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Abstract

In this book, we give a full expository lecture about the Ricci-Hamilton flow on
surfaces. Hence we derive the Li-Yau-Hamilton’s Harnack inequality, the entropy
estimate of R.Hamilton, the isoperimetric estimate , and the improved gradient
estimates of W.X.Shi, B.Chow, Bartz-Struwe-Ye, for the Ricci-Hamilton flow. We
discuss the Maximum principle for tensors of R.Hamilton and the moving plane
method. We also derive in full detail some estimates for curve shortening flow in a
Riemannian manifold. We give a detailed computation for our estimates involved.
We also introduce G.Perelman’s W-functional and give some geometric application.
In an appendix, we consider the Nirenberg problem on S? by using the perturbation
method.

This book is based on my lectures given at Tsinghua University at Beijing,
National University of Singapore, and Nankai University at Tianjin given in the past
three years. My aim for these lectures is to introduce graduate students into this
exciting area of mathematics. I am sure, with a nice understanding of the material
presented in this book, people can read works of R.Hamilton and G.Perelman well.



Preface

I made up my mind to write this book in December 2002 just after the appearance
of G.Perelman’s first paper on Ricci-Hamilton flow. It is clear that earlier papers of
R.Hamilton on Ricci-Hamilton flow are beautiful and key point oriented, however,
many details and further explanations have to be given for graduate students and
non-experts to understand. In my lectures in this direction, I often found difficulty
to explain the detail for the Maximum principle for tensors. So I add some de-
scription in an appendix. As us know that for the scalar linear partial differential
equations, the positivity of the first eigenvalue of the corresponding operator implies
the maximum principle, so one can expect such an result true for tensors.

Once we have a local existence of the flow, we try to extend the flow. That
is equivalent to finding the long-term behavior of the system. To study the global
behavior of the flow, one often likes to do a priori estimates for the flow, then one can
use the Arzela-Ascoli theorem to get a convergence result. Actually, this principle
is often used in the study of the Ricci-Hamilton flow. However, the estimates are
not easy. The guiding line is to use the maximum principle. The first difficulty
is to choose nice geometric quantities (often scaling-invariant quantities) and find
nice equations (like the Bochner-type formula). In geometric problems, the Bianchi
identities are always the conservation laws. Then the symmetry or invariant property
preserved by the flow helps to find the key point to do analysis for convergence. So
one has to study the self-similar or soliton problem. The common feature is that the
soliton equation is a fixed point equation. Again one has to face a priori estimate.
Occasionally, with the help of symmetry, one can reduce the soliton equation to an
nice ordinary differential equation and luckily find solitons by solving the dynamical
system. An important trick in finding the a priori estimate is the blow up analysis
for the flow. Then one has to meet the limiting flows (sometimes it is a soliton
problem). One may call such problem as singularity analysis. This is like the tangent
cone problem in minimal surface theory. Classifying the limits and studying which
singularities are real ones in the flow are the essential objects. In this program,
geometric and analytical considerations play important roles. The key part is the
Harnack type estimate. A beautiful work done by P.Li and S.T.Yau in 1986 serves
as a model for such goal. R.Hamilton further developed this estimate. By now, such
an estimate is called Li-Yau-Hamilton Harnack estimate.

In some cases, one can expect global convergence, so one tries to do pinching
estimates. Pinching set may be defined by convex or concave functions on matrix
space. R.Hamilton found that the associated ordinary differential equations ( i.e.
ODE’s for short ) help this goal a lot. Usually, the ODE’s are monotone systems.
They are rare in the dynamical system, but often occur in geometric evolution
equations. Finding nice flows in geometry with nice pinching set are important.

All these ideas may be explained in the Ricci-Hamilton flow on closed surfaces. So
this is a good model to introduce non-experts or graduate students to this fascinating
mathematical area. This is our aim for writing this book. We have to point out



that the geometric computations are easy to follow in this case. The other feature is
that in dimension two, the Ricci-Hamilton flow and the Yamabe flow are the same,
so one can easily get the local existence of the flow in this case.

The structure of this note is as follows. In section two, we prove the local
existence of the flow. In section three, we derive the evolution equation for curvature
and prove that the global flow exists. Section four studies the behavior of the solution
at infinity in the case when the average of the scalar curvature r < 0. In the section
five, we consider Li-Yau-Hamilton inequality of Harnack type for the curvature. In
section six, we derive the decay entropy estimate. In sections seven and eight, we
give the uniform estimates for curvature and its derivatives. In Chapter one, we
give a full argument of Theorems 1.1.1 and 1.1.2.

In Chapters two and three, we present two other proofs of Theorem 1.1.2 on the
sphere based on the works [4] and [19]

We introduce G.Perelman’s entropy functionals in chapter four. We give some
basic properties of these functionals and geometric applications.

We add four appendices, and we hope this will help readers’ understanding of
key ideas used in the Ricci-Hamilton flow.

The lesson we learned from the works of Li-Yau , R.Hamilton and G. Perelman is
that a deep understanding of geometric parabolic partial differential equations can
yield important new results in Riemannian Geometry and in Differential Topology.
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Chapter 1

Ricci-Hamilton flow on surfaces

1.1 Introduction

In 1988, R.Hamilton [17] studied the evolution of a Riemannian metric (g;;) on a
compact surface by its scalar curvature R under the flow

Orgi; = (r — R)gsj, (1.1.1)

where r is the average value of R. We will call this flow the normalized Ricci-
Hamilton flow on M. In short, we just call it the Ricci-Hamilton flow in this chapter
except expressed explicitly. It is clear that this low make sense in higher dimensions
and it is called the Yamabe flow, which has been studied by many people. We will
call such a flow on surfaces the Ricci-Hamilton flow.

R.Hamilton [17] proved the following

Theorem 1.1.1 For any initial data, the solution exists for all time. For the con-
vergence at infinity, we have that

(1) If r <0, then the metric converges to one of constant curvature;

(2) If R > 0, the metric converges to one of constant curvature

The global existence of the flow was obtained early by H.D.Cao in [5]. The proof
of Hamilton’s Theorem 1.1 is based on two outstanding estimates. One is the so
called Li-Yau-Hamilton inequality of Harnack type for the scalar curvature. The
other is a decay estimate for the entropy which is defined as

S(R) ::/MRlongvg. (1.1.2)

We can use the remarkable work of G. Perelman [30] to study the Ricci Hamilton
flow on surfaces, but we will not present it in this book.
Later, B.Chow [9] removed the condition in Theorem 1.1 (2). His result is

Theorem 1.1.2 For any metric on S?, then under the Ricci-Hamilton flow, the
scalar curvature becomes positive in finite time.
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Combining the two theorems above yields

Corollary 1.1.3 If (gi;) is any metric on a closed surface, then under the Ricci-
Hamilton flow, the metric converges to one of constant curvature.

This last result implies what we called the (differential geometric) uniformazation
theorem. It says that

Theorem 1.1.4 any Riemannian metric on a two dimensional closed surface is
point-wise conformal to a metric of constant curvature.

The Ricci-Hamilton flow on surfaces is also studied by B.Osgood ,R.Phillips and
P.Sarnack [29] and J.Bartz, M.Struwe, and R.Ye [4], and others. The work of [4]
used a moving plane method introduced by A. D. Alexandrov [2].

We use the following notations for the Riemannian metric surface (M?, g) except
explicitly stated.

A, is the Laplacian operator of the metric g, and
D is the covariant derivative of g.

For a metric family (g(t)), we let
R be the scalar curvature of g = g(t)

In following, we write
Rz as the maximum of R at time ¢.

R, as the minimum of R at time ¢.

10



1.2 preliminary material for Ricci-Hamilton flow
on surfaces

Let o
g = gijdx"da’

be the Riemannian metric on the closed surface M, written in local coordinates (z*).
Let

(97) = (gi5)7"
be the inverse of the matrix (g;;). Set
p = +/detg;;
be the volume density. Then along the Ricci-Hamilton flow, we compute

1

1 ..
Ot = 5”9(90# = 59”&591’]’# =(r—R)u

Hence for the total area A = fM dp, we have

At:/M(r—R)dM:O

That is, the total area is preserved along the flow.
By the Gauss-Bonnet formula we have

/M Rdp = 4mx (M)

where x(M) is the Euler number of the surface M. A well-known fact in Topology
is that

X(M) =2(1 —g),
where ¢ is the genus of the closed surface M and it is the number of "holes” of M.

For example, if M = T? is the torus, we have g = 1, and then y (M) = 0. We recall
that the usual way to write the Gauss-Bonnet formula is the following

/MKdu = 2mx (M)

where K = R/2 is the Gauss curvature of M.

Since
7‘:/ Rdu/A,
M

r = dmy (M) /A

which is a constant along the flow, furthermore, if x(M) is negative, we have r < 0.

we get that

11



1.3 Short-time existence of the flow

We point out that the flow exists at least in short time. We will prove this fact by
using the conformal transformation. In fact, write g = e*gg, then we have

R=e"(—Au+ Ry)

(see appendix for derivation for this formula) and the Ricci-Hamilton flow is reduced
into the following non-linear parabolic equation

ur = e “(Au — Ry +re*), (1.3.1)

with initial data
U/|t:0 = 1

Many people just call this equation the Yamabe flow.
By the standard linearization and fixed point argument we can always find a
short-time solution of (1.3.1) for any initial metric go. Hence we have

Theorem 1.3.1 For any metric on a compact 2-manifold M?, then there is a pos-
itive constant T such that the Ricci-Hamilton flow exists at the time interval [0,T).

We now consider the energy estimate for this Yamabe type flow.
Define

1
E(u) = / (§|D0u|2 + Rou)dpg
M

Then its first variation is

Hence along the Ricci-Haimiton flow, we have

E = —/ (R — r)dp,.
M

Clearly from this we have the following estimate

/OT dt/M(Rg —r)?du < E(ug).

where T' is the maximal time for the flow to exist. The second variation of E(-) is

52(u) () = /M DooPdpig > 0

Hence we can expect the global existence of the flow and its convergence at infinity.
The following Harnack type estimate is a key for the flow to convergence at
infinity.

12



Assertion 1.3.2 Assume M = S%. Then along the Yamabe type flow, we have a
uniform constant C' > 0 such that

inf e > C'sup e”.
t t

We will call this assertion as Bartz-Struwe-Ye estimate since they obtained this
estimate in [4]. This assertion will be proved in later sections. If we have this
assertion, then we can use the volume restriction

/dug:/ e“dpug
M M

to get the uniform L*° bound on u. Using the standard linear theory of parabolic
equations, we can get uniform bounds for the higher order derivatives of u. Then
we can extend the solution in short time to a global one. In fact, if 7" < 400 is the
maximal existence time for the Yamabe type flow, we shoud have

lim 4, = +00.
t—T*
This is a contradiction to our uniform L* bound on u. Here, we point out that all
metrics g(t) = e*) gy are uniformly equivalent to the metric go. Recall that our flow
can also be written as u; = r — R. From this, we can get the uniform bound of all
derivatives of R.

Using the energy bound

+o00 +o00o
/ dt/ lug|Pdp = / dt/ (R, — r)?dp < E(ug).,
0 M 0 M

we can find a sub-sequence t; — +oo such that w(t;) converges to zero and R; =
R(t;) converges to r in L*(M). Using the Arzela-Ascoli theorem, we have that u,(t;)
converges to zero and R; = R(t;) converges to r in C*(M) for any k > 2. In later
sections, we can see that the whole g(¢) converges to a constant curvature metric.

We also point out that the Ricci-Hamilton flow is not strictly parabolic system,
so one can not conclude the short-time existence of the flow from the standard
argument. In fact, R.Hamilton [18] first used Nash-Moser implicit function theorem
to obtain such a existence. Later De Turck [13] gave a short and beautiful proof
based on a normalization argument. Their arguments work for any dimensions.
However, in dimension two, we can avoid all these difficulties by using a conformal
deformation trick as above.

13



1.4 Global existence of the flow

We now study long-time behavior of the normalized Ricci flow on the compact
surface M:

Agij = (r — R)gij-
Then using the formula
R=e¢"(—Au+ Ry)

we have the flow for scalar curvature as follows.
R =AR+ R(R—r). (1.4.1)

Applying the maximum principle to the equation (1.4.1) we know that if the scalar
curvature at t = 0 is non-positive, it remains so for ¢ > 0, and if the scalar curvature
at t = 0 is non-negative, it remains so for t > 0. Clearly, we have the following

Proposition 1.4.1 There is a uniform constant C' such that along the flow, we
have
R>—-C.

In fact, we have the following two assertions:

(1). If r > 0 and the minimum of R at initial time is negative, the minimum of
R is increases.

(2). If r <0 and the minimum of R at initial time is less than r, the minimum
of R is also increases.

14



1.4.1 negative scalar curvature

Using the maximum principle we have the following result

Theorem 1.4.2 Assume that there are two positive constants Cy > C7 > 0 such
that —Cy < R < —C1 att = 0. Then the scalar curvature R remains so and there
18 a constant C' > 0 such that

re” @t <r_—R<Ce.
So the flow exists for all t > 0 and R approached r exponentially as t — +oo.

Proof: Note first that by the definition of r, we have —Cy < r < —(C'. Then for
fixed t > 0, at the maximum point of R we have R — r > 0 and the differential
inequality

d
—R < — < 0.
ZR<R(R—1)<0

Hence we have R < —(C. Using this and the differential inequality again, we have

%R < R(R-r) < ~Cy(R—r).

S0
(log(R —r)) < —C4.

and by integrating, we find that
R —17 < (R(0) — r)e

and
r—R > (r— R(0))e 1t > re O,

At the minimum point of R, we have

d
ERZR(R—T) >r(R—r).

Then we immediately obtain that
r— R < Cye™.

Therefore, we have proven the theorem . [

15



1.4.2 positive scalar curvature

For the positive scalar curvature case, the flow is hard to treat. In this case, we have
the following

Theorem 1.4.3 . Assume that r > 0 and R is not a constant att =0 .
(1). If R/r > ¢ >0 att =0, then c < 1 and along the flow, we have the estimate

rc

R> ———.
T c+ (1 —c)ert

(2). If there is a positive constant C' such that R/r < C at t = 0, then we have
that C' > 1, and fort < %log %, we have

Cr
< .
= C—(C—1)e

Proof: . Since R(0) > 0, by the maximum principle, we have R > 0 along the flow.
In the case (1), we have at the minimum point of R, denote by f := R, the

minimum of R, we have
1> Ropin/r > c.

Since at time t = 0, R is not a constant, we have R,,;, < r, and we get ¢ < 1. Note
that for ¢ > 0, at the minimum point of R, we have the differential inequality

d
Efo(f—T)-

Hence we have
—(f e =1—rf

Integrating this we find
rc

J = Buin 2 c+ (1 —c)e

By the same method we can prove that C' > 1 in the case (2) and the estimate

Cr
< .
< C—(C—1)ert

Then we are done. O
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1.4.3 Scalar curvature positive somewhere

In this part, we assume that the scalar curvature R at ¢ = 0 is positive somewhere
on M. In this case, we introduce a potential function f.

Definition 1.4.4 Let (M, g) be a compact surface with a riemannian metric g. The
potential function f is the solution of the Poisson equation

Af=R-—r

with mean value zero, that is, fM fdu=0.

We have to consider the existence of such a potential. In fact, we can introduce
the variational functional

J(u) = /M (IDuf*/2 — (R — r)u)

on the space
A= (') [ fdp =0}
M

where D is the covariant derivative of g. Using Poincare’s inequality we can easily
see that

11/11f J(u) > —o0.

Then one can minimize J(-) over the Hilbert space A and shows that the minimum
is attained at some point in 4. Obviously, the minimum point of J(-) is a solution
of the Poisson equation

Af=R-—r.

By the maximum principle, we know that the solution with zero mean value property
is unique. For more detail, see Th.Aubin’s book [3].
We now compute the evolution equation for the potential function f.

Proposition 1.4.5 Let g = g(t) where g(t) is a solution of the Ricci-Hamilton flow.
Then the potential function satisfies the following evolution equation:

fi=Af+rf—=0b

on M, where

1
—— [ |Df?
’ A/M‘f‘

1s only a function of the time variable t.

17



Proof: We do computation.
Note that

AAf+rf) = AR—r+r1f)

= AR+ rAf
= AR+r(R—r)
= R, +rR—R*>+rR—r?
= R, —(R—r)?
We also have
Ry = 0,Af
Since in local coordinate, we have
2
Af=g" 83’(;;]’ Ly
We will write
0 f
J5°= Guiow

for short notation in this part. Notice that g”9,I'}; = 0. Then we have
OAf =g/ fiy + Afi = Af + (R —1)%

By this we obtain that

AAf+rf) = Al
This implies that

Af+rf=Af+b

for some constant function b only in space variables. In other word, we have

Af,=Af +rf—b.

/Mfduz 0,

/M (fo+ f(r— R))du = 0.

Differentiating the relation
we get

By this we conclude that

/ (rf —b— fAYdp =0,
M

_1 2

which clearly implies that

18



Definition 1.4.6 We define a P-function
h=Af+|Df?

and a trace-free part of the second order derivative of the potential f:
1
M;; = D;D;f — §Af " Gij-

We remark that by definition, a P-function is a smooth function which can be
applied by the maximum principle. As pointed out by R.Hamilton [17], once we
have a nice bound for A, we can bound R because of the formula

R=h—|DF*+r.
Note also that

h = e Tdiv(e’ D).

Proposition 1.4.7 Along the Ricci-Hamilton flow, we have

(1).
hy = Ah — 2|M|* + rh

where at the normal coordinate at a given point, |M|* = Zij ij

(2).
(0 — A)|M|* = =2|DM|* — 2R|M|?.

Here we just compute the equation for h and we postpone the proof for (2) in
the later section (see Lemma 1.9.2).

Proof: We do computation. First, we have
1
(M = |My[* = |DiD; [ = 5 (R —r)".
Secondly we have

= Afi+(R—7r)2+2Df-Df,+ (R—r)|Df]2.

Thirdly we have

Ah = A(Af+[DfP)
= AAf)+AIDSP
= A(Af)+2|D*f|* +2ADf - Df
A(Af) 4+ 2|D*f|> + 2DAf - Df + R|Df|*.

19



Finally we have

0= A)h = A(fi = Af) + (R —r)* = 2|D*f?
+ 2Df-D(fi — Af) —r|Df[?
= A(rf—=b)+ (R—r)*=2|D*f|* +2Df - D(rf — b)) — | Df|?
= rAf+(R—1)*=2|D*f +r|Df]?
= r1(R—7)(R—7r)*=2|D*f|> + r|Df]?
= (R—7)> =2|D*f* +rh
—2|M|* + rh.
O

Applying the maximum principle to the equation
hy = Ah —2|M|* +rh

we immediately find that
athmaac S 7nhmaam

where A4, is the maximum value at time . And this implies that there is a constant
C > 0 such that
h < Ce"™.

Importantly we have
R=h—|DfP+r<h+r<Ce"+r.

This gives us a upper bound on R for all ¢. Combining this with Theorem 1.4.3 we
have the following estimate

Theorem 1.4.8 For any initial riemannian metric on the compact surface M, there
s a uniform constant C such that along the flow, we have

—C<R<Cet+r.

Furthermore, if r < 0, then the scalar curvature remains bounded both above and
below.

Using this Theorem and the short-time existence of the flow, we can obtain a
global solution of the Ricci-Hamilton flow. This follows from the standard continuity
method for heat flow. So we conclude

Theorem 1.4.9 For any initial riemannian metric on the compact surface M, the
Ricci-Hamilton flow has a solution for all time. Furthermore, if r < 0, the global
solution converges at infinity to a metric with constant negative curvature.

20



1.4.4 average scalar curvature flat case

Basically we just give some remarks in this part.
Assume that » = 0 at ¢ = 0. We solve the Poisson equation

Ao = Ry, on M.

Here Ay and R, are the Laplacian operator and scalar curvature of the initial metric
go- It is always solvable since r(0) = 0, where

r(0) = /M Rodu/A.

Set

Then we have
R= e*"(—AgO + Ry)) = 0.

In this case, g is a stable point of the Ricci-Hamilton flow. So we may expect that
the Ricci-Hamilton flow converges to a flat metric at infinity. Using this g to replace
the initial metric go, we restrict the metric family (¢g(¢) in the conformal class of the
initial metric g to solve the Ricci-Hamilton flow. Write

g(t) = e"g.
Then the scalar curvature of g(t) is
R =e"(—Aju)
and the Ricci-Hamilton flow is reduced into
u = e “(Agu) (1.4.2)
In the computation of this section, we will always write
A=A, D=D,
and dii = dpg.
Using the maximum principle we get that there is a uniform constant C' > 0
such that |u| < C. Therefore, the metrics ¢(t) are uniformly equivalent for all time

t. This gives us the uniform control of diameter, injectivity radius, and the best
constant in the Sobolev inequality.

Theorem 1.4.10 The Ricci-Hamilton flow exists for all time, and it converges at
infinity to a flat metric.

21



Proof: Using the Ricci flow we have

d — 27— —u/ A 2 71—

p |Du|*di+ 2 | e “(Au)“dip = 0,
and using the bounded-ness of u and the inequality

/(Au)%zg > c/ | Duldji

(a proof of this inequality can be obtained by arguing by contradiction), we have

%/|Du\2dﬁ + c/ \Duldji < 0
By the Gronwall inequality we have
/|Du\2dﬂ < Ce .
Going back to (*) again and integrating it over time we find

2/;(>o dt/e‘“(Au)Qdug /|Du|2dM(T)

+oo
2/ dt/R2du < Ce T,
T

By this we can have at least one point ¢ € [T, T + 1] such that

which implies that

/RQd,u < Ce T,

On the other hand, using the evolution of R we have

d
E/R%zwr2/pr|2cm:/RL”’d/VL.

Since R is uniformly bounded, we have

d
— | R%du < C | R*du.
7 S / %

Using the Gronwall inequality again we have

/ Rdu(t) < C / R*du(?),

22
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for any t € [T, T + 1], which clearly implies that

/deu < Ce .

all £. That is to say that R — 0 at infinity in LP(M, go) for any p > 1.

Integrating (**) we have
/ dt/|DR]2du§ e T,
T

and arguing as before we find some ¢ in each [T, T + 1] such that
/|DR|2d,u < Ce .

Note that g
E/|DR|2cm+2/|AR|2dug —Z/RQARdu.

Using the Holder inequality we have

2| / R?*ARdp| < / (AR)*dp + / Rdp.

By this we have

d
%/|DR|2du+/]AR]2du§ /R4d,u.

/|AR|2du > c/]DR|2du

d
£/|DR|2dp,+c/|DR|2du§/R4du.

Using this we can get

Using the inequality

we have

/\DR|2du < Ce .

for some uniform constant ¢ and for all £. Again integrating over time we have

/ dt / (AR)*du < Ce™ "
T

so we have

/(AR)Qdu < Ce

at least in some point in each [T, T + 1]. Compute the evolution of AR we can get
the bound

/(AR)%Z[L < Ce @
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for all t. Using this bound, we can bound the L? norm of D?R. In fact, we have

1
/|D2R|2du = /(AR)2 — §/R|DR]2du.

Using the L*> bound of u, we have
/|D2R|2du < Qe

We now can bound the maximum of R by the L? norm of R, DR, and D?R.
Thus we get that R converges to zero exponentially.

Using the formula u; = —R and the L*> bound of u again, we know that u
converges to a positive constant at infinity. [J

To conclude this section we make a remark. To understand the equation (4.1)
better, we need to study the corresponding ODE:

sy =s(s—r).

It is easy to see that the unique solution is of the form:

s(t) =

1 — cert’

r

where ¢ > 1. Note that, for r > 0, s(t) < 0.
From the equations for R and s we conclude that

O(R—s)=A(R—s)+(R—s)(R—1+s). (1.4.3)

By the maximum principle, it follows that if s(0) < miny R(z,0), then R — s > 0
for all time.
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1.5 Li-Yau-Hamilton’s Harnack estimates

1.5.1 case one:R,,;,, >0
Set L = log R and define

Q=AL+R-—r
We will call () the Harnack quantity for our Ricci-Hamilton flow. Then we compute
Rt = RLt7
and
R
Lt — Et
AR+ R(R-—7)
- R

= AL+ |VLPP+R—r
Hence, we have
Q=L,—|VL]
Using
Q=AL+R-—r

we compute

Q: = (R—r)AL+ AL+ RL,

AQ + A|VLP?

(R—7)AL+ R(AL+|VL?+R—7r)
AQ +2((VAL,VL) + D*L|?)
2R|VL|*+ (2R — )AL + R(R — 1)
= AQ+2(VQ,VL) + 2|D*L|?
2(R—7r)AL+ (R—7)*+7rQ

1
= AQ+2(VQ,VL)+2|D*L + 5(3 —7r)g]* +rQ.

+

+

_l_

Therefore, we obtain the following

Lemma 1.5.1 Under the Ricci-Hamilton flow with R > 0, we have
Q> AQ+2(VQ,VL) + Q* + Q.
Proof: Using the Hadamard inequality we have
2|TJ* > (tryT)*

for any symmetric 2-tensor on the surface M. Then we get the inequality from the
equation above. [
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Consider the ODE
Sy = s 4 rs

with initial data s = sy < —r < 0 at ¢t = 0. Solving this ODE we get

s(t) ==

R
where C' = s¢/(so + r) > 1. Applying the maximum principle we get
Q(t) = s(t)
for all t > 0. Hence, we obtain the following Li-Yau-Hamilton Harnack estimate:
Oilog R — |Vog R|* > s(t).

This estimate is also called the differential Harnack inequality.
Take two points (x1,t1) and (x9,t3) in the space-time, where t; < ty, x1, 29 € M.
Let
v i [ty ta] — M3

be a smooth curve joining point x; and x5. Define
to
A(J]ltl,xgtg) = 1nf/ |’7,|2dt
Y t

Then we have

R(.’L’1,t1) /t2 d
log ————% = —log R(~(t),t)dt
%8 R(zy. 1) @ (v(t),t)

- = /tQ(%logR(y(t),t)%—<V10gRa7,>)dt

t2
> / (IV log R — (10 — |V log R| - ||}t

t1

> [ Gsle) = (P

t1

L= ,, Ce™™ — 1
= - dt — log ———.
4/tl 7l R

Therefore, we get

R(ZEI, tl) 1 CGTtQ —1
log ———= > ——A(x1ty, vots) — log ————.
0og R(za,ts) — 4 (z1t1, 29t2) — log Certi — 1
It is easy to see that there is a uniform constant B > 0 such that
Cer2 —
log ——— < B(ty — t1).
B Certi 1= (ta =)

So we conclude
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Theorem 1.5.2 Along the Ricci-Hamilton flow with R > 0, there is a uniform
constant C' > 0 such that for all x1,x9 € M and t; < ty we have

R(Il, tl)

1
> e_ZA(xltl’thQ)_C(tQ_tl)
R(l’g, t2)
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1.5.2 case two:R,,;, <0

Following the method of B.Chow [9], we only assume that R > 0 only somewhere.
We make the choice s =0 when R > 0 on all M.
Set L = log(R — s). We have the following important formula:

Li=AL+|VLP?+R—1+s. (5.1)
We now define the Harnack quantity
Q=L —|VL?—-s=AL+R—r.

Compute

0,Q ALy + (A)L + R

A(AL+|DL*+ R)+ (R —7r)AL+ AR+ R(R—7)
AQ +2|D*L|* + 2(DL, DAL)

R|DL> + (R — )AL

AL+ |DL|* + R(R — )

AQ +2(DL, DQ) + 2| D*L|?

+ 2(R—7)AL+ (R—7)*+ (R—71)?

+ s|DL*+ (r — s)AL +7(R — ).

+ o+ 4

Hence, we have
1
Q: = AQ+2(DL,DQ)+2|D*L + 5 (R = rgl* + (r—s)Q
+ s|DL*+ s(R—7).

Using the upper bound R < €™, we have sR > —C'. Thus using the inequality

1 1 1
|D?L + 5(R —r)g]* > 5(AL+ R—r)*= §Q2,

we have the following inequality
1
Q: > AQ +2(DL, DQ) + 2|D*L + 5(R —7)g)* + (r—s)Q +s|DL|* -~ C

Note that
(sL); = A(sL) + s|DL]* + s(R —r +s) + s(s — ) L.

Since we have
L>-C—-Ct,

we obtain that

(sL); > A(sL) +2(DL,D(sL)) — s|DL|* — C.
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Define
P=Q+sL

Then we have
P, > AP +2(DL,DP) +Q* + (r — s)Q — C.

Since s = P — () is bounded, we have foe some constant C' > 0 such that for ¢
large enough, we have

1
P, > AP +2(DL,DP) + 5(P? - C?).

Applying the maximum principle we have

1+ ceCt
P>C—
— 1 —ce‘t

for some ¢ > 1. Therefore, for ¢ large enough, we have
P> -2C

and

Q> —3C.

This is our Li-Yau-Hamilton Harnack estimate.
We now give an application of this Harnack estimate. Define, for two point (z1t;)
and (zoty) in our space-time,

to
L(z1ty, 2ots) = inf / o/ () [2dt
i t1

where ~ is any path in M connecting x; and z5. Note that, for to > ¢y,

Liasty) — Lizaty) — /t § %L(v(t),t)dt: /t * (L + (DL~ )t

Since
L, —|DL|2> —C(ty — t;) — L/4,

Integrating we get

R(aty) — s(ty) > eM/4=C0t(R(2yt,) — s(t)).
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1.6 Hamilton’s Entropy estimate

In this section, we assume R > 0 somewhere and we study the following important
quantity
/ Rlog Rdp
M

which is called the entropy for the Ricci-Hamilton flow, and we will show that this
function is decreasing in t.
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1.6.1 case one:R,,;,, >0

Following R.Hamilton [17], we define

Z = rl/ QRdpu,
M

which is a global function in time variable t. Then by the definition of @), it is easy

to see that ——
Z:7“1/(—| R‘ + R(R—1)).

Compute

J—
R

/(— ]V]]j + R(R—1))(r — R)du

Using the equation
R,=AR+R’—7rR

we find that
7> 7+ rZ.

If Z is positive at some time ty, then Z is blow up after a finite time. This is
impossible by our definition of Z, which always exists along the flow. Then we have
that Z < 0. Using the expression of Z we find that

IVR|?
/(— 7 + R(R—7)) <0.

/@z/w—rﬂ

d B 9 |VR?
dt/RlOng’u_/(R T) / 7

Theorem 1.6.1 Assume R > 0 at initial time t = 0. Then along the global Ricci-
Hamilton flow, we have that

This means that
Note that

Then we have

/Rlog Rdu

is decreasing. In particular, we have a uniform constant C > 0 such that

/Rlog Rdu < C.
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1.6.2 case two:R,,;, <0

Note that
s =s(s—r).

So, for v = 1/(r — s), we have
v = —US

We compute and get
(Rdu), = ARdp

and
(sdp)y = s(s —r)dp.

Hence, we have
[v(R = s)duls = v(AR + s(r — R))dp.

This implies that
O (’U/ (R —s)log(R — s)du)
M
D 2
= —v/ 1il du—l—v/ (R—s)(R—r+s)du
v R—s M

< U/M(R—r)%lu

Integrating this inequality in time we find

/M(R—s)log(R—s)SC/OOOdt/A4(R—r)2+C.

Hence, using the estimate in section 2, we get

Lemma 1.6.2 Along the flow we have a uniform constant C > 0 such that

/M(R —s)log(R—s) < C.
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1.7 Boundedness of R

Following R.Hamilton [17], we first study the case when R > 0 in all M

1.7.1 case one:R >0 in all M

Take a point (x,7), where 7 > 1, in the space-time such that the curvature R at
(x,7) is the maximum of R at time 7. Let

T =17+ Rpae(7)1/2
Then at time 7', using the evolution equation of R we have

8t Rmax é R2

maxr

Then we have
_(]-/Rm(w)t S ]-

This implies that for ¢ € [, T],

This gives us that
R (t) < 2Rpmaq (7).
Note, on [r,T], since
Agi; = (r — R)gij < rgij
and
atgij(R - T)gz‘j > (7” - QRmaa:(T)gij

we know that for any tangential vector X, g(X, X) will grow at most by a constant
factor.
Let dr(z,y) be the geodesic distance between the points z and y at time 7.
Then we have
L(z7,yT) < Cdr(z,y)*/(T — 7).

Then by the Li-Yau-Hamilton’s Harnack inequality we have
R(z,7) < R(y,T)

for all y € B,(x) where p = 7/ Rpaa(r)/2.

By theorem 5.9 in [7] we know that the injectivity radius of M is at least p at
time T'. In the ball B of radius p at x we have that the scalar curvature R is always
comparable to R, (7) > %Rmm(T ). Hence we have the estimate

| 08 Rt = 6 Rop(T) 108 B (T) = o5 B T)
B

33



at time T for some uniform constant ¢ > 0. Since
zlog z + e 1>0

for all z € R, we have

/ Rlog Rdu < /(RlogR—i—e‘l)d,u/ (Rlog R+ e Ndu < C.
B B M

Then the entropy estimate show that R,,..(7T") is bounded, and then R,,..(7) is
bounded. This implies that for all 7 > 1, R is bounded.

Using this bound on R, we can bound from below the injectivity radius. Since
the volume is bounded, this also gives us an upper bound on diameter. Using
the diameter bound and the fact that the growth of distances is bounded, we can
conclude that for T'— 7 < 1 the estimate

L(xr,yT) < C/(T — 7).
By the Harnack inequality again we get for all £ > 1, any two point x and y,
R(z,t) < CR(y,t+1).

Therefore we get a lower uniform bound of the scalar function R.
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1.8 derivative estimates of R

Once we have a uniform C° bound of R, we can get the uniform bounds for all
derivatives of R for all time. In fact, since we have a uniform bound on volume,
diameter and the injectivity radius, we have the uniform control of the Sobolev
constant. So one may use the energy bound method to proceed as follows.
By induction, we have the following evolution equation for the derivative |[D"R|?
of R:
(0, — A)D"R|? = —=2|D""'R|* + %, j—n D'R* D’R x D"R.

Integrating over M, we can find some uniform constant ,, such that

d
a/\D"R]2+/2\D”“R]2 < Cn/]D”R\z.

Using the well-known interpolation inequality we have that

/|D"R|2 < Cn1/|D”+1R|2+O/R2.

d
E/yD"J-‘z\?Jr/|D”R|2 <C.

By the Gronwall inequality we have that

Then we have

1R < co),

for all n and all time. By Sobolev imbedding theorem, we then have the uniform
bound of all derivatives of R.
In the interesting paper, W.X.Shi [32] find the following Bernstein type estimate

Theorem 1.8.1 Along the Ricci-Hamilton flow, if R is uniformly bound, so are the
derivatives of R. In fact, If |R| < C, we have, on 0 <t < C™', for each > 1, there
exists a uniform constant C, > 0 such that

|ID"R|* < C,C/t"?,
Proof: Recall the following equations for the scalar curvature and its derivatives:
(0, —A)R=R(R—r).

and
(0 — A)\D"R|2 = —2\D"HR|2 + ZHJ-:nDiR * DR x D"R.

Assume that |R| < C and consider tC' < 1. Define

F =t|DR|* + AR*.
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Then we have
(0, — A)F < (Ct|R| — 2A)|DR)* + C*A

Take A > C. We have
(0, — A)F < C?A

Since F' < AC? at the initial time ¢ = 0. By the maximum principle, we have
F < (14 Ct)AC? < 2AC?

This gives us
t|DR|* < 2AC?,

By induction we can get that there exists a constant C), > 0 such that

|ID"R|* < C,C/t"?,
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1.8.1 case two:R > 0 only in some where

In this case we first try to get a uniform upper bound of the scalar curvature function
R. According to the lesson learned from the case R > 0, we need only to need to
bound the injectivity radius of g(¢). In fact, once we have injectivity radius bound,
we can combine the Harnack inequality with entropy estimate to get a uniform
supremum bound of R. The injectivity radius bound also implies a uniform bound
for the diameter of g(¢). From the diameter bound we can get the uniform positive
lower bound of R — s. Then we can see that R > 0 at large time. Then we obtain
the following result of B.Chow [9]

Theorem 1.8.2 Assume that R(0) positive somewhere. Along the Ricci-Hamilton
flow, we have for large t > 0, R(t) > 0.

So we need only to prove the following

Theorem 1.8.3 Along the Ricci-Hamilton flow, we have for anyt > 0, we have the
following injectivity radius bound:

i(9(t)) 2 min{i(9(0). min ———x},

where i(g(t)) is the injectivity radius of g(t).
To prove this result, we need the following three lemmas.

Lemma 1.8.4 Let v be a shortest closed geodesic on (M,g). If the length of v is
less than ;’r , then v is stable. That is to say, the second variation of the length
functional at v is non-negative.

Proof: We argue by contradiction. Assume + is unstable. Choose a closed curve 4
near to v such that

(7)) <1(v)-

By choosing two points p and ¢ in v, we break ~ into two piece 7, and v, of equal
length. We can also choose two points p and ¢ in 4, and break ¥ into two piece %,

™

and 45 of with their lengths < T We can find unique geodesics 3; ( which is

near by 4;) joining p and ¢. Then we have
H(B:) <1(%)-

Then we should have
Assertion: There exists a smooth closed geodesic G with

1(B) < U(BLUB).
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In fact, let A be the space of all non-degenerate pairs (ajas) joining two points

x € M and y € M with
T

Vv Kmaw
for i = 1,2. Then A is an open 4-manifold locally parametrized by points in M x M.
Define

l(oz@) <

m = i&f(l(al) + ().

Clearly, by using the fact that the exponential map of M being a diffeomorphism,
we have
m > i(g).

As in [28], we can find that the infimum m is achieved by some 5 € A. If 3 is not
smooth, we would shorten (3 inside A. Hence, we have that ( is a smooth closed
geodesic curve. This proves the Assertion. Using this Assertion, we get a contraction

with our assumption at the beginning of the proof.
O

Lemma 1.8.5 Let v be a geodesic loop in g(t) as in the above Lemma. Then along
the Ricci-Hamilton flow, we have, at time t,

d

%l(’Y) > rl(7)

Proof: . Let T be the unit tangent vector fiend on v and let NV be its unit normal.
Note
VN = 0.

Then we have the second variational for the length functional at ~:
1
/(R(N,T)N,T> = —§/R > 0.
gl

Then we have

Hence

O

Lemma 1.8.6 Suppose 7, is a shortest closed geodesic in the metric g(t). If [(v) <

——==— then for e > 0 small enough, there exists a geodesic vy;_ in (g(t —€)) with
\/m J g g Mt (g( )

H(i-e) < 1(7),

where I(7s—e) is the length of vy;— in the metric (g(t — €)).
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Proof:  For notation more clear, we write v = ;. Using the lemma above we have
some € > (0 small such that

li—e(7e) < L),

where [;_. is the length functional in the metric (g(t —€)). By choosing two points p
and ¢, we break 7, into two piece y; and 7, of equal length in the metric (g(t — €)).

Since -
t—e (%) <

Kinaz(t — €)

for sufficient small €, we can find unique geodesics ; ( which is near by ;) joining
p and ¢ in the metric (g(t — €)). Then we have

li—e(Bi) < lie(i)

Using the Assertion above we have a smooth closed geodesic 3 such that

ltfe(ﬁ) S ltfe(ﬁlUﬁ2> < lt(fyt>7

Then we are done. [

Proof: According to the lemma above, along the Ricci-Hamilton flow, if the length

. . . 27-‘- . . . .
functional of shortest closed geodesic is less than T’ it is increasing. Then

by using the Klingerberg lemma [7], we have

i(g(t)) = min{i(g(0)), min-cp,)—=———== \/7
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1.9 solitons are limit at infinity

Definition 1.9.1 A solution g(t) to the normalized Ricci-Hamilton flow is called a
Ricci- soliton if there exists a one-parameter family of diffeomorphism ¢(t) : M — M
such that

g(t) = o(t)"g(0).
Let X = Lo(t). If X = =V f for some smooth function, then we call g(t) the
gradient soliton.

Clearly we have
Org = Lxg.

Then we have we have
Lxg=(r—R)g.

This means that X is a conformal vector field. Hence ¢(t) are conformal diffeomor-
phisms. Note that
(Lxg)ij = ViX; + V;X;,

we get

(’l" - R)g” = VZX] + V]XZ
If g(t) is a gradient soliton, then X = —V f, and we have

(r— R)gij = —2Dy; f.
Taking the trace of both sides we get
Af=R-—r.

Clearly in the case when M = S?, the conformal group of S? gives the gradient
solitons on S2.
Recall

M;j = D;D; f — %(R — 7)Gij
Then we have the following evolution for M;;
Lemma 1.9.2 Along the normalized Ricci-Hamilton flow, we have
(O — A)M;; = —2RM,;; + rM;;.
Proof: We do computation in normal coordinates. Recall that
Af=R-—r

and

fi—Af=Rf+0
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where b is a constant. Then we compute
1
oLy = _Egkl(viRglj + V;Rgi — Vi Rgy;)

and
Oufis = Diife — (T fie
Using the relation that

R
Riji = E(gilgjk — ik

we obtain

DijAf = fkkji = fkjki - Vi<lefl)
= frjir — Ripjfr + Rafi; — Rfu — ViRafy
= fikir + Bl o + Rafiy — Rjfu — ViRfy
= fjikr — Ve(Ropif) — Ry, fkl
+Rafiy — Rufu — ViR fi

1
= Afu— §(Rifj + [iRj — Ry fxgij)
1
= 2R(fi — 5Af9y)
By the definition of M;;, we have
1
Mi; = fij = 5(B = 1)gis.
Compute,
1
atMij = ék(D?jf - §(R—T)gij)
1
S(r = R)0.gi

2
1
= Dy(Af +7f)+ S(ViRSj + VRO — VFRgy)

1
= ijft - (FZ‘)tfk - éRtgij +

—%(AR + R(R—7))gij + %(R — )%
= DiyAf+ %(ViRij + VRV, f — ViRV fgij)
—%ARgij + rM;;.
Combining these relations together we get
O M;; = Afij — %ARQU + (r —2R)M;;
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This implies that

1
GtMij =A (fz] — §(R — r)gz'j) + (7’ — QR)M”

O

From this lemma we can easily get

Proposition 1.9.3 Along the normalized Ricci-Hamilton flow, we have
(0 — D) [My|* = —2R|My|* — 2| Dy My|*.
Proof: 1t is easy to see that
O\ My|> = 2M;;0M;;
= 2M1J(AMZJ + (7” — 2R>Mw)
= A[My|* = 2R|My|* — 2| Dy Mj;|?
O

This is our result mentioned in section 1.4.
By the maximum principle we get the important estimate

Proposition 1.9.4 Along the normalized Ricci-Hamilton flow, there exist constants
C1,Cy > 0 such that
’Mij’2 < CleicQt.

Recall that our Ricci-Hamilton flow is a family of the metric g(¢) satisfying
Orgij = (r— R)gij-
Set
g=diy9
where ¢; is the diffeomorphism generated by the gradient vector field V f.
Then we have o
3@5 = QMij(g) = M;;
From the estimate above we immediately know that
|Mij|2 S C’le_CQt.
Then we have the limit at infinity for M,;:

So we have

Ry =r.

This means that R converges exponentially to the constant r. From this we have that
the scalar curvature R converges exponentially to the constant r. This eventually
implies that the metric g(t) converges exponentially to the constant curvature metric

Joo-
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Chapter 2

Bartz-Struwe-Ye estimate

We first introduce the Moving plane method. Then we discuss the beautiful argu-
ment of the new Harnack inequality found in [4] for the Ricci-Hamilton flow on the
sphere S?. In this kind of argument, they have to use the uniformazation theorem
on the sphere S?. Note that in the first Chapter, the uniformazation theorem is a
by-product of the convergence theorem proved in the last section.

2.1 Moving plane method

In this section, we introduce an application of the maximum principle. By now it is
called the moving plane method. This tool was first introduced by A.D.Alexanderov,
was used by J.Serrin to study a free boundary problem. More than 20 years ago, it
has been used by Gidas, Ni, and Nirenberg [16] to prove the following result:

Theorem 2.1.1 Given a locally Lipschitz function f: R — R. Assume that
u € C*B,)NCYB)
satisfies the following partial differential equation:
—Au = f(u), u>0 in B

and
u=20, on 0B.

Then u = u(r) forr = |x|, i.e., u is a radially symmetric, so that uv'(r) < 0 in (0,1).

If n = 1, the theorem above implies that u is a even function in [—1, 1].

Proof: We will only prove the difficulty case when n > 3.
Choose a constant K > 0 such that

|f(y) — f(2)] < Kly — 2|
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for all y,z € [-M, M] where M = maxp, |u|. Since our equation is rotationally
invariant, we need only to prove that wu is reflection symmetric. We will prove that
u is symmetric with respect to the plane x; = 0.

We now consider the reflection point z* of the point x € B; with respect to the
plane 1 = A. Then for x = (21, x3, ..., x,), we have

2t = (2N — 21, 29, ..., Ty).

Let
Yy ={z € By;x1 < A}

and define

Then we have the equation
—Auy = f(uy), in Xy.
Hence we have
—Aun —u) = flun) = fu) = Cx(z)(ur — v)
on X, where |C)(7)| < K. Note that
uy —u =20, on 0%,

Let v = sup{u — uy,0}. Then we have

/ Vof? = —/ Av-v
2)\ E)\

The left side is bounded by

K|E,\|Z(/ UQn/(n—Q))(n—?)/n
PN
By the Sobolev inequality we can bound it from above by

< K\EA|2/"/ Vol

Za

So for |X,| sufficient small, we have the upper bound

1
—/ Vol
2 Js,

44



Hence we have v = 0 on such a X,. So we have
Uy > U, On Xj.
Thus we have proved the following

Assertion 2.1.2 There exists a €1 > 0 such that for all X € (—1,—1+¢€1), we have
uy > u, on 2.

Define

A =sup{p € (=1,0);uy > u; in X, for all A < u}

from the assertion above we have
—1<X<0.

Assertion 2.1.3

A=0.

In fact, if A < 0, then we will show that there is a € > 0 such that for all A € [\, A +¢)
we have
Uy > U, On Xj.

This implies that A can not be the supremum. Thus we get a contradiction.
We now choose a compact set Ds C ¥ for some d > 0 such that

|Ex— D5| < 0.

Then we have
uy —u > a(d) >0

on Ds. So by continuity, we can find a €; = €;(d) > 0 such that for all

A€ [X,X + 61)
it holds

uy —u > a(d)/2
on Ds and

|E)\ — D5| < 20.
Since

—A(uy —u) = Cx\(z)(uy — u)

on Xy — Ds and

uy—u >0

on O(X, — Ds), we can use the argument for Assertion 4.7.2 to prove that
uy—u >0

on ¥y — Dy for § > 0 small enough. Thus we have A = 0. O
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We close this part by recalling the Hopf boundary point lemma.

Theorem 2.1.4 Let Q be a bounded domain in R". Let u € C*(Q) N CY(Q) be a
solution of the following partial differential inequality:

(0 — A)yu+c(z,t)u <0

where c(x,t) > 0 is a bounded function on Q x [0,T). Assume that there is a point
2V € 0O and a time ty € (0,T) such that

u(z%,tg) > u(x,t)

for all (z,t) € Q x (0,T) and u(z°,ty) > 0. Suppose that Q2 satisfies the interior
sphere condition, that is, there is an open ball B C §) such that 2° € 0B. Then we
have

ou
5((130, to) > 0

where v is the exterior unit normal of 02 at z°.
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2.2 A new Harnack estimate
Recall that we study the Ricci-Hamilton flow on the sphere S2,
g = (r—R)g, (1)

with g denotes the evolving metric, R the scalar curvature and r the average of R.
Let ¢ := gg2 be the standard metric on S? of volume 47. Let

g=¢c“c.

Then the flow (1) becomes

88% =Au—2+re", (2)

on S? where A, is the Laplacian on the standard metric c.
We consider S? as the standard unit sphere in R® and let

F:5* > R?
be the stereographic projection , whose inverse is given by
FY2) =z, |z - 1)/(1 + |2|*), € R?
We introduce the following coordinates
r = (21, 22)
around the north pole py = (0,0, 1):
G: R*— 5% — {py}
G(r) = (22,1 —|z) /(1 + [2*), |2[ <1
For a given smooth function f on S?, we set
(F9*(f9s2) = [ore,
where gre denotes the Euclidean metric. Then f is given by
fla) = f(F~(2)4/ (1 + |2*)? (3)
A simple computation leads to
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Lemma 2.2.1 Define

ap = f(po) = (f - G)(0,
a; = O(f-G)/0x;(0)

and

a; = 0*(f - G)/9x'927(0).

Then we have the following expansions near co:

Fa) = el (a0 + avaifll? + (s~ 2audg)asa el + 001 /1o

— 16x; a;T;

of/0x; = — ’ J°J

fi0w o (0 B
4CLZ' SIZ

7
PO +O(1/[z[")

We will call these expansion as (4).

Let uy be a smooth function on S?, and letu be the unique smooth solution of
(2) with initial value ug on a maximal time interval [0,7%). We let f = e, define
w, f in terms of

(FY)"(fgs2) = fgre, [ =¢e"

and let
CL()(t) - f(p07t)7
af(,t)-G
i) = M),
P(f(.,t)-G
aty = S G,
Note that A
w(z,t) = u(F(a,t)) + logm (5)
and that w satisfies the following flow equation
o = Aw + re (6)

where r is the average scalar curvature of the metric

e“gge.

By Lemma 2.2.1, the expansion above holds for f(.,t) with ag = ag(t),a; = a;(t)
and a;;(t). we notice that the expansion is uniform for all x € [0, T, where T is any
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given number in [0,7%). Our purpose is to estimate Du. We introduce the mass
center y(t) of w(.,t) as y(t) = (y1(t), y2(t)), where

" dag(t)’

yi(t)
Then we have the following
Proposition 2.2.2 The is a constant C' > 0 depending only on ||ug||cs such that
ly@®[l <C
for all t € 0,T%).

Proof: Given T € (0, 7). Doing a rotation of coordinates and the transformation
T9 — —xy if necessary , we may assume yo(7") = max;|y;(T)|. By the expansion (4)
and the arguments for Lemma 4.2 in [16] we derive that for some Ay > 1 depending
only on [|ug||cs the following holds:

For each A > g,

f(z,0) > f(a*,0)
whenever x, < A, where 2* = (11,2)\ — x3) for z = (21, 75). (Note that z* is the
reflection of x about the plane x5 = A.) Hence,

w(zx,0) > w(z*,0) (7)

whenever x5 < A, A > Ao. B
Using the same argument and the fact that the expansion (4) for f(.,¢) is uniform
for all t € [0, T], we can find some A; > )¢ such that for each A > \;

w(zr,t) > w(x*t) whenevert € [0,7] and x5 < \. 8)

We are going to show that y,(7") < Ag. To prove this, we consider the function
w(x,t) := w(z?, ) on the region 2o <\, 0 <t < T and define

I=1{\:X> o, A > mazoci<rya(t), w* <A}

Note that w? solves the equation (6) and coincides with w along the plane zo = \.
By (8), I is nonempty.

I is also open. Indeed, w* := w can never happen for A\ > X\ because of (5).
Hence for a given \ € I, the maximum principle implies

wr <X for xp < A, (9)

and the proof of the parabolic version of the Hopf boundary point lemma implies
that
ow

— 1
8$2<0 (10)
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along the plane zo = A. Consequently,

7/\ <f for my<A (11)
and af
pr. <0 (12)

along the plane x5 = X\, where

f/\(l',t) = f(IAvt)

is defined on w3 < . For each fixed ¢ € [0,T], we can move the origin to y(t) and
find the new expansion for f at time ¢ in the following form:

Flo,t) = |f|4<ao + S5 0(ja] ) (13)
and
.16 .

with different coefficients a;;. The plane x5 = A becomes the plane xo = A —y»(¢) in
the new gauge. Since A € I, we have A — y»(t) > 0. Hence we can argue as in [16]
to show that there is an e(t) > 0 with the property that:
if s € (A—¢€, \+e), then f5(.,t) < f(.,t). Using the facts that A > mazo<i<7ys(t)
and the expansion above is uniform for all ¢ € [0,7], we can choose €(t) for all
t € [0,T]. Clearly
ref

is equivalent to w* < w. By this we obtain that
AN—€eA+e)CI

for some e. Thus we have proved the openness of I.

W now try to prove that [ is closed in [Ag, 00). Let A > X\ be in the closure of 1.
By continuity of w, we have w* < w and A\ > mazo<i<ryz(t). If X = maxo<i<rya(t),
then we have A = ya(t2) for some ¢, € [0,7]. Consider now the point yo(ty) as the
origin and the corresponding stereographic projection F' : S? — R?. Define z and
2> by

F*(e“gre) = €°gs2, F*(ewAng) = ezkgsz.
Then z, z* are defined on S% % [0,T] for a semi-sphere S%. The functions z and 2
satisfy the equation (00) and we also know that z* < z and z* and 2 are the same
on 9S%. Using the Lemma above and the expansion (13-14) above at to, we have at
the north pole N that \

oe*  0e?

ov  Ov
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where v is the inward unit normal of 953 . this implies that

0z 92 _0
o v
at the point (N, ty). By the Hopf boundary point lemma we have that z* = 2 on

0S%. This gives us that w* = w, which is a contradiction with the property that
w(z,0) > w(x*,0). From this we conclude that whenever A € I, it holds that

A > mazo<i<rya(t)-
This shows that I is closed. Hence we have that I = (A9, 00). This means that
yQ(T) S )\0.

Then |y(T')| < C. Since T is arbitrary, we proved what we wanted. O

It is also clear that the proposition above implies that |Vu(N,t)] < C for all
t € [0,7*). By using a rotation, we can transform any point in the sphere into the
north pole. Thus the proposition gives us the following uniform gradient estimate

Theorem 2.2.3 Along the Ricci-Hamilton flow (2), we have a uniform constant
C > 0 such that
|Vszu(x,t)] < C

for all x € S?.

Integrating along a great circle connecting the maximum point and minimum
point of e*®) we get that
inf e > C'sup e.
My M;

where M; = M x {t}. This is a new Harnack inequality for the Ricci-Hamilton flow

(2).
With this Harnack inequality we can prove the global existence and convergence
at infinity as before.
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Chapter 3

Hamilton’s another proof on S?

In this part, we describe the new proof of R.Hamilton [19] for the convergence of
the Ricci-Hamilton flow. Usually this is called a proof via an isoperimetric estimate
and a singularity analysis.

We study a metric ¢ = {g;;} on the two-sphere S? evolving under the Ricci-
Hamilton flow, which is not normalized and on a surface takes the simple form

0
Egij = —Rg;;

where R is the scalar curvature of g. This flow is different from the normalized Ricc-
Hamilton flow just by a rescaling. The reason for this change is that we are consid-
ering geometric quantities which are invariant under the delation. So these changes
does not affect any any results claimed true for the normalized Ricc-Hamilton flow.
We point out that in this section, we call this un-normalized flow the Ricci-Hamilton
flow, which is the only place that is different from the previous sections.

We now consider any curve A of length L on S? dividing the total area A into
two connected parts A; + Ay = A, and take the smooth curve A of least length L
on the round sphere of the same total area A = A dividing it into two connected
parts A; + A, = A with A; = A; and A, = A, the same as before. We form the
isoperimetric ratio

Cs(A) = L/L,

and we let

s = inf Cs(A)

taking the infimum over all smooth curves A on S?. It is well-know that the shortest
curve A cutting off areas A; and A, on the round sphere is a circle of latitude, and
its length L is given by

47 1 1

L2 Ay Ay

In fact, in the stereographic coordinates, we can write the metric on the standard
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sphere as

= o (dr + r2d6P).
9= Trrp @ )

Let v(6) = (1o, 0) be a circle of latitude. Then its length is

21 2 4
L(y) = / o= "0
0

1+27 1402
We have ) )
o 70 s 4 4
A = / dr / T _pdh = —0
0 o (14+1r2)? L +7g
and 4
i — T
Ay =47 — A = .
2= A L + 12

Combining these together, we find that

1 1 1 1

Towa )

7 4r

Using this formula, we find that the isoperimetric ratio of A can be expressed as
1 1
CeM) =L —+—) /4
Ay =2 (44 ) fam

By definition, on the round sphere we have C's = 1 , and in any other metric
we can come as close to this as we wish by taking a very short curve like a small
circle. Hence C'g < 1 in any metric. When Cg < 1 we will show that the value of
Cg is attained by Cs(A) for some A which is a single simple closed loop of constant
curvature. The constant C'g is also the Sobolev constant, defined as the best constant
in the following inequality

1/2
{ixclf/(f—c)2da} g@s/wﬂda

where the infimum is taken over all constants c¢. In fact equality is attained precisely
when f has a jump discontinuity along the optimal curve A and is constant on either
side. For a outline of a proof, see the nice survey article by Yau [37].

Theorem 3.0.4 (Main Theorem) The isoperimetric ratio C's increases under the
Ricci flow on the two-sphere.

This estimate gives us a new proof of a theorem by Ben Chow [9].

Corollary 3.0.5 (/9]). Under the Ricci flow on the two-sphere, any metric ap-
proaches positive constant curvature.
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Proof:  As we already met in previous sections, by the Klingerberg lemma [7], the
injectivity radius can be controlled by the maximum of the curvature and the length
of the shortest closed geodesic circle. The isoperimetric ratio controls the length of
a short geodesic circle in terms of the maximum curvature (see [8]). Therefore, if
we take a sequence of points in the space-time where the curvature is as large as it
has ever been and dilate so the curvature there is one, we can extract a convergent
subsequence.

If the curvature times the area is unbounded, the limit will be complete but
not compact, and we can arrange that it is an eternal solution to the Ricci flow,
that is a solution defined for all time ¢t € (—o0,400). Since the scalar curvature
is bounded below, after dilating the limit will have nonnegative curvature. Since
it is not flat, the strong maximum principle shows it is strictly positive. By the
Gromoll-Meyer theorem which says that any n-dimensional complete non-compact
Riemannian manifold with positive sectional curvature must be diffeomorphic to
R", we know that the limit is (R? ds?). It then follows that the limit is the cigar
solution ) )

ds® = v tdy .
1+ 22+

In fact, we can write the limit metric as
ds® = g(x,y)(dz* + dy?).
Let
x = e'cosu
= e“sinv
for u € (—o00,+00) and v € (0,27]. Then we have the metric on the cylinder,
ds* = g(u,v)(du® + dv?)

where
g(z,y) = g(u,v)e "

Since the limit metric is a gradient Ricci soliton (see also the Main theorem in [25]),
the soliton is moved down by translating in the coordinate u. Then we have a
smooth function f defined on the cylinder such that the gradient of f is just a%
for some constant a € R, which generates the soliton metric. Hence we have

fu:agv fUZO-

This implies that g = g(u) is a function of u and a # 0. Thus g(u)e 2" is a smooth
function of 22 + y? = €?* and g(u + at) defines the soliton. Note that the scalar

curvature of ds? is
Rl (9_“)
g\g/.,
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Using the equation of the Ricci-Hamilton flow we get

agy = -
9/ u

Solve this and we obtain that

B CeC'u
g C) £ aeCu
Since g > 0, we must have
CGCU
9= Cu’
Cl + ae

After rescaling of the constants, we have

e

9= 1+ eCu’

Since g(u)e " is a function of e** we can arrange the constant C' such that

eQu

9= 1 4 e2u’

and this gives us that
da? + dy?
ds?® = ey .

1+ a2+
But the cigar has isoperimetric ratio zero; hence it cannot occur as a limit of surfaces
whose isoperimetric ratio is bounded away from zero.

The other possibility is that the curvature times the area is bounded. In this
case the limit of the dilations will be compact. Again it will have strictly positive
curvature. Since the normalized entropy

E = /Rlog(RA)da

is monotone decreasing for the Ricci flow, it must be constant on the limit flow.
But then Ben Chow’s proof (see section 1.6.2) of the entropy estimate shows that
a certain integral of a positive expression is zero, which implies that the limit is
a compact homothetically shrinking solution. But we know this can only be the
sphere. []

We now discuss the existence and smoothness of the optimal curve A.

Theorem 3.0.6 On any surface with Sobolev constant 6; < 1 (the isoperimetric
ratio on the sphere) the minimum is attained on a smooth curve A.
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Proof: If the length L is sufficiently short, the curve lies in a single coordinate
patch where the metric g;; is bounded above and below as closely as we like by the
Euclidean metric 4,5, say for any € > 0

(1 —€)diy < gij < (14 €)dy.

Let Lo be the length of the curve measured in Euclidean metric and let Aj is the
enclosed area in the coordinate patch measured too in Euclidean metric. Then we

have
\/1—6L0 SLS \/1+€L0.

If A; is the enclosed area in the coordinate patch, then
(1—€)Ag < A; < (1+€)Ap.
Hence, by the isoperimetric inequality in the plane
L3 > 41 A,

we have
€

47TA1

L2>1_
“14c¢

and hence

1 1 1—c¢
CZAN) =L —+ — ) J4r > :
S( ) (A1+A2)/7T_1+€
Assertion 3.0.7 For every n > 0 there is a A > 0 and a > 0 such that if C3(A) <
1—mnthen L > X and Ay > a and Ay > «a.

In fact, if Cy < 1, we can approximate it as closely as we wish by Cs(A) < 1—n
for some A. Then this A has length L > A. Since L is not too small, neither area
can be too small either, so we can find an « > 0 such that A; > « and A; > «.

Both A; and A, are no more than the total area A, so they are also bounded
above. Then L is also bounded above; in fact

L? (i + i) Jam = Cs(A) < 1

Ay A
and
112
A A, T A
SO

L < V27A.

This restricts the geometry of any curve A with Cg(A) < 1. O
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The fact that the lengths are bounded does not tell us a lot. If we parametrize
the curve by arc length s then

dxt dxi
gzg%% S
so in a coordinate patch where g;; is comparable to the Euclidean metric, the coor-
dinate functions z* and x? have one derivative with respect to s in L', which makes
them continuous, but this does not help much. Since the dimension is low, standard
techniques will apply. But here we follow a new approach of R.Hamilton.

The idea is to take our approximating curve and improve it by running the curve
shrinking flow on the surface for a short time. The curve shrinking/shortening flow

is
ar
i
where N is the unit normal defined by normalizing d7'/ds and k is the curvature
of the curve I'. The existence of the flow can be proved by expressing the nearby
curve as a graph of the initial curve (see appendix C). Here we move each point on

the curve in the normal direction with velocity equal to the geodesic curvature k at
that point. The enclosed areas A; and A, evolves at a rate

dA; dA;
W——/kds,ﬁ—%—/kds

while the length evolves at a rate

dL
& [ ks,
dt / s

/kds+/Kda—27r

on A; (or Ay) since a circle S' on S? encloses a disk D?. Now K and A; (or Ay) are
bounded, so [ kds is bounded. The Sobolev constant evolves at a rate

kN

By the Gauss-Bonnet theorem

d 9odl,  1dA, 1dA, 1dA
D ogOg(A) = 20 Lad 1 1ad
gloeCsN) =T = Y AW

and since L is bounded above and A; and A, are bounded below, we have

d
pr log Cs(A) <0
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Hence, we can find a constant F such that Cg(A) decreases when A moves by the
curve shrinking flow unless
/ k*ds < E.

We now recall a basic property of curve shortening flow.

Lemma 3.0.8 For the curve shrinking flow on a closed surface, there exists a con-
stant C' < oo such that if we have a solution for 0 < t < 1/M with k2 < M with

any M > 1 then
ok\?
(%Y < cann

Proof:  Apply the maximum principle to

ok
t{=— k?
(as> "
and the result follows. One can find more detail in Appendix C. [J

We can flow the solution until £ becomes unbounded, and hence as long as

sup th*(p,t) <1
p

because all the derivatives also stay bounded by the same sort of argument. Suppose
the equality above is reached first at some time 7 < 1 at a point £ where

Tk* (¢, 1) = 1.

[If not, L is bounded and k? is bounded and we get [ k*ds < E as before.] Then by
the first derivative estimate we get

Tk (p,7) > 1/2

for all p whose distance to & is less than ¢4/7 for some ¢ > 0. Then

/des > c/\T

for some other ¢ > 0. This shows Cg(A) decreases unless 7 is not too small, and
then [ k?ds < E for some E anyway.

Lemma 3.0.9 For every closed surface and every n > 0 there exists a constant E
such that if C5(A°) < 1 —n then under the curve shrinking flow Ay evolves into a
curve Ay with

Cs(A") < Cs(A?)

/des < FE.

29
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Proof: By the previous argument, as long as [ k?ds > E the Sobolev constant
Cs(A") continues to decrease. By the previous lemma, we can decrease the isoperi-
metric constant and bound the L? norm of the curvature of the curve along the
curve shortening flow. This proves the result. [

For use of proving our theorem, we also need an algebra lemma below:

Lemma 3.0.10 For any positive numbers Ly, Lo, A1, Aa, A3 we have

| 1
Lo L)y by
(Ly + 2)<A2+A1+A3)—

| 1 1 |
L2y L2
min{ " (7= + =) L (0 + =)

Proof: 1f not, we have

1 1 1 1
Li+ L)% (— 4 — V< L% (— 4 ——
Bt b ) = g
and 1 1 1 1
Li+ L)} (— 4+ ——— )< L (—+ ———).
(1+ 2) (A2+A1—|—A3)_ 2<A3+A2—|—A1

Rearranging we get
Aj(As + Ag) < L?

Ay(Ar + A3) = (Lq + Lo)?

and )
Asz(Ay + Ay) < L;

Ag(Ar + Ag) = (Lo + Lo)?
Adding these two inequality we get

oAy 2l
Ay(A + A3) (L1 + Lo)
Then we have
21,Ls 24, A3 <0

(L1 + L2)?  Ax(Ay+ As) —

So we have to have that L; =0 or Ly = 0,and A; = 0 or A3 = 0. A contradiction
with L17 LQ, Al, AQ, A3 being pOSitiVG.
O

Now to finish the proof of the theorem, take a sequence of curves A?) with
C’S(Ag) — Cy
as j — 00. Deform each by the curve shrinking flow to a curve A; with
Cs(Ay) < Os(A9)
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and

/k:?dng

where k; is the curvature of A;. Then we still have
Cs(Aj) — 65

so the A; are a much better approximating sequence.

Since each A; has
/ k*ds < E

we see that the curves are reasonably well behaved in local coordinate charts. Take
a chart where the metric g;; is comparable to the Euclidean metrics d;;, say %5@' <
gij < 20,5, and where the connection forms are bounded, say \Ff]| < 2. This happens
for example in geodesic coordinates or in harmonic coordinates. If s is the arc length
parameter in the g;; metric and 7% and N* the unit tangent and normal vectors then

dx’ ,
— T
ds
and ) -
d“z* - da? dx ,
—_— t,——— =kN".
ds? i* ds ds
Both T and N have bounded Euclidean length, so in the Euclidean metric
d*a
< C(lk|+1).
e <Ok +)

Since the length L is bounded, we get a bound

from the bound on k.
We try to bound the curvature k. of the curve in the Euclidean metric. Let [ be
the Euclidean length parameter. Then

AN 6-~d$i dz?

ds) — Yds ds
and dl/ds is bounded above and below since the metrics are comparable. Differen-
tiating again

2

ds < C

RE
ds?

dl d?l d*x' dx’

dsds? — “"Uds? ds

2
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and it follows that d?l/ds? is bounded. Then by the rule for inverse functions, we

have
d?l ds dl 2d23

wa -

Hence, d*s/dI? is bounded also, and we get

/

in our coordinate patch. This is just a bound

/szdsSC’

for the curvature and arc length of the Euclidean metric. Since in the place

2

2.1
co < o

dl?

df

k.= —
ds

where 6 is the angle of the tangent line, we see that

2
O —60, = /k‘cds
1

2 1/2 2 1/2
()" ([ )
1 1
< Cv/sy— 51
so the angle @ is of class C'/? with respect to arc lengths. Then for a short enough

segment we can write the curve as the graph of a function y = f(x) with |dy/dx| < 1.
Since

IN

B d*y /dz?
© L+ (dy/dx)?]Pr

d2y 2
—_ <
/ (da:'2> dr<C

and we see y is of class H2, and hence C'*2 with respect to z.
It is now easy to see that since the A; are locally uniformly bounded in L3 and

we now have

C*2 we can extract a subsequence which converges in Lll) for p < 2 or C*** for
a < 1/2. The limit A will be a genuine immersed curve. A limit of embedded
curves may not be embedded, but at least it cannot cross itself; at worst it will be
self-tangent. The limit will still have bounded norm in L} or C'*z.

Moreover the limit A attains the minimal ratio Cs(A) = C's. From this and the
last lemma above it easily follows that it cannot be tangent to itself, for it would
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be more efficient to take just one part of the curve or the other. Therefore A is
embedded. Now the usual first variation argument shows A has constant curvature

b L/ 1 1
2\ A A,
and hence A is smooth.

We are now in the right position to give the proof of the Main theorem, which is
a straightforward calculation. Start with the optimal curve A at time ¢ where C'g =
Cs(A), and construct the one-parameter family of parallel curves A, at distance r
from A = A, on either side. We take r > 0 when the curve moves from A; into A,
and r < 0 when it moves the other way. We then regard L, A;, A; and Cg = Cg(A,)

as functions of r, and ¢ also by considering the same curves A, at times ¢ near t.
First we clearly have

dA, dA,
W L and W =-—L
and by a standard formula
dL
— = [ kd
dr / s

where k is the geodesic curvature of the curve A,. (Of course by a standard varia-
tional argument £ is constant on A, but we do not seem to use this, except to check
A is smooth.) Thus we also get

2 d?
ﬁAl = /kds and WAQ = —/kds.

Now we use the Gauss-Bonnet formula

/Kda—{—/kds:%r
1

where the first integral is over the part with area A;. Differentiating the Gauss-
Bonnet formula with respect to r gives

d*L d
dr? dr s / ds

So much for the space derivatives.
Now we compute the time derivatives under the Ricci flow. This gives

dL
[ Kkd
dt / s

and
dA
d_tl = -2 [ Kda = —47 + 2 [ kds
dA
d_tQ :—2f2Kda:—47r—2fk:ds
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and of course dA/dt = —8m. So much for the time derivatives.
Recall that the Sobolev constant of A, is

1 1
Ce=L"—+-—)/4
s (A1 * A2> A
and taking logarithms for simplicity, we obtain
log O = 2log L — log A; — log Ay + log A — log 4.

First we compute

ilo 02_gd_L_id_Al_id_A?
dr & ST Ldr A dr A,y dr

d 2 11
—logC% == —L{——-—=).
ar 108 Cs L/kds <A1 A2>

At the infimum A when ¢t = ¢ and 7 = 0 we must have the first variation equal to
zero. This gives the useful relation

I? /1 1

which we can substitute in future calculations. The second space derivative is

2d°L 2 (dL 2_ 1 d2A1+ 1 [/dA, 2_ 1 d2A2+ 1 /dAy\?
Ldr? L2\ dr Ay dr? A2\ dr Ay dr?2 A3\ dr

which gives

2
d—log(]é =

which can be worked out to

d? 2 d2L 1 1\? 1 1
= ogC2 =222 2 - — 2 —4+—).
d7’2 Og 5 Ld’f’2 (Al AQ) _'_ ( + )

The time derivative is

d

2dL 1dA,  1dA, 1dA
—1og0§:d dA,  1dAy  1d

Ld A dt A dat  Adt
which can be worked out to

d , _ 2dL L2<1 i>2+4ﬁ At+A7
A1 As(Ar + Ag)

Since we have a "heat” equation
dL d*L
= _ | Kds = —=
dt / ST

so we can get the formula below.
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Formula 3.0.11 The Sobolev constant Cs satisfies

d & 4m(A2 + A3)
L logC2 = = log €2 A e}
a8 5 = g 8Ost i ay !t T

Corollary 3.0.12 If 625 < 1 4t will increase.

Proof: It suffices to show that 6?9 + et increases for all e > 0 no matter how small.
If not, we can find a time ¢ > 0 when it is no larger than at previous times, hence
at previous times 62 + et was no smaller. Hence at previous times 6?9 was larger
by e(t —t).

Now pick the optimal A at time £, and construct the family A, as before. Since
A is a minimum over all r at t = £, we get

2

d 2
Wlogcs Z 0

and hence for Uz <1

d
ElogC% >0

which means at times ¢t < ¢, 6?9 was not larger than its value at ¢ by more than
d(t—t) where 0 is as small as we like for ¢ near . When § < € we get a contradiction,
proving the Main Theorem. []
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Chapter 4

Perelman’s W-functional and its
applications

Using the trick used in [30], we can give a third proof of convergence of the Ricci-
Hamilton flow on surfaces. However, we will not do that here. We prefer to give
some easy but important introduction to Perelman’s work [30]. This work is really
a ground breaking! Before reading this chapter, we suggest the readers look at our
introduction of works of R.Hamilton in our appendix A of this book.
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4.1 Is the Ricci-Hamilton flow a gradient flow?

Some years ago, many people believed that the Ricci-Hamilton flow is not a gradient
flow. In [30], G.Perelman proved that it is a gradient flow. Actually he introduced
two functionals. One is called F functional. The other is the W- functional. Both
depend on the existence of the Ricci-Hamilton flow. This means that, we first prove
the existence of the Ricci-Hamilton flow. Then we solve a non-linear back-ward
scalar heat equation. The functionals depend on the solutions of the non-linear
back-ward scalar heat equations. Hence, once we know that it is a gradient flow,
we can expect that there is any period orbit except the fixed points in the space of
riemannian metrics mod diffeomorphisms. Here the fixed points are Ricci solitons for
the Ricci-Hamilton flow. In general, classifying Ricci solitons is a difficulty question.

Let M™ be a closed manifold.

Let g be a Riemannian metric on M and let dV be the volume form of g. Let
R be the scalar curvature of g. We follow the idea of G.Perelman [30] introducing a
new functional F as follows

]—":/(R+ |Df|})e 1 dV (4.1.1)
where f is a smooth function on the manifold M. Set
dm = e 'dp.
We consider the variation for the metric g and.for the functiqn f. Write by dg;; = vij,
df = h the variations respectively. Let v = gv;;, where (¢*7) be the inverse matrix

of (gi;). Let R;; be the Ricci tensor of g.
Recall that

dR = —Av+ D;Djv;; — Rijvij,
S|Df? = v’DifD;f +2(Df, Dh),
s(efdv) = (% — h)e~fav.

Let dm = e~ fdV. We make dm be fixed. Then we have % —h=0o0on M.
Then we get

0F = /M[—AU + D;Djv;; — Rijvij +
2Df. D)+ (R+ |DfP)(5 — W)ldm
Using the facts that
/ e ' D;Djv;dV = / D;Dse fvy;dV = / (fif; = fij)vi;dV
M M M
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/efAvdV:/ AefvdV:/ e I[|IDf]? = AflvdV
M M M

and

/ e (DF, Dh)dV:/ e I|Df|? — AflhdV
M

M
we get

(Sf = —/ Uij(Rij + DZD]f)dm
M

/dmzl.
M

then the evolution equations for the gradient flow of F is

Recall that

0rgij = —2(Ri; + ViV, f)

and

(O +A)f=—-R.

Let
X=Vf

be the gradient vector field on M. Let ¢(t) be the one-parameter family of diffeo-
morphisms generated by X. Set

Gy = (0°9)ij, f=foo.
Then, one can easily obtain that the metric g and f satisfy
Agij = —2Ry;, (O, +A)f =|V[f]?—R.

where all geometric quantities are from the metric ¢ In this way we have
M

This means that along the gradient flow F is non-decreasing in time ¢.
For fixed g, we define

Ag) = inf F(g, f).

where the infimum is taken over all smooth function with the property

/ e fdv =1.
M

Using the monotonicity of F, we know that A(g) is non-decreasing in time t.
This property can be used to show that there is no breathers in some special case.
For detail we ask the reader look at the remarkable paper of G.Perelman [30].
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4.2 W-functional and its property

In this section we introduce the W-functional of G.Perelman. Then we use it to
get a lower bound for the injectivity radius of the flow. This conclusion is the little
loop lemma of R.Hamilton, which is guessed to be by him. This is also one of the
most difficulty obstruction to Hamilton’s program on Ricci-Hamilton flow. With
this result, one can see that in a compact manifold of dimension three, we can not
have blow up narrow necks like the shape S! x B2.

Introduce the scale parameter 7 > 0. We define

W(gij, f,7) = /M[7'(|Df|2 + R) + f — n](4rr) M2 fav

where f is restricted to satisfy

/ (4rr) 2 FdV = 1.
M

Note that W is invariant under the simultaneous scaling of 7 and g;;.
Let 0 = 7. Using the results from the previous section, we get

1
5((4mr) el aV) = (v — 20 "9y (mr)y e gy

-
Then we obtain that

W = / [0(R+ |Vf]?) +1(v—2R)(Af — |V f])
M
—Tvij (RZJ + Dljf) + h
LR VP + £ — n)w — 20— ") () 2T ay

2 T
Take
vij = —2(Ri;+ Dy;f,)
h = —Af— R+,
2T
o = —1.

Taking the trace of the first equation, and then using the second equation, we have
n
=-2R+Af)=2(h— —
v="2R+Af)=2(h— )
Plugging this into the first variation formula for W, we obtain that
W= [ [mo®+ [VFF = n(af + |V57) +
M

27|Ri; + Dy fI? — Af — R+ 23](4m)*”/26*fdv
T
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Since
/ Ae—de:/ (IVf]> = Af)eav,
M M
we find that
1 2 -n/2 _—f
Wt == 2T|Rij —|— D’Ljf — _gZJ| (47’(’7’) e dV
M 2T

Define
p(gij, 7) = inf W(gij, f, 7)

where the infimum is taken over all smooth functions satisfying

/ (4rr) 2T dV = 1.
M

We remark that for fixed g and 7 > 0, we can use the Sobolev compactness imbed-
ding theorem, we can find

Assertion 4.2.1 The minimization problem inf VW is solvable.

Proof: 1In fact, let
¢ = e 7.

Fix the metric g. Then we have

Wig, f.7) = (dmr) "2 /M 47|V — 8 log & + (1R — n)IdV.

with phi satisfying
(4%7)_”/2/ P*dV = 1.
M
Without loss of generality we may assume that

A7t = 1.

So we need only to prove that the following functional
90) = [ WriVo = 1o + (7R~ n)olaV
has a minimizer in the subset
A= {pe HI(M), /qu“’dv 1

Note that by Sobolev compactness imbedding, A is weakly closed in H' and J is
weakly lower semi-continuous. So to get a minimizer of HJ over A, we only to to
prove that J is coercive on A. Let © € A. Then using the simple inequality

logx < nz'/™, ¥ oz >1,
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the interpolation inequality, and Holder inequality, we have

/uzlogu2dV §/ u?log u*dV
M {u>1}
< / urrrqy
{u>1}

< / u2t2ngy
Y

e/ u2+4/"dV+C(e)/ u?dV
M M

< e(/ WP dV) R 4 Ce)
M

IN

< e(/ |Vul?dV + C(e)
M
Choosing € = 7 we obtain that
96) = [ WrIVeP - #log? + (R - m?lav
M
> / [37|Ve|* + (TR — n)¢*]dV — C
M
> / 37|V¢|?dV + min(tR —n) — C
Y M

This proves the coercivity of J(-). By the direct method in calculus of variation and
evenness of J(-), we can find positive minimizer of

J(¢) — min

in the subset

h={oe (M) [ dav=1)

One can also minimize J(-) over the subset

B={pc H'(M);¢> 0,/ $*dV =1}
M

Here ¢ > 0 means that ¢(z) > 0 on M but ¢ is non-trivial. As in our earlier work
[27], we can prove that the minimizer is in the interior of B. OJ

The regularity of the minimizer can be obtained by standard elliptic theory [15]
One may see [27] and [34] for more about the variation theory on convex subset in
uniform Banach space.

Assertion 4.2.2 For an arbitrary metric g on a closed manifold M. the function
1(gij, 7) is negative for small T > 0.
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Proof:  We follow the argument of G.Perelman [30]. Let 7 > 0 be a small number
such that the Ricci-Hamilton flow exists on the time interval [0, 7] for the initial
metric g;;. Let u = (477)™"/2¢~/ be the solution of the conjugate heat equation,
starting from a o-function at ¢t = 7, 7(t) = 7 — t. Then we have

WT:—WtSO

and
W(g(t), f(t),7(t)) — 0

as t — 7. Therefore, by the monotonicity of W, we get

1(g,7) < W(g(0), £(0),7(0)) = W(g(0), f(0),7) < 0.
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4.3 Uniform injectivity radius bound
Given a solution g;;(t) of the Ricci-hamilton flow. We begin with

Definition 4.3.1 We say that g,;(t) is locally collapsing at T if there is a sequence
of times ty, — T and a sequence metric balls By, = B(pg,71) at time ty such that
72 [ty is bounded,

|Rm|(gij(tx)) <17, in By r;"Vol(By) — 0.
G.Perelman [30] proved the following

Theorem 4.3.2 If M is closed and T < oo, then the solution g;;(t) of the Ricci-
Hamilton flow is not collapsing at T

Proof: Assume that there is a sequence of collapsing balls By, = B(pg, ;) at times
tr, — T. Then we claim that

p(g(te), i) — —o0.
Indeed, we can take
fu(x) = —log ¢(ry disty, (x, pr)) + ck,

where ¢ = ¢(p) equals to one on [0,1/2], decreasing on [1/2, 1], and very close to
zero on [1,00), and ¢ is a constant. Note that using

(471'7’2)"/2/ fRdV = 1.
M

we get
ek = / (47rr,3)_”/2¢2(r,;1disttk (z,pr))dV < (47rri)_”/2V0l(Bk).
M

Clearly, since r,"Vol(By) — 0, we have
C — —OQ.

Let Ai(s) be the area of the sphere Sy := 0B(pg, 7). Let

Ri(s) = r,%Ak(s)_l/ Rdo
Sk

be the average of the scalar curvature over Si. Then we have

W(g(tk)v flm T}%) =
JTALF ()P + (Ris) + e — log £2 — n) £2(s)] Ax(s)
Jo f(5)2Ax(s)ds
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As in the last section, we can find a minimizer f of the functional

JIALF/(5)]2 = (log £2 + n) f2(s)] A(s)
Ji F(5)A(s)ds

with boundary condition f(0) = 1 and f(1) = 0. Here A(s) is area of the unit sphere
in the Poincare hyperbolic space H"(—1). Let m be the corresponding minimum
value. We now fix this minimizer function f in the all computation in this argument.
Just as in proving S.Y.Cheng’s eigenvalue comparison theorem (the philosophy is
that the large the domain (or measure), the smaller the first eigenvalue), we can use
the curvature bound |Rm|(g;;(tx)) < 7} in By, to show that

Jy WS () = (l0g /2 + m) ()] Au(s) _
Jy £()Ax(s)ds B

m.

Then we have
W(g(tr), fr, 7“;%) <m+n(n—1)+ c.

Hence, applying the monotonicity of W, we get

M(Q(O), bk + TI%) < :u(g(tk)7 Tl%) - —00.

Since tj, + ri is bounded, this is impossible. [J

Definition 4.3.3 We say that a metric g;; is k-non-collapsed on the scale p, if
every metric ball B of radius r < p, which satisfies |Rm|(z) for every x € B, has
volume at least kr'™.

Clearly this concept is scaling invariant up to a scale. This means that if a metric
gij is k-non-collapsed on the scale p, then a?g;; is k-non-collapsed on the scale ap.
With this concept and the theorem above, we can conclude that

Theorem 4.3.4 Given a metric g;; on a closed manifold M and T' < oo, one can
find a k = k(gi;,T), such that if we have the solution g;;(t) of the Ricci-Hamilton
flow on [0,T) starting at g;; , then gi;(t) is k-non-collapsed on the scale TY/? for all
te[0,7].

Using the convergence theorem of R.Hamilton (see appendix A below) we can
conclude that

Corollary 4.3.5 Fiz T < +oo. Let g;j, t € [0,T) be a solution of the Ricci-
Hamilton flow on a closed manifold M. Assume that for some sequence t, — T,
pr € M and some constant C' we have

Qr = |Rm|(gij(pr, tx)) — o0,
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and

[Bml(gi;(x,)) < CQ,

whenever t < t,. Then up to a scaling factor Qi of metric g;;(ty) at py there is
a subsequence of the metrics converges to a complete ancient solution to the Ricci-
Hamilton flow, which is k-non-collapsed on all scales for some k > 0.

This result immediately implies that we have a uniform injectivity radius bound
for the metric sequence involved in the convergent (see also Theorem 4.7in [8]).
This implies that the little loop lemma (see [21]) of R.Hamilton is true. According
to R.Hamilton [21], one can accomplish Hamilton program if one can improve the
Harnack differential inequality.

Before closing this section, we give some comments on remaining sections of
[30]: From the section 7 to section 10, G.Perelman generalized the Li-Yau-Hamilton
Harnack inequality and the Bishop-Gromov volume comparison theorem for Ricci-
Hamilton flow; from section 11 to section 12, he concentrates to dimension three
and tries to classify the ancient solution based on Hamilton’s pinching estimate.
These two sections are really hard and really good. His section 13 is about the
geometrization conjecture of W.Thurston.
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Chapter 5

Appendix A: Ricci-Hamilton flow
on Riemannian manifolds

5.1 preliminary material

Let (M™, g) be a Riemniannian manifold of dimension n. In the local coordinates
(x%), the metric can be written as

g= gijdxidxj
In short, we just write g = (g;;) or g = g;;. Let
(9") = (g:5)™"

be the inverse of the matrix (g;;). define

dp = y/det(g;j)dx

be the induced measure (which is the volume form on oriented manifold) on M.
Let

1
Ffj = §g’“l(8iglj + 0;9i — 019ij)

be the Christoffel symbols which give us the Levi-Civita connection and covariant
derivatives of tensor on M.
The Riemannian curvature tensor is

Réjk; = @-Fé»k — o, + 1L 17 — T TP

7 ip~ jk Jp— ik

Let
Riju = gne Rl

We also call this tensor the Riemannian tensor for an obvious reason.
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We now define the Ricci tensor:

Rix = "' Rij
and the scalar curvature function of M:

The Riemannian tensor R;j; is anti-symmetric in pairs ¢,7 and k, [, and sym-
metric in their interchange. So we can define the curvature operator on 2-forms:

Rm : N*M — N*M
and
Bm(U)i; = 6" 9% RijpqUrs = RijpqUpq
for the 2-form U = Upeda? A dz?. We have from the symmetry of R;;,; that Rm is
self-adjoint, that is,
(Bm(U), V) = (U, Rm(V)).
for the 2-forms U and V.
Definition 5.1.1 We say that (M, g) has positive curvature operator if Rm is pos-
itive definite in N2M .

Note that positive curvature operator is stronger than positive sectional curvature.
The Riemannian tensor [?;j; satisfies the first Bianchi identity:

Rijii + Ry + Rajr = 0
and the second Bianchi identity:
ViRjklh + Vijilh -+ VkRijlh =0

Taking contraction on the second Bianchi identity, we get the following useful
formula:

. 1
97Vl = 5 Vilt,
which is called the second contracted Bianchi identity.
In dimension three, we have the following important property that

1
Rijii = 9 Ry — gaRjr, — gjpRa + gl — §R(gz’kgjl — Gugik)-

This result implies that the full Riemannian curvature tensor is determined by the
Ricci tensor. Assume that we diagonalize R;; at a point so that A <y < v are the
eigenvalues. Then the only non-zero components of R;;; are those of the form

1
R1212 = 5()\ + o — I/),

and those derived from it by permutation. Hence, the positive sectional curvature
condition is equivalent to the one that each eigenvalue of the Ricci tensor is smaller
than the sum of the other two, which is in turn equivalent to the following condition:

1
Ry < éRgz‘j'
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5.2 Hamilton’s program

In 1982, R.Hamilton defined the following flow for metrics:
Orgij = —2Ry;.

It is by now called Ricci-Hamilton flow for the metric family (g(¢)). It is clear
that this flow is invariant under the diffeomorphism group of M. Therefore, the
symmetry of the initial metric is preserved along the flow. The difficulty one has to
face is how one can prove its short time existence of the flow. However, R.Hamilton
[18] proved the local existence of this flow on any compact manifold. The proof is
hard and more involved, and was simplified later by De Turck [13]

Ezample: Let M = S™ be the standard sphere in R"™'. Let ¢;; be its metric.
Recall that the Ricci tensor for the metric ¢;; is (n — 1)¢;;. Let

9ij = pQCij'
Since the Ricci tensor is scale invariant, we have R;;(g) = (n — 1)¢;;. Then we have

dp?
W o —1).
o (n—1)

Hence we have
Pt =1—2(n—1)t.

1

note the spheres shrink to a point at time 7" = T

Definition 5.2.1 A solution (g(t)) of the Ricci-Hamilton flow is called a Ricci soli-
ton if there exists a one-parameter family of diffeomorphisms (®(t)) such that

g(t) = ®*g(0)

Clearly the example above is a Ricci soliton. Another famous example of Ricci
soliton is called cigar soliton on R?:

_da? +dy?
I =152+
The generating vector field is
0 0
X=o—+y—.
xax y(?y

Using the Ricci-Hamilton flow, R.Hamilton proved in [18] the following remark-
able theorem:

Theorem 5.2.2 (Hamilton’s Theorem) Let M be a compact 3-manifold which
admit a riemannian metric with strictly positive Ricci- curvature. Then M also
admit a metric of constant positive curvature.
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We make a remark here about the metric of positive scalar curvature. It was
asked by S.T.Yau [37] to find a criterion for existence of a Riemannian metric of
positive scalar curvature on a compact manifold. It is well-know that there is some
topological obstruction for such a metric. However, the progress is not large if
we forget the resolution of the Yamabe problem. With this understanding, people
know that finding a nice Riemannian metric of positive Ricci curvature on a compact
manifold is a very difficult task.

R.Hamilton [18] observed that

Lemma 5.2.3 Along the Ricci-Hamilton flow, we have
th“fj = —gkl(Vile + VjRil - VIRZ])

and

O log = —R.
where p = +/det(g;;).
We define Bjji = RipjqRipiq- Using the Bianchi identities we can compute that

Lemma 5.2.4 Along the Ricci-Hamilton flow we have
(0r = A)Rijiy = 2(Bijii — Bijik + Birji — Baji)-
We can define the square of Rm as an operator
Rm?* : N*M — N*M

such that
RmQ(U)ij = RiquqursUrs-
Then we can write

(Rm?)ijit = RijpqRpgut-

In the space of 2-forms on M, we have the Lie bracket defined by
[U, V]ij = Uipg"' Va5 — Vipg"'Uy;

Fix a point € M. This bracket gives us an isomorphism between A2M and
the Lie algebra so(n). So so(n) has an induced metric which comes from AZM.
Let ¢* = {¢5,} be any orthonormal basis in so(n) and let c® denote the structure
constants:

[¢a7 ¢b] — Cabc(éc'

abe For any linear operator

We also write ¢y = €
L : so(n) — so(n)
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we define its Lie square as
Lﬁ - Cacecbdechef'

Computations give that
(Rm?)iju = 2(Bij — Bijix)

and
(Rm*)iju1 = 2(Biji — Bujr,)-

From these, we obtain that
(O — A)Rijiy = (Rmz)z‘jkl + (Rmﬁ)z’jkz

This formula is conceptual more clear than the one above. Using this formula and
the maximum principle we can conclude that

Proposition 5.2.5 On the compact manifold M, the positivity of the curvature
operator is preserved along the Ricci-Hamilton flow.

Corollary 5.2.6 Under the Ricci-Hamilton flow, we have
(O — AR, = 29" 9" Rpjgu Rrs — 297 R Ry
We also have
Corollary 5.2.7 Along the Ricci-Hamilton flow, we have
(0 — AR = 2| Rc]?.
In dimension three, we have
Lemma 5.2.8 Along the Ricci-Hamilton flow, it holds

(0 — A>Rij = —Qij

where
Qi = 6S;; — 3RR;; — (25 — R*)gi;
with
Sij = R}, = Rug™ Ry
and

S = gZ]S”

81



We remark that the tensor Q;; = 0 on M? if and only if (M?,g) is a three
dimensional symmetric Riemannian manifold.
In the rest of this section we assume that M is a compact manifold. Let

r:/MRd;L//Mdu.

be the average of the scalar curvature.
We now choose a time normalization factor ¢ = ¢(t) such that the metric g = ¢g

has unit volume, i.e.,
/ di=1.

Then we choose the new time scale t = [ (t)dt. It is easy to know that

ﬁij == Rij, R = QO_IR, r= QO_IT‘

Since
/ di =1,
we have
/ dp ="
M
SO J
—1 dy = —
log /M p=—r
and
d | 2
—logw = —7.
dt &% n

Then we can compute that

0 0 d 2 _

G = —gii + — 1 = ZFg,; — 2R,

grdis = ppdu T gp 08Y T 9 T A
We will call this flow as normalized Ricci-Hamilton flow. It is easy to see that
these two flows are the same except that a change of scale in space and a change of
coordinate in time. Along this normalized flow, the volume is preserved. This flow

is very useful in the blow up analysis for the Ricci-Hamilton flow. Let Rc® be the
trace free part of the Ricci tensor. that is

o 1
Rcij = Ri]‘ — ERg”
Diagonalize the matrix I;; at a point, and we see that
2 o2, Lo
|Rc|” = |Rc°|* + —R*.
n
R.Hamilton [18] proved that
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Theorem 5.2.9 In dimension three, the positivity of the Ricci curvature is pre-
served along Ricci-Hamilton flow, and there exists positive constants 6 and C' such
that the following pinching estimate is true:

0|2

Rz~

Using this, he proved the famous result mentioned at the beginning of this section.
In dimension four, he refined the maximum principle, and then proved a similar
pinching estimate under the assumption that the initial metric has positive curva-
ture operator. In general dimensions, he proved that the positivity of the curvature
operator is preserved along the Ricci-Hamilton flow. R.Hamilton conjectured that
the global existence and convergence of the Ricci-Hamilton flow holds for positive
curvature operator. Interestingly H.Chen [11] improved Hamilton’s result in dimen-
sion four where only 2 positive curvature operator is assumed. In dimension large
than four, the conjecture is open.

In the study of long time existence of the Ricci-Hamilton flow in any dimension,
we need to do the singularity analysis by using the blow up technique. Clearly the
Ricci soliton will play a important role in the global problem about convergent of
the solution metric. It is generally believed that if we have a global solution of the
Ricci-Hamilton flow, then it converges at infinity to either a Ricci-soliton or a metric
with constant curvature.

In analysis of non-linear partial differential equations, blow-up technique is that
we choose a point and rescale the measure in space-time. Considering it as the
origin, we then make the following variable change:

(z,t) — (A\z, \%t)

such that the origin is not blow up point anymore.

In geometry, for the Ricci-Hamilton flow defined on the time interval A <t < T
where A < 0 and T5 > 0, we choose a marking on M. By definition, a marking
is a choice of a point ) € M which we call the origin, and an orthonormal frame
q at @ at at time t = 0 with respect to the metric g(0). We regard the collection
(M,g,Q,q) as an evolving complete marked Riemannian manifold. The blow up
technique can now be defined.

Definition 5.2.10 We say that a sequence (Mg, gr, Qr,qr) of evolving complete
marked Riemannian manifolds converges to the evolving complete marked Riemannian
manifold M = (M, g,Q, q) if there exists a sequence of open sets Uy in M containing
Q and a sequence of diffeomorphisms Fy, of the sets Uy in M to open sets Vi, in My
mapping @ to Qi and q to qi, such that any compact subset in M eventually lies in
all Uy, and the pull-backs g of the metrics g by the mappings Fy, converges to g on
every compact subset of M x (A, Ty) uniformly with all their derivatives.
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Remark: We remark that using cut-off of vector fields, we can complete each Fj,
into a global diffeomorphism.
Ezample: If Fy,(z,t) = F\(z,t) = (Az, A\*t), then

(FX9)ij(z,t) = Ngij(Az, N°1).

Using the delation invariant of Ricci tensor, it is clear that if ¢ is a solution of
Ricci-Hamilton flow, so is F}g. Since at the blow up point, we just require that the
quantity |Rm/| goes to infinity, we have to develop a comparison tool for the behavior
of the solution at nearby points. R.Hamilton [23] find such a tool for solutions with
non-negative curvature operator. This tool is called the Li-Yau-Hamilton Harnack
inequality.

R.Hamilton ([22]) proved the following result

Theorem 5.2.11 . Let (Mg, gx, Qk, qx) be a sequence of evolving complete marked
Riemannian manifolds which are solutions to the Ricci flow. Suppose that (1) the
absolute value of the Riemannian sectional curvature of the M, at time interval
A < t < Ty are uniformly bound above by a uniform constant B < 400, and (2)
the injectivity radii of the My at the origin Qi at t = 0 are uniformly bounded below
by a constant & > 0. Then there is a subsequence which converges to an evolving
complete marked Riemannian manifold M = (M, g,Q,q) which is also a solution of
the Ricci-Hamilton flow, with the sectional curvature and injectivity bound as My.

In section 4 in [30], G.Perelman used the W-functional get the injectivity radius
bound required in the Theorem above.

The limiting metric is an ancient solution in the sense that the flow is defined in
the time interval (—oo,T") for some finite 7. So the classification of these ancient
solutions is a big deal.

In [24], R.Hamilton studied the non-singular solution of the Ricci-Hamilton flow
on a compact manifold. By definition, a non-singular solution of the Ricci-Hamilton
flow is the one which is the solution of the normalised flow existing for all time
0 <t < 00, and the curvature remains bounded

|IRm| < C < oo
for all time with some constant C' independent of . R.Hamilton showed that

Theorem 5.2.12 Any non-singular solution to the normalised Ricci-Hamilton flow
on a compact three manifold M satisfies one and only one of the following properties:
C). the solution collapses (that is, the mazimum injectivity radius on M at time
t goes to zero ast — oo ((we remark that this case is excluded by G.Perelman [30]);
or
P). the solution converges to the metric of constant positive sectional curvature;
or
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Z). the solution converges to a metric of zero sectional sectional curvature; or

H). the solution converges to a metric of constant negative sectional sectional
curvature; or

H’). we can find a finite collection of complete non-compact hyperbolic three
manifolds with finite volume Vy, ..., Vy,, and for all t beyond some time T < oo we
can find diffeomorphisms

of these manifolds into the manifold M with the solution so that the pull-back of
the solution metric g(t) by ¢;(t) converges to the hyperbolic metric as t — oo; and
moreover if we call the exceptional part of M those points where either the point is
not in the image of any ¢;, or where it is but the pull-back metric is not as close to
the hyperbolic metric as we like, we can make the volume of the exceptional part as
small as we like by taking t large enough; and each H; is topological essential in the
sense that each ¢; injects w(H;) into m(M).

R.Hamilton’s argument is clever. R.Hamilton obtained a better scalar curva-
ture pinching estimate and played the volume comparison of solutions between nor-
malised and un-normalised Ricci-Hamilton flow in case C),P),Z),and H). In the case
H’), He used a special parametrization given by harmonic maps.

In dimension three, G.Perelman [30] (see sections 11 and 12 in [30]) tried to
improved R.Hamilton’s result above. He can give more delicate analysis including
the volume comparison and other beautiful local and global monotonicity formulae
of the Ricci-Hamilton flow. It is clear that G.perelman made a great progress in
the study of the Rici-Hamilton flow. For the developments of Ricci- Hamilton flow
before G.Perelman’s work, one may see the nice survey of H.D.Cao and B.Chow [6].
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5.3 The proof of Hamilton’s Theorem

In this section we give a brief proof of Theorem 5. 2.2.
Let’s recall three famous theorems in Riemannian geometry.

Theorem 5.3.1 (Klingerberg’s Theorem) Let M be an even-dimensional, com-

pact, simply connected Riemannian manifold with strictly positive sectional curvature
K. Then the injectivity radius inj on M is bounded from below by m/v/maxy K.

Theorem 5.3.2 (Meyers’ Theorem) Let (M",g) be a complete Riemannian man-
ifold with its Ricci curvature bounded below, i.e.,

Ric(g) > (n—1)c*g > 0
Then we have the following diameter bound:
diam(g) < diam(S™(c™h)).

Theorem 5.3.3 (Bishop-Gunther-Gromov Comparison Theorem) Let (M™",g)
be a complete Riemannian manifold with its Ricci curvature bounded below, i.e.,

Ric(g) > (n — 1)c*g > 0.
Then
V(Bx(r))/Ve(r)
is decreasing in r, where V.(r) is the volume function in the space form of constant

sectional curvature c.

We now assume that n = 3. Let (e;) be a local moving frame on M?3. Using the

volume element form (or Hodge 8 operator) we can define an isomorphism between
A*M and A*M such that

«91——1 xe; = ——egAe
1

GQZE*GQ = E@g/\el
1

0= —=xe3 = ——=e;Ney

V2

form an orthonormal basis in A2M locally.
Write

V2

Rm = M,,6" A 69,

Using the isomorphism above can choose (e;) such that

mq 0 0
Rm = (M) = 0 my 0
0 0 ms
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Then 1 1
Rizz = <Rm(€1, 62>€1762> - §M33 - §m37

etc. By this we have the following expression of the Ricci tensor

1 mo + M3 0 0
cm = — 0 mi + ms 0
0 0 my + Mo

The scalar curvature R can be expressed by
R =mq + mg + ms.

By direct computation we find

moims 0 0
Rm! = 0 mims 0
0 0 1My

Hence the evolution equation for curvature operator c
(0, — A)Rm = Rm? + Rm?

an be written as

my 0 O m? 0 0 Moms 0 0
Q=M 0 my 0 |=1 0 mi 0 |+ 0 mmsz 0
0 0 ms 0 0 mg 0 0 AR UD)

According Hamilton’s maximum principle we need only to analyze the following
ODE:

g [ ™ 0 0 m?2 0 0 MaMs 0 0
- 0 mg O |=( 0 mi 0 |+ 0 mmg 0
0 0 ms 0 0 m§ 0 0 mqme

We can assume that m; > ms > ms such that

my; = sup < MX, X >
|X|=1
and

ms = inf < MX,X >
|X|=1

where M = Rm. Note that m; are globally defined functions. We will consider m;
as functions of the matrix M. From these definitions we know that m; is a convex
function of the matrix M and ms is a concave function of M. Since

R:m1+m2+m3:t’f’9M

is a linear function of M.(Here we assume that the metric g is fixed). Hence mqy +
ms = R—my is a concave function of M and m; +my = R—ms3 is a convex function
of M. We have the following results.
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Theorem 5.3.4 For ¢ € |0, %], the pinching condition R > 0 and Rc > €Rg is
preserved along the Ricci-Hamilton flow in dimension three.

The proof of this theorem is a easy application of Hamilton’s maximum principle,
SO we omit it.

Theorem 5.3.5 For any 3 > 0 and B < 400, we can find uniform positive con-
stants A < +o0o and § € (0,1) such that pinching condition fg < Rc < Bg and
my —mz < A(ma +ms)'™°

15 preserved along the Ricci-Hamilton flow in dimension three.

Proof: By Hamilton’s maximum principle, the condition g < Rc¢ < Bg is pre-
served along the Ricci-Hamilton flow in dimension three.
We now choose 6 € (0, 1) such that

omy < mg +mg

at t = 0. note that this condition defines a convex, closed subset, so we can use
Hamilton’s maximum principle to conclude that

omy < mg +mg
is true for all ¢ > 0. Choose A > 0 such that:
my —mz < A(ma +mgy)' ", (%)
at t = 0. This is possible since
my—ms<m;+my <B

and
mo +msz >3 >0

at t = 0.
We claim that (x) is preserved along the Ricci-Hamilton flow. In fact, we can
see that (%) defines a closed convex subset of matrices with

mi 2> mg > M3
and
Mo + M3 Z 0.

So we only need to check that the inequality is preserved by the ODE.
Compute,

2 2
mi — m3 + Moms3 — M1Ms

7 log(my —m3) = p——

= mp —my+ms
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while,

2 2
my — My + mims + mime

d
—log(mg +m3) =

dt mo + M3
my(ma +ms)
—_—=my
Mo + M3
Hence
d my — ms

Elogm §5m1—(m2—|—m3) SO

Therefor (x) is preserved by the ODE. O

Obviously we can deduce the Theorem 5.2.9 from the relation

1 Mo + Mg — My 0 0
Rc® = - 0 my +ms — My 0
0 0 my + Mg — M3

Using the pinching estimate, we know that the blow time of |Rm|, |Rc|, and R are
the same. We write the blow up time as 7" > 0.

In the following we consider the normalized Ricci-Hamilton flow and we show
that the normalized metric §(t) converges to a metric of constant sectional curvature.
Clearly, we need only to show that the normalized metric §(t) converges to a metric
g with zero trace free Ricci tensor:

Rc°(g) = 0.

Lemma 5.3.6 Let g = ¢g with ¢ > 0. Then we have
1). Dh =%,

2) Pi'“ijk: - Rijk'
3). Rijri = Rijia-
4) Rij = RZ]
5). R=¢'R.

6). dji = ¢™?dpu.

Choose ¢ = ¢(t) such that

/dﬂzl.
M

_ o N do
0= [ (of+ 355

Then we have

and
n do

%g = ¢p.
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where

,6:/ Rdji.
M

t= /0 t o(T)dr.

Then we have the normalized Ricci-Hamilton flow:

Put

. 5 2,
0;g = —2Rc+ —Pg.

Assertion 5.3.7 .
/ R, 0dt = +00.
0

Proof: Define p by the flow

dp
- = 2Rmax
dt P

with initial data

Then we have

(at - A)(R - :0) = 2(|}%C|2 - Rmaa;p)

S 2<R2 - Rma:pp)
S 2Rmax(R - P)
By the maximum principle we get
R<p

on M. Hence we have
1% Z Rmax — +00

as t — T. Since for any 7 < T', we have

p(7) / T d / ‘
log —= = —logp =2 Rpaedt
p(0) o dt 0

Hence, sending 7 — T, we have

T
/ R0 dt = +00.
0
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Assertion 5.3.8 There exists a uniform constant C > 0 such that

~

Rmaz < C.

Proof:  Let

~

L(t) = diam(g(t)).

Note that R
V(t) :=wvol(g(t)) = 1.

Since Rc > 0, by Bishop-Gunther-Gromov comparison theorem we have
4 .
1< =wlL3.
3
On the other hand we have
Re = Re > 26%Rying = QﬁQRmmg.

So by Meyers’ Theorem we have

™

ﬁ \% Rmzn

L<

By the pinching estimate we have

A

Rma:p Rmax
- = — 1,
Rmm Rmin

and hence, there is a uniform constant C' > 1 such that

Therefore, we have

O

Using this estimate, we can bound VRm for any «. Then we can can bound the
local derivatives of the metric g. Hence we can assume that

9—9,

and )
R—c>0
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Note that

/OT r(t)dt = /0% F(t)t

7= /0 " o)t

Rmin S T(t> S Rmax

where

Since

and by pinching estimate again, we have

0

as 7 — T. Hence
T = o0,

and by pinching estimate we have
Re(g) = 0.

Actually we can show the exponential convergence. We refer the reader to [17] for
this.
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Chapter 6

Appendix B: the maximum
principles

The classical maximum principle is for the scalar heat equation. It says that for any
smooth solution of the heat flow, point-wise control for at t = 0 is preserved along
the flow. Assume that M is a compact manifold. A well-known result is

Theorem 6.0.9 The maximum principle 1. Assume that u is a smooth (C*) solu-
tion of the semi-linear heat equation

(0 — A)u = (V, Du)

where A is the Laplacian with respect to a time-dependent Riemannian metric G(t),
and V' is a smooth vector field on M x [0,T). If we assume |u| < C' at time t =0,
then we have

lu < C, Vt>0

A little more advanced maximum principle is the following
Theorem 6.0.10 The maximum principle 2. Assume that
w:Mx[0,T)—R
is a smooth (C?) solution of the semi-linear heat equation
(0r = A)u = (V, Du) + f(u)

where D and V' are as before, and f is a smooth function on R. If we assume
Ciu < Cy at time t = 0, then we have

¢1 S u S ¢27 vt >0
where ¢; for i = 1,2 are smooth solutions of the ode
bip = f(9i), ¢:(0) = Ci.

The maximum principles can be generalized to complete non-compact Riemannian
manifolds with some restriction (see [1].

93



6.1 Hamilton’s maximum principle

If f(t) is a Lipschitz function of time variable t. We define
df
— <
= °

if and only if

B —
lim sup flE+h) = f() <ec.
h—0Tt h
Let F' = F(t,y) is a smooth function of the time variable and space variable
y € RF. Let Y be a compact subset of R*. Let

f(t) = sup{F(t,y);y € Y'}.
Then f)t) is a Lipschitz function. Then we have the following

Lemma 6.1.1 (Basic Lemma)

d 0
d_J; sup{EF(t, Yy eY(t)}

where Y (t) = {y; F(t,y) = f(t)}.
Proof: Choose a sequence of t; — ¢* so that
T = )
ti—-tt  t;—t
equals the lim sup. Since Y is compact, we can choose y; € Y with
[(t;) = F(t,9;).
By passing to a subsequence y; we can assume that
Yji — Y.

By continuity we have
f(t) = F(ty),
this implies that y € Y (¢). Hence

F(t,y;) < F(t,y).
By this we have
f(t5) = f(t) < F(ty,y5) — F(t,y5)-
By the mean value theorem we can find r; between ¢; and ¢ such that
F(t;,y;) — F(t,y;) = %g(rjyyj)(tj —1)
Sending t; — t we have r; — ¢ and then

Ft) ~ f(t) _
ti—t

This gives us the conclusion. [
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Let M be a compact manifold with a Riemannian metric g , and let
f={fy:M— R
be a vector-valued function on M . Let U be an open subset of R* and let
¢:UCR"— RF

be a smooth vector field on U. We let g and ¢ depend on time also. Then we
consider the nonlinear heat equation (PDFE):

of
E—AfJﬂﬁ(f)

with initial data f = f; at t=0, and we suppose it has a solution for some time
interval 0 < ¢t < T. We let X be a closed convex subset of mappings f : U — R*
containing the initial data f,, and we ask when the solution remains in X'. To answer
this we study the ordinary differential equation (ODE):

df
U sr)
on U, and ask when its solutions remains in X . We define the tangent cone Ty X" to
closed convex set X at a point f as the smallest closed convex cone with vertex at f
which contains X'. Then it is the intersection of all the closed half-spaces containing
X with f on the boundary of the half-space.

We say that a linear function [ on R is a support function for X at f € OX and
write | € SyX if I(f) > I(k) for all other k € X. Then ¢(f) € TyX if and only if
L(o(f)) <OforallleSpX.

Lemma 6.1.2 . The solutions of the ODE

df
2 =)

which start in the closed conver set X will remain in X if and only if ¢(f) € Ty X
forall f € X.

Proof: Suppose [(¢(f)) > 0 for some [ € SyX. Then

di(f) df
= Z(E) =1(o(f)) >0

So I(f) is increasing and f cannot remain in X. To see the converse, first note that
we may assume X is compact. This is because we can modify the vector field ¢(f)
by multiplying by a cutoff function which is everywhere nonnegative, equals one on
a large ball , and equals zero on a larger ball. The paths of solutions are unchanged
inside the first ball. Then we can intersect X with the second ball to make X convex
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and compact . If there were a counterexample before the modification there would
still be one afterward. Let s(f) be the distance from f to X, with s(f) =0if f € X.
Then

s(f) = supl(f — k),
where the sup is over all £k € 0X and all [ € S, X. This defines a compact subset Y
of R¥ x R*. Hence by the basic lemma

ds(f)

“at < sup{l(&(f))

where the sup is over all pairs (k,[) with k € 90X, | € S;.X, and

s(f) = U(f — k).

This can happen only when £ is the unique closest point in X to f and [ is the linear
function of length 1 with gradient in the direction f — k.
We now use the fact that ¢ is smooth on the compact subset X' to get the bound

6(f) — oK) < C[f — K|

for some constant and for all f and k£ in X'. Then since we have

l¢(k)) <0
by the assumption and

|f = k[ = s(f)
where

dsg ) < s(f).

Since s(f) =0 at t = 0, it must remain 0 for all time. OJ

The key observation of R.Hamilton [17] is that the ODE controls the parabolic
partial differential equation (PDE).

Theorem 6.1.3 If the solution of the ODE stays in X, then so does the solution
of the PDE.

Proof:  As before, we can take X as a compact sunset. Let s(f) be the distance of
f € RF from X and let

s(t) = sup s(f(x,1)) = sup I(f (2, ) = k)

zeM

where the later sup is taken over all z € M, all k € 0X and all I € Si(&X). Since
the sup is taken over a compact set,we can use the basic lemma to get

d

Ss(t) < sup (1) — B),

dt
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where the sup is taken over all z, k, [ as above with
[(f(w,t) = k) = s(t).

Since z is the maximum point of [(f), we have
I(Af) = Al(f) < 0.

Now we have

S, 1)~ K) = AP +U6(7) < U,

Since I(¢(k)) < 0 by assumption, we have some constant C' > 0 so that

Ho(f) < Uo(f) — Uek) < |o(f) — (k)| < CIf — k| = Cs(t).

Thus we have p

ES@ < Cs(t).
Since s(t) = 0 at t = 0, we have s(t) for all ¢ > 0. This shows that f(z,?) remains
in X. [

We can generalize this result to vector bundles. Let V' be a vector bundle over
the compact manifold M, and suppose V' has a fixed Riemannian metric h. Let ¢
be the Riemannian metric on M, and let A be a connection on V' compatible with
h. Both g and A may depend on time variable . We can form the Laplacian of
a section f of V as the trace of the second covariant derivative with respect to g ,
using the connection A on V and the Levi-Civita connection I' on T'M for g. Let
W be an open subset of V' and let ¢ be a vector field on W tangent to the fibers .
Then we consider the following nonlinear heat equation (PDE):

of

A

5 = A+ o(f)
Let X be a closed subset of U C W. We ask when solutions of the PDE which start
in X will stay in X. We need to impose the conditions that X is invariant under
parallel translation by the connection A at each time , and that each fiber of X is
convex. Then we can judge the behavior of the PDE by comparing to the following

ordinary differential equation (ODE):

a _

Y~ o)

in each fiber.

Theorem 6.1.4 If the solutions of the ODE’s in each fiber remain in X, then the
solutions of the PDE remain in X too.

97



Proof: Again modifying the equation we can assume that X is compact . Using
the metric h in the fiber and writing |f — k| for the Euclidean distance from f to k
in the metric h , we let s(¢) be the maximum distance of any f(z,t) from the set X.
Then

s(t) = supl(f(x,t) — k),
where the sup is taken over all x € M, all £ € 0X in the fiber over z , and all

support functions [ € S; X at k in the fiber at x , The set of all such pairs (k,[) is a
compact subset of V@ V*. Then as before, we have

ds(t) d
< sup— _
2 < sup LA (1)~ )
where the sup is taken over all x where the distance in the fiber from f(z,t) to x is
maximal, k is the unique closest point in X to f(z,t) , and [ is the linear function
of length 1 on the fiber of V' at x with gradient in the direction from k to f(z,t).
Again

%l(f(g;,t) — k) = UAS) + ()

and since I(¢(k)) < 0 by assumption

W(o(f) < 1o(f) — (k)| < C|f — k| = Cs(t),

where C' is some constant bounding the first derivative of ¢ on a neighborhood of
X. If we extend a vector in a bundle from a point x by parallel translation along
geodesics emanating radially out of x, we get a smooth section of the bundle such
that all the symmetrized covariant derivatives at x are zero .We extend k € V and
[ € V* in this manner . Since the metric in V' is invariant we continue to have |I| = 1,
and since X is invariant under parallel translation we continue to have k € 0.X and
[ a support function for X at k& . Therefore

(f(x,t) — k) < s(t)
in the neighborhood . It follows that I(f(z,t) — k) has its maximum at x ,s0
Al(f(z,t) — k) <0

at z . But k and | have all their symmetrized covariant derivatives equal to zero at
x,s0 l(Af) <0 atz. From this at z we get that

ds(f)
dt

< s(f)-
Since s(f) = 0 at t = 0, it must remain 0 for all time. This completes the proof . [J
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In our applications to the Ricci-Hamilton flow, we have a principal G-bundle P
over M where G is a compact Lie group , E is a vector space with a metric and G
acts on E preserving the metric , ¢ is a G-invariant vector field on E, and Z is a
closed convex subset of E invariant under ¢ . Then solutions of the equation

of
S =Af+ ()

for sections f in P X E remain in the set X = P x4 Z.
Another important observation is that R.Hamilton [20] generalized them to par-
abolic systems for tensors. As in the matrix case, we introduce the following concept.

Definition 6.1.5 We say that a symmetric tensor My; > 0 if Mjv'v? > 0 for all
vectors v7 .

As usual, we let
AMij = gququMij

be the Laplacian of the tensor M;; on the Riemannian manifold (M, g).

Definition 6.1.6 Assume that N;; = p(M,j, gi;) is a polynomial in M;; formed by
contracting products of M,; with itself using the metric g;;. We say that N;; satisfies
the null-eigenvector condition if whenever v/ is a null-vector of M;;, i.e.,

MlJ’UZ = O,

for all j, then we have o
NZ']"UlU] Z 0.

R.Hamilton [17] established the following

Theorem 6.1.7 Let (M, g) be a compact Riemannian manifold. Let u' be a vector
field on M. Suppose that on [0, T],

(815 — A)Mlj = UkaM” + Nij7

where N;; = p(M,j, gij) satisfies the null-eigenvalue condition above. If M;; > 0 at
t =0, then it remains so on [0,T].

For a proof of this result, one may consult [17]. Using this maximum principle,
R.Hamilton [17] proved that in dimension three, non-negativity of the Ricci tensor
(‘and positivity of sectional curvature) is preserved along the Ricci-Hamilton flow.
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Chapter 7

Appendix C: Curve shortening
flow on manifolds

We first derive the standard first and second variations of arc-length functional.
Then we study the curve shrinking/shortening problem in a Riemannian manifold.

7.1 first and second variations of arc-length

Let (M",g) be a Riemannnian manifold. Let v : [a,b] — M be a smooth curve
parametrized proportional to arc-length, i.e., |7/| = L.
A wariation of the smooth curve ~ : [a,b] — M is a smooth mapping:

F:la,b] x (—€,€) = M

such that F(s,0) = v(s).
Let
X = F.Dy, Y = F.Dy,

where D = % and Dy = 8%. Let

We call Y the variation field of ~.
Then we have

b9 0
o) = [ gl



Hence, at p = 0, we have

1) = 1/b(DYX>d
dp Tu) = A 1y, S
1 b

= L= [ Va)

This formula is called the first variation of arc-length. The critical points of arc-
length is geodesics in M.
Assume that v is a geodesic. Consider a two-parameter variation of :

F:la,b] x (—e,€)> = M
such that F(s,0,0) = 7(s). Let
X = F.Dy, Y, = F.Dy, Y, = F.Ds.

and let
Vs (1) = F (-, pa, ).
Then we have

) b q
O L) = / L VYs X)ds

Oz \X’
and
o 0 b1
8_M18_M2L(7M1H2) = m(<VY1VXY2,X> + (VxYa, Vy, X))ds
b
1
[ T (T X X s
b
1
(Zb 1
- / p(_P<VXY27X><VX}/LX>dS
Thus at (p1, p2) = (0,0), we have
o 0 1

— L = Yy, X)|°
a’ul 6Iu2 (7#1#2) l<<vY1 2 >‘a

b
T / (VxYs, Vi ¥i) — (R(Yi, X)X, Va)

X X
- <VX}/27 WMVXYL WWS

This is the second variation formula for the arc-length.

102



7.2 Curve shortening flow in Riemannian mani-

folds

We collect some basic facts about curve shortening flow in Riemannian manifolds
. We believe a good understanding for this flow is also helpful in studying Ricci-
Hamilton flow on manifolds. One may consult [14] and [12] for more material.

On an n-dimensional Riemannian manifold (M, g), let

v: S8t x (a,b) = M
be an evolving immersed curve. Denote by v; the associated trajectory,i.e.
W) = 70)
Then the length of ~; is

d oy
() = [ lgeddu = [ (Ghdu= [ v

vy
v = ‘%

where

is the speed of the curve 7;. We can define the arc length parameter s by
0 10

ds vou
which implies
ds = vdu.
As usual,we denote by T the unit tangent vector field of 7;,i.e.

_ O _ 19y
T 0s vou
Then the time derivative of length is

d ov
ELW) = Sladu

= / <Vt@,T>du
S1 ou
dvy

= w—,T >d
/51<v6t > du

o 0Oy 0y
= — <t Tr>-<ZL VT
/51{6u< 501 > < (,%,Vu > }du

= —/ <@,VUT>du
g1 Ot

oy DT
= - L2 s s
/S1<8t788>8
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If we require v to evolve according to the equation
oy DT
ot 0s’

then we find that p

—L(y) = — 2ds <
dt (fYt) /Slkds—oa

where

DT
k,2 —- 2
—
is the curvature squared. This leads us to give the following

Definition 7.2.1 For a curve shortening flow, we mean an evolving immersed curve
v(+,t) satisfying the evolution equation

oy DT
ot Os’
Obviously, we can regard 7;(S') as a 1-dimensional sub-manifold of M. With
the induced metric from M, its mean curvature vector field is

H = (VsT)™.

Note that < 7,7 >= 1. So we have < V;T,T >= 0,which implies VT L T,.
Therefore H = VT'. This shows that a curve shortening flow is a mean curvature
flow of a one dimensional sub-manifold in M.

Next we will give some fundamental formulae for the curve shortening flow.

Lemma 7.2.2 The evolution of v is
ov
— = —k*v.
ot ’
Proof: By definition,
oy Ov
2
=< -, >
ou’ du
Differentiating it with respect to t,we get
0 0
il _v. 91 o
ot

(
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We often need to exchange the order of derivatives. We have

Lemma 7.2.3 Covariant differentiation with respect to s and t are related by the
equation

DT
ViV, = V.V +kV, + R(T, E)
where R is the curvature operator on M.
Proof: We compute
0
ViVy =V.Vi+ R(—, =
t Gy o)
and
1
Vs = Vua
SO
01
ViV, = Gt( Vo + — VtV
o 0
= k2_ u —Vau -R A ) A,
vv +’UV Vt+v (8u 815)
DT
- vth + /{:ZVS "‘ R(T, g)

Here we have used Lemma 7.2.2. [J

Lemma 7.2.4 The covariant differentiation of the unit tangent vector to the curve

with respect to time t is
DT
V. T = kT + —
! 0s?

Proof: The proof is a straightforward calculation.

10y
T —
Vi v(vﬁu)
187 oy
_ 2 - s
=k Uf)u V Yot
2
= k2T+DT

0s?
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7.3 Bernstein type estimates

In this section, we will assume M is a locally symmetric space,i.e. VR = 0. For a
locally symmetric space,we have

VR(X,Y,Z,W) = (VxR)Y,Z W)
= Vx(R(Y,Z,W)) - R(VxY,Z, W) — R(Y,VxZ,W)
—R(Y,Z,VxW) =0

VX(R<Y7 Z> W)) = R(VXY7 Z> W) + R(Y'a VX27 W) + R<Y7 Z7 VXW)7 (1)

for all X,Y, Z, W € TM. We will also assume that M satisfies Condition(A), i.e.
there exists a positive constant A,s.t.

~ o~ o~ —~

R(X,Y,Z, W) <A,
for all unit vectors X , EN/, Z , W,
With these assumptions,we can give some precise estimates which will bound the

evolution of
DT |2

| os™
This type of estimate also appears in [32] for the Ricci-Hamilton flow.
First, let us compute the time derivative of

|D"T|2
0s™
as follows:
o D"T
22T
_,_DDT D'T
N ot Osm ' Osn
D D DT DT DT D" T DrT
S P G ——— R(T
Sasaiost TF e TR ) G e
D D DT DT DT DT D" T DT
- SZF D T g 2 4 OR(T
< 0s Ot Os"=1 7 Qs > +2k°] Osn [+ 2R(T, Os = Osn1’ 83”)
D D D D" 2T DT DT D" 2T DT
= 2< (== k2 R(T >
95\ Gt o5z T F gt TR 50 ) 5w ) g
DT DT DT DT
2k2|——12 + 2R(T
+ ’83”|+R(’8s’83"—1’63")
D? D D" 2T D"T D DT  DrT DT
— 2< == T > 49« —(BP—), = > 42K =)
0s?2 0t 0sv=2 " Qsn + 83( Osn—1 ) 0sm +2k°| Osn |
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D DT DT D"T DT DT DnT
> +2R(T
05 a2 ) gan = 2R 5 T )
~— DI ,D"T_ D"'T
k2 >

D" D D'T
Al M= |
ool e > < g W e T

1=0
1
DT D= o pnT
>
+ z:; 85z " Os ) 85”*1*1) osm
Using Lemma 7.2.3, we get
2 < D" DT o >

ost Ot~ Osn
DT DT DT DT

= 2< = > 42 < k2T >
95T g~ T2 < g W) 5

0? DT, DT DT DT
= — -2 212« K*T > .
52\ 1)~ A ggmr 42 < 5 (D). 5
So

o, DT

E(l 5o %)

0* DT, D”“T , DT DT

- @085””_ "+1|+2Z ’ 63”1) 85”>

n—1 ;
D’ DT Dr—1=¢T  DrT

2 < —(R(T - >

+ Z 83’( (T, 0s ) Osn—1-i ) Osn

=0
It is easy to see that

D Dn zT ]+1T Dk+1T Dn—j—kT
(k* Z Ciji < 10 Pkl ik’
st Osn—i Ositl 7 Qght Osn—J

J+k<i

and , .
DT DkHT pr-l-i-kp

asj ) 88k+1 asn—l—j—k ?

D DT D'~ 1T
—(R(T, = ) CinR(

0st 85) Osn—1-t (3)

J+k<i
where the coefficients C;j; are constants. To obtain (3), we have repeatedly used
(1).
Noting that M satisfies Condition (A), and then putting above equations to-

gether, we obtain

o ,D"T , 0* DT, DT DT DT,

— < — — C + Co|l——

D < (5P — [ P+ Gl P Gl P

D*T  D"T DT DT DFT D T
Cs| == ‘1 C
Ak C Y I

SQH&S”' +
0<i,j,k<n
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where C; are positive constants depending on n and A. In the last term, the range
of indices satisfies in addition either

i+j+k=n+2

or
147+ k=n.

Theorem 7.3.1 Fix ty € [0,400). Let
M, =: max k*(-, to).

Assume
Mt() < +OO

Then there exist constants ¢; < +oo independent of ty such that for

t € (to,to + 11(1+ A )]
0T oA T, T A1
we have

dst | T (t—to) L

Proof: Without loss of generality, we may assume that ¢, = 0, and then translate
the estimates.
(1) For [ = 1, we have

o DT, DD ,DT DT DT
Z(1ZE?) = 2< 2T 4RSS L R(T. ST =2
il g5 1) <gsail tR 5y TR HT 5>
D3T DT
= 2< —— 4k* + 2K*R(T. N, T. N
<8S3,as>+k+kR(a s 4y )
92 DT D2T
< (| Z12) — 2] |2 4 4kt 4 2AK?
_8s(|83) |832|+k+ &

It follows from the maximum principle that M; satisfies

M,
log 5t log 520 < 9,
2 M, +1 2 My + 1
If
t<11 (1+ A )
— 0 —_—
DT 4My, + A+ 17
then
M < 2M,.

So we may choose ¢; = 2.
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(2) For | = 2, we have

o DT, DDDT DT DT DT DT
9 _ g PPPE R(T,
il gz ) 95905 TF o YR )5 5
_ L DT DT, D ,DT) D
- 0s2* Ot 77 0s? 8 ds ’ 9s2
D DT D , DT
b2 S R(T, ST, o > 12—
DT DT DT
OR(T
+ R(’as’as’ﬁsQ)

8% DT, DT, DT , DT

< — — 18
< 832(|052|) |83| + |(3 ||62|
D?T
bAoA
So
o, DT, DT,
—(t -
3 )
0* DT DT D3T D2T
S ST P B | P (18] D+ 28) — 5| P
DT
2Nt + 12)] =4 6A_2.
M 12) o+ 6A
Since A ,
t<—log( ) < :
2A 4M0+A+1 24My+ A+ 1)
we have
0 DT DT 0% DT DT
gl =1 3|E|)—a2(t| =~ |? 3\5\2)+52M§+12AM0.

Thus it follows that
D?*T

| |2 +3|—|2 < 16 Mo,

and we may conclude on this tlme 1nterval that
DT 16 M
2l B

0s? t

So we may choose ¢, = 16.
The induction hypothesis and repeated usage of the Peter-Paul inequality, i.e.,
1
ab < ea® + —b?,
4e
allow us to find constants a; and A, B on our time interval such that

0 & DT
§<Z ait™ 1] ])gAM§+BMO.

i=1

Thus we obtain ¢, as before. [J
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Note that these estimates prove the long time existence result. That is, as long
as the curvature remains bounded on time interval [0, a),one can define a smooth
limit for the tangent vector T at time a. Thus,by integrating the tangent vector T,
one can obtain a smooth limit curve.
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Chapter 8

Appendix D: Selected topics in
Nirenberg’s problem

We have two aims in this appendix. One is a density result of the prescribed gaussian
curvature functions for Nirenberg’s problem. This result says that any smooth
function, which is positive somewhere, on S? can be approximated in C'“ (for any
o < 1) norm by a sequence of smooth positive somewhere Morse functions, which
are the prescribed gaussian curvature functions in Nirenberg’s problem. A similar
result in the scalar curvature problem on the sphere of higher dimension was already
obtained by Yanyan Li [46], and R.Schoen and D.Zhang [48]. The L dense result
in Nirenberg’s problem was obtained by J.P.Bourguignon and J.P.Ezin [42].

The second result concerns the structure of the solution set of the scalar curvature
problems (and also Nirenberg’s problem) as the prescribed scalar curvature varied in
a suitable way. The result shows that there are many more free directions at a scalar
curvature function so that we can find more solutions for the near-by prescribed
scalar curvature functions. We introduce two methods in studying this problem
separately. Although these methods are known to many people, it is not apparent
that one can apply them to our problem here. In fact, to formulate a good condition
is a difficult and important point. We only formulated a very simple condition to
scalar curvature problems and to Nirenberg’s problem. See our Main Theorem and
Theorem 3 for the statements. We think that we are the pioneers in such a study
from the view-point of Catastrophe theory or Bifurcation Theory. Our results in
this section are new, but we have obtained them many years ago.

8.1 A (C'7 dense result in Nirenberg’s problem

We begin with some basic material. Let (D, ds*)be a 2-dimensional manifold. In
local coordinates (u'), write

ds® =g = gijduiduj.
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Let
9| = det(gi;)-
For the vector field X = X79;, we define the length of it as

|X| = v/ gz]XZX]
We define the gradient operator 57 of the metric g as follows. For f € C*(D),

let o/
V= (g”%).

Hence,

;0F Of
2 _ i)
(VI =9"5 555

Define
0

i
We define the divergence operator div of g as follows. For the vector field X =
X19;, we let

divX = ——a,(v/Jg|X7).

Vol

Af = div(vf).

For f € C*(D), define

Hence,
1 9
Df = ——a,(/Tgl57 2L

VTR

We call A, the Laplacian operator of (D, g).
In the local moving frame we define the Laplacian operator of (D,g) in the
following way:

g=(0")"+(6%)".
Recall the structure equations:

do' = 9;- NG doy = —KO' A 6>,

Define
du = u;6°.

Taking the exterior differentiation we have
0= du; NO" +u;6’ N0,

Define u;; by

i g i
uji0' = du,; uﬁj.
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By this we have; . '
ujiﬁl NG =0.

Hence Uj = Uy
Define
Agu = Uy;-

Obviously one can define A, in higher dimensions.
In the isothemal corrdinates

g = exp(2f)(da® + dy?),

Let
o' = e/ dx, 0% = el dy.

It is easy to verify that these two definitions are the same.
In higher dimensions, we can also verify the equivalent of these two definitions.
For u € C?(D), let g = exp(2u)g. Letkbe the Gauss curvature of the metric g,
Let K be the Gauss curvature of the metric g. Then, we have

Assertion 8.1.1
K =exp(—2u)(— Ayu+ k).

Proof: 'We use the local moving frame to prove this result. Let
9= (0" +(*).
Recall the structure equation:
dg’ = 9; AN dOY = —KO' A 62

Let
By

we obtain that

~

0l = 0% + w6 — ;.

So
d(03) = d(03) + d(u16* — us0").

By the equation R
doy = —KO' A 62

we know that

—Kexp(2u)0* A 0* = —kO' N6 + duy A 6? — dug A 0" + uyd6? — uydf?.
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Note that ' .
dui = 'Lbl'jej + ujef-,

Hence we have
—Kexp(2u)0' A 0% = —k0' N 67 + A ub' A 0>

U

We now recall the Nirenberg problem in S?. Let (S? ¢) be the standard unit
2-sphere in Euclidean space R3. Then Nirenberg’s problem is to find functions K ()
on S? such that they are the Gaussian curvature functions of metrics g, which are
point-wise conformally equivalent to ¢ on S2. This amounts to finding a smooth
function u : S? — R satisfying the following equation on S?:

Au=1— Ke*, (N).

Here A is the Laplacian with respect to ¢. Assume that u is a solution of (N).
Then the metric g = e*“c is conformal to ¢ and has K as its Gaussian curvature.
Integrating both sides of (N) on S?, we find

Ke*tdo = 4.
52

So a necessary condition for (N) to be solvable is that K be positive somewhere and
we write such function class by C7%(S?).
We have the following density result.

Theorem 8.1.2 On S? any smooth positive somewhere function can be approxi-
mated in CY7-norm by a sequence of Gaussian curvature functions.

To begin a proof, let’s assume the well-known existence result of A.Chang and
P.Yang [39], Han [51], and Chang and Liu [52]. The result says that

Theorem 8.1.3 Assume K is a Morse function on S? satisfying AK (x) # 0 when-
ever VK(z) =0 and K(z) > 0. Let p =number of local mazxima and ¢ =number of
saddle points with AK < 0. If p# q+ 1, then (N) admits at least one solution.

So we need only to prove that any smooth positive somewhere Morse function can
be arbitrarily approximated in C''“-norm by a smooth positive somewhere Morse
function K on S? with nonzero Laplacian at each critical points, and with |1+p—¢|
nonzero. Here p is the number of the critical points of K at which AK < 0 and at
which the Morse index of K is one, and ¢ is the number of local maximum points
of K.

The construction of such a function can be carried out as follows. Choose any
minimum point x( of a given Morse function H. Then by the standard Morse lemma,
we know that in some neighborhood of x( there is a local coordinate (z',z?) such
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that our function H can be written as H(z) = H(0)+ (2')*+ (2%)?. So we can create
a near-by Morse function H; with only two critical points, one is a local minimum,
and the other is a local maximum, in this neighborhood, and H; is H outside. This
H; has one more maximum point than H. Such a construction was also used in [54] in
the scalar curvature problem in the sphere of higher dimensions (so one may see [54]
for more detail), and it can be made again at any minimum point of H;. By repairing
this process we may find an approximated Morse function H; with ¢ as large as we
want, but with fixed p. Here we measure the approximation in C'*” norm on S?. We
remark that the Laplacian of H; at any critical point can be slightly modified to be
nonzero by enlarging the scale in just one direction, for example, the z'-direction.
Now Chang-Yang-Han-Chang-Liu’s existence result above (see also [39][51][52]) tells
us that H; is the prescribed gaussian curvature in Nirenberg’s problem. Hence we
get the C%7 density result for Gaussian curvature functions on S2. Such a result
could not be expected to improve to C? norm because Morse functions are stable in
C? function space.

We point out that our argument for the density result depends on the existence
result of this geometrical problem. Once we have an existence result for some kind
of Morse functions, we can use the above construction to get the density result;
for example, we could prove the density result for the scalar curvature problem in
dimensions three and four by using the above construction.

8.2 Bifurcations in the scalar curvature problem

Suppose (M™, go) is a compact Riemannian manifold with positive scalar curvature
function and n > 3. Given a smooth function K on it. The usual scalar curvature
problem on M™ is to find a conformal metric g to gg such that g has the scalar
curvature function K. We will let N+1 = (n+2)/(n—2)+1 be the Sobolev exponent.
Let L = —c¢,, A +R, be the conformal Laplacian so that the first eigenvalue of it is
positive, where ¢, = 4(n —1)/(n — 2). Suppose Ky is the scalar curvature function
of the metric ué/ n_zgo, where ug is some positive smooth function on M.

When studying the scalar curvature problem on S™, n > 3, we want to under-

stand the structure of the solution set. Recall that the scalar curvature problem on
S™is to find a pair (u, K) € C%(S™) x C*(S™) such that the function K is the scalar

curvature function of the metric -2 ¢, where ¢ is the standard metric on S™. If the
problem is non-degenerate, then we can try to do the Morse theory (see the famous
work of A.Bahri and J.M.Coron [40]) or use the standard implicit function theorem.
We will do some work in this part if it is not in the above case. So we are led to
the situation where there occurs a “bifurcation”. Following the general direction of
the lecture note of L.Nirenberg [38], that is, using the Lyapunov-Schmidt process
to reduce the problem to a finite dimensional one, we try to use the “standard bi-
furcation theory” and “catastrophe theory” of Thom-Mather for our problem. The
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difficulty lies in finding good conditions on the prescribed function such that we can
use the singularity theory. Our study is motivated by our reading of the works of
A.Bahri [54], A.Bahri and J.M.Coron [40], A.S.Y.Chang and P.Yang [39] and trying
to get some solution of small Morse index.

Suppose (M™, go) is a compact Riemannian manifold with positive scalar cur-
vature function and n > 3. We study the scalar curvature problem on M. Our
main concern in this part is to find some condition on K, such that there is a class
of functions near K, being scalar curvature functions of conformal metrics of go.
In short, we call such a function a scalar curvature function. It is clear, if K is a
composition of a conformal diffeomorphism with K, then it is a scalar curvature
function. So, in the sense of trying to use the “catastrophe theory”, our problem
may be considered as finding a suitable condition on K such that K is a composition
of a conformal diffeomorphism with our Kj. Note in catastrophe/singularity theory,
they use coordinates substitution to get a normal form. Hence we can not apply the
catastrophe/singularity theory directly. However, we may first consider this prob-
lem from the nonlinear functional analysis point of view. Then we will reduce the
problem to a finite dimension one.

For simplicity, using a change of conformal metric, we may assume at this mo-
ment that ug = 1.

Let N(u, K) be the operator —Lu + K (p)u’ from a second order Holder space
(C%%(M)) times another Holder space (C%%(M)) to a Holder space (C%(M)). If
the linearized operator T' = N/ (ug, Kj) is a surjective between the tangent spaces (
so it is an isomorphism by Fredholm alternativity ), then by the implicit function
theorem, we know every function near K is a scalar curvature function. So we
assume the kernel of T is a finite dimensional vector space E = sp(vy, ..., v4), where
each v; has unit L?-norm. In fact, this is the only case which is of geometrical
interest. If we introduce the operator F(u, K) = N(u,K) + P(u — ug), where
P(u—uy) is the L? projection of u—wug to E, then F,(ug, Ky) is an isomorphism and
we can safely use the implicit function theorem. So we find neighborhoods G| and
G5 of 0, and a neighborhood G of K in the Holder spaces, and a smooth function
u=u(f, K) from Gy x G; to Go such that u(f, K) satisfies:

Flu(f, K),K) = [. (D1)

Furthermore, our map u(., K) is a diffeomorphism from Gy to Gy for every K €
(G;. Hence, obtaining a solution for the scalar curvature equation is equivalent to
obtaining a solution of the equation P(u(f, K) — ug) = f on the intersection of E
with Gq if K is in G;. Now, it seems that for every K € G, we have a d—family of
solutions u(f, K), where f is the parameter with range as the intersection of Gy with
E. of our scalar curvature problem. So this is the local structure of the solution set
of the scalar curvature problem if the prescribed scalar curvature function is near K|
in the above sense. In fact, this is not true because of the Kazdan-Warner condition.
For example, if we take

M=8"={z=(21,...., 001 € R |2| =1}
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be the standard sphere and take K = 1 4 exy, then the scalar curvature problem
has no solution.

In the following paragraph, we want to learn more about solving our system (D1)
from the view-point of singularity theory. For this purpose, we write

f:Z.ﬁIfi'Ui, T = ($1,...,$d),
and u(x, K) = u(>_ zv;, K). Hence we need only to solve the nonlinear system
<u(z, K) — ug,v; >= ;.

for every ¢ = 1, ..., d. This kind of reduction is well-known, see section two of L.Simon
[33], for example. We remark that the key to solving this problem lies in under-
standing the map u(z, K). But it is very difficult to achieve such a understanding.
Let’s go back to solving the nonlinear system.

So to understand this system, we consider the Taylor expansion of the function
u(f, K) near (0, Ky). First note that (ug, Ko) is in the zero set of F'(u, K). By the
implicit function theorem we have u(0, Ky) = uo and u,, (0, Ky) = 1 for every i.

Now, we take the derivatives in the equation (1) and find

—Lu, + NK (p)u™ " u, + P(u,) = v,

and
—Lug + 0K (p)u + NK(p)utug + Pug) = 0.

From this we find that at (ug, Kj),
< 0K (p),v; > +N < Kug,v; >+ < ug,v; >=0.
Let’s compute the second derivatives and we find that
— Lty + NK(p)u gy + N(N — 1)K (p)u™ "2 + P(ug,) = 0,

—Lugr + NK(p)u Yupx + NOKu™ u,

+N(N — 1)K (p)u”™ uzug + P(uzx) = 0,

and
—Lug + NK(p)uN_luKK + 52K(p)uN

+NOK (p)u™tug+

N(N — 1)K (p)uu2 + P(ugg) = 0.

So at (ug, Ky), we have:

N(N —1) < Ku2,v > + < Upg,v >= 0, (D2)
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N < 6Kuz,v>4+N(N —1) < Kugug,v >+ < uzg,v >=0,

and

< 8K,v>+N < §Kug,v >
+ N(N—-1) < Kuj,v >+ < ugg,v >=0.

Again taking the third derivatives, we find more relations at (ug, Ky). But these
relations are not useful to us.

Now going back to our finite dimensional problem and developing the Taylor
expansion at (ug, Ky) we find that

0 = 2<ug,v; >+ < Ugy, U; >ZE2+ < Ugk,V; > T
+ <wugg,v; > +h.o.t..

We can consider the right hand as a perturbational system of the first two terms
because we can let §K = t?h and x = ty with |¢| suitable small. Then we get

0=2<ugh,v; >+ < Ugz, v; >y2+t<uth,vi>y

+t? < uggh.h,v; > +h.o.t. (D3)

So it is a small perturbation of a “quadratic” equation, and by using (D2) we can
conclude:

Theorem 8.2.1 Assume d = 1.

(i) Suppose there is a smooth function h such that A :=< Ku?,v >< ug.h,v >
is nonzero. Then by (D2) and (D3), either A < 0, we have two solutions of the
scalar curvature problem for such K, or A <0, we have none.

(i1) Suppose there is a smooth function h such that < ug.h,v >= 0 but B :=<
Ku?,v >< uyxh,v > is nonzero, Then by (D2) and (D3) we are in the standard
Whitney fold case. This means, either B > 0, and we have two solutions of the
scalar curvature problem for such K, or B < 0, we have none.

If d =1 and B = 0, we need to consider the third derivatives. See M.S.Berger
[54] or Martin Golubitsky and David G.Schaeffer [47] for discussion. We further
theorize that Theorem 2 (above) is only useful in compact Riemannian manifolds
which are not conformally diffeomorphic to the standard sphere.

In the remaining paragraph, we discuss the case when M = S™ equipped with
the standard metric and K = n(n — 1) + H with H is small in the Holder space.
Here if we take up = 1 again, then we have our d = (n + 2)(n + 1)/2 because of the
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conformal group on S™. So to obtain some interesting result we need some facts from
the conformal geometry on S™. Now we discuss the conformal Killing vector fields
on S™ first (see [42]. It is well known that any vector w € R""! gives a conformal
Killing field W on S™ by

W) =w— (wo)v

and this W is the projection of w onto the tangent space of S™ at v. Conformal
Killing vector fields on S™ form a Lie group, which is isomorphic to the Lie algebra
o(n+1,1) of the group 0(n+1, 1) of all linear isometries of Minkowski (n+2)-space.
By definition {vy, ..., v4} is the basis of o(n+1, 1). Given a conformal diffeomorphism
F: 8" — 5" Then we have F*(uN"1¢) = Tp(u)N e with Tp(u) = |[F'|" uo F.
Note that F*(c) = |F'|?c. This TF is an isometry of the Hilbert space H'(S™). Let
¥ be the positive part of the sphere of H'(S™) containing ug = 1. Note the orbit of
up = 1 in 3 under the conformal group action is {up = |F’ |an2} More explicitly,
urp are of the forms

A
=d, (n—2)/2
ur(w) ()\2 + 1+ (A% — 1)cosd(a, w))
where d,, is a uniform constant, d is the geodesic distance on (S",¢), a € S", and

A > 0. For such a function, we will write u, )y = up.

Let
1

N+1 Jgn
Then it is well-known that the critical points of Jx on ¥ uniquely correspond with
the solutions of the problem of prescribing scalar curvature function K on S™. As
shown by A.Bahri (see [15]) and O.Rey (see the appendix D of [17]) that every
nontrivial uz is non-degenerate on the orthogonal part E+ of the subspace E of

H'(S™) with

Ji (u) KuM*dp.

E = span{Dy, ..., D,,, Dy}.

Here D; is the Lie derivative of ug along the conformal vector field generated by the
orthonormal complement e; of a € S™ (so {a,ey,...,e,} forms a basis of R"™!) and
D, is the Lie derivative of upr along the scale .

Now, we discuss the bifurcation at the point up if H = t.h with ¢ being a small
scalar and h being a suitable function. We assume without loss of generality that
the C? norm of h is not bigger than one. Because, for t = 0, up is a non-degenerate
critical point of Jx on E*, we can use the implicit function theorem to find a
positive constant € such that for [t| < e there is a solution curve u(t) = up(t) of
dJg |eap(pry(u) = 0 for any smooth function h. Here exp is the exponential map of
H'(S™). Now we will find the conditions on & such that

dJic|eap(p) (u(t)) = 0. (D)

This means that u(t) is the solution of the problem of prescribing scalar curvature
function K = n(n — 1) +t.h. The easy condition for solving (D) is another (higher
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order) non-degenerate condition for using the implicit function theorem again. Let

Here y = (a,\) € S™ x R, are the parameters for up and we write u(t,y) = up(t).
Note u(0,y) = up(0) = up. Then we are looking for the conditions for h such that
u(t,.) is a critical point of j(¢,.) for each small ¢. Note, by the Lagrange multiplier
method we find that there are some constants [y, ..., l,,+1 such that

dJx(u(t,y)) = LDy + ... + 1y Dy + Lys1 Dy

In this form we are in the early consideration before Theorem 2. Therefore j,(¢,y) :=
dyj(t,y) = 0 is equivalent to [; = 0 for all ¢ = 1,...,n + 1. By construction,
/. on ug“du and we have j,(0,y) = 0. Hence we obtain by using Taylor’s expansion
of j at t = 0 that

jy(t7y) = tdt]y(07y) + O(tQ)

So, if our functions d,j, (0, y) has simple zero at y = yp, then we get a solution u(t,y)
for the problem of prescribed scalar curvature K = n(n — 1) + ¢t.h by the standard
bifurcation method. In general, one should use the Thom-Mather theory to study
the zero set of j,(t,y). We leave this open at this moment and perhaps we will
return to it later. Because up(0,y) is a critical point of Jx at t = 0 and up(t,y) is
a curve in Y we obtain that

[ (0. g)u=o.
Now, by a direct computation, we find that

djy(0,y) = dydj(0,y)
= Jgu hup (up)ydp + dy [g, up (up)(0,y)dp,
= fsn hug (up)ydp.

Hence, we get the following result.

Theorem 8.2.2 If {u = up = uy} is a family of non-constant Yamabe solutions
and h is a smooth function on S™ such that for the orthonormal basis {a, ey, ...,e,},
the vector-valued function

{/ huPuydp; w = X eq, ..., e, }

has a simple zero or other standard zero point (ag, Ao) in the bifurcation theory
or Catastrophe theory, then there is a positive constant € such that the problem of
prescribed scalar curvature function n(n — 1) 4+ t.h has a solution, which is near to
Uagne JOT €ach small t : |t| < e.
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We remark here that one can also introduce higher order non-degeneracy if
Jgn huNuydpe is trivial. And the other remark is that this kind of argument can
also be used to study bifurcation in Nirenberg’s problem. The result is

Theorem 8.2.3 Suppose up = %log|Jp| is a nontrivial, where F' is a conformal
transformation S*. If h is a smooth function such that fSQ he*"* (up),dp has a
simple zero, where y is the parameter for the conformal group on S, then there
is a small positive constant € such that Nirenberg’s problem of prescribed gaussian
curvature 1 4+ t.h has a solution for each small t : [t| < e.

For the detail of our proof of this Theorem, one may see [53]. For more about
the Yamabe problem, one may see Th.Aubin’s book [3].
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