( (5)()\34‘/\2)

Now, by Lemma 7.5, it is possible to choose § small enough that this is always non-positive, so

A — A3
(A2 + A3)t—9

is non-increasing, hence the inequality (7.14) is preserved by the ODE. Thus by the maximum
principle it is also preserved by the PDE. O

Proof. (of Corollary 7.9) Using the formulae (1.9) and (1.10) we have

1 )\2 + A3 — 2A1 0 0
E= 6 0 A3+ A1 — 29 0 , (7.15)
0 0 /\1 + )\2 — 2)\3
hence

|E|2 _ ()‘2 + /\3 B 2)\1)2 + (/\3 + )\1 - 2/\2)2 + ()\1 + /\2 — 2)\3)2
Rz 36(A1 + Az + A3)2

N O Rt el U ) i O R O

12(A1 + A2 + A3)2
3(A3 — A1)?
= 1200 + e+ he)?
< BR™

by the result of Theorem 7.8, with § = 2§ (the penultimate step follows as A; — A3 is the greatest
difference between two eigenvalues). O

Proof. (of Theorem 7.10) We provide an outline of the proof without showing all of the excruciating
details. A more complete outline can be found in [6, Section (6.6)].

Using the evolution equation for R under the Ricci flow, given in Lemma 6.1, it is possible to
deduce that

d (|VR? |VR|? VR |?
= AN el N ) | i
8t( R R RIVIR
|VR2 4
—2 0 |Rc\2+§<VR,V|Rc|2)
|VR|? VR\ |
< A|l—]-=2 Binhg
= ( R RIVIR
v

-2

R|2 2 2
2 |Rc|? 4+ 8V/3|VR¢|
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where the last line follows from the Cauchy-Schwarz inequality and Lemma 1.1 (to prove |VR|? <
3|VRc|?):

4 4
(VR VRe[*) < Z[VE||V[Ref
|Ref
< -
< 8|VR||VRe|
< 8V3|VRc|?

(using |Re| < R because Re > 0, as in Corollary 7.6). We would like to use the maximum principle
(Theorem 3.2) to show that the quantity |VR|?/R does not increase. All reaction terms on the
right hand side of our evolution equation are negative with the exception of the last one in [VRc|?.
We need to deal with this meddlesome customer. We note that

1
|\VE* > §|VRC\2 (7.16)

where F is the Einstein tensor (which we know ought to be falling away nicely as our manifold
gets rounder). To see why this is true, we combine Lemma 1.1 with equation (1.14) to get

ViBsl > SIVIEP = £ - oo |VRP
Equation (7.16) now follows easily:
|VRc|? — %\VRF |VE)?
> VAP
which can be rearranged to obtain
|VRc|? — %IVRIQ > %|VRc|2

where |[VE|? is exactly equal to the LHS.
Therefore our evolution equation becomes

9 (|VRJ? IVR|? VR
_ < _ ik
ai(Cw) = 2 (%) =l (R

2
|le-§| |Re|? +8V3 - 37|VE|.

2

-2

We are going to try to get rid of the bad final term of this equation by adding on some multiple
of |E|?. The evolution equation for |E|? under the Ricci flow is given in Lemma 6.1. Tt is

O|E?
|8t‘ = NA|E* - 2|VEP?+W (7.17)

where 06
W = §R|Rc|2 — 8R!RV R}, — 2R (7.18)

The second term on the right hand side of equation (7.17) interests us: we can use it to cancel
off the recalcitrant |VE|? term in the evolution equation for |[VR|?/R. We set

VR

V.=
R

37
+ 3(8\/§+ 1)|E|?

then calculate

%V < AV — |VRe|* + O/ W
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(reusing the inequality (7.16)) where C} is a positive constant.
It is possible to prove that

W < %R|E|2 (7.19)

purely algebraically; as Rc is positive and symmetric we can diagonalize it with positive real
eigenvalues a, b, c. Each term in the inequality can be expressed in terms of a,b and ¢, and we are
left with an easy homogeneous inequality in three real variables. Equality occurs when a = b = ¢,
i.e. for an Einstein metric (this proof is significantly simpler than that presented in [6]). We also
have

|VR|? < 3|VRc|?

by Lemma 1.1.
Hence we have

—V < AV —|VRe|* + CoR|E|?

A\

1
AV — g|VR|2 + C3 R
by the result of Corollary 7.9, for some constants C' and v > 0. Now we set
U:=V—-BR>"

where 3 is to be chosen. It is not difficult to calculate from the result of Lemma 6.1 that

&R = AR — (2 7)(1 - ) RTVRP +2(2 3R Rel?,

hence that

%U < AU+ |B(2—9)(1—-~)R - % |VR|? (7.20)
+C3R3727 — 23(2 — v) R 7|Rel?.

~ Now by Theorem 7.8 we have Rc > €g, hence R > 3e for some € > 0. Thus we may choose
3 > 0 such that
_ 3e)Y
P O L
32-701-1)

so that for any ( € [0, 8] the second term in the evolution equation (7.20) is non-positive. For the
rest of the terms, we use the inequality 3|Rc|? > |R|? to obtain

C3R*™27 —283(2 — y) R "|Re|? < C3R*™2" — C4R*™

where C3,Cy are constants. For large R this term is dominated by the R3~7 term, which is
negative. As it does not diverge at R = 0, there is a uniform upper bound C5 for this term, hence
we have

QU < AU+C

ot = >

Thus the growth in U is at worst linear, by the maximum principle (Theorem 3.2). By Theorem

7.2 the time interval we are considering is finite, hence we have a uniform upper bound C for U.
Therefore

<V =U+pBR*"<C+BR*"

VR
R

from which the result follows. ]

Proof. (of Theorem 7.11) Our main tool here will be Theorem 7.10, which allows us to compare
the curvature at different points on the manifold. By Corollary 7.6, we also have Ry .x — 00 as

73



t — T'. Thus for ¢ sufficiently close to T', Theorem 7.10 tells us that there exist positive constants
A, « such that
IVR| < AR¥/2-«,

max

Thus we have (for ¢ sufficiently close to T')
R(e) = By < [ [VRIds < AR “d(a,y) (7.2
8!

(here v is a minimizing geodesic connecting x and y). Let us choose x(t) such that Ryax(t) = R(z,t)
(we can do this as M is compact), and define

1
L(t) = ———
€v/ Rmax (t)
where € > 0. Then for all y € B(x(t), L(t)) we have, by equation (7.21):
A
R) 2 Bo) - AR L > R (1= 2105, ) (7.22)

Recall that Ry.x — oo as t — T'. Therefore, given 6 > 0, for ¢ sufficiently close to T we have
R(y) 2 (1 - 6)Rmax (723)

for all y € B(x(t), L(t)).

This will prove the theorem if we can show that B(x(t), L(¢)) is all of M for ¢ sufficiently close
to T. We will prove this using Myers’ Theorem (Theorem 1.17). Define N' = B(z(t), L(t)). We
have the estimate Rc > 232 Rg for some 3 > 0 from Corollary 7.7. Hence, by equation (7.23), for
any 0 > 0

Re > 26%(1 — 8) Rmaxg

in NV for t close enough to T'. By the proof of Myers’ Theorem (see [18, Theorem 11.8]), we have

1 1
diam(N) < W < < =L
la,m( ) — 6\/(1 — 5)Rmax 5\/Rmax 6\/Rmax

for § chosen sufficiently small. Because N is defined to be B(z(t), L(t)) but has diameter < L,
if there are any points in M that lie outside A/ then M must be disconnected. We know that it
isn’t, hence N/ must be all of M, from which the result follows by equation (7.22). O

Proof. (of Corollary 7.12) We apply Theorem 7.8:

A3 > A —C(O + X+ 23)' 0 >0\ (1—3CR™?) (7.24)

at each point x € M. Now it follows from Theorem 7.11 that R — oo uniformly as ¢ — T'. Thus,
if we are given n > 0, for times ¢ close enough to T' we have

As(z,t) > (1 —=n)Ai(z,t) (7.25)
(by equation (7.24), as R=% — 0)
> R
(as 3\1 > A1+ A2 + A3 = R)
> 4 _377)2R(y7t)

(as Rmax/Rmin - 1)

1— 2
o 0 (5.0) + 201~ s (,1)
(as A2 + Az > 2A3 > 2(1 — n) Ay, reusing inequality (7.25))

The result now follows by taking the supremum over all z,y € M. O

v
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Proof. (of Lemma 7.15) We note that the proof of this Lemma presented in [6] is incorrect. The
proof we present is based on [9, Lemma 16.7].
We use the following lemma, which is used to prove the Sphere Theorem (Theorem 1.18):

Lemma 7.21. If M is a simply connected manifold of dimension > 3 whose sectional curvatures
are pinched between K and %K for some constant K (M is “t-pinched”), then the injectivity

1
radius of M is at least 71'/\/[?
Proof. See [3], Theorem 5.10. O

Now by Corollary 7.12,
)\3(31‘, t)

)\1 (y7 t)

ast — T, uniformly for all z,y € M. It follows by scaling invariance and the fact that Ay > Ao > A3
that

— 1

yz“?./z

uniformly as 7 — oo for all 4, j.

Therefore our manifold is eventually as pinched as we care to make it — in particular, it will
eventually be %—pinched7 with the constant K equal to some multiple of Roin by the result of
Theorem 7.11. We may now apply Lemma 7.21 to the universal cover ' of M. The volume of
N is at least some multiple of the cube of the injectivity radius p(N) by the second part of the
Bishop-Giinther Volume Comparison Theorem (Theorem 1.15), because we have a uniform upper
bound on sectional curvatures by Lemma 7.13. Hence we have

3
~ 3
va>c’N%w7<”)>cm@. 7.26
W)z 2o () 2 (7.26)
Note that, because the Ricci tensor of M is bounded below by Corollary 7.7, the fundamental
group of M is finite by Myers’ theorem (Theorem 1.17). Furthermore the volume of M is constant
under the normalized Ricci flow. Hence

Vol(N) = |1 (M)|Vol(M) = constant.

Combining this with equation (7.26) gives us a lower bound on Rinax. The result of Theorem 7.11
now gives a uniform lower bound on Ry,, as required. O

We will need, in the proofs of many of the remaining theorems, to use maximum principle
arguments similar to those employed in Chapter 6 and early in this chapter. For this we must
know the evolution equation satisfied by the quantity we are considering under the normalized
Ricci flow — luckily there is a very simple way of going from the unnormalized evolution equation
to the normalized one. We need to introduce the concept of the degree of a tensor. If P is some
tensor involving the metric and the curvature for the unnormalized flow, then by the results of
Lemma 1.19, the same quantity calculated for the normalized flow (which is just a dilation of the
unnormalized flow by a factor of ¢, as in Section 7.6) will be related to P by a rule of the form
P = Y"P. We call n the degree of P. For example, by Lemma 1.19, the scalar curvature R has
degree —1.

Lemma 7.22. If P satisfies

op
S =AP+Q

for the unnormalized flow on a 3-manifold, and P has degree n, then @ has degree n — 1 and for
the normalized equation,
dP
or

T ¥
:AP+Q+7§R

(0]



Proof. Note that @ has degree n — 1 because 97/0t = ¢) so P/t has degree n — 1. We also have
A =9pA, so AP has degree n — 1, thus @ must have degree n — 1 too.
We now have P = ¢" P and the formula (7.11) for di/dt, so

oP _ 0W"P)
or 815
— ,(/}n 1 ’l/)

n— 2d'(/}

= wn%AP+Qwa”2<?¢ﬂP

- AP+Q+%¥P

as required. O

Proof. (of Theorem 7.16) This proof is a simplification of that presented in [6].

Because |E|? < (A — \3)?/4 as shown in the proof of Corollary 7.9, it suffices for us to prove a
decaying exponential bound on (A\; — A3). In fact we will prove that there exist constants C,§ > 0
such that R R ~ R

A — A3 < Ce 0T (Ag + Aa).

The result will then follow from Lemma 7.13, which gives a uniform upper bound on ():2 + ):3)
We again use the Uhlenbeck trick, this time for the normalized Ricci flow equation. We replace
the isometry evolution equation (7.6) by

K2
a*

Y=
or ¢

The evolution equation for «*Rm is then (using Lemmas 6.1 and 7.22)

0 ~ -~ ~ ~ ~ ~ ~ o~
&Rabcd = A‘Rabcul + 2(Babcd - Babdc + Bacbd - Badbc) - TRabcd-

This leads to the analogue of equation (7.8) for the behaviour of the ODE corresponding to the
Ricci flow PDE:

~ ~ 2 ~ ~ ~
d A1 A1+ A3 — TN
yoll EPCRN I IPVARD VA SV B (7.27)
A3 Xs” 4 Mda — kg

We now apply the vector bundle maximum principle (Theorem 3.3) exactly as we did in the proofs
of Lemmas 7.5 and 7.8, with the time-dependent pinching set!

K(r) ={Q € €: " (M(Q) = A3(Q)) — CA3(Q) + X2(Q)) < 0}
for some C, o, § to be chosen. From equation (7.27) we obtain
d - X NN

log [ 2123 ) = Ss—(Np—Xg) - 218
dt (A2 + A3)
1 ~ -
< 0- 50\2 + A3)
where we have used the fact that ):2 — ):3 remains non-negative under the normalized Ricci flow,
which follows from equation (7.27) in the same way as it did from equation (7.8) for the unnor-

malized flow.
By Lemma 7.15, we can also choose ¢ > 0 such that

2¢ <A1+ X+ X3 < (14 B)(A2 + A3)

LOur Theorem 3.3 does not cater for time-dependent pinching sets, but the extension is simple — see [6, Theorem
4.9].
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for some B > 0, where the last step follows by Lemma 7.5 as, by scale-invariance,

M N _p
Ao+ A3 A2+ Az
We can now choose § > 0 small enough that
§——— <0,

1+ B

Combining these choices yields

d A — s 1, - -
—log | 07 222 < d—=(Ng+ A\
di g( ()\2+)\3)> > 2( 2 3)

€
< -

- 1+ B
< 0.

Hence the ODE remains inside /C(7) for appropriately chosen C,d > 0. K(7) is closed, convex and
invariant under parallel translation by analogous methods to those used in the proofs of Lemma
7.5 and Theorem 7.8, so the result follows from the analogue of Theorem 3.3 for time-dependent
pinching sets ([6, Theorem 4.9]). O

Proof. (of Lemma 7.17) Because we have a uniform upper bound on the diameter of our manifold
from Myers’ Theorem (as noted in the proof of Lemma 7.13), it suffices to prove an exponential
bound on |@R| This is achieved by a maximum principle argument similar to that of Theorem
7.10. Let

_ |VRP?
= 3
for some a > 0 chosen later. G then has degree —2, and using similar methods to Theorem 7.10
can be shown, for appropriately chosen a > 0, to satisfy an evolution equation of the form

G +a|EP,

%G < AG + BR|EJ?

for some B > 0 (see [9, Lemma 17.4]). Thus by Lemma 7.22 we have

|
Q
A\

_ - A7 -
AG + BRIE? - %G

< AGH+Ce™™ -G
for some C, 8 > 0, by the result of Theorem 7.16, and also using the fact that R is bounded below
by Lemma 7.15 to bound 7 > 36/4 for some § > 0. Therefore

6% (G- cr) <A(e7G - cr).

so by the maximum principle (eéTG' — CT) < C from which it follows that G is exponentially

decaying. Hence, as R is bounded above by Lemma 7.13, |@R|2 is also exponentially decaying,
and the result follows. O

Proof. (of Theorem 7.19) The proof we present is different from Hamilton’s original proof in [9],
which relied on integral estimates to bound derivatives of the metric. We instead use the maximum
principle to do the same thing.

As we did in the proof of Corollary 6.12, we must show that in any coordinate patch U, we
have

/ |0,-0% g|dr < o0
0
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for any k € N. From the equation for the normalized Ricci flow, we see that it suffices to prove
|0*F| < Ce 07

where 1
F =Rc— 570

Combining Theorem 7.16 with Lemma 7.17 (as we did in the proof of Theorem 7.18) we see
that | F'| is exponentially bounded. The most important step in proving that its derivatives are also
exponentially bounded will be to prove that its covariant derivatives are exponentially bounded.
Because 7 is constant (in space, not time) and @f] = 0, this is equivalent to proving that the
covariant derivatives of Rc are exponentially bounded with respect to g(7) (recall that the metrics
g(7) are uniformly equivalent to §(0), so this is equivalent to proving that the derivatives are
bounded with respect to a fixed metric):

Lemma 7.23. There exist positive constants Cy, 0 such that
|V*Re| < Cre %"
forallk > 1.

Proof. The proof will follow very similar lines to the proof of Theorem 6.6, and will also use some
of the ideas from the proof of Theorem 7.10. In particular, the proof will be by strong induction
on k, the Einstein tensor F will again be very useful, and C,§ will denote different constants in
just about every equation — they are just generic upper bounds.

We note first of all that [Re| < |[Rc — 1/3Rg| + |R|/3 < C by the results of Theorem 7.16 and
Lemma 7.13.

Now let us begin the induction. We do not need a base case, because there is a bit of monkey
business going on at k = 0 — which is expected because we know that |F€c| is not actually expo-
nentially bounded. Assume that [V/Rc| < Ce™07 for all 1 < j < k— 1, for some positive constants
C,4. In the k = 1 case this is a null assumption, hence true.

By Lemma 1.13, Rm can be expressed as a linear combination of traces of Rc (because we are
in dimension 3). It now follows by Lemma 6.4 that VF*Rc satisfies a heat-type equation which is
basically that given in Lemma 6.4 but with Rc substituted for Rm. It then follows by Lemma 6.2
that [V¥Rc|? satisfies a heat-type evolution equation of the form

k
B , , .
57|V Ref? = A|V*Ref — 2| VFH Rl + > ViRex VAR * VFRe.
=0

This is the evolution equation for the unnormalized flow; the equation for the normalized flow will
be the same thing except for an extra term of the form (2n7/3)|V¥Rc|?, by Lemma 7.22. This
term will be absorbed into the j = 0 term of the summation in the evolution equation though, as
it is bounded by a term of the form Rec * VFRc * VFRe (note that by the result of Theorem 7.11,
7 is uniformly bounded above by CR for some constant C' > 0).

Therefore we have the heat-type equation satisfied by |@’“R~c|2 under the normalized Ricci flow,
and we can simplify it using the inductive hypothesis:

k
%|VFRc> < A|VFRe|? - 2|VF 1 Re|? + Z@jP:c % VEIRe * VFRe
7=0
A|VFRc|? = 2|[VFHIRe|? + Ce™T + Re * (VFRe)*2
A|VFRc|? = 2|[VFHIRe|? + Ce™T + B,|VFRe|2

IAIA

We have amalgamated the exponential bounds that came from the inductive hypothesis, and used
the uniform upper bound on |@Rc| This is not quite enough though — the reaction terms here
would lead to exponential growth. We use the same trick as we did in the proof of Theorem 6.6:
we add on multiples of the lower-order terms to get rid of the bad reaction terms. However we

78



must be careful: if we add on a multiple of |RC‘2 we will get something that is not exponentially
bounded. We must instead add on a multiple of |E|?, which is exponentially bounded.
Recall the formula (7.17), and combine it with the inequality (7.19) to get

50
HEP? < A|E|2—2|VE|2—|—§R|E|2.

Now apply equation (7.16) and Lemma 7.22 to obtain

50
3
. 2 . .

A|E|)? — §|VRC|2 +Ce 0

- - 2 . . - 47 -~
OB < AEP - o|VRef + TRIEP - S |EP

IA

(we used the bounds R < C and |E| < Ce™®" to get the last term).

Now, let us define
k-1

V = |V*Rc|? + anol EI* + Zakﬂ@jficﬁ
j=1

where the ay; are constants that we will choose carefully. V satisfies the evolution equation:

k—1
0.V < AV +4Ce™ 4 (Bp — 20ap5-1)|V'Re|> + Y (ar;Bj — 20%,;-1)| V' Rel?
j=1
+ | 1 Br — 304 |VRc|?
k11 37 kO

where we have grouped all of the exponentially decaying terms together.
Let us choose the ay; such that:

By —20p -1 < -1
ag;Bj —2ag i1 < —apy for2<j<k-1
ap1 By — ﬁako < —ap.

The evolution equation for V' then becomes
arv S A‘/ + 06_57- — V

We have an upper bound on V' at time 7 = 0 by the compactness of M. The ODE associated with
this PDE will lead to exponential decay:

d(b _ —oT
dr Ce ¢

has the solution

_ c
:B T T.
() e "+ T 5¢

Hence, by the maximum principle (Theorem 3.2), V' is exponentially bounded. So
|VERe|? <V < Cre %7
as required. O

Now we have to go from bounds on |V*Rc|? to bounds on [9*Rc|?. As we did in Corollary 6.11
we treat the Christoffel symbols as a tensor in some coordinate chart U. To go from covariant
derivatives to coordinate derivatives we will need bounds on the derivatives of the Christoffel
symbols.

Lemma 7.24. In a fixed coordinate chart U, for all k € N we have a uniform upper bound

|0¥ 11| < O
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Proof. We will prove the result by strong induction. Assume the result is true for all 1 < k < m—1.
As in the previous lemma, no base case is required.

We can now do the inductive step. We can calculate d.T' from formula (1.17) in Lemma 1.20,
with h;; = —2R;; + (27/3)gi; for the normalized Ricci flow. The result is

015 = —g" (ViR + VR — Vi Rij) (7.28)

(recalling that V§ = 0 and V7 = 0). It now follows by Lemma 1.3 and equation (7.28) that

3

om1o,T = = * (af‘f) «Vi(0,T)

Jj<m—2

N
Il
=)

|
"MS

h
Il
—

k (8jf’) * V'Re

Jj<m—2

By the inductive hypothesis we have a uniform bound on each of the terms &T and by Lemma
7.23 we have a decaying exponential bound on the terms V‘Rec. Thus we have

|9,0m1T| < Ce™®",
It follows that -
0™ T < [0™ 'Tli=o +/ Ce Tdr < Cp,
0
for some positive constant C,,. This completes the inductive step and hence the proof. O

We now have, by Lemma 1.3,

k
0" F| = > k (01) | xVIF| < Ce™"

for all £k € N. We have used the bounds |8jf\ < C for j < m—1 from Lemma 7.24 and the bounds

|ViF|? < Ce % from Lemma 7.23 and Theorem 7.16.
Hence, because we have

By . > Jg
goo('r) - g(ac,()) - 2/0 aTdT
= g(z,0)— 2/ F(xz,7)dr,
0

we may conclude that for any multi-index «, we can take the derivative under the integral sign:

ol ol o glal
q = —q — 2 7F
Joo () C,)xag(ac,O) o (z,7)dT,

oz®
where the integral is finite by the result proved above:

oo glal

F($7T)d7'§/ |8‘Q|F(a:,7')|d7'§/ Ce %Tdr < 00.
0 5:0“ 0 0

Therefore go, has derivatives of all orders (it is smooth) and it is clear that the convergence is
uniform in any C* norm, in the same way that it followed for Corollary 6.12. O
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Chapter 8

Singularities in the Ricci Flow

This chapter is based on [28, Chap. 6, 7, 8].

8.1 Blowing Up at Singularities — Heuristics

It is time to step back and try to see where the achievements of Chapter 7 take us, in the context
of an attack on Thurston’s Geometrization Conjecture. We saw that, in the specific case of strictly
positive initial Ricci curvature, the Ricci flow has a singularity in finite time, as Rpax — 00
as t — T. In fact we proved more than this; we showed that there is a singularity occurring
simultaneously everywhere in the manifold (this is a consequence of Theorem 7.11). We were
able to rescale the manifold by a time-dependent factor and show that the rescaled flow converged
smoothly to the geometric structure that we desired (namely a constant-curvature metric). We also
rescaled time, but that was more a matter of convenience because it made the evolution equation
(the normalized Ricci flow) easier to deal with.

The Uniformization Theorem for 2-manifolds can be proven using the Ricci flow in a similar
way. Once more one introduces the normalized Ricci flow, and shows that it converges smoothly
to a constant-curvature metric (see [6, Chap. 5]).

The normalized Ricci flow can not bypass all of our singularity problems however. The two
cases we have mentioned so far are special, because the singularity in the Ricci flow happens
everywhere simultaneously. We saw heuristically in Section 2.4 that singularities can, in general,
be expected to develop along some subset of our manifold (for example in neckpinches). In this
case, a rescaling to make the volume constant would not be expected to remove the singularity, it
would make the manifold unbounded. We need a new technique. We would like to somehow blow
our manifold up at the singularity. The aim of this chapter is to describe how this is done in
broad terms, with very little detail. There is a strong analogy with the blowup idea introduced in
the proof of Grayson’s theorem (Theorem 4.6) for the CSF.

Consider a Ricci flow (M, ¢(t)) with a localised singularity at time T'. We might have something
like the neckpinch discussed in Section 2.4 (see Figure 8.1). The curvature is exploding near some
subset of M as t — T. Let us choose times t; such that t; — T, and points z; € M such that
[Rm(g(t))l ) = supas [Rm(g(t:))]-

We then have |[Rm(g(t;))|(»,) — oo. If we rescale our manifold by a factor of |[Rm(g(t:))|(z,)
at each time t¢; then (by the result of Lemma 1.19) the curvature will no longer explode as we
approach T, it will always have a maximum of 1. We would like to know what the limit of these
manifolds as ¢ — oo is. That will tell us about the nature of the singularity, and what it means
topologically. This is the notion of “blowing up” at a singularity. We now need to know what it
means to take a “limit of manifolds” — this is a subtle question.

Consider, for example, the case of the neckpinch that we have already described. As we blow
the manifold up, the neck itself will remain roughly the same size, but the rest of the manifold
(which was not shrinking as we approached the singularity but is now getting dilated by the large
factors needed to keep the neck “open”) will get pushed out to infinity. Thus we expect the limit
of these blowups to be an infinite cylinder S? x R — we completely lose the original topological
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Curvature explodes

Figure 8.1: Curvature becomes large as the manifold gets close to pinching.

information. Despite all of the manifolds in the flow being compact and homeomorphic to each
other, the limit manifold is neither compact nor homeomorphic to the manifolds in the flow.
Note also that the limit depends on “where we are looking”. For example, suppose we had two
neckpinches happening simultaneously in different places. The limit should be well-defined, i.e. it
can’t be both the blowup of the first neckpinch and the blowup of the second neckpinch. Thus
when we blow up, we need to blow up about a specified point. We define the notion of a pointed
Riemannian manifold (M, g,p) as a Riemannian manifold (M, g) together with a distinguished
point p € M.

8.2 Convergence of Manifolds

The theory of limits and convergence of manifolds was developed by Gromov, Cheeger, Peters,
Greene and Wu among others, building on the idea of Hausdorff convergence in metric spaces.
The definition we use is as follows:

Definition 8.1. A sequence (M;, g;,p;) of smooth, complete, pointed Riemannian manifolds is
said to converge smoothly to the smooth, complete, pointed manifold (M, g,p) as i — oo if the
following are true:

1. There is a sequence of compact sets K; C M such that any compact subset of M is contained
in K; for sufficiently large i, and such that p € int(K;) for all i (we say that the sequence of
sets (K;) exhausts M).

2. There exist smooth maps ¢; : K; — M, that are diffeomorphic onto their image and such
that ¢;(p) = p; for all i.

3. ¢rg; — g smoothly as i — oo, in the sense that the convergence is uniform in any C* norm
on compact subsets of M.

Note that the points p; tell us “where to look”, as explained at the end of Section 8.1.
Hamilton proved in [11] the following compactness theorem for pointed Riemannian manifolds:

Theorem 8.1. Suppose that (M, g;,p;) is a sequence of complete, smooth, pointed Riemannian
manifolds of dimension n such that
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Figure 8.2: Non-smooth points can develop if curvature is not controlled.

A

Figure 8.3: A neck losing a dimension because its injectivity radius was not controlled.

1. For allr >0 and k € N, we have

sup sup |VFRm(g;)| < oo;
teN By, (pi,r)

2. The injectivity radius at the points p; is uniformly bounded away from zero:

7

Then some subsequence of the sequence (M, g;,p;) converges smoothly to a complete, smooth,
pointed Riemannian manifold of dimension n.

Note that both conditions are necessary — the first to avoid situations where the limit manifold
is not smooth, as in Figure 8.2. The second avoids such monstrosities as dimensional reduction,
see Figure 8.3.

Hamilton extended this compactness result to deal with limits of Ricci flows. In this way, the
limit when we blow up our singularity will not only be a pointed Riemannian manifold, it will be
a pointed solution of the Ricci flow.

Definition 8.2. Let (M;, g;(t),p;) be a sequence of pointed smooth manifolds with time-evolving
metrics defined for on some time interval t € (a,b). If (M, g(t),p) is a pointed smooth mani-
fold with a time-evolving metric for t € (a,b), we say that (M, g;(t),p;) converges smoothly to
(M, g(t),p) as i — oo if the following conditions are satisfied:

1. There is a sequence of compact sets K; C M that exhausts M, such that p € int(K;) for all
i.
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2. There is a sequence of smooth maps ¢; : K; — M,; which are diffeomorphisms onto their
image, such that ¢;(p) = p;.

3. ¢rgi(t) — g(t) smoothly in both space and time, in the sense that the convergence is uniform
in any C* norm on any compact subset of M x (a,b).

The compactness theorem for manifolds (Theorem 8.1), can be extended to a compactness
theorem for Ricci flows (this also first appeared in [11])

Theorem 8.2. Let (M, gi(t),p;) be a sequence of n-dimensional pointed solutions of the Ricci
flow defined for t € (a,b), where 0 € (a,b). Suppose that

1.

sup IRm(g;(t))](z) < oo;
€N, (z,t)eM; X (a,b)

inf inj(M;, gi(0), pi) > 0.

That is, the curvature is uniformly bounded above and the injectivity radius at p; is uniformly
bounded away from zero at t = 0. Then there exists a marked solution of the Ricci flow (M, g(t),p)
defined for t € (a,b) such that a subsequence of (M;, g;(t),p;) converges smoothly to (M, g(t),p).

Note that we do not need control over all derivatives of the curvature as we did for Theorem
8.1 because of the Bernstein-Bando-Shi estimates (Theorem 6.6) which give us bounds on all
derivatives of the curvature in terms of a bound on the curvature. Of course these estimates rely
crucially on the fact that the metrics g;(t) satisfy the Ricci flow equation.

8.3 Blowing Up at Singularities — Results

Let us now apply these compactness results to the blowup of finite-time singularities as described
in Section 8.1. Suppose that a solution of the Ricci flow (M, g(t)) exists on a maximal time interval
t € [0,T). By the result of Theorem 6.7, the maximum value of |[Rm| on M explodes to +oo as
t — T. Thus we may choose points p; € M and times ¢, € [0,T) such that ¢;, — T and

|Rm|(ps, t;) = sup |Rm|(z,t) — oo. (8.1)
z€EM, tE[0,t;)

Let us define M; := |Rm|(p;, t;). Note the analogy with the proof of Grayson’s Theorem (Theorem
46).
We now blow up the Ricci flows as described in Section 8.1: define

t
gi(t) = Mg (ti + Mi> .

This is merely a parabolic! rescaling of time and the metric in addition to a translation in time,
and it is not difficult to see that g;(t) is a solution of the Ricci flow defined on the time interval
[-Mt;, M(T —t;)). Furthermore, for ¢t < 0 we have

Ran(gu ()] = e (]t\; )| <

=1

by the way we defined M; in equation (8.1). By Corollary 6.13, there exists b > 0 (depending only
on the dimension of the manifold) such that, for all 4, g;(¢) is defined for ¢t € (—M#;,b), and

sup IRm(g:(t))](2) < o0 (8.2)
i€N,(z,t)eM; x (—Mt;,b)

LA parabolic rescaling of a system scales time by a factor a and length by a factor \/a — it is a characteristic
of heat-type evolution equations that a parabolic rescaling of any solution is another solution.
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Because the lower limits —M¢; of the time intervals tend to —oo, we seek to define a limit flow
for t € (—o0,b) (for any —B < 0 arbitrarily large, the flows g;(¢) will eventually be defined on
(=B, b) so the limit can be defined). Now equation (8.2) shows that the first condition of Theorem
8.2 is satisfied, so the only thing we need in order to pass to a limit flow is to uniform bound
the injectivity radii of the manifolds (M, g;(t)) away from zero, for all ¢ € N and ¢ € (—Mt;,b).
This turned out to be a major stumbling block for quite a while, but was resolved by Perelman in
[23]. We will briefly discuss some of Perelman’s ideas in Section 8.4. An accessible exposition of
Perelman’s proof of the injectivity radius bounds is contained in [28, Chap. 8]. Using Perelman’s
injectivity radius bounds, we can apply Theorem 8.2. The result is (passing to a subsequence of

(M7 gl(t)vpz))

Theorem 8.3. Suppose that (M, g(t)) is a solution of the Ricci flow defined on a mazimal time
interval [0,T), where T < co. Then there exist points p; € M and times t; € [0,T), t; — T such
that
M; .= |Rm|(p;,t;) = sup  |Rml(x,t) — .
zEM,tE[0,t;)

If we now define

t
i(t) = Mig |\ ti + —
i) = g (-4 57 )
then there exists b > 0 such that (M, g;(t),p;) converges to a Ricci flow (N, goo (t), Poo) defined for
t € (—00,b). Furthermore |Rm(go(0))|(po) = 1 and |Rm(geo(t))| <1 fort <O0.

One can now seek to classify the possible singularities that one can obtain from such a limiting
argument. Note that the limit flow is defined for ¢ € (—o0, b) — such solutions are called ancient.
Ancient solutions are very special. If we run the Ricci flow equation in reverse we get a non-
parabolic system that tends to develop singularities. Thus we do not expect to be able to extend
an arbitrary Ricci flow on some finite interval (a,b) to an ancient one defined on (—o0, b). Because
ancient solutions are so special, we can hope to classify them despite the fact that classification of
arbitrary Ricci flows is a hopelessly complicated task.

Hamilton went a long way towards performing this classification in [12], showing that (if injec-
tivity radius bounds were satisfied) the limit of the singularity has to be either a 3-sphere S® or
quotient thereof (which shrinks to a point in finite time) or a cylinder S? x R, which corresponds
to a neckpinch (see Figure 8.4 for the 2-dimensional analogue). He was unable to rule out a third
possible limit, namely $? x R where %2 is Hamilton’s “cigar soliton” (described in Section 2.3),
but Perelman has done away with this difficulty. “Degenerate neckpinches”, in which one of the
halves of the manifold shrinks to a point at the same time as the neck becomes singular (producing
a sort of cusp in the manifold) are also possible.

The neckpinches, as described in Section 2.4, correspond to connected sum decompositions of
the manifold (although some trivial decompositions may occur). The idea is to identify when a
neckpinch is happening, and to perform the connected sum decomposition “manually” — that is,
we cut out the neck part and seal the ends off with discs, glued on smoothly (compare Figure
2.3). This is the process known as “surgery”. The flow can then continue. It might have any
number of singularities that are either quotients of 3-spheres shrinking to a point in finite time, or
products S? x S! that shrink down to the S! factor in finite time, or neckpinches which we must
deal with by surgery. Perelman showed that the surgery times are locally finite (i.e., in any finite
time interval there are only a finite number of times at which surgery occurs). We are left over
with the solutions that have no finite-time singularity, which Perelman showed (building on work
by Hamilton in [13]) must satisfy the Geometrization Conjecture (under rescaling the manifold will
split along tori into expanding hyperbolic pieces with cusps and collapsing “graph manifolds”, as
discussed in Section 2.4).

To show the power of Theorem 8.3 we provide an alternative proof of Theorem 7.1.

Proof. (of Theorem 7.1) We consider a Ricci flow on a closed 3-manifold with initially strictly
positive Ricci curvature. We showed in Theorem 7.2 that the flow must have a singularity in finite
time, hence Theorem 8.3 applies. Let us say that the maximal time interval of existence is [0, T).
Thus there exist points p; € M, times t; — T and rescaled flows g;(t) defined for t € (—a;,b)
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Figure 8.4: The limit of a manifold that gets close to pinching is a cylinder.

(where b > 0 and a; — +00) such that the pointed, rescaled flows (M, ¢;(t), p;) converge smoothly
to a Ricci flow (N, goo (t), Poo) defined for ¢ € (—o0, b).
We use the result of Corollary 7.9, which says that for the Ricci flow (M, g(t)),

|E(9)]” < CR(9)*"°

(where FE is the Einstein tensor) for some positive constants C,0. Now the flows g;(¢) are just
rescalings of g(t) by the respective factors M; (defined in Theorem 8.3, with the property that
M; — 00), hence one can deduce from the results of Lemma 1.19 that

M2 E(g:)]? < CM} °R(g;)*™°
= |E(g:)|> < CR(g:)*°M;°.

Taking the limit as ¢ — co and evaluating at ¢t = 0, we have

B9 (0))? < OR(go(0))*~* lim M =0
because M; — oo.

Therefore g-.(0) is an Einstein metric. By Lemma 1.14, it has constant sectional curvature.
Because R(g;(t)) > 0 for all 4, in the limit we must have R(g(0)) > 0 hence the sectional
curvatures are non-negative. Furthermore |Rm(g-(0))| = 1 so the sectional curvatures are strictly
positive.

It follows that the Ricci curvature tensor of g.(0) on N is bounded below and hence, by
Myers’ Theorem (Theorem 1.17) that A is compact. Therefore, by the definition of convergence
of manifolds, A" must in fact be diffeomorphic to M. Thus the metric g, (0) induces a metric of
constant, strictly positive sectional curvature on M, as required.

Note that, although we needed the pinching results of Section 7.4 for this proof, we did not
need to prove any of the subsequent global pinching or convergence results — so significantly less
work is required than in Chapter 7, if we assume Theorem 8.3! O

8.4 Perelman’s - and W-functionals
After people had tried unsuccessfully for some time to find a way of bounding the injectivity radius

so that Theorem 8.3 could be obtained, Perelman came along and cleared things up (in [23]). We
will not give much of an outline of his argument (an accessible exposition is contained in [28, Chap.
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6,8]) but will present one of the key ideas behind his proof — that the Ricci flow can be formulated
as a gradient flow.

We return to the analogy of the CSF. Recall Lemma 4.1, which showed that the CSF was a
steepest-descent flow for length. Can the Ricci flow be similarly formulated as the steepest-descent
flow for some functional? The simplest approaches do not work. In analogy with the length
functional for the CSF the simplest functional we might consider is the volume of the manifold
with the metric g — but we know that some manifolds increase in volume and some decrease in
volume under the Ricci flow (specifically, hyperbolic manifolds increase in volume while manifolds
of positive sectional curvature decrease in volume — see Section 2.3), so that will not work. The
second-simplest functional we might try is the total scalar curvature, [ Rdu. The corresponding
gradient flow is, by formula (1.23) in Lemma 1.20,

% = —Rc+ %Rg.
This is similar to the Ricci flow and looks a bit like the unnormalized Ricci flow but is not parabolic
(and cannot be made parabolic using methods like the DeTurck trick) so it is completely useless
as an evolution equation.

What clues do we have to the nature of the correct functional? One property it ought to have
is that it should obviously be constant on fixed points of the Ricci flow. But recall from Section 2.3
that there exist “generalized fixed points” of the Ricci flow, the so-called Ricci solitons on which
the Ricci flow is only changing the manifold by reparametrization and scaling. We hypothesize
that the functional we seek should also be constant on gradient Ricci solitons (gradient solitons are
much easier to deal with than general solitons). For the moment we will consider gradient solitons
that do not involve any rescaling of the metric, so the constant A that appears in equation (2.1) is
0. Thus we expect our functional to be constant if there exists a scalar function f : M — R such
that Rij + VNjf =0.

This gives us a clue that our functional should not depend on ¢ alone, but should also depend
on a scalar function f. In fact we define Perelman’s F-functional:

Flg.f) = /M (R+[VF2) e du,

defined for Riemannian metrics g and scalar functions f. To work out what its gradient flow is
we must calculate how it evolves under an arbitrary variation in the metric g and the function f:

0g/0t = h and Of /0t = k.
Lemma 8.4. The variation of F(g, f) is given by:

d iy o 1 ..

GFan = [ R0 or = 1912+ ) (50 - )| et
M

We will not prove this result, but it follows from the results and methods used in Lemma 1.20.

Perelman now defined f so that the volume form e~/du is preserved. By formula (1.21) of

Lemma 1.20, we have

0 1 ..
—fa, = Z4t0p.. —f
Gte du (2g hij k>e dis.

So, if we determine the evolution of f by

of 1.0

— i,

or ~ 29 or9
and define the (now constant) “modified volume form” d¢ := e~/ dy, then the result of Lemma 8.4
is:

d g
af(gvf) = /M (=R — V;V;f)d§.

Hence the steepest descent flow for this functional is the one with h;; = —R;; — V;V; f, ie.

0
adis =~ = ViVif.
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This is exactly the Ricci flow, with a rescaling of time (as we have —R;; rather than —2R;; on
the RHS) and a time-dependent reparametrisation moving along the gradient vector field of f (as
outlined in the discussion of Ricci solitons in Section 2.3). So the gradient flow of this functional
is equivalent to the Ricci flow. We also note that if the solution is stationary under this flow,
it satisfies the gradient Ricci soliton equation (2.1) with no rescaling term, as we have argued it
should.

We would like to extend the F-functional in some way so that the functional is also constant on
gradient solitons that include rescaling. This is the idea behind the W-functional. We introduce a
positive real-valued scaling parameter 7 > 0 and define

Wi fr)i= [ (R [TIR) + f =) ud
where n is the dimension of the manifold and
u = (4r7) 27,

The arguments g, f, T are said to be compatible if

/ udp = 1.

We would like an evolution equation for W in the style of Lemma 8.4. The analogous result is

Lemma 8.5. If g, f, 7 evolve according to

dg

a = 2RC

or

a = !

of 9 n
5 = Af+|VS] R+27_

then

d 1
%W(ga fv T) =27 /Mn |Rzg + V1v]f — ﬁglﬂ?udu

In particular, W is nondecreasing in time and remains constant if and only if
1
Rij +ViVif = 595 =0,

that is, if and only if g is a shrinking gradient Ricci soliton. The condition that g, f, 7 are compatible
is preserved under this evolution. Note that the evolution equation for f is a backwards heat
equation (because of the — sign in front of the Laplacian). Backwards heat equations are not
parabolic, and generally can not be expected to have a solution even for a short time. However, if
we reverse time we get a normal heat-type equation, which does have a short-time solution. Thus,
rather than specifying initial conditions on f, we can only specify final conditions.

Perelman was able to use the W-functional to prove bounds on the volume of balls of given
radius as the metric evolves under the Ricci flow, by defining f so that e~/ is a bump function
with support inside the ball (W then has the form of an integral over the ball, which can be related
to the ball’s volume). He showed that the volume of such balls will not collapse, from which it is
possible to show that their injectivity radius is bounded below, which is exactly the sort of result
we needed to prove Theorem 8.3. See [28, Chap. 8] for the full argument.
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Appendix A

Existence Theory for Parabolic
PDEs

In this Appendix we will outline the main existence results for PDEs that we will use. This material
is based on [6, Sec 3.2] and [28, Chap. 4].

Consider a vector bundle 7w : £€ — M, where M is some Riemannian manifold, with some
bundle metric h. We will be interested in PDEs describing the evolution of some time-dependent
section of &, u: M x [0,T) — &, having the form

Ju
Fril L(u) (A1)
u(z,0) = wup(x) (A.2)

where L : C®(€) — C*(€) is some differential operator.

A.1 Linear Theory

In this section we will use the multi-index notation for partial derivatives.

Definition A.1. A multi-index o is an n-tuple of non-negative integers (ay, s, ..., a,). We
define
n
la| = Z Q.
i=1
If f is a function of n variables x1,xo,...,T, then we define
glel
0%f = !

C Qxroxy? .. 0z

We first consider the case that L is a linear differential operator. That is, using multi-index
notation,

L(u) = Y Lad®u (A.3)
|al<k

where k is the order of L and L, € Hom(&, E).
For example, we might consider a second-order linear differential operator acting on scalar
functions on R™ (so M =R" & = M x R, k = 2). This will have the form

L(u) = Z aij0"u + Z bi0'u + cu.

] i
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If ¢ is some covector field (i.e. p € C°(T*M)) then we define the total symbol of L in the
direction ¢ to be the bundle homomorphism o[L](p) : £ — €

o[L)(@)(u) = Y Lalu) [Te™.
la] <k j

In the case of the example L we gave above, the total symbol in the direction ¢ is
oL () = Y aygiiut 3 bighu + cu.
5] i

We define the principal symbol of L in the direction ¢ to be the bundle homomorphism
G[L](p) : € — & that comes only from the highest order derivative terms in L:

6ILI () () = 3 Lalw) [[ ¢
lal=k j

The principal symbol of the example L in the direction ¢ is thus:
1L (p)(u) =Y aijp'elu.
,J

The operator L is said to be elliptic if 6[L](¢p) is a vector bundle isomorphism whenever ¢ # 0.
For our example L this means that
> aijie’ #0
i,j
whenever ¢ # 0, i.e. that [a;;] is a non-singular matrix.
The system A.1 is said to be strongly parabolic! if there exists § > 0 such that at each point
of the manifold M, for all covectors ¢ # 0 and elements u # 0 of &,

(GIL](0)(w), u) > 8lpf*[ul®.
In the order-2 example we considered above, this is saying that
> i’ > blpl?
0,J

for all ¢ # 0, i.e. that the matrix [a,;] is positive-definite.

A.2 Linearization of Nonlinear PDEs

We will mainly deal with non-linear PDE’s, where L is not given by the convenient form of A.3.
What does it mean for a non-linear PDE to be parabolic? We need to define the linearization of
the non-linear operator L. The linearization is defined in analogy with the derivative of a function
f : R™ — R™, which is the linear map Df : R® — R™ defined to “best approximate” f at each
point. That is, if we have curve z : [0,1] — R™ satisfying

z(0) =
20) = v
then
d
Dfo) = )|

In a similar way we define the linearization of a non-linear operator L on a vector bundle £. If
u:[0,1] = C°°(€) is a time-dependent section of £ such that

u(0) = wg
u'(0) = w.

1We will often just say “parabolic” when we mean “strongly parabolic”
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We define the linearization of L at ug to be the linear map D[L] : C*°(E) — C*(€) so that

DILI) = g (t)|
(if it exists).

We say that the system A.1 is strongly parabolic at ug if the system

ou
%~ pw (A1)
u(z,0) = wup(x) (A.5)

is strongly parabolic in the sense described previously. We will only be interested in the case where
DIL] has the form

DLl = Y L,0"

lal<k

with some finite k.

Theorem A.1. If the system A.1 is strongly parabolic at ug then there exists a solution on some
time interval [0,T), and the solution is unique for as long as it exists.

Practically all existence proofs in this project will rely on this theorem. See [17] for the proof.
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Appendix B

Differential Geometry Formulae

1. Christoffel symbols, for the Levi-Civita connection of the metric g;;:

1
Iy = 59“(31‘9]‘1 + 0594 — 01945)

2. In normal coordinates about the point p:
(a) yw(t) = (tV1 tV2, ..., tV"™) is a geodesic
(b) 9i5(p) =
(c) TH(p) = ,3igjk(p) =0

3. Covariant derivative:

k
v Fjl Ju a FJI g ZFJI”'q"'JlF]‘* _ZFjlmjz T4

1.0k 110k 1.0 91...q...5 " Dis
s=1
4. Riemann curvature tensor:

Vi, V;]1X' = R, X"

5. Symmetries of the Riemann curvature tensor:

Rijr = Riiij = —Rjirt = —Rijuk

6. First Bianchi identity:

Rijki + Rjkit + Rpiji = 0

7. Second Bianchi identity:

VpRijk + ViRjpri +ViRpi =0

8. Ricci and scalar curvatures:

RU - an]k ’ R= Rz

9. Contracted second Bianchi identity:

. 1
V']Rij = §VZR
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10. Commuting covariant derivatives:

I k
J1e-Ji Js J1eme i m j1-.-J1
[Vpavq]Fil.“z'k = § Ry F5 E Ry B3l o i
s=1 s=1

11. Coordinate form of the Riemann curvature tensor:
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