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Preface

The goal of this book is to explain some of the key ingredients of Grisha Perelman’s
first paper [28] on the Ricci flow, namely Li—Yau type differential Harnack inequalities,
entropy formulas and space-time geodesics. We will only explain the main core of these
three topics without too many applications. In particular, we will not consider any of
the applications for three-dimensional manifolds towards the Poincaré conjecture or
William Thurston’s geometrization conjecture. The Ricci flow, introduced by Richard
Hamilton [13], can be seen as a heat equation for the Riemannian metric on a manifold.
Many of its properties are therefore connected with properties of heat equations and
adjoint heat equations on manifolds. In this book, we show how certain properties
of the heat equation lead to results about the Ricci flow and vice versa. As a general
principle, we discuss each topic by first looking at its analog for the heat equation on
a static manifold, since the computations are usually much easier for this case. Then
we continue with the nonlinear case, i.e. with the Ricci flow equation or with the heat
equation on an evolving manifold. We have chosen this method of presentation since
it makes the theory more accessible to non-specialists.

After a short introduction, we set up notation and terminology and derive the most
fundamental formulas for the Ricci flow in chapter one. In chapter two, we develop
the theory of differential Harnack inequalities. We present the famous Li—Yau result
[22], and continue with Hamilton’s matrix version [17] and his Harnack estimates for
the Ricci flow [18]. In chapter three, we will see all the different entropy formulas for
Ricci solitons from the Perelman paper [28] and discuss their relation to Li—Yau type
Harnack inequalities. We will also see Perelman’s new Harnack inequality. Moreover,
we explain the analogous entropy formulas for the heat equation on a static manifold,
following Lei Ni [25], and we will see the analog of Perelman’s Harnack inequality for
the static case. Finally, in chapter four, we study Perelman’s «£-functional, using the
results we obtained in the two previous chapters. Again, we also present the analogs
for the static case.

Our goal is not simply to explain a part of Perelman’s paper — there are enough
other good sources where this is done, see for example Kleiner and Lott [23] or Cao
and Zhu [4]. We also do not want to take part in the discussion on whether Perelman’s
proofs of the two conjectures are correct or not. Most people we talked to agreed that
at least the Poincaré conjecture seems to be solved. However, the analytic methods
found in this book are of great interest in a much more general setting. We present
here in detail these analytic methods to non-experts or students who are new to this
subject, in the belief that that they can also be useful for the study of other geometric
flows or other applications of the Ricci flow, for example in the Kéhler case. Hence the
book does not cover Perelman’s paper [28] step by step. We rather picked out the part
of the theory we find the most fundamental and the most interesting, and we connect
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this theory with Li—Yau’s theorem, Hamilton’s results for the Ricci flow and Lei Ni’s
recent work. Although some parts of the book are quite technical, we always make an
attempt to give heuristic motivations and interpretations of the results.

We should like to mention that we do not claim any original work beside some
simplifications of Perelman’s results for the easier case of a heat equation on a static
manifold. These results arise naturally from work done by Lei Ni.

As this book was written at a time when not many notes on Perelman’s work had
been published, it is independent of most of the recent publications on this topic.
Of course there will be overlappings with other recently published texts discussing
Perelman’s results. However, most of these notes are written by experts for experts and
contain a lot of details which are important for Perelman’s proof but not for the general
understanding of the theory of Li—Yau type Harnack inequalities, while the aim of this
book is to present exactly this analytic core theory to non-experts.

As for prerequisites, we only assume that the reader is familiar with the basic
concepts and notions of Riemannian geometry, but no preliminary knowledge of the
Ricci flow, Harnack inequalities or Perelman’s paper [28] is required.
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Introduction

In this book we compare the linear heat equation on a static manifold with the Ricci
flow — which is a nonlinear heat equation for a Riemannian metric g(¢) on M — and
with the heat equation on a manifold moving by Ricci flow. The aim of the book is
to explain some of the theory of Perelman’s first Ricci flow paper [28] as well as its
thematic context. Concretely, we will discuss differential Harnack inequalities, entropy
formulas and Perelman’s «£-functional. In particular, we want to emphasize how these
three topics are related with each other and with special solutions of the Ricci flow,
so-called Ricci solitons. We will see that Li—Yau type Harnack inequalities are related
with Perelman’s entropy formulas and the £-functional in a quite natural way. To
motivate the results and to start with simpler computations, we will first consider the
analogs of these topics for the heat equation on a static manifold. We will see that the
results in the static and in the Ricci flow case are often very similar and sometimes
coincide on special solutions.

This introduction contains a brief exposition of the historical background and sum-
marizes the main content of the book.

Hamilton’s Ricci flow and its early success

Nonlinear heat flows first appeared in Riemannian geometry in 1964, when James Eells
and Joseph H. Sampson [10] introduced the harmonic map heat flow as a tool to deform
given maps u: M — N between two manifolds into extremal maps (i.e. critical points
in the sense of calculus of variations) for the energy functional

E () =/ |Vul>dV. (1)
M

In particular, these so-called harmonic maps include geodesics, harmonic functions
and minimal surfaces. Eells and Sampson showed that the gradient flow of the energy
functional (1) above — the harmonic map heat flow — will converge to a harmonic map
if the target manifold N has negative sectional curvature. Since then, geometric heat
flows have become an intensively studied topic in geometric analysis.

A fundamental problem in differential geometry is to find canonical metrics on
Riemannian manifolds, i.e. metrics which are highly symmetrical, for example metrics
with constant curvature in some sense. Using the idea of evolving an object to such
an ideal state by a nonlinear heat flow, Richard Hamilton [13] invented the Ricci flow
in 1981. Hamilton’s idea was to smooth out irregularities of the curvature by evolving
a given Riemannian metric on a manifold M with respect to the nonlinear weakly
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parabolic equation

0,gij (1) = =2R;; (1), (2)
where g;; denotes the Riemannian metric and R;; its Ricci curvature. Hamilton showed
that there exists a solution for a short time for any smooth initial metric gg, see [13] (or
also [9] for a simplified proof).

A solution metric g (¢) shrinks where its Ricci curvature is positive, while it expands
in regions where the Ricci curvature is negative. For example a round sphere, which
has positive constant Ricci curvature at time ¢+ = 0, will shrink — faster and faster —
and collapse to a single point in finite time. In particular, the volume of the sphere is
strictly decreasing along the flow. Hamilton therefore also considered the normalized
(i.e. volume preserving) version of the Ricci flow, given by the equation

2
98ij = —2Rij + e

where n denotes the dimension of M and r = | yRdAV/ / y dV is the average scalar
curvature.

The stationary metrics under the Ricci flow (2) are Ricci flat metrics (i.e. metrics
with Ric = 0). These are also the critical points of the Einstein—Hilbert functional

8(g):/ R4V, 3)
M

a fact which we will prove in chapter one. However, we will see that the gradient flow
of this functional differs from the Ricci flow by an additional term, which makes the
equation impossible to solve in general. More precisely, the gradient flow of (3) is
given by the equation

0:8ij = —2R;j + Rgij, “4)
which does not have to be solvable (in either time direction) even for a short time,
since d;g = —2Ric is parabolic, while d;g = Rg is backwards parabolic and at the

symbol level these two terms do not cancel. One can hence regard the Ricci flow as
the part of the Einstein—Hilbert gradient flow that one gets by cancelling out the bad
(i.e. backwards parabolic) term. Now the natural question arises whether the Ricci
flow is the gradient flow of any functional at all, but unfortunately the answer is no.
This seems to be a well-known proposition of Hamilton, but we have not yet seen any
published proof in the literature. A proof can be found in chapter one.

If the Riemannian metric evolves with respect to a nonlinear heat equation, then so
do its derivatives, in particular the different curvature tensors. All these equations will
be presented in chapter one. For example the scalar curvature satisfies

2
&R = AR +2|Ric|®> > AR + =R?, 5)
n

so by the maximum principle its minimum Ry, (#) = infy; R(-, ¢) is non-decreasing
along the flow. Hamilton developed a maximum principle for tensors, with which he
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could find similar results for the Ricci and Riemannian curvature tensors. He proved
that the Ricci flow preserves the positivity of the Ricci tensor in dimension three [13]
and of the curvature operator in all dimensions [14]. Moreover, he also proved that
the eigenvalues of the Ricci tensor in dimension three approach each other under the
normalized flow. This allowed him to prove the following convergence result in his
seminal paper.

Proposition 1 (Hamilton, [13]). For a three-manifold with initial metric of strictly
positive Ricci tensor a solution to the normalized Ricci flow will exist for all time and
will converge exponentially fast to a metric of constant positive sectional curvature as
time t tends to infinity.

Such a three-manifold must hence be diffeomorphic to the three-sphere or a quotient
of it by a finite group of isometries. Given a homotopy three-sphere, if one can show
that it always admits a metric of positive Ricci curvature, then with Hamilton’s result
the Poincaré conjecture would follow. In [14], Hamilton proved a similar result for
four-manifolds with initial metric of positive curvature operator.

However, such a simple result does not hold if one starts with an arbitrary metric
without curvature assumptions. In the general case, the solution of the Ricci flow
(2) may behave much more complicatedly and develop singularities in finite time,
in particular the curvature may become arbitrarily large in some region while staying
bounded in its complement. For example, if one starts with an almost round cylindrical
neck, which looks like S? x B! connecting two large pieces of low curvature, then the
positive curvature in the S2-direction will dominate the slightly negative curvature in
the B!-direction and therefore one expects the neck to shrink and pinch off.

An existence proof and detailed analysis of such neckpinches can be found in a
recent book by Bennett Chow and Dan Knopf [8], the first rigorous examples have
been constructed by Sigurd Angenent and Dan Knopf in [1].

t=T

Remark. The above picture is justified by Angenent’s and Knopf’s paper [2], where
they proved that the diameter of the neck remains finite and that the singularity occurs
solely on a hypersurface diffeomorphic to S? rather than along S? x [a, b], for instance.
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In order to deal with such neckpinches, Hamilton [15] invented a topological surgery
where one cuts the neck open and glues small caps to each of the boundaries in such a
way that one can continue running the Ricci flow. He proposed a surgery procedure for
four-manifolds that satisfy certain curvature assumptions and conjectured that a similar
surgery would also work for three-manifolds with no a-priori assumptions at all. This
led him to a program of attacking William Thurston’s geometrization conjecture [29],
which states that every closed three-manifold can be decomposed along spheres S2
or tori T2 into pieces that admit one of eight different geometric structures. In this
context, neckpinch surgery corresponds to the topological decomposition along two-
spheres into such pieces. However, neckpinches can also occur for purely PDE-related
reasons, as in the picture above, where a sphere S is decomposed into two spheres S°.
Note that attaching a three-sphere along a two-sphere to any manifold M does not
change the topology of M. A good source for Hamilton’s program is his survey [19]
from 1995. To analyze singularities, one can use an analytic tool that allows to compare
the curvatures of the solution at different points and different times. This tool is known
as a Harnack type inequality, which we will now describe.

Differential Harnack inequalities

The classical Harnack inequality from parabolic PDE theory states that for 0 < #; <
ty < T anon-negative smooth solution u € C° (M x [0, T]) of the linear heat equation
d:u = Au on a closed, connected manifold M satisfies

Supu('vtl) SClnfu(v IZ)’ (6)
M M

where C depends on ¢, t, and the geometry of M. However, in the classical presen-
tation, the geometric dependency of C is not easy to analyze and the inequality does
not provide the optimal comparison at points that are far from the infimum and the
supremum.

In 1986, Peter Li and Shing Tung Yau [22] found a completely new Harnack type
result, namely a pointwise gradient estimate (called a differential Harnack inequality)
that can be integrated along a path to find a classical Harnack inequality of the form (6).
They proved that on a manifold with Ric > 0 and convex boundary, the differential
Harnack expression

du |Vul*> n
H(u,t) = 7 — 2 Z @)

is non-negative for any positive solution u of the linear heat equation. To prove this
differential Harnack inequality one uses the maximum principle for parabolic equations.
With his maximum principle for systems mentioned above, Hamilton [17] was able to
prove a matrix version of the Li—Yau result. On the one hand Hamilton’s result is
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more general since his matrix inequality contains the Li—Yau inequality as its trace,
on the other hand the matrix inequality demands stronger curvature assumptions than
Li—Yau’s trace version. We will see in chapter two that the Li—Yau Harnack expression
H(u,t) as well as Hamilton’s matrix version vanish identically on the heat kernel
(which is the expanding self-similar solution of the heat equation which tends to a
S-function as t — 0).

For the Ricci flow, the self-similar solutions are called Ricci solitons. Concretely,
a Ricci soliton is a solution metric of the Ricci flow which moves only by diffeomor-
phisms and scaling, i.e. a solution g(t) = a(t) - ®;(g(0)) which is the pull-back of
the initial metric g(0) by a one-parameter family of diffeomorphisms ®,: M — M
multiplied with a scaling function a(¢). An easy example for a shrinking (i.e. a(t) de-
creasing) soliton is the sphere S” discussed above. If the scaling function a(f) equals 1
for all time, then the soliton is called steady. The simplest nontrivial example here is
the so-called cigar soliton, which is defined to be R? equipped with the metric

dx? + dy?

ds? = — "7
14+ x24y2

®)

It is called a cigar because it is asymptotic to a cylinder at infinity, has maximal Gauss
curvature at the origin and burns away.

The cigar

If the diffeomorphisms in the definition of a soliton are generated by the gradient of
some scalar function f on M — the so-called soliton potential — we call g(¢) a gradient
soliton.

Hamilton’s idea was to find a nonlinear analog to the Li—Yau Harnack inequality
involving positive curvature in place of u. Motivated by the fact that Li Yau’s Harnack
expression and his own matrix version are zero on expanding self-similar solutions
as mentioned above, he looked for curvature expressions which vanish on expanding
Ricci solitons and then searched for a linear combination of these expressions and
derivatives of it. With this idea he found a matrix and a trace Harnack inequality for
the Ricci flow, cf. [18]. We will present them at the end of chapter two.

Using his Harnack inequalities, Hamilton [19] was able to prove the following
classification of blow-ups of three-dimensional singularities — modulo the control of
the injectivity radius.
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Proposition 2 (Hamilton, Theorem 26.5 of [19]). Let (M, g(t)) be a solution to the
Ricci flow on a compact three-manifold where a singularity develops in finite time T.
Then either the injectivity radius times the square root of the maximum curvature goes
to zero, or else there exists a sequence of dilations of the solution which converges to
a quotient by isometries of either S3, S> x R or  x R, where X is the cigar soliton.

Notice that all three possible limits in the proposition are gradient solitons, the
first two being shrinking and the last one being steady. A key question for Hamilton’s
program is: How can one prove that all singularities are modelled by self-similar
solutions? This question was answered by Grisha Perelman [28], who introduced a new
differential Harnack inequality for the Ricci flow, described below. In fact, Hamilton’s
and Perelman’s Harnack estimates and gradient Ricci solitons are important for the
study of the flow in arbitrary dimensions, not only in dimension three.

Perelman’s gradient flow approach

Recall that it was Hamilton’s idea to take linear combinations of expressions that vanish
on soliton solutions in order to find interesting estimates. Therefore, we list various
vanishing expressions of a soliton potential f for steady, shrinking and expanding
gradient solitons in chapter one. Combining some of them, one finds the remarkable
result that in the steady soliton case the function e~/ satisfies the adjoint heat equation
on a manifold evolving by Ricci flow. Similar results hold for expanding and shrinking
solitons. This connection between Ricci solitons and the adjoint heat equation is the
starting point for a completely new approach to the subject, introduced by Perelman
[28] in 2002.

Perelman presented a new functional, which may be regarded as an improved ver-
sion of the Einstein—Hilbert functional (3), namely

Ffri= [ (RE1VFP)eTaV, ©)
M
which has the gradient flow system

9:8ij = —2(Rij + Viij),}

%f=—Af—R. (10)

After a pull-back by the family of diffeomorphisms generated by V f, this system
becomes

0:gij = —2R;; (Ricci flow), (an
0%/ =0 (adjoint heat equation),
where O* := —3; — A + R denotes the adjoint heat operator under the Ricci flow. So in

this sense the Ricci flow may be regarded as a gradient flow up to a modification with
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a family of diffeomorphisms. Note that if we interpret the Ricci flow as a dynamical
system on the space of Riemannian metrics modulo diffeomorphisms and scaling, the
soliton solutions correspond to fixed points in this space.

In chapter three we will show that the entropy functional (g, f) is non-decreasing
along the flow and constant exactly on steady Ricci solitons with potential f. Entropy
functionals similar to (9) have been found for shrinking solitons (by Perelman [28])
and later for expanding solitons (by Feldman, [lmanen and Lei Ni [12]) as well. We
will introduce them all in the third chapter. We will also explain the corresponding
entropy functionals for the heat equation on a static manifold. This is taken from Lei
Ni’s papers [25] and [26].

In Perelman’s paper [28] no clear motivation for the various entropy functionals can
be found, so at first read it is almost impossible to understand where these functionals
come from, even if one already knows the connection between solitons and the adjoint
heat equation mentioned above. But using Lei Ni’s result (for the heat equation on
a fixed manifold), we will see that the entropy functionals are quite natural and are
strongly connected to the Nash entropy and, surprisingly, also to the Li—Yau Harnack
inequality. This relationship will be our main interest in chapter three.

In this chapter, we also show how one finds another differential Harnack inequality
for the heat kernel via a local version of Ni’s entropy formula (cf. [25]). In the Ricci
flow case, this corresponds to Perelman’s Harnack inequality for the adjoint heat kernel
on a manifold evolving by Ricci flow (cf. [28], Section 9), which one gets via a local
version of the shrinking soliton entropy. Note that while the classical Li—Yau result
presented in chapter two holds for the linear heat equation on a static manifold and
Hamilton’s Harnack inequalities are results for the curvature under Ricci flow (i.e. a
nonlinear heat equation on the space of Riemannian metrics), Perelman’s Harnack
inequality involves both heat equations together: it holds for a solution of the (adjoint)
heat equation on a manifold that also evolves by a heat equation.

In the same way as one can integrate the Li—Yau Harnack estimate along a path to
get a classical Harnack inequality, one can also integrate Perelman’s Harnack inequality
and the new Harnack inequality that corresponds to Lei Ni’s entropy formula. One gets
a lower bound for the adjoint heat kernel under Ricci flow in the Perelman case or for
the heat kernel on a static manifold in the other case. This will lead us to Perelman’s
£L-length functional (cf. [28], Section 7), a functional defined on the space of all space-
time paths. We will discuss this functional, the corresponding space-time geodesics and
exponential map in chapter four. We will also introduce and analyze the corresponding
“length” functional for the static case. The new results that we will get there follow as
a natural continuation of Lei Ni’s results. On flat R” the two cases coincide modulo
the necessary sign changes.

One discovers an interesting fact there: If one computes the first and second varia-
tion of Perelman’s L-functional with respect to variations of the space-time path one
is led to Hamilton’s matrix and trace Harnack expressions for the Ricci flow. So these
two (at first glance completely different) Harnack expressions come together in this
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chapter on the £-functional in a very natural way. Surprisingly, to draw conclusions,
Hamilton’s Harnack inequalities for the Ricci flow do not have to be satisfied, since
the Harnack terms appear during the computations but cancel out in the final result!
If one does the analogous computation for the static case, the Ricci curvature appears
where Hamilton’s Harnack expressions appeared in the Ricci flow case. However, the
curvature terms do not cancel out and hence the conclusions one wants to make on
the corresponding «£L-length (as well as the monotonicity of Ni’s entropy functionals
mentioned above or the positivity of Li—Yau’s Harnack expression) only hold if the
Ricci curvature is non-negative. This shows that the results for the Ricci flow case —
even so they are harder to compute — are in fact more natural since they hold without
any a-priori curvature assumptions converse to the static case.

Here is a heuristic explanation why the results for the linear heat equation hold
exactly in the case of Ric > 0: In this case the constant metric g(r) = g(0) is a
supersolution to the solution of the Ricci flow 9;g = —2 Ric < 0. Moreover a positive
solution to the backwards heat equation d,u = —Au is a subsolution to the adjoint heat
equation under the Ricci flow 9,4 = —Au + Ru (since R > 0 if Ric > 0). Putting this
together, the inequalities which hold for the Ricci flow and the adjoint heat equation will
also hold for the backwards heat equation on a manifold with fixed metric. Changing
the time direction will then lead to the results for the (forward) heat equation. With
this explanation in mind, there are two possible orders of presentation. On the one
hand, one can start with the static case and interpret the results in the Ricci flow case
as more complicated analogs. This is how historically the Harnack inequalities were
found. Since the computations in the case of a fixed metric are usually much easier,
we have chosen this order to present the results. Alternatively one could also see the
Ricci flow combined with the adjoint heat equation as the geometrically natural case
and — in contrast to our order of presentation — interpret the formulas for the static
case as a conversion of the corresponding formulas for the Ricci flow to super- (and
sub-)solution inequalities in the special case of non-negative Ricci curvature.

For this book, we have condensed some of the already existing proofs or carried
them out in more detail to make the topic more accessible to non-experts. However, it
is always a good idea to look at the original sources, especially since some propositions
are not presented in their most general version here, which would only distract from
the main geometric ideas. In particular, we recommend Hamilton’s original sources
(especially [13], [17] and [18]) and Lei Ni’s papers [25] and [26] on Perelman’s ideas.

Not to get sidetracked too much, we only present a compact core of the subject
without many applications. In particular, we will not discuss any of the applications
to three-manifolds towards the Poincaré conjecture or Thurston’s geometrization con-
jecture at all, but only present results which are valid for arbitrary dimensions. In
addition there are various applications to general dimensions (such as non-collapsing,
no breathers, e-regularity, etc.) which we skip. Most of them can be found in Perel-
man’s paper [28].
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Outline of the book

The book is divided into four main chapters. In chapter one we explain general varia-
tions of Riemannian metrics and introduce the Ricci flow as the (weakly) parabolic part
of the L2-gradient flow of the Einstein-Hilbert functional. We then prove that there ex-
ists no functional which has the Ricci flow as its gradient flow (Proposition 1.7). After
computing various evolution equations for the Ricci flow, we introduce gradient Ricci
solitons and derive equations for the three cases of steady, shrinking and expanding
solitons (Propositions 1.14, 1.15 and 1.16). A reader who is familiar with Hamilton’s
papers will already know most of the results in this chapter.

Chapter two is devoted to the study of differential Harnack inequalities. We start
with the famous Li—Yau Harnack estimate, which we present in its original form (Propo-
sition 2.5) as well as in a quadratic and an integrated version (Corollaries 2.6 and 2.7).
We then explain the maximum principle for systems to prove Hamilton’s matrix Har-
nack inequality for the heat equation (Proposition 2.11). Finally, we proceed with
Hamilton’s Harnack inequalities for the Ricci flow (Theorem 2.14), where we only
give a heuristic motivation instead of rewriting the rather lengthy proof.

In the third chapter we present Lei Ni’s entropy formulas for the heat equation on a
static manifold. The main result (Theorem 3.8) will relate these entropy formulas with
the Nash entropy and the Li—Yau Harnack inequality. Moreover, a local version of
an entropy formula for the positive heat kernel (Proposition 3.6) will lead us to a new
Li—Yau type differential Harnack inequality, which gives a lower bound for the heat
kernel when being integrated (Corollary 3.10). We also discuss the entropy formulas
for steady, shrinking and expanding solitons, the most important being the shrinking
case in which we will again integrate a Harnack type inequality (Proposition 3.15) to
find a lower bound for the adjoint heat kernel under Ricci flow (Corollary 3.16), as
in Section 9 of Perelman’s paper [28]. The quantities £(q, T) and €(g, T) which one
finds in these two corollaries 3.16 and 3.10, respectively, will turn out to be Perelman’s
backwards reduced distance and its analog for the heat kernel on a static manifold.

This motivates our investigation of the two corresponding distance-functionals in
chapter four. We first examine the static case, where the computations are much easier.
This will lead to Proposition 4.2, a new result for the heat kernel on a manifold, which
coincides with Perelman’s result (Theorem 4.9) in the case of a Ricci flat manifold.
The second part of chapter four provides a detailed exposition of Perelman’s £-length,
L-geodesics and the L-exponential map. We finish with the monotonicity of Perel-
man’s backwards reduced volume (Corollary 4.13).

Development of the book and acknowledgements. My first contact with this subject
was in the winter semester 2003/2004, when I was writing a term paper in analysis
under the guidance of Michael Struwe. The aim was to analyze the very first section
of Perelman’s paper from 2002, where Perelman introduces his famous steady soliton
entropy functional.
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In the following semester, Tom Ilmanen held an introductory lecture course on
the Ricci flow at ETH Ziirich that was inspired by Perelman’s work and Ilmanen’s
discussions with Richard Hamilton, Mu-Tao Wang and Lei Ni. There were also invited
guest speakers: Richard Hamilton, Dan Knopf and Natasa Sesum. This lecture course
intensified my interests in the subject of geometric flows, entropy formulas and Harnack
inequalities and I would like to thank Tom Ilmanen as well as the above mentioned
guest speakers for it. Much of the first chapter as well as some parts of the third chapter
are inspired by this lecture.

This book is a revised and extended version of my diploma thesis written in the
winter semester 2004/2005 at ETH Ziirich, again under the guidance of Michael Struwe.
I wish to express my gratitude to Michael Struwe for many interesting and helpful
discussions, comments and suggestions during this semester. [ would also like to thank
Daniel Perez for proof-reading parts of my diploma thesis.

In the winter term 2005/2006, I organized a student seminar on geometric heat
flows together with Tom Ilmanen, where my thesis was used as a source which was
often easier to understand for the students than the original papers. So we believe that
this book can not only be used for an introductory lecture or seminar on this topic, but
is also suitable for self-study.
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Foundational material

In this preliminary chapter we briefly explain the objects and notations which we
will use throughout this book. The reader is expected to be familiar with the most
basic theory from Riemannian geometry, in particular with the notion of Riemannian
manifolds, connections, geodesics and (curvature) tensors. For the convenience of the
reader we first summarize without proofs some of the relevant material, thus making
our exposition as self-contained as possible. For the proofs we refer the reader to
[21]. Afterwards, we introduce the Ricci flow and explain some of its most important
properties. Especially the evolution equations derived here will be of great importance
for the following chapters. We will see that the evolution equations for Riemannian,
Ricci and scalar curvature all have the form of heat equations, too. We then deduce the
adjoint heat equation under Ricci flow. Finally, we define Ricci flow solitons and show
how gradient solitons and adjoint heat equations are connected. For a more detailed
introduction on the Hamilton-Ricci flow, we refer to Chow’s and Knopf’s book [8],
Topping’s lecture notes [30] or Hamilton’s survey [13].

1.1 Riemannian metric and curvature tensors

Let M be a closed Riemannian manifold. Our notation is similar to the standard classical
notation for Riemannian geometry as found in [21]. We write v' for vectors and v; for

co-vectors, meaning v* % and v;dx/, respectively. We write 0 as an abbreviation for

ﬁ and V; for the covariant derivative in the direction of %.

The Riemannian metric on M is denoted as g;; = gj;, its inverse as g*¢, so that
g,-jgjk = 81{‘. For the induced measure on M we write dV = ,/det(g;;j)dx. We always
use the extended Einstein summation convention, where x“y, means Y »_, x%y,, and
XaYa denotes gPxayp = >0 1 8% xayp.

We will mix this classical index notation with the nice coordinate-free notation,
where usually the underlying geometric idea can better be seen, because the index
notation is well-adapted to the intense computations we will perform in this book.

The Levi-Civita connection V;v* = 9;v* + Ff‘j v/ is determined by the Christoffel
symbols

1
Fl’.‘j = Egk((ai gje + 9 gie — ¢ &ij),
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and the Riemannian curvature tensor
Rm(X, Y)Z = VxVyZ — VyVxZ — Vix.y|Z = R’gl.jx")/f'z‘Z
has the local representation
Ry, =0T — 0 Tf; + T Tf, — T/ T,

If we lower the upper index to the first position, we get Ripij = gk RZ. j» a tensor
which is anti-symmetric in (k, £) and (i, j), and symmetric in the interchange of these
pairs, Rjjre = Ryieij. The Ricci tensor Ric is defined by R = ngRijkg, the scalar
curvature as its trace R = g’kRik = g’kgfeRijkg. It is easy to see that

Rii = Rik = 8" Ryier = 8" gnj R}y, = R
We write (X, Y) :==g(X,Y) = g;; X 'Y J for the induced inner product of the metric g.
If {e1, ..., ey} is an orthonormal basis with respect to this inner product, then

Ric(X,Y) =Y (Rm(X,¢)e;,¥Y) and R =) Ric(e, e). (1.1)

i=1 i=1

For p € M, one defines the exponential map exp,: Vp = M, v — ypy(1), where
yu(): [0, T] — M is the unique maximal geodesic with y,(0) = p and 9;y,(0) =
v,and V, := {v € T,M | y,isdefined on [0, 1]}, cf. [21], Definition 1.4.3. The
exponential map exp, maps a neighborhood V of 0 € T, M diffeomorphically onto
a neighborhood U of p € M (see Theorem 1.4.3 of [21]). So by identification of
T, M with R", the map x(q) = exp;] (g) defines a local chart of U with p mapped to
x(p) = 0. The local coordinates defined by this chart (x, U) are called (Riemannian)
normal coordinates.

Lemma 1.1 (metric in normal coordinates). In Riemannian normal coordinates x =
{x'} around x(p) = 0, we have

1
gij(x) =14;j — gRiquxpxq +0( x| ),

so in particular
2ij(0) = 8ij, 0 £j(0) =0, T[(0)=0,
and

2
Acoord.(gl_j) = (Z W gu) = —gRij. (1.2)
k=1
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Proof. 1t is a standard fact that g;;(0) = §;; and 9 g;;(0) = O (and therefore also
Ffj (0) = 0) for normal coordinates, cf. [21], Theorem 1.4.4. We can then compute

k k k
2Ripjq = 28ikR),jq = 28ik(0;T,, — 3pTj,)
= 8ik 8" (30 8pt + 0j9p8q — 0j0¢8pq — Dp0g8je — 9pdjgqe + Ipdegiq)
= 3j3qu,‘ — ajal‘gpq — 3p3qgij =+ apaigjp. (1.3)

In normal coordinates, the metric satisfies the symmetries

0i0j8pg = Opq8ij» (1.4)
0a0p8cd + Op0c&ad + 0c0agba = 0, (1.5)

so (1.3) simplifies to
Ripjq = 0j048pi — 0p348ij- (1.6)

By Taylor approximation, we have
1 Pyl 3
gij(x) =4d;; + Eapaqgijx x?+0(IxI),
and hence it only remains to show that
9,0 Pyd — lR P4
5 OpOq8ijX" X" = =3 RipjgX X"

We compute

1 1
_§Riquxpxq = _E(Riqu + Rigjp)xx?

1
= —g(ajaqg[p + 0,08ig — 28p8qg,-j)x1’x‘1

1 1
= —8(—3apaqg,-,-)x1’x‘1 = Eapaqg,-jxpxq,

where we used (1.6) for the second line and the symmetry (1.5) for the last line. The
claim follows. a

In the following, we also need the Bianchi identities for the Riemannian curvature
tensor, i.e. the first Bianchi identity

Rm(X, Y)Z +Rm(Y, Z)X + Rm(Z, X)Y =0,
and the second Bianchi identity

(Vx Rm)(Y, Z)V, W) + ((Vy Rm)(Z, X)V, W) + ((VZRm)(X, )V, W) =0,
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which implies the local formula at x(p) = 0
ViRijie + ViRijen + VeRijn = 0.
Tracing this with g/" gives the formula
ViRijke = " ViRijke = —8"ViRijen — 8" VeRijnk (1.7)
= ViRjs — ViRjy.

This formula can be used to change derivatives of the Riemannian curvature into deriva-
tives of the Ricci curvature. By tracing again with g/¢ we get another form of this
equation, which will allow us to change derivatives of the Ricci tensor into derivatives
of the scalar curvature. We find

ViRix = &'"ViRijre = 8'*VkRj¢ — g/*ViRjx = ViR — V; Rjy.
By changing the indices in the last term, this implies

1
ViRix = 5 ViR, (1.8)

1.2 Variation formulas

We vary a fixed metric g;; € F(Symi(T*M)) in direction h;; € I'(Sym?(T*M)) to
obtain g° = g + sh. For any functional ¥ (g) depending on g, we denote by &, ¥ or
by d; F the first variation

S F =05 F 1= Osls=0 F (gij + shij).

The variation of other objects depending on the Riemannian metric is understood in an
analogous sense.

Definition 1.2 (Lichnerowicz Laplacian). For a symmetric two-tensor t;; we define
the Lichnerowicz Laplacian A by the formula

Aptip = At + 2Ripkqtpq — Riptpk — Riplpi,
where Aty = gﬂvj Vtix is the raw Laplacian.

Remark. The Lichnerowicz Laplacian for a symmetric two-tensor is formally the same
as the Hodge—de Rham Laplacian for a two-form, see [8], Appendix A.4.

Definition 1.3 (divergence operator). For a one-form n = (;) and a symmetric two-
tensor t = (tjx) we define the divergence as divn := V;n; and (div?); = Viti,
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respectively. In the second case, we then find the adjoint operator div*: Q1(M) —
['(Sym?(T*M)) of div: T'(Sym>(T*M)) — Q' (M) to be

. 1
divn = —E(Viﬁk + Vini).

Proposition 1.4 (variation of curvature). Let d;g;; = h;j be a variation of the Rieman-
nian metric. In normal coordinates at x(p) = 0, we then get

1
05 Rij = 58" (Y Vihim = V; Vihix = ViVihjm + ViVinhjx

’ (1.9)
- Rijkphpm - Rijmphkp)y
1 1
0y Rik = —- Arhix - Evz(trg h) — div* div h, (1.10)
9 R = —h'* Ry — A(trg h) + div? h. (1.11)

The above general variation formulas can be used to compute evolution equations
for the curvature under different flows, such as Einstein flow, Yamabe flow or — as we
will do a few pages below — for the Ricci flow.

Proof. With 0 = 9,8}, = d,(g" gke) = (358" gk + g™ hie we find
8:8" = (3,8™)8] = g7 (8,8 ) gxe = —g7 g™ hyy =1 —h'.
If we choose normal coordinates for g, the definition of the Christoffel symbols implies
9,Th = %gfm(vihkm + Vihim — Vihir) (1.12)

at x = 0. Since the Christoffel symbols vanish in normal coordinates, the Riemannian
curvature tensor is given by Rfj =0 ka — 0; ij]k. Thus

1
05 Rij = 58" (Y Vihim = V; Vihix = ViVihjm + ViVinhjx

1

+ V;Vihim — ViVihim),
which implies (1.9), because

Vjvihkm - Vivjhkm = _Rijkphpm - Rijmphkp~ (1-13)
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To compute (1.10) we use Rjx = which yields

ljk’

1 .
Oy Rik = 5 (Vin Vichim — Dhig — ViVig" hjm + ViVjhjk
Rijkphpj + Riphip)
1
= E(Vkvmh,-m — Ahjp — 2R;jkphpj + Riphpi + Riphip
— ViVi(trg h) 4+ Vi Vihji)
1 . .
= E(_ALhik — ViVi(trg h) + Vi (div h); + Vi (div h)k)
1 1_, g
= ——Aphjp — =V~(trg h) — div" div h.
2 2
Finally, we have
- ik _ ik ik
0sR = 05(g" Rix) = —h""Rix + g (35 Rix)
. 1 . . .
= —h* Ry + Eg"‘(—Ahik — V; Vi(trg h) + Vi(div h); + Vi (div h)
- 2Rijkphpj + Rkphpi + Riphkp)
: 1
—h'*Rix + S (S D(rgh) = Atrg h) + Vi(div h); + Vi(div b
= 2Rjphpj + Riphpi + Riphip)
—h** Ry — A(trg h) 4 div? b,
which proves the last formula. a

Proposition 1.5 (variation of d V). Let d58;; = h;j, then the volume element satisfies

1
d5dV = (- trg h) dv.
2

Proof. W use the following classical result from linear algebra. Let A = (a;;) and
B = (b;;) be two matrices and let A : B denote the product a;;b;;. If det(A) # 0, then
ds|s=0 det(A + sB) = (A~! : B)det(A). In our case

9y det(g) = g h;; det(g) =: (trg h) det(g).

Hence, we find the variation of dV to be

dy det(g) _
0sdV = 05+/det(g)dx de (2 trg )N/det(g )dx = ( trg )dV.D
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1.3 Einstein—Hilbert functional and Ricci flow

The Einstein—Hilbert functional is defined as

&(g) = f RaAV.
M

With the results from the previous section, we can now easily compute its first variation.
With Proposition 1.4 and 1.5 we find

858=/ (R dV + R 3,dV)
M
( ik . 2 1
= —h* Ry — Atrg h + div h>—|— R-troh)|dV
"y 2
ik 1
= [ W | —Rix + zRgix | dV
y 2

:/ —h*E; dV:/ (h,V &)V,
M M

where E;r = Rji — %Rgik is the Einstein tensor. We thus get 9;g = V& = —FE as the
gradient flow of &. For the third line, note that on a closed manifold M the integral of
the divergence form (—Atrg h + div? h) disappears.

Definition 1.6 (stationary metrics). We call g stationary for &, if 6, & = 0 for all
h e F(SymZ(T*M)). Since E;;x = Ey;, this is the case if and only if E;; = 0 on M.
Taking the trace we get 0 = g'*R;; — %Rgikg,-k = Z_T”R, so in dimension n # 2 this
implies R = 0 on M and therefore Ric = 0 on M. One calls such a manifold Ricci
flat. In dimension n = 2, every Riemannian metric satisfies £ = 0.

For the gradient flow of the Einstein—Hilbert functional we have (modified by
multiplication with factor 2)

0:8ij = —2Eij = —2R;j + Rgij,

which one can prove is not a parabolic flow and which does not have to be solvable
even for a short time. So we only take the (weakly) parabolic part of the equation,
which leads to Hamilton’s famous Ricci flow equation

g = —2Ric. (1.14)

By comparing this with (1.2), we see that in Riemannian normal coordinates this equa-
tion —up to a multiplicative constant — is simply the heat equation 9, g;; = 3A%00rd- (g, )
for the Riemannian metric.
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Remark. Alternatively, one can chose harmonic coordinates {x'}, i.e. local coordinates
for which each coordinate function x* satisfies

0= Ax" =g/ @0 — Thanx".
In such harmonic coordinates, the Ricci flow takes the form
digij = AP (gij) + Qij (g™, 0g),

where Q denotes a sum of terms which are quadratic in the inverse g~! and first
derivatives dg of the metric g, see [8], Chapter 3.5.

For every smooth metric g;; = g;;(0) the Ricci flow equation has a solution g;; (t)
for at least a short time ¢ € [0, €), see [13] for Hamilton’s original proof using the
Nash—Moser implicit function theorem, or see [9] for a simplified short-time existence
proof using the fact that (1.14) is equivalent to a strictly parabolic system modulo the
action of the diffeomorphism group on M. On the other side, the Ricci flow is not a
gradient flow:

Proposition 1.7 (Hamilton). There exists no smooth functional
F(g) = / F(0%g.98.8)dV

such that its first variation is 0 ¥ = f (h, —2Ric) dV.

Proof. The idea of the following proof was proposed to the author by Tom Ilmanen.
Fix a metric g € F(Symi(T*M )) and let & and k be symmetric two-tensors &, k €

I'(Sym?(T*M)) with which we vary g. Since C* (I'(Sym? (T*M))) is a linear space,
it has a natural connection V satisfying

V Fo(h) := dl1=0 F (g + th).
We compute
V2 F o (h, k) = 850 |(s.0=0.0) F (g + th + sk) = 85|20V F g5k (h),
and hence the symmetry of V> ¢ (h, k) requires that the map
T: (h, k) O5ls=0V F g5k (h)

should be symmetric in (4, k). We now assume that there exists indeed a functional
FecCc>®(T (Symi(T*M))) that has the Ricci flow as its gradient flow, i.e.

V F o (h) = /M (h, —2Ric)dV.
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With the notation g* = g + sk, we compute

T(l’l, k) = asls:O/ (/’l, -2 RiC(gs))gx dvgs

M

= —2/ ((n, 35 Ric(g*))dV + 85 (h, Ric) s dV + (h, Ric) d5d Vs )| _,
M

1 1_, kg
= -2 h,—=Ark — =V*(trg k) — div* divk
M 2 2

1
— 2trg(k : Ric : h) + (h, Ric) <§ trg k) ) av
~ —/ (V(trg k) - divh + (h, Ric) trg k) dV, (1.15)
M

where we used ~ to indicate that we dropped all terms symmetric in z and & in the last
step. Now (1.15) is manifestly not symmetric — unless /& and k satisfy some special
differential identities — and we get the desired contradiction. |

Perelman [28] solved this problem by introducing a functional, whose gradient flow
is equivalent to the Ricci flow modified with a family of diffeomorphisms. We will see
this functional in chapter three.

1.4 Evolution equations under Ricci flow
When the Riemannian metric evolves, then so does its curvature. For the Ricci flow,
one can now derive evolution equations from the general variation formulas in Propo-

sition 1.4 by setting & := —2Ric. Define Bjji¢ := Ripjq Ripeg, the square of Rm.

Theorem 1.8 (evolution of curvature). Let g(t) be a solution of the Ricci flow equation
(1.14). Then

0 Rijke = ARjjke + 2(Bijke — Bijek + Bikje — Bigjk)

(1.16)

- RipRpij - ijRipk/Z - RkpRijpé - RZpRijkpa
;R = ALRix = ARj; + 2quRipkq —2Rip Rpk, (1.17)
3R = AR + 2 |Ric|?. (1.18)

Proof. We won’t prove (1.16), because we will not need it in the following chapters.
For a direct proof of this equation without the variation formula from Proposition 1.4,
see [13]. To prove (1.17), note that with the twice contracted second Bianchi identity
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(1.8) one gets
1
—EVZ(trg h) — div* divh = V2(trg Ric) — (Vi VjRij + Vi V; Rjx)
5 1 1
=V°R — | =ViViR + =V; ViR
2 2
= V2R - V*R =0,
and hence Proposition 1.4 implies
O Rix = ALRix = ARjx +2Rpg Ripig — 2Rip Rpy.
For the scalar curvature formula, use Proposition 1.4, equation (1.11), to get

%R = —h'* Ry — A(trg h) + div? h
= 2|Ric|® + 2AR — 2V, V, R;;.

With (1.8) we get —2V;V; R;; = —AR, and equation (1.18) follows.

O

Notice that the evolution equation (1.12) for the Christoffel symbols gives the
evolution for the Levi-Civita connection V;v¥ = 9;v% + Fl{“vj . However, we want to
derive the evolution of the connection in a more elegant and coordinate-free form. This
index-free equation will then be used at various places in chapter four. We need the

following formula.

Lemma 1.9. The Levi-Civita connection satisfies the equation

2(VxY.Z) =X (Y.Z)— Z(X.Y)+ Y (X. Z)

Proof. Since V is metric, i.e. Vg = 0, it satisfies

XY, Z)=(VxY, Z)+ (Y, VxZ),
Y(Z,X)=(VyZ,X)+(Z,VyX),
Z({X,Y)=(VzX,Y)+ (X, VzY).

Since V is also torsion free, i.e. VxY — VyX = [X, Y] forall X, Y € I'(TM), we

conclude

XY, Z)-Y(Z,X)+Z(X,Y)=2(VxY,Z)—([X,Y], Z)
+ (Y, [X, Z]) + (X, [Y, Z]),

which is obviously equivalent to the assertion of the lemma.
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Remark. In fact, the Levi-Civita connection is uniquely determined by the formula
above, see Theorem 3.3.1 of [21].

We now define V = 8,V by VxY = d;(VxY) for (time-independent) vector fields
X, Y € I'(T M) and a time-dependent metric g(¢) on M. Note that since the difference
of two connections V1 and V® on M is a tensor, V is also a tensor — in contrary to
the connection V itself. We now write & = d;g and differentiate the equation from the
lemma above. This yields

VXY, Z) +2h(VxY,Z) =X -h(Y,Z)— Z - h(X,Y)+ Y - h(X, Z)
—h(Y, Z1, X) + h([X, Y], Z) — h([X, Z], Y).

Hence, we get

2VxY, Z) = (Vxh)(Y, Z) — h(VxY, Z) + h(Vx Z,Y) = (Vzh)(X.Y)
—h(VzX,Y) —h(VzY, X) + (Vyh)(X, Z) + h(Vy X, Z)
+h(VyZ, X) —h([Y, Z], X) + h([X, Y], Z) — h([X, Z], Y)
= (Vxh)(Y,Z) — (Vzh)(X,Y) + (Vyh)(X, Z),
where the last equality follows directly from the fact that the Lie-brackets satisfy

[X,Y] = VxY — Vy X for the Levi-Civita connection. Setting & = —2 Ric, we have
thus proved

Proposition 1.10 (evolution of V). Let g(t) be a solution of the Ricci flow equation
(1.14). Then the Levi-Civita connection satisfies

(VxY, Z) = —(Vx Ric)(Y, Z) + (VzRic)(X, ¥) — (Vy Rie)(X, Z).  (1.19)

With Proposition 1.5 we find the evolution equation for the volume element:
1 1
adV = ztrgh dv = Eg”(—ZR,-j)dV =—RdV. (1.20)

This equation will not only be used to compute variations of integral functionals, but
also for partial integrations with respect to the time ¢. As an application, we can now
derive the evolution equation for the Laplace operator.

We define the operator A = A by A f = 9 (Af) for a (time-independent)
function f € C°°(M) and a time-dependent metric g(¢r) on M. We will use this
operator in chapter three. We get the following evolution equation.

Proposition 1.11 (evolution of A). Let g(t) solve the Ricci flow equation. Then the
Laplace operator on C*° (M) satisfies

A =2R;;jV;V;. (1.21)
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Proof. Let f, h € C°°(M) be arbitrary functions. With partial integration (and using
oM = () we find

/ hAf dV = —/ (Vh,Vf)dV = —f gV VihV; f dV.
M M M
If we differentiate both sides with respect to ¢, we get
/M[hAf dV +hAf(3dV)] = — /M[(a,gif)v,-hvjf dV + g VihV; f(3,dV)].
Using 3,dV = —R dV and 9,g" = 2R/, we obtain
/ [Af —RAf1hdV = —/ [2R;;V;f — RV, f1(Vih) dV
M M
= +/ Vil2R;jV;f — Rg"V;f1h av.
M
This holds for all 2 € C°° (M), hence
Af —RAf = Vil2R;;V; f — Rg"V; f]
= QViRi))V; f +2R;jViV; f — g ViRV, f — RV V, f
= V;RV,f +2R;jV;V;f — ViRV, f — RAf
=2R;;ViV;f — RAS,
which proves A f = 2R;jV;V; f forall f € C®(M). a

Remark. Of course, one could also derive this formula by differentiating A f :=
g"V;V; f and using the evolution equations for ¢~ ! and V, which we already know.

Sometimes, one likes to consider the backwards Ricci flow equation 9, g(t) =
2 Ric, where g(t) is a solution of the forward Ricci flow for t € [—T, 0] (after a time
shift), and 7 is defined as T := —¢. Note that we can adapt all the evolution equations
above for the backwards Ricci flow, by simply replacing o, derivatives with (—d;)
derivatives.

1.5 Adjoint heat equation and gradient solitons

As mentioned in the introduction, we now want to introduce gradient Ricci solitons
and derive various equations for them. In particular, we want to show the connection
between their potential function and solutions of the adjoint heat equation.

We define the heat operator O := 0; — A on M7 = M x [0, T]. Some may know
this symbol as the wave operator, but throughout this book it will always denote the
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heat operator in accordance to the notation of Perelman’s paper [28]. The heat equation
can hence be written as Ou = d;u — Au = 0. For 4 and v which satisfy the boundary
condition [, u(T)v(T) dV = [,, u(0)v(0) dV, we claim that the formal adjoint heat
operator under Ricci flow is 0% := —9; — A + R, i.e. the adjoint heat equation is
O*v = 0. To see this, we use 3;dV = —R dV and integration by parts. We get

(DOuw)v dV dt = (Oru)v dV dt — (Au)v dV dt
Mt My Mr
:—/ u(d;v dV—i—vB,dV)dt—/ u(Av)dV dt
Mr Mt

= / u(—9o;v — Av + Rv)dV dt = / w(d*v)dV dt.
Mt My

which proves the claim. We will also need the following.

Lemma 1.12. Let f,h € C*°(M x [0, T')) be two arbitrary functions, O and O the
heat operator and its formal adjoint, defined as above. Then

at/ fhdv =/ (O f)h — f(T*h))dV. (1.22)
M M

Proof. We have

a,/ fh dV:/ & f)h dV+/ f(8,h)dV+/ Fh(3,dV).
M M M M

With integration by parts, we obtain

0=/ (fAh —hAf)dV.
M

Adding the two equations gives
Bt/ fhdv =/ 0 f —Af)h — f(Oh — Ah+ R)dV
M M

= / (@fHHh— f(@* ) dV,
M
which is what we claimed. O

A solution to an evolution equation which changes under a one-parameter subgroup
of the symmetry group of the equation is called a soliton (or a self-similar solution). The
symmetry group of the Ricci flow contains all diffeomorphisms. We hence consider
metrics which move by a one-parameter group of diffeomorphisms (and scaling), i.e. we
consider solutions of the Ricci flow, which are fixed points modulo diffeomorphism and
scaling:
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Definition 1.13 (Ricci solitons). We call a solution g(¢) of (1.14) a Ricci soliton, if it
is the pull-back of g(0),
g(t) = a() @} (g(0)),

where (®;) is a family of diffeomorphisms: M — M with &g = idys, and a(?) is

a real-valued function. The cases ‘Zl—‘t‘ =a < 0,a =0and a > 0 correspond to

shrinking, steady and expanding Ricci solitons, respectively. We will often simply call
them shrinkers, steadies and expanders.

Now assume ®; is generated by a vector field X, i.e. 9;P;(p) = X o ®,(p). We
call g(t) = &f (g.(O)) gl_gradient steady soliton, if X is the gradient of a function f,
i.e. Xi = V,'f, X' = glJij.

Proposition 1.14 (equations for gradient steadies). Suppose g(t) = ®F(g(0)) is a
gradient steady soliton with potential f. Then we have

i) Ric+Hess(f) =0,
ii) R+ Af =0,
iii) |V f|*> + R = const,
iv) 9 f = IVfI>

Proof. If we differentiate g(r) = ®;(g(0)) with respect to 7, use (1.14) and the defini-
tion of the Lie-derivative Ly g (cf. [21], Definition 1.6.6), we get

—2R;j = 9,8ij = (Lxg)ij = —2div* X = V;X; + V;X;,

and hence —2R;; = 2V;V; f, which proves the first equation. The computation for
Lxh, where h is a two-tensor, is explained in [21], after Theorem 1.6.4. The second
equation is just the trace of the first one. To derive the third equation, we take V of 1),
permute the indices and subtract the two equations:

VkRij + VkViij =0
ViRij +ViViVif =0
= ViR;j — ViRyj + RyijpVp f =0.

Now we trace this equation with g%/ and get
ViRij — ViR+ R;,V, f =0.

Note that the twice contracted second Bianchi identity (1.8) and i) imply V; R;; = %Vi R
and R;, = —V;V,, f, and hence

1 1
0= _EViR —ViVpfVpf = _Evi(R +IVFI).
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which proves iii). Finally, by definition
f(t,p)=f0,2(p)), ie f(t,-)=P;(f(0,)).
So differentiating with respect to ¢ proves iv), namely
of=Lxf=X-Vf=IVfP. O

As stated in the introduction, it was Hamilton’s idea to take linear combinations of
these equations for solitons. Here, by combining equation ii) with iv), 8, f = |V f|* =
IV fI?> = (R + Af), one obtains

O +20)f =|Vf*—R. (1.23)
So if one defines u := e/, one finds
@ +2)u=(=8f—Af+IVF?)u=Ru,
i.e. u = e~/ solves the adjoint heat equation
O*u = —0;u — Au+ Ru = 0.

Remark. It is usually not possible to solve such an equation in positive time direction,
because it is backwards parabolic. Normally one therefore has to solve the Ricci flow
equation (forward in time) first and then go back in time solving this adjoint heat
equation. More precisely, one takes a solution g(z) of the Ricci flow equation for
t € [0, T] and fixes some final time Cauchy data u(7) = ug. One can then solve the
parabolic equation

oru(t) — Au(t) + Ru(r) =0,

with initial data u(t = 0) = ug. With t = T — ¢, this leads to a solution u(¢) of the
backwards parabolic equation.

Similar to the steady case, a shrinking soliton is called gradient shrinker if the
generating vector field X (p) := —d;®,;(p) has a potential f. We assume that a(¢) =
(T — 1), thus g(¢t) = (T — t)®}(g(0)). This involves no loss of generality. We will
often write t instead of (7T — t) in the shrinking case.

Proposition 1.15 (equations for gradient shrinkers). Let g(t) be a gradient shrinker
with potential f, g(t) = (T —t)®}(g(0)). Then f satisfies the equations

i) Ric+Hess(f) — 5 =0,
i) R+Af— 2 =0,

iii) [V f>+ R — L = const,
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v) 0 f = |V fI*=—0.f
Proof. Differentiating g(¢t) = (T — )P} (g(0)) and using (1.14) implies

—2R;; = ~8U 4 (Lxg)ij = ~8 ViXj + Vi Xi,
T T

hence —2R;; = 2V;V; f — ‘%, which proves i). The second equation is again the trace
of the first one. Because Vg = 0, we can continue by taking V of i) as in the steady

case to get the same equation, namely

VJ'R,'J' — ViR + RiPVPf =0,

where now R;, = —V;V,, f + %’. Hence we find
1 8ip 1 2 f
0=—§ViR—Vinprf—Evpfz—zv,- R+ IV —|—? .
This proves the third equation. The last one follows as in Proposition 1.14. |

We find again a connection to the adjoint heat equation: Combining the second and
last equations, one gets

n
of =IVIR=(R+ 67 =5-),
2t
that is,
n
2t°

analogous to (1.23). We now define u := (4x 7)2¢~/ and compute

G +2)f=IVF*P =R+ (1.24)

@+ 8= (32— f =B +IVfP)u= Ru.

so the function u = (4 7)™"/2¢~/ solves the adjoint heat equation
O0*w = —0;u — Au+ Ru = 0.

The expanding case is pretty much the same as the shrinking case, there are only some
sign changes. Fort > T, let g(¢) be a gradient expander, i.e. a solution of the form
g(t) = (t — T)P;(g(0)), where the generating X (p) := 9;®;(p) has a potential. We
often write o for (¢t — T') in the expanding case.

If we replace T by —o and 9d; by (—09;) in the proof of the above proposition, we
immediately get

Proposition 1.16 (equations for gradient expanders). The soliton potential f of a
gradient expander satisfies the following equations:
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i) Ric+Hess(f) + % =0,
ii) R+Af+ 52 =0,
i) [Vf1>+ R+ L = const,
) o f =IVfI

Similarly to (1.24) we find

(3,+A)f:|Vf|2—R—%. (1.25)

Now define u := (47o)"/%¢~f. Then

n
0 + Ayu = <—Z—8tf—Af+|Vf|2)u=Ru,
and hence u is again a solution of the adjoint heat equation O*u = 0.

We have thus seen that for every gradient soliton the potential function f leads
in a natural way to a solution of the adjoint heat equation. This allows us to deduce
properties for Ricci solitons from properties of heat equations.

Remark. In this chapter, all manifolds in sight have been assumed compact and without
boundary. But the three propositions 1.14—1.16 also hold in the case of noncompact
gradient solitons. Especially in the steady and expanding case this is important, since
there the only compact solitons are Einstein manifolds.
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Differential Harnack inequalities

We begin this chapter by recalling some of the classical theory about linear parabolic
differential equations. Let M be a compact Riemannian manifold with boundary o M,
where in many cases we will assume that M is closed, i.e. IM = (. Let U denote the
interior of M, U := M \ 0M, and fix T > 0.

Definition 2.1 (parabolic cylinder). The parabolic cylinder above U is the set Ut :=
U x (0, T, its parabolic boundary is defined as

My :=Ur \Ur = (M x [0, T]) \ (U x (0, T)).

Note that the parabolic boundary d M7 consists of the sides d M x [0, T'] and the bottom
M x {t = 0}, but does not contain the top U x {t = T}, which belongs to the parabolic
interior. For closed manifolds M, the parabolic boundary d M is simply M x {t = 0}.

The following schematic picture illustrates the idea of this cylinder.

t
M x {t =T}

(2

R* oM

oM x [0,T]

Let L denote a second order partial differential operator on Ut of the form
Lu = —a" (x,))ViVju + b' (x, 1) Viu,

where @'/ = a’/t, and V is the Levi-Civita connection. Moreover, let q=q(x,t)>0
be a non-negative function on Ur.

Definition 2.2 (uniformly parabolic operator). We say that the partial differential op-
erators (0; + L) and (d; + L + q) are uniformly parabolic, if there exists a constant
A > 0, such that

a(x,0EE > 1|E* forall (x,1) € Ur, & = (&) € R™.

In this case, for each fixed time 0 < ¢ < T, the operators L and (L + q) are uniformly
elliptic in the spatial variable x.
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We will always assume that a’/, b and ¢ are C*°-functions on Ur for all i, j €
{1,...,n},and u: Ur — R is a C*®-solution of

@+L+qu=0 inUr. 2.1

Remark. In PDE theory, one shows that there is a (unique) C*-solution of (2.1)
under the additional assumptions # = 0 on 0M x [0, T] and u = ug on U x {t = 0}
for smooth ug which satisfy some compatibility conditions, cf. [11], Chapter 7.1,
Theorem 7. For closed M there are no compatibility conditions. We are actually not
interested in existence and regularity questions in this book and we never need infinitely
many derivatives. But if u is at least C 4 in the x-variable and C? in the ¢ variable, and
these derivatives have a continuous extension up to the boundary, we can skip a lot of
technical details, which distract from the geometric results.

One obvious example for a parabolic operator is a’/ = g%/, the Riemannian metric,
and b' = 0 for all i, in which case L = —A and the operator (d; + L) is the heat
operator 0 = 9, — A from chapter one.

The classical Harnack inequality says that for a solution of (2.1) with u > 0 in U7,
V € U connected and 0 < #; < tp < T, there exists a constant C, which depends only
on V, t1, t, q and the coefficients of L, such that

supu(-,t1) < Cinfu(-, ).
v \%4

In particular, if M is closed and connected, we find that a non-negative solution u €
C®(M x [0, T]) of Ou = 0 satisfies

supu(-,t;) < Cinfu(-, 1), (2.2)
M M

where C depends only on 71, #; and the geometry of M.

As an immediate consequence of this, if u(xg, o) = 0 for some xg € M, 19 > 0,
then u = 0 on M x [0, #g]. Conversely, if u(-, 0) > 0 with u(xp, 0) > 0 for some
X9 € M, then at any ¢ > O there holds u(x,t) > 0 for all x € M. That is, we have
infinite propagation speed. This phenomenon is a special case of the following more
general result.

Proposition 2.3 (strong maximum principle). Assume u € C*°(Ur) andgq > 0in Uy,
U connected. Then:
1) If u is a subsolution of (2.1), i.e. (0 + L + q)u < 0 in Ur, and if u attains a
non-negative absolute maximum over Ur at an interior point (xg, to) € Ur, then
u is constant on Uy,.
ii) If u is a supersolution of (2.1), i.e. (3; + L + q)u > 0 in Uy, and if u attains a
non-positive absolute minimum over Ur at an interior point (xg, tg) € Ur, then
u is constant on Uy,.
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Proof. See [11], Chapter 7.1, Theorem 12. m|

The disadvantage is that we only get the qualitative informationu > 0 forallt > 0,
but sometimes one wishes a quantitative lower estimate. Equation (2.2) gives such a
lower bound, but the classical results (as found in [11], [24]) have the disadvantage
that the geometric dependency of C is complicated and sometimes unclear.

Peter Li and Shing Tung Yau established a pointwise gradient estimate, the so-called
Li—Yau differential Harnack inequality, which implies a classical Harnack inequality
by integration along a path. Being a pointwise property of solutions u, such a Li—Yau
type gradient inequality can also be used to analyze the function u locally. We will
start this chapter with a special case of Li and Yau’s result, cf. [22].

Richard Hamilton proved a matrix version of the Li—Yau inequality under slightly
different assumptions in [17]. It is worth pointing out that in order to prove this, he had
to develop a maximum principle for systems first. Hamilton then found a nonlinear
analog for the Ricci flow case in [18]. These estimates for the Ricci flow will be our
main interest in this chapter. However, no attempt has been made to reprove Hamilton’s
Harnack inequalities for the Ricci flow here, but rather to give a heuristic motivation
for the results and establish the relation between them and the Harnack inequality for
the heat equation.

2.1 The Li-Yau Harnack inequality

Following Li and Yau’s paper [22], we first prove a technical result.

Lemma 2.4 (Li—Yau, Lemma 1.1 of [22]). Let f(x, t) be a smooth function on M x
[0, T satisfying 8, f = A f+|V f|%, and define F :=t(|V f|>* =8, f) = —tAf. Then
F satisfies the inequality

1 2
(A—3)F > —2(VF,Vf)—2Kt|Vf|*— “F+ —th,
n

where —K is a lower bound on the Ricci curvature, with K > 0.

Proof. We first derive a lower bound for A [V f|> = 2(AVf, V) + 2<V2f, sz).
Note that

(AVE V) =g" VvV £V, f
= g MV ViV Y f 4 8V g Ruiep Vo £V f
=g"Vi(APV f + RipVp fVi f
= (VAF, Vf)+Ric(Vf, V).

We also have - 5
(A < |87 ViV f|7 = n [Hess(f)I?,
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and putting this together gives

A|VFI?=2(VAF, V) +2Ric(Vf, Vf)+ 2 |Hess(f)|?

, 2 5 (2.3)
Z2(VAL V) = 2KV + (Af)

Hence we get
AF =t(A|V 12 = AG )

> t(z (VAL V) —2K [V + %(Af)z _ 8:(Af)>

—F , 2t (—F\? —F
=2u(V(— ). Vf) =2kt |IVfP+=(—) -1 (—
t n t t
2| 2
= —2(VF,Vf) = 2Kt |Vf? = —F + — F? 4+ F.
n

Subtracting d; F on both sides yields the desired inequality. |

To formulate the Harnack inequality in the case where dM # J, we need the
second fundamental form on a submanifold N of M with co-dimension 1, i.e. an
(n — 1)-dimensional submanifold of the n-manifold M. Let v € C>®(N, R"), with
[v(p)l = 1 and v(p) € T,,Nl ={ueT,M|{un,v)=0forallveT,N} C T,M,
be a normal vector field to N in T M. Then the second fundamental form 11, at p € N
with respect to v is given by

II,(v, w) := —(dv(p)v,w), v,weT,M.

Choose a moving frame {eq, ..., e}, where e,(p) = v(p) and {e1(p), ..., en—1(p)}
is a basis for T, N. Then [v, v] = 0 for v € I'(T'N) and hence we see that

1,(v, w) = = (Vypyv, w).

We now choose N = dM and let v be the outward pointing unit normal vector to d M.
We call the boundary of M convex, if the second fundamental form of 9 M with respect
to v is non-negative, 11, > O forall p € dM.

Proposition 2.5 (Li—Yau differential Harnack inequality). Let M be a compact mani-
fold with non-negative Ricci curvature and convex boundary if OM # (. Let u(x,1t)

be a positive solution of the heat equation Ou = O with Neumann boundary condition
W — ()ondM x [0, T]. Then u satisfies the estimate

v

oru |Vu|2 n
H="——""+4+_>0 onMx(0,T]. 2.4
u u? 2t



32 2 Differential Harnack inequalities

Proof. Set f = logu. Note that 0 = (0; — A)u = (B,f —Af — |Vf|2) u and hence
f satisfies the assumption of Lemma 2.4. We also have

du  |Vul? F
= -V =

u

where F = ¢ (|[Vf|*> — 8 f) as in Lemma 2.4. The claim is now equivalent to the
assertion that ' < %, which we will now prove with the inequality we found for F,
namely

A—9)F > —2(VF.V 2p(F_" 25
(A—=0)F > =2 7f>+a<—§) (2.5)

in our case where K = 0. If the assertion was not true, then there would be a maximum
point (xg, tp) of F on M x [0, T'] where F (xg, ty) > % > 0. Because F(x,0) = 0 for
all x € M, ty must be strictly positive. If xq is an interior point of M, i.e. (xg, f9) € Ur,
then obviously

VF(xo,t0) =0, AF(xo,7) <0, 9F(xo,1)>0.

But plugging this into (2.5), gives the contradiction

2
0> (A —3)F(x0,10) > 0+ — F(xo, o) (F(XO’ 0) — E) > 0.
nt 2

Hence xo can only be on d M. In this case the strong maximum principle applied to F
implies %—f(xo, to) > 0. However in the moving frame described above

dF -
) =tV (IVfP =8 f) =2 Y VaViefVief = 0:(Vnf)
k=1

n—1
=2 Y VaVifVif = =2 I,(V£. V),
k=1
where we used the Neumann boundary condition V,, f = 0 on d M and the expression
for the second fundamental form we derived above. Now because the boundary is
convex and 7y > 0 we get

oF
W(Xo, o) = =210 I, (Vf,Vf) <0,
which is a contradiction. Hence F < % on M x (0, T], and the inequality is proved.
O

Corollary 2.6 (quadratic version). Let M, u be as in Proposition 2.5. Then for any
vector field V on M, we have

HV) = Btu—i—%u—f—Z(Vu, V)—f—u|V|2 >0 onM x (0, T].
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Proof. We search for the vector field which minimizes this expression. Take a variation
VS of V.= VO, with 8V = 8|0 V*. The minimizing VO must satisfy

dsls=o(H(V*)) = 2(Vu, 8V) +2u (v, §V) = 0.

Hence V0 = —%. Plugging this into the definition of H gives
2
\Y \Y
H(VO) = ou + iu — 2<Vu, —u>+u A
2t u u
IVul> n
= 0iu — + —u,
u 2t
which is exactly the Li—Yau Harnack expression multiplied by u. This proves that
H(\V)>H(V% >o0. O

Finally, we want to integrate the differential Harnack inequality along a path to get a
classical Harnack type estimate. Therefore, notice that the Li—Yau Harnack inequality
(2.4) is equivalent to

3 logu > |Vlogu|® — 2% (2.6)

So on a path y(¢), we compute

d
o logu(y(t),t) = o;logu + Vlogu - 9,y (¢)

> |Vlogu|2—%+VIOgu-)}
c 12

14 1 .2 n

= |V1 = —-= - —

‘ 0gu+2 4|)/| o
I ., n
e [V L —
> 4|J/| o

Ify: [#1, 2] > M with y(¢1) = x1 and y (t2) = x3, then

M(xZ, t2) . no_ t d
log(u(xl,tl)) = logu(y (. 1) —/tl o logu(y (), nd

2 1 ., n
> —Z|V| 3 dt
1 1
1
1

By exponentiating, we get

u(xa, 1) (t2>n/2 { /’2 | }
— > = exp 3 — - dty . 2.7
u(xy, 1) — \t P n 4 7| @7

This proves the following corollary.
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Corollary 2.7 (integrated version). Under the same conditions as in Proposition 2.5,
a positive solution u of Ou = 0 satisfies the inequality

t —n/2
u(xz, 1) > u(xy, ty) (t_> e~ Lotaz=h)
1

where

1 |
L(xi,x2,tp —t1) ;= inf { —— | = |y[*dt
(x1,x2,00 — 11) ;gr{Z(tz—tl)/o 2|V| }

C={y:[0,1] > M| y(@©0) =x1, y(1) = x2}.

with

Note that in the case where M is a geodesic manifold, i.e. every pair of points p
and g in M can be joined by a minimizing geodesic, we have

E(x1,x) _ d*(x1,x)
2n—t) 4t—n)’

where E(x1, xp) is the classical energy of such a minimizing geodesic between x|
and x;.

On flat R”, a minimizing geodesic is of course a straight line, hence |y|* =
|x2 — x1]% and

L(Xl, X2, 1 — tl) =

oy — x|

A —1n)

In this case, the inequality in the corollary becomes an equality for the heat kernel
ulx,t) = (4nt)’"/2e’|x‘2/4t at x; = xp = 0. Moreover, the function u(x,t) =
(4 1) ~"/2eLO1X.1=1) then satisfies the heat equation Ou = 0 for fixed x, 71.

One can show something similar for general manifolds with Ric > 0 (but with the
inequality Ou < 0 instead of an equality). We will do that in chapter three. Moreover,
Perelman’s «£-functional can be seen as an analog of the above energy functional under
backwards Ricci flow. However this needs a lot of long and technical computations.
We will discuss this functional in chapter four.

L(x1,x,t0 — 1) =

2.2 Hamilton’s matrix Harnack inequality

To prove Hamilton’s matrix version of the Li—Yau result, one needs a version of the max-
imum principle which holds for systems of equations. We closely follow Hamilton’s
idea, cf. [14]. Let f = {f*} be a system of m functions on the compact manifold M,
satisfying the non-linear heat equation

Of=A0F+¢(f), f=/foatr=0. (2.8)
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where ¢: U C R™ — R™ is a smooth vector field. The basic idea is that the effect
of the heat equation is to average out the system and hence, if f lies in a convex set
X C U att = 0, it will remain there, unless it is moved out by ¢.

Suppose (2.8) has a smooth solution for ¢ € [0, T']. To study the PDE, we first look
at the ODE

O f=¢(f), f=/foatr=0. (2.9)

Let X C U be a closed convex subset. Define the tangent cone 73 X to X atk € 9X as
the intersection of all closed half-spaces containing X with k on the boundary of the
half-space. This is the smallest closed convex cone with vertex at kK which contains the
set X. Hamilton proved the following proposition in [14].

Proposition 2.8 (maximum principle for systems). Let X be a closed and convex subset
of U.
1) Solutions of the ODE (2.9) which start in X will remain in X if and only if for
allk € 0X we have ¢ (k) € T X.
ii) If the solution of the ODE (2.9) remains in X, then so does the solution of the
heat equation (2.8).

Note that the path of solutions does not change when we multiply ¢ (f) with a
cutoff function which equals 1 on a very large ball. Hence we may always assume X to
be compact by intersecting it with an even larger ball on whose complement the cutoff
function disappears.

The idea of the proof is to reduce the problem to the one-dimensional case. One
does that with linear functionals ¢ on R”: We say £ is a support function for X at
f €0X (or £ € S¢X for short) if ||[£]| = 1 and £(f) > £(k) for all k € X. Then

() eTrX < LP(f)) <0 foralll e SrX. (2.10)
Define the distance function

sup{t(f —k) | k € X, £ € Sk X} iff & X,

s(f) = dist(f, X) = 0 if f e X.

To estimate the derivative of s( f) we need the following lemma.

Lemma 2.9. Let g be a smooth function of t € R and y € R™, and let f(t) =
sup{g(t,y) | y € Y} where Y C R™ is compact. Then f(t) is Lipschitz (and hence
differentiable almost everywhere) and with Y (t) = {y € Y | g(t, y) = f(t)} we have

9 f (1) < sup{d;g(t,y) | y € Y(O)}. (2.11)

Proof. Choose a sequence of times #; decreasing to fy such that

5 f@)— fo) . f @) — f(to)
im ———— = limsuyp ———.
i \uo i —1 \do t—1
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Because Y is compact, we can choose y; € Y with f(¢;) = g(¢;, y;). Moreover there is
apoint yg € Y with y; — yo for a subsequence. Without loss of generality, the whole
sequence converges to yg. Since g is continuous, f(fo) = g(to, yo) and yg € Y (¢).
Moreover g(fy, y;) < g(t0, yo) yields

f@) — fto) < g, yj) — g(to, yj),
and by the mean value theorem there exists §; € [f, ;] with

g, i) — g, yj)
i —1o

= 0,8, yj).

Now because §; — 19 too, and because g is smooth, we find

1) — f (@ ti, yj) — g(to,
lim f () — f ) < lim g(tj, yj) — g(to, yj)
i \uo i —1 j—oo i — 1

= lim 9,g(&;, yj) = 9,g(t0, yo),
J—00

which proves the lemma. d
We have now the necessary material to prove the maximum principle for systems.

Proof of Proposition 2.8. ) If ¢ (f) & Ty X, then with (2.10) there is an £ € Sy X such
that (¢ (f)) > 0. We find

O L(f) =€ f) =@ (f)) >0

and hence £(f) is increasing and f can not stay in X. For the converse, suppose
L(¢p(k)) <Oforall k € X and all £ € S; X. With Lemma 2.9 applied to

g=g,k,0)=4L(f(t)—k) and Y ={(k,?)|kedX, e SX}
and with the definition of s( f) we get

ds(f) = sup{0:£(f — k)} = sup{€(o ()}
= sup{€(p(f)) — L(p(k))},

where the supremum is taken over k € 90X and £ € Sy X with s(f) = £(f — k).
Because X is convex, k must be the unique closest point on 9 X to f, and £ must be the
functional with gradient in the direction f — k. Because ¢ is smooth, |¢ (f) — ¢ (k)| <
C|f —k| = Cs(f), and so (2.12) becomes d;s(f) < Cs(f). Since s(f) = 0 at
t = 0, it must remain 0.

ii) In the PDE case, the computations are similar, but we also have to take the
supremum over all x € M. Note that s(f) = sup,,, s(f(x, t)) satisfies

2.12)

95 (1) < sup{d:£(f (x, 1) — k)} = sup{€(A f) +£(P ()},
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the supremum now being taken over all x € M, k € 90X and £ € SpX with s(¢) =
£(f(x,t) — k). Because £(f(x, t)) has its maximum at x, the term £(A f) = AL(f)
is non-positive. So, as before, we get

ds(r) < sup{l(@(fN} = 1@ (f) = (k)| = C|f — k| = Cs(r),

and since s(¢) = 0 at r = 0, it must remain 0. O

An immediate consequence is the following.

Corollary 2.10 (maximum principle for matrices). Let M be compact. Let M;;(x,t)
be a symmetric (n x n)-matrix which depends smoothly ont € [0, T] and x € M.
Suppose M;; satisfies the heat equation

M = AM;; + ¢ (M;}), (2.13)

where ¢ (M;;)(v, v) > 0 for all zero-eigenvectors v of M;j. Then if M;; > 0att =0,
it remains so for all t € [0, T].

Remark. If the corollary is true, then it obviously also holds for supersolutions which
satisfy 8tMij > AMl'j + (f)(M,/)

With the help of this corollary we can now prove Hamilton’s matrix version of the
Li—Yau result. To shorten the proof, we assume that u is smooth and solves the heat
equation up to the boundary M x {t = 0}, while Hamilton [17] proves the inequality
under more general assumptions on u.

Proposition 2.11 (Hamilton’s matrix Harnack inequality). Let M be a closed Rie-
mannian manifold and u € C*°(M x [0, T]) a positive solution to the heat equation
Ou = 0. Suppose M is Ricci parallel and has weakly positive sectional curvatures:
VRic = 0 and (Rm(v, w)w, v) = R;jreviwjvgwe > 0 forall v, w € I'(TM). Then

ViuViu u

Hij == V;Vju — >

Proof. Because u, Vu and V2u are bounded on M x [0, T], the inequality H;; > 0
obviously holds for ¢ small enough. If we can show that f;; satisfies a heat equation
of the form (2.13), with ¢ (H;;) > 0 whenever H;; > 0, then we are done. Set

ViuViu u
L,‘j = V,Vju— » :Hij_z_t

8ij-
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We first compute (x) := AL;; — AV;V;u. We get

V¢ViuViu + ViuV¢Viu  ViuV;uVyu
ke Vi J i LVj i Jj 4
*) = — \YJ —
(*) g k( ” ) )
_ —gke <VkV,-VguVju n ViuViViVeu B V,-uVjquVgu>
- 2
u u u

2 ViuViu ViuViu
— — | VkViu — “\ ViViu —
u u u

(2.14)
N V,‘(AM)VJ'M n ViMVj(AM) V,’MVJ'MAM
h u u u?
V,uViu V,uViu 2
— gkt (Rkiép% + Rijep P ) - ;Lkiij

_ 3, (ViuVju> Ry VouViu R VouViu 2L-2-.
u

Using (1.13), we also have

¥ (ViVju) = V;V;(ru) = g"V;V;ViVeu

= gMV ViV Vou — Vi(R;p V)

= g"V ViV Viu — Vi(R;p V)
— RiprVju + Rikjpvkvpu

= AV,'VJ‘M - V,-ijvpu - ijVpViu - RiprVju
+ Rikjp Vi Vpu + Vi(RikjpVput)

= AV,'VJ'M — ijVpV,-u — R,-,,vaju + ZRl'kijkVpu
— V,’ijvpu + VpR,‘jvpu — VjRiprl/t,

where in the last step we used the contracted second Bianchi identity (1.7) to get

Vk(Rikijpu) = VkRikijpu + Rikj,,VkVpu
= —ViRyijpVput + RikjeViVeu
= —V;RipVpu + V,RijVpou + RirjeViVeu.
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Now we put all this together. We find

ViuVju
8,Ll‘j = 3;(V,‘Vju) - 8t

2
=ALj; + ;Lizj + 2RikjeViVeu — RixLj — RjxLik
+ (VPR,']' — VjRip — V,-ij)V,,u
2
= ALjj + ;Ll'zj + 2RikjeLke — RikLjk — RjkLik
2
+ ;R,’kgjvkuvut + (vaij — VJ‘R,‘I, -V ij)Vpu,

where the last line is non-negative, because of the assumptions that M is Ricci parallel
and has weakly positive sectional curvatures. Thus

2
o Lij > AL;j + ;L?j + 2RikjeLke — RixLjk — RjiLig. (2.15)

It is now easy to derive the evolution equation for H;; = L;; + 5; 8. With

Au
AHij = ALU + —&ij
2t
we obtain
Au u
0 Hij = 9, Lij + o7 8il ~ 52 8ii
2 5 Au u
> ALjj+ —Lj; + 2RixjeLie — RikLjk — RjkLik + 5-8ij — 53 8ij
u 2t 2t
2 u
= AH;; + ;L,-zj + 2RikjeLke — RixLjk — RjxLix — 22 8ii-
Note that
u u u u
2Rikje - 5,8k~ Ri - 5,8k ~ Rjg - 5, 8ik = 5(2131'1' — Rij — R;j) =0,

and hence
2RikjeLke — RikLjk — RjkLix = 2R;xjeHre — Rik Hjx — Rjx Hi.

With this and with

22 = 2ok (e — X Hip — —
w8 ( ”‘_Zg”‘)< J"Z_Zg”)
S22 lh g
R AR R FRLU
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we find the desired evolution inequality
2 5, 2
0:H;jj > AH;; + ;Hij — ;Hij + 2RigjeHre — RikHjx — Rjx Hix. (2.16)

This is of the form (2.13) and all the terms Hl.zj, RikjeHie, —RixHji, and —Rji Hij
are non-negative at a zero-eigenvector of H;;, which allows us to apply the maximum
principle for symmetric matrices. Hence H;; will remain non-negative for all time. O

Remark. The inequality (2.15) proves that if L;; > 0 at time # then L;; > 0 for all
t > to. However L;; could also start negative and stay negative for all time.

As in the trace case, the matrix Harnack inequality becomes an equality for the heat
_ 2 .
kernel it = (4mr1)~"/2¢=1XI"/41 on Euclidean space R".
We can again find a quadratic vector field version of this Harnack inequality:

Corollary 2.12 (quadratic version). Let M, u be as in Proposition 2.11. Then for any
vector field V on M we have

Hi;(V): _VVu+2 gij +ViuVi + ViuV; +uV;V; 20 on M x (0, T].

Proof. As in Corollary 2.6, the minimizing V° must be V0 = —% and we get

ViuVju u
+ Zgij > 0. |

H;ij(V) > Hij(V°) = ViVju —

We can also use Hamilton’s argument to prove the Li—Yau inequality. This gives a
better understanding of how the Harnack expression itself evolves in time, and of why
we need the assumption of non-negative Ricci curvature. On a closed manifold M and
for a positive solution u of the heat equation, we set

|Vul?

n
—|—— L=H——u

H:@,u— .
2t 2t

Then suppose that H is positive for ¢ small enough. With the above computation (2.14)

v; . . o
for A <M> which does not require bounds on the Ricci curvature, we find

i, ViuViu
AL — A(0;u) = gV |:—A (—)i|

u

Vul> 2 . 2 )
= —9 — = Ric(Vu, Vu) — = |Ljj|
u u u
Vul> 2 . 2,
< -9 — ZRic(Vu, Vu) — — L2,
u u nu
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where we used the Cauchy—Schwarz inequality for L? = (g L; j)z <n |Ll- i |2 in the
last step. Because A(d;u) = 9;(Au) = 9;(d;u), we get

2 2
&L > AL + —L* + ZRic(Vu, Vu). (2.17)
nu u

With 9, H = 9;L — %Au + #u and AH = AL — Z%Au, we finally find

2 2 2
oH > AH+—H2—;H+—Ric(Vu,Vu). (2.18)
nu u

This shows that H is supersolution to a non-linear heat equation (and hence stays
positive) exactly under the assumption of non-negative Ricci curvature.

Remark. In the case of Ric > 0, we also find that L = 0,u — > 0 is preserved if
initially true, exactly as in the matrix case with L;;. But again L could also be negative
for all time.

[Vu|?
u

Furthermore, we can again derive an integrated version of the matrix Harnack
inequality, as for the Li—Yau result. Let M satisfy the assumptions of Proposition 2.11
and suppose that u > 0 is a solution of Ou = 0. Then by multiplying the Harnack
inequality with %, we get

1 1 ViuVju 1
0= Hij=_—|(ViVju— + 5,8
MV,‘VJ'M — V,’MV]‘M 1
- PR

v (ViYL
T\ 281

1
= ViVjlogu + >gij,

which is a kind of logarithmic convexity. Hence, along a geodesic y (s) parameterized
by arc-length, we get

82 Io + 1 >0

u — ,
s 08 2t —
or equivalently

) S2
0 {logu+— ) >0,
K ( g ”) =

ie. h(s,t) = logu(y(s),t) + % is convex in s. We conclude that for any geodesic
y (s) parameterized by arc-length, we have

1 1
h(0,1) = Eh(So, 1)+ Eh(—so, 1.

By exponentiation, we find the following result.
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Corollary 2.13 (integrated version). Let M,u be as in Proposition 2.11 and let
y(s): I — M be a geodesic parameterized by arc-length. Then for so with £sg € I,
we have

u(y(0), 1) < u(y(s0). " 2uly (—so), )1/ 2514

2.3 Harnack inequalities for the Ricci flow

Remember that the trace and matrix Harnack expressions for the heat equation both
vanish on the heat kernel, which we interpret as a gradient expander in the following
way. The Euclidean metric is an expanding soliton in the sense of Proposition 1.10,
with birth time 7 = 0 and potential f(x,t) = — |x |2 /4t,1.e. the metric expands along
the vector field X = V f = —5 and we have ®,(x) = \iﬁ Motivated by this, when
searching for a Harnack estimate for the Ricci flow, we will try to find an expression
which vanishes on gradient Ricci expanders.

Recall from the first chapter, Proposition 1.16, that such an expanding soliton
satisfies the equation Ric 4+ Hess( f) + % = (), if we set the birth time 7 to zero. With
V =V f we have

8i

J
— ViV, =R;; + S5 (2.19)

Differentiating and commuting gives
ViRik — ViRjr = V;V;iVik = V;Vi Vi = Rijje V.

Then tracing with g’* and applying the twice contracted second Bianchi identity (1.8)
yields

ViR — ViRj; = %VjR =RjVy. (2.20)
Applying this to V gives our first expression
— ViRV; +2R;;V;V; = 0. (2.21)
Differentiating (2.20) again, and tracing with g’k gives

0=—g*Vi ViR +2¢'* Vi R;; V; +2¢'* Ri; Vi V;
= —AR +2V1'R,'jVj + 2R,’jV,‘Vj

= —AR + VjRVj +2R,~jV,~Vj
R (2.22)
= —AR+ V;RV; — 2 |Ric|* — 2>

R
= R+ ViRV — —.
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Here, we used (2.19) and the evolution equation for the scalar curvature (1.18) for the
last two steps. Now, by subtracting (2.22) from (2.21), we get

R
H(V) =R+ — = 2ViRV; +2R;;ViV; =0. (2.23)

Observe that H(V) is a similar expression to the quadratic version of Hamilton’s
Harnack for the heat equation in Corollary 2.12. To see this claimed similarity even
better, we formally take the inequality from Corollary 2.12 and plug in 2R;; instead
of u (note that u satisfies d;u = Au while R;; satisfies 9, R;; = A R;;). With (1.8) we
get

0°<’2ViV,R;; + %gﬁ +2ViRi;Vi + 2V, Ri;Vi + 2R;; ViV
=V,ViR + § + VRV + ViRV, + 2R;; ViV
= AR+ § +2V;RV; 4 2R;;V;V
<R+ § +2V;RV; +2R;;ViV; = H(—V).

This heuristic argument shows that our H (V) may in fact be the right expression. Note
that the Harnack inequality holds for positive solutions u of the heat equation, so here
we will probably also have to assume Ric > 0 to get the Harnack inequality H (V) > 0.

Moreover, if we do not trace (2.22) and (2.21), we get a matrix expression which
vanishes on expanding solitons. This actually turns out to be Hamilton’s matrix Harnack
expression for the Ricci flow. The similarity to Corollary 2.12 can now be seen if we
insert Rm instead of Ric or u. This also heuristically explains why we have to assume
Rm > 0 (i.e. weakly positive curvature operator, R;;r¢U;jUre > 0 for all two-forms
U) to get a non-negative Harnack expression. Hence the following theorem is not a
big surprise anymore.

Theorem 2.14 (Hamilton’s Harnack estimates for the Ricci flow). Suppose (M, g) is
a complete solution to the Ricci flow (1.14) for t € [0, T]. Suppose g;; has a weakly
positive curvature operator. Define

1 1
M;j = AR;j — EViij + 2RjkjeRie — Rix Rji + Z_IRij.

Then for any vectors V, W and t > 0 we have
) HV, W) :=2M;iW;W;—4(V;Rj;)(ViW; =V, W) Wi +2R; j1e ViW; Vi Wy > 0,

i) H(V):= R+ & —2V;RV; + 2R;;V;V; = 0.
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Proof. The proof is similar to Hamilton’s proof of the matrix Harnack estimate for the
heat equation, i.e. one shows that the expressions H(V, W) and H (V) are supersolu-
tions to non-linear heat equations which preserve the cone H(V, W) > Qor H(V) > 0,
respectively. However the computations are obviously longer and more complicated.
We hence skip them here and refer the reader to [17]. Note that one has to substitute V
by —VandsetU = VAW (i.e. U;j = %(V,- W; — V;W;)) to get Hamilton’s expression
as found in [17]. O

We now want to write this theorem in a different form. Use

HV,W)=2M;;W;W; —4(V;Rj;)(V;W; — V;W;) W)
+2R;jke ViW; Vi Wy

=2M (W, W) —4(Vy Ric)(W, W) + 4(Vw Ric)(V, W)
+2(R(V, W)W, V).

Note that with 0; R;j = AR;j + 2R;ijeRre — 2R Rjx we get
2M;j = 2AR;j + 4Rijj¢Rie — 2Rk Rj — Vi ViR + %Rij
=20R;j + 2R Rjr — V;V;R + %RU,
and hence
2M(W, W) = 2(3; Ric)(W, W) + 2 [Ric(W, -)|* — Viy Vi R + ;Ric(W, W).
So we get the index-free form

H(V, W) = 2(3, Ric)(W, W) + 2 [Ric(W, -)|> = VwVwR + ;Ric(W, W)
— 4[(Vy Ric)(W, W) — (Vw Ric)(V, W)] + 2 (R(V, W)W, V) > 0.

To get an index-free version of equation ii) in Theorem 2.14, we trace this over an
orthonormal basis {W;}. Note that

&R = AR + 2 Ricl> = 8,(g" Rij) = 2 [Ric|> + ) _ (3 Ric) (Wi, W),

1

and hence ). (3, Ric)(W;, W;) = AR. Moreover, we use

> (Vw, Ric)(V, W;) = % (VR, V),
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which follows from the second Bianchi identity. We then get

n
1
Z H(V,W;) = 2AR + 2 |Ric|> — AR + R

i=1

- 4( (VR V) = (Vw, Rie)(V, Wi))

+2 (R(V, W)W, V)

1

1 1
= 4R+ R —4<(VR, V)= 3 (VR. v>) +2Ric(V, V)

1
= &R+ —R—2(VR, V) +2Rie(V, V) = H(V) 2 0.

‘We can now restate the theorem in a second (index-free) version.

Theorem 2.15 (Harnack estimates for Ricci flow, second version). Suppose (M, g) is
a complete solution to the Ricci flow (1.14) for t € [0, T] with bounded curvature.
Suppose g has a weakly positive curvature operator. Then for any vectors V, W and
t > 0 we have

i) H(V, W) = 2(3 Ric)(W, W) + 2 |Ric(W, -)|* = Vi Vi R + L Ric(W, W)
—4[(Vy Ric)(W, W)—(Vyw Ric)(V, W)]-2(R(V, W)V, W) > 0,
ii) H(V):= R+ IR —2(VR, V) +2Ric(V,V) > 0.

Remark. The Harnack expressions H(V, W) and H (V) will appear exactly in this
form again in chapter four. However, we will not use Theorem 2.15 in any essential
way there, since — surprisingly — the Harnack expressions will cancel out in the final
results!

There have been several alternate proofs and geometric interpretations of these
Harnack inequalities. We like to point out one of them, which is very interesting: One
can define a degenerate metric g on the space-time manifold M = M x [0, T] in such
a way that
g = gy ifi,j =1,

0 ifi =0 orj =0,
where the index 0 denotes the time direction. Associated to this metric is a space-time
connection V defined by the Christoffel symbols

ry ifi, j,k>1,
Fo_ 10 ifk =0,
1 —R]’.‘ ifi =0and j, k > 1,

—AVkR ifi=j=0andk > L.
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This connection is compatible with the metric in the usual sense that V§ = 0, and it
satisfies o o o

3tf‘,kj = —g"(ViRje + VjRit — ViR;)),
which is formally identical to the equation satisfied by the Levi-Civita connection V
of the metric g evolving under the Ricci flow, cf. (1.12).

One can then show that the Riemannian curvature tensor for this space-time con-
nection is exactly Hamilton’s matrix Harnack expression for the Ricci flow. Similarly,
the Ricci curvature tensor of the space-time connection is Hamilton’s trace Harnack
expression.

The theorem hence says that weakly positive curvature operator on M implies
weakly positive Riemannian curvature on the space-time manifold M, and the same
holds for the Ricci curvature.

This geometric approach to the Harnack inequalities was found by Bennett Chow
and Sun-Chin Chu. The details can be found in their papers [5] and [6].

Remark. With this argument in mind, if the Riemannian or Ricci curvature appear
during certain computations for a static manifold, one might not be surprised too much
to find these Harnack expressions when one makes the corresponding computation for
an evolving manifold, since they can be interpreted as the curvature tensors for the
space-time manifold with the above natural space-time connection. We will see in
chapter four, when we compute the variation of Perelman’s £-distance functional with
respect to space-time paths, that this actually really happens!
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Entropy formulas

This chapter provides an exposition of integral quantities that are monotone non-
increasing or non-decreasing in time under Ricci flow. We will first present entropy
formulas for the heat equation on a static manifold (cf. [25]) and then derive the analogs
of these results for steady, shrinking and expanding Ricci solitons. We will also present
local versions of these formulas.

Perelman showed in the first section of [28] that the gradient flow of his entropy
functional ¥ is the Ricci flow modified with a family of diffeomorphisms, compare
with Proposition 1.7. We like to point out an additional motivation here, where the
connection to the static case and to shrinking and expanding solitons can be seen even
better. This idea is the connection between Perelman’s functional and Nash entropy.
This was first shown to the author by Tom Ilmanen [20].

With Nash’s entropy we will also be able to show a nice connection between the
entropy formulas and the original Li—Yau Harnack inequality from the last chapter. We
found most of these ideas in Lei Ni’s paper [26]. We will also see an application for the
Li—Yau Harnack estimate, namely we will prove that the Li—Yau inequality holds as
an equality for the heat kernel for some #y > 0, if and only if the manifold is isometric
to the Euclidean space R”. Similar results will be shown for Ni’s entropy formulas for
the heat equation on a static manifold.

3.1 The static case, part I

On any closed manifold the heat equation d;u = Au may be regarded as the L>-gradient
flow of the Dirichlet functional D(u) := fM % [Vul?> dV. We compute

1
a,Dza,/ —|Vu|2dV=/ —Au du dV:/ —(Au)*dV <0,
M2 M M

so the Dirichlet functional is a monotone quantity for the linear heat equation.

Another monotone quantity is the Nash entropy N (u) = |, yulogu dV. Letu be
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a positive solution of the heat equation Ou = 0. A direct computation shows

1
8,N=/ (8,u-logu+u—8,u)dV=/ Aulogu + Au dV
M u M

Vul?
= [ sutoguav = [ Iy (3.1)
M M u
— [ —wsreTav <o,
M
where f = —logu. So the Nash entropy of a solution of the heat equation on a

static manifold is monotone decreasing. To compute the second derivative, we use the

following lemma, which can also be used to simplify other computations below.

Lemma 3.1. Let u be a positive solution of the heat equation Ou = 0. Define f =

—logu and w = 2Af — |V f|>. Then

(@ — A)w = —2(|Hess(f)I* + Ric(V £, V) =2 (Vw, Vf).

Proof. With (3, — A) f = —|[Vf|>wefindw =28, f + |Vf|> =8, f + Af. Inthe

proof of Lemma 2.4 we showed that
AIVFI2=2(VAF, V) +2Ric(V f, VF) + 2 Hess(f)|*,
thus a direct computation gives

B — D)w =28, f) — 200, f) + 8 |VFI> — AV fI?
=20, f — Af)+ 0, |VfI? = AIVfI?
=3 |VfI? = AV

= —2(V(@@ +Af),VF) —2Ric(Vf, VF) — 2 |Hess(f)|%.

This is precisely the assertion of the lemma.
With Vi = —uV f and Ou = 0, we get

(3 — &) (wu) = —2u(|Hess(f)|* + Ric(V £, V £))
—2u{(Vw,Vf)—2(Vw, Vu) + w(d; — A)u

= —2u(|Hess(f)|* + Ric(V £, V f)).
Note that we can write

wu=20f —|Vf)ed = |VfPe) —2n(e77),
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so for the second derivative of the Nash entropy we find the following formula for u
which satisfy the heat equation,

N =a [ ~1vsPe T av

M (3.2)

=/ 2u([Hess(f)|* + Ric(V £, V f)) dV,
M

i.e. the derivative of the Nash entropy is monotone non-decreasing under the heat
equation if Ric > 0 on M. In other words, the Nash entropy is convex in this case. We
will now see an analog to this equation for the Ricci flow. In this way we obtain what
is known as Perelman’s entropy formula for steady solitons.

3.2 Entropy for steady Ricci solitons

Recall, that for a steady soliton with potential f, the function u = e~/ solves the
adjoint heat equation under Ricci flow, see chapter one. So let now g;; be a solution
of the Ricci flow (1.14) and u = ¢~/ a (positive) solution of O*u = 0 and define the
Nash entropy formally as above, N (u) = [ y wlogu dV. Differentiating gives

1
3,N=/ (E),u-logu dV +u—0dudV + ulogu ath)
M u
:/ (@t — R)ulogu + d;u)dV
M
=/ (—Aulogu + (R — A)u)dV.
M

Because the integral of Au vanishes on the closed manifold M and partial integration
2
yields [}, —Aulogu dV = [,, % dV, we have

atN=/M(

Converse to the static case, equation (3.1), the derivative here does not have a sign,
unless we assume R > 0 on M. However, we will see below, Proposition 3.4, that
the second derivative BIZN (u) is non-negative (i.e. N (u) is convex) without a-priori
assumptions on the curvature, while we needed Ric > 0 in the static case to get such a
result. Hence (3.3) is a monotone quantity along the Ricci flow and may be interpreted
as an entropy functional.

2
|V:| +Ru> dv =/ (IVFI*+R)e™ ' av. (3.3)
M
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Definition 3.2 (Perelman’s ¥ -entropy, Section 1.1 of [28]). We define the F -functional
for a Riemannian metric g;; and a function f € C°°(M) by

F(&ij> /) =/M(|Vf|2+R)e_de,

restricted to f that satisfy [,, e/ dV = 1.

Note that for a solution u = e~/ of the adjoint heat equation 0*y = 0 and a
solution g(¢) of the Ricci flow equation (1.14), f y udV is preserved and hence the
assumption |’ M e~ /dV = 1 is satisfied if initially true. Moreover, for this setting,
F (g, f) = 0;N(u) is simply the first derivative of the Nash entropy.

We may interpret  as a combination of the entropy functional || u!VSf >e=fdv
from the static case, equation (3.2), with the Einstein—Hilbert functional defined in
chapter one. We are now interested in its gradient flow. Perelman noticed that the first
variation of his functional is

o F =/ —h(Rij + ViV fre=Tav, (3.4)
M

if the measure dm = e~/ dV is pointwise kept fixed. This follows from the following
lemma.

Lemma 3.3 (Perelman, Section 1.1 of [28]). Let d,g;; = h;j and d; f = £ be variations

of the Riemannian metric g;; and the function f. Then the first variation of ¥ (gij, f)
is

- 1 ) _
aS}':/ |:—h’f(Rij+Vl~ij)+<§trgh—£>(2Af—|Vf| +R)]e lav.
M

Proof. We need the evolution equations
3R = —h'* Ry — A(trg h) + div? i,
9,dV = %trg hdVvV
from chapter one, as well as

U VP =8(VE V) =2(VL.VE) —h*V; fVi ],
Bse_f =—te /.
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By simply inserting these four expressions, we find
3 F = / [asRe’de Lo Ve fav
M

+ (R+IVfP)(oe= av + e Ta,av)]

| . (3.5)
= / [ — ¥Ry — Altrg h) +div? h — B*V; Vi f
M

2(Vf, VO, + (R+ |Vf|2)(%trgh — E)i|e_f dv.

We now rewrite some of these terms using partial integration. With div? 4 = V,; V;hi¥
and V; Vie / = VifVie f = Vi ka)e_f, one finds

/ (div’h — %V, fVi f)e=l av =/ —h*v; v fe= av. (3.6)
M M
Moreover, —Ae~f = (Af — |Vf|2)e_f yields

/(—A(trgh)+|Vf|2~ltrgh>e_de=/ 2af - IVfI) trghe ™ dV.
M 2 M

3.7
Finally, one computes

f VAV — VIR0 av =— [ (2div(Vie )+ IVfRe)eav
M

J,¢
/ 2Af —|VfI*)te T av, (3.8)
M
where we used again div (Vf e’f) = (Af - |Vf|2) e~/. The lemma now follows
by inserting the equations (3.6)—(3.8) into (3.5). O

Remark. If dm = e~/ dV is pointwise kept fixed, then

1
o (e/av) = (E trg h — e) e ldv =0

and equation (3.4) follows directly from Lemma 3.3.

We hence get the following system of evolution equations for the L2-gradient flow
of Perelman’s ¥ -functional
dgij = —2(Rij + ViV, ), }

1 (3.9)
O f = 5trg(dgij) = —Af — R.
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We now look at the pull-back of this system with the family of diffeomorphisms with
generating vector field X = V f. Let¢: M — M be generated by V f, i.e.

9P (L, 10) = X (1) o p(t,10), ¢(t0,10) =idpy,

and write ¢ (1) for ¢ (¢, 0). Moreover, let § := ¢*g, f := ¢* f be the pull-backs of the
metric g and the function f on M. Then
3 &li=ty = (@* 1=ty = dele=0(@ (10 + &) g)
= 0 le=0(¢p (10) " @ (10 + &, 10)*8) = ¢ (10)* (Lx (10)& + 018l1=10)
= ¢ (10)* (2ViV; f(t0) — 2(Rij(g(10)) + ViV, f (10)))
= —2¢(19)" Ric(g(to)) = —2Ric(g (1)),

as well as
Wf=0(d"f)=0fop+df odp@t)
=¢*df+df oVfod
= ¢*(—Af — R) + " |VfI*.
=-Af+ |V - R@

Hence the pull-backs satisfy

0:8ij = —2R;j,
_ - <2 (3.10)
Wf=-Af+|Vf]"—R,
where A, | - |, Ric and R depend on the metric g. Note that the second equation is

equivalent to 0%~/ = 0. Thus the system (g;;, u) where g;; solves the Ricci flow and
u > 0 solves the adjoint heat equation may be regarded as the gradient flow system of ¥
modulo the family of diffeomorphisms generated by V f. This nice result neutralizes
the bad result from Proposition 1.7.

With (3.4) and (3.9), we get the convexity of N (u) claimed above.

Proposition 3.4 (Perelman, Section 1.1 of [28]). Let g;; be a solution of the Ricci flow
8¢ = —2Ric and let u = e~/ be a positive solution of the adjoint heat equation.
Then the ¥ -functional satisfies

& F =0*N =/ 2u |Hess( f) + Ric|> dV > 0,
M

hence ¥ is monotone increasing in time and constant exactly on steady Ricci solitons
with potential f which satisfy V;V; f + R;j = 0. Moreover, N (u) is convex and strictly
convex away from steady solitons.
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Similar results for shrinking and expanding solitons will be explained below. Es-
pecially the shrinking soliton entropy turns out to be very important. In order to find
similar functionals to ¥ which are constant on shrinkers (or expanders), we have to
look for modifications that include an explicit factor ¢ to control the shrinking (or
expanding) process. We first do this for the static case.

3.3 The static case, part II

We return again to the heat equation Ou = 0 on a static closed manifold M. In
the following, we will always write a positive solution # of Ou = 0 in the form
u= (4rt) "2/,

We look at a modification of the functional f u VS [2e=/dV from equation (3.2).
This is taken from Lei Ni’s papers [25] and [26]. Define the entropy for the heat
equation on a static manifold by

W(u,t) = /M IV + f—n)udV,

restricted to (u, 1) which satisfy [}, u dV = 1. Note that [, u dV is preserved if
Ou = 0, because d; [, u dV = [}, 9u dV = [,, Au dV = 0. We get a similar result
to the one in equation (3.2). The following result goes back to Lei Ni.

Proposition 3.5 (entropy for heat equation). For any closed M, a positive solution

u = (4wt)™"2e=1 of the heat equation Ou = 0 on M, and W (u, t) defined as above,
we have

9 ) = —/ Qut ()Hess(f) _ 8P L Rie(v Vf)) av. 311
dt M 2t

In particular, if M has non-negative Ricci curvature, 'W(u, t) is monotone decreasing
along the heat equation.

Proof. We use Lemma 3.1 to simplify the computation. Define
W,0)=tQ2Af —IVf*)+ f —n. (3.12)

Withu = e/ = (dnt) 2~ f weget f = f — 2 log(4rt), and hence V f = V f,
Af = Af and Hess(f) = Hess(f). We can thus rewrite W as

W, 1) = tw+ f — glog(4m) _n,
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where w = 2A f — |Vf|2 = 2Af — |V f|? is defined as in Lemma 3.1. We compute

(8,—A)W:t(at—A)w—Fw—i-(a,—A)f—%
= —2¢([Hess(f)|* + Ric(V f, Vf)) — 2t (Vw, V )
+ (20, F +IVFI2) = IVFP - %
= —2¢([Hess(f)|* + Ric(V f, V £))

—2(V(W = ), VF)+20,F — %

= —2¢(|Hess(f)|> + Ric(V£, Vf)) + 2Af — % 2 (YW, V)

Y ((Hess(f) - % ‘2 +Ric(Vf, Vf)) 2 (YW, V).
Finally with ¥V f = —Vu and Ou = 0, we obtain

(0 — A)Y(Wi) = —2ut <)Hess(f) - 2%(2 FRic(V], Vf)>
(YW, V) u—2 (YW, Vi) + W@ — Au
= 2wt ()Hess(f) - %(2 FRic(V/, Vf)) .

Note that

/WudV:/ (tQAf —IVfID + f —n)udV
M M

2/ (tIVFPR+ £ —n)u dV—|—2/ (af VP Yuav 313
M M

= W(u, 1),
since in view of (A f—1IVf |2) u = —Au the second integral on the second line
vanishes on closed M. This proves the proposition. ]

There is a good reason why we introduced the expression W (u, t) in the proof,
equation (3.12). In fact we may interpret Wu as the local version of the entropy
Wu,t) = fM Wu dV. Note that a function W'(u, ) that differs from W (u, t) by a
divergence term will also satisfy W(u, 1) = |, y Wu dV, so at first glance there are
many different local versions of 'W(u, t), but since we want the local entropy to satisfy
a pointwise inequality if u is the heat kernel, we choose W (u, t) as in (3.12).

Proposition 3.6 (local entropy, Theorem 1.2 of [25]). Let u = @mt) e be
the positive heat kernel on M, i.e. u tends to a S-function as t — 0 and satisfies
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fM u dV = 1. Let M be closed with non-negative Ricci curvature and let W (u, t) be
as in (3.12). Then for t > 0 we have

Ww,t)=tQAf — IV + f—n<0.

Proof. For any typ > 0, let & be any positive smooth function. Then define A(-, t)
for ¢+ < fp such that h satisfies the backwards heat equation ;2 = —Ah. A direct
computation shows that

a,/ hWu dV:/ (B h(Wu) + hd,(Wu)) dV
M M

= / (0 + M)h(Wu) + h (3; — A)(Wu))dV < 0.
M ———— —_—

=0 <0

If u tends to a é-function (at a point p € M) for ¢+ — 0, then f satisfies

d*(p,
flx, 0 < 4p.x) x), (3.14)
4t
a fact which we will prove in the last chapter, Corollary 4.3. This yields
d*(p,
lim | fhudV <lim sup/ TP v = "hp0).  (3.15)
=0y -0 Ju M 2

where the last equality is taken from [27], Section 3. In [27], u is actually the adjoint
heat kernel on an evolving manifold M and # satisfies the forward heat equation, but
(3.15) also holds in our case. Note that the (original) Li—Yau Harnack inequality
holds since Ric > 0 and that for u = (4rt)™"/2¢~/ it can be written in the form
H(u,t)=—tAf + % > 0. So by adding H (u, t)hu > 0 to the integrand, we get

lim thdV:lim/ _t(ZAf—IVfIZ)-i-f—n]hudV
wl

t—0 M t—0

. B n
< lim M_t(Af—|Vf|2)+f—§]hudV

— lim (f—f)hu—mm]dv
t—=0 Jy L 2

n
— i ( - —) hu < 0,
tgr(l) M f 2 "=
where we used (3.15) in the very last line. Thus |, y hWu dV < 0 for any 7y and any
positive function 4. This implies Wu < 0 and because u is positive, we get W < 0 as
claimed. =

. . . — 2
Note that W vanishes identically for the heat kernel u = (4mrr) 2= IXI7/41 op
the Euclidean space R” as an easy computation shows. Actually this is the only case
where W can vanish for a strictly positive time 7y > 0:
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Proposition 3.7 (Lei Ni). Ler M be a closed manifold with Ric > 0 and let u =
(4rt)™"?e~ T be the heat kernel on M as in Proposition 3.6. Then 'W(u, ty) > 0 for
some ty > 0 if and only if M is isometric to R".

Proof. We only give a heuristic argument without analyzing the error terms when we
write that f is close to f for the heat kernel. A rigorous proof (for example with
parabolic rescalings) is left to the reader.
Proposition 3.6 implies ‘W(u,t) < 0. Moreover, Proposition 3.5 shows that
% W(u,t) < 0, so we must have W(u,t) = 0 for 0 < ¢ < #p. But — again with
Proposition 3.5 — this implies that |[Hess(f) — g/2t|2 =0,ie. V;V;f —gi;/2t = 0.
Taking the trace, we find
2tAf —n=0. (3.16)

Because f(x,1) ~ f(x,t) = % for ¢ small and p being the point where the
d-function forms, we have lim,_og4tf = dz(p,x). Hence (3.16) implies that
Adz(p,x) = 2n. So we get for the area A,(r) of dB,(r) and the volume V,(r)
of the ball B, (r) the following quotient:

Ap(r) n
Vyp(r) T
This shows that V), (r) is exactly the same as the volume function for Euclidean balls.

One can then use the volume comparison theorem with Ric > 0. The equality case
implies that M is isometric to R". The details are left to the reader. o

Remark. This argument shows that the Li—Yau Harnack inequality, which is equivalent
to2tAf —n < 0foru = (4mt)™"/?e~/, becomes an equality (i.e. the above equation
(3.16) holds), if and only if the manifold M (with Ric > 0) is isometric to R”" and u is
the heat kernel.

After this technical part, we want to give another motivation for the choice of the
entropy functional ‘W(u, t) which connects this section with the previous ones. Lei Ni
showed an interesting relation between Li—Yau’s gradient estimate, the (local) entropy
formula and Nash’s entropy. Let again u > 0 solve Ou = 0 and f i dV =1 Let
Nu) = |,  wlogu dV be the Nash entropy as before, and set

N@u,t) = N@u) + glog(47tt) + g
Note that we can write this as
Nu.t) = / (log ((4m0)"2u) + E) udV = / (—f n ﬁ) wdV.  (.17)
M 2 M 2

We get the derivative

~ d -~ n n
F.n=2Rwn= [ sulogudV+ = (A(logu)—i—z)udv.
M M
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Using

|Vul?
tA(logu)u dV = — t V(logu)Vu dV = — t dv,
M M

M u

we can write the entropy functional as

W(u,t):/M<t|Vf|2—g)udV—i-/M(f—g)udV

= —tF(u,t) — N(u, 1) = —%(rl\?(u, ). (3.18)

This shows that the entropy is again the derivative of the modified Nash entropy
tN (u, t). Moreover, there is a surprising connection to the Li—Yau result: the integrand
of F(u, t) is exactly their Harnack expression

|Vul?

nu
+ — = H(u,1t).

(A(logu)Jrz%)u:(—Af+%)u=m— >

Hence an immediate consequence is that N (u, t) is monotone increasing when M has
non-negative Ricci curvature, because the Harnack estimate holds in this case, which
implies F (u,t) > 0. Moreover, one can see that lim;_, N (u,t) = 0 for the heat
kernel, and hence, if M has non-negative Ricci curvature, we get N (u,t) > 0, too. We
are thus led to the following stronger version of Proposition 3.7.

Theorem 3.8 (entropy for heat kernel). Let W(u, t), N (u, t) and F (u, t) be as above,
and let H(u, t) be the Li-Yau Harnack expression. Under the hypotheses of Proposi-
tion 3.5 for M and u, the following are equivalent:

1) There is ty > O such that 'W(u, ty) > 0,
i) there is ty > 0 such that N(u, tp) <0,
iii) there is to > 0 such that F(u, ) <0,
iv) there is ty > O such that H (u, tg) < 0,
v) M is isometric to the Euclidean space R",
vi) forallt > 0 we have W(u,t) = N(u,t) = F(u,t) = H(u, 1) = 0.

Proof 1) = ii), iii): This is obvious, since W(u, t) = —tF(u t) — N(u t) and both
F(u, ) and N(u t) are non-negative.

il) = 111) N (u, t) is monotone increasing and non- negatlve Thus N (u,t9) =0
implies N(u t) = 0 for all r € [0,1#]. Hence F(u t) = N(u t) = 0 for all
t €10, 1).
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iil) = iv): F (u, t9) = f vy H(u, 19) dV = 0 and the Li—Yau Harnack estimate
states that H (u, ty) > 0. Hence we must have H (u, ty) = 0 on M.

iv) = v): This follows from the remark after Proposition 3.7.

v) = vi): On R” (with f(x,t) = f(x, 1) = |x|2 /4t) we immediately get vi), and
thus it will also hold for M isometric to R”.

vi) = 1): This is trivial. O

The remarkable similarity between the Li—Yau Harnack inequality,
Hu,t)=t2Af)—n <0,
and the local entropy formula for the heat kernel,
Ww,t)=tQ2Af —|VfI*)+ f—n <0, (3.19)

implies that one can use similar technics to the ones we used in chapter two to find
more results about the local entropy W. For example, W also satisfies a non-linear heat
equation similar to (2.18) and hence stays non-positive, if this is initially true. But,
different from the Li—Yau expression, this does not have to be initially so, except for
the heat kernel!

Finally we try to integrate the pointwise gradient inequality (3.19) along a path,
similarly to Corollary 2.7, where we integrated Li—Yau’s Harnack expression. To do
that, we first have to write it in a different form.

Proposition 3.9 (differential Harnack for heat kernel on a static manifold). Let u =
(4rt)2e=T be the heat kernel on a closed manifold M with non-negative Ricci
curvature and let y (t) ba a smooth curve in M. Then fort > 0, we have the estimate

fr@®.0n

d |
Ef(y(t),t)fily(t)l - >

Proof. Proposition 3.6 says that (3.19) holds. Multiplying equation (3.19) by —%

yields
af+ e =L =0
2 2t T
If we insert the evolution equation Ou = O or, intermsof f, Af =0, f + |V f 1>+ %
into this inequality, we get

—af-sivsr-L 2o (3.20)
2 2t
The lemma now follows with Young’s inequality,
d 1 1 1 f
—fy@),t) =29 Vfy)<3d —IVFP+ P < - vP -2
dlf()/(),) fH VAV S fSIVIE SV = S Y e

where we added the positive expression from (3.20) in the last step. a
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To be able to integrate this, we must get rid of the second term on the right hand
side. We can do this by multiplication of f by 24/, which yields

d ol L 2
E(zﬁf)_zﬁdtf+ﬁsﬁlyl-

This implies

T T
TS0 D) =20l = [ Sevinars [ Vive an

Hence, we get a similar result to Corollary 2.7, namely

Corollary 3.10 (integrated version). Let u be the heat kernel on a closed manifold M
with Ric > 0, and let p € M be the point where the 5-function forms fort — 0. Then

u(q, T) = (4nT) "2e @D > (4rT) /2@ 1),

where

1 T
g, T):=inf | — 12 d
(q.T) ;Iér{zﬁ/o Vilyl t}
with
Ci={y:[0,T] > M|y = p,y(T) =q}.

We call the above-defined distance function €(g, T) the reduced distance.

3.4 Entropy for shrinking solitons

Recall that Perelman’s steady soliton entropy was the analog of the static case en-
tropy functional || ulVf I>¢=/dV in (3.2). In the same way one finds an entropy
functional for shrinking solitons by looking at the analog of the modified static case
entropy W(f, t).

Let g;; be a complete solution to the Ricci flow for0 <t < T. Sett := (T —1)
as before for the shrinking case. Let u = (4wt)~"/?¢~/ > 0 satisfy the adjoint heat
equation 0%y = (—d; — A + R)u = 0. First note that this is equivalent to f satisfying
the equation
n

O+ f=|VF>—R+—.
2T

(3.21)
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Proof. With A(e™/) = (—Af + |Vf|2) e~/ we get
0= 0% = (=3 — A+ R) [(4m)*"/2e*f]
- [—8[(47”)_”/2] e+ (4nt)y "2 (=0, — Ne~! + Ru
:_iu+[a,f+Af—|Vf|2]u+Ru
2T
n 2
_ [_—+(a,+A)f—|vf| +R]u
2T

This proves the claim, because u is positive.

O

We can now prove the following lemma, which is similar to the static case above,

compare with the proof of Proposition 3.5.

Lemma 3.11 (Perelman, Proposition 9.1 of [28]). Define v = Wu = [tQAf —

|Vf|2 + R) + f — nlu. Then v satisfies
. g |2
O*v = -2t ‘Rlc—i—Hess(f) — 2—‘ u.
T

Proof. We will show that

2

1
u oty = —21 Rij +ViV;f — Zg[j

= —2t(IRic]” + 2R;; ViV, f + [Hess(f)[*)

2
+ 27 lg"R""f'lg"V-V-f— |gU|
T 1ty T ijYiVvjy 4‘[2

= —7(2|Ric|* + 4R;;V;V; f + 2 |Hess(f)|?)

+2(R+Af)—2n—r.

A direct computation yields

w 'O :=u"'(=9, = A+ R
=u [~ @ +)[cQAf — IVFP+R)+ f —n]lu
—2u”Y(V[t(2af = IVfI*+R) + f — n], Vu)
+u ' [t(2Af = IVfI?+R) + f —n]0*u
=@ +M)[tQAf —IVF*+R)+ f —n]
+2V[r@af = IVfP+R)+ f —n], Vf),

(3.22)
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where in the last step we used u~!Vu = —V f and O*u = 0. We continue
u 'O = 2Af — IVF*+R) — (3 + D) (2Af — IVfI* + R)

— @+ D) f+2t(VQRAF = IVfI* +R), V) + 2|V fI? .
=2Af +|Vf*+R —t[@ +2)(2Af — |Vf|2+R)] .

— @ + A f+2t(VQAf — IVF>+R), V)
For the part of (3.23) which is proportional to t, one obtains
(*) 1= (& +2)2Af — [VFI*+R) —2(V(2Af — IVFI* +R), V)
=2Af 4200 4+ AV f — @ 4+ D) V> + (0 + AR
—2(V2af —|IVfI*+R), V)
With the evolution equations 9; R = AR+2 IRic|? and A f =2R;;V;V, f from chapter
one, and with (3.21), we continue
(*) = 4R;;ViV; f +2A(IVfI* = R) — 2Ric(V f, V f)
—2(V@ f), V) — AV FI*+2AR + 2 [Ric|?
—2(V(2af = IVfI*+R), Vf)
=2 [Ric|> +4R;;V;V; f + AV fI* —2Ric(Vf, V f)
—2(V(3 f +2A0f = IVfI*+R), V)

Using again the evolution equation (3.21) for f from above, we find (0; f + 2Af —
IV fI>+ R) = Af and hence we get

(%) = 2 [Ric|* + 4R;;V;V; f + AV fI?
—2Ric(Vf, V) =2(VAL, VS) (3.24)
=2 [Ric|® + 4R;;V;V; f + 2 |Hess(f)|?,
where in the last step we used once more our formula (2.3) in the form
AIVF?=2(VAL V) +2Ric(V [,V f) +2|Hess(f)I*.
For the remaining terms of (3.23), which are not proportional to t, we find with (3.21)
n
QAF+ VIR +R— (@ +A)f =20 +|VF2+R— (|Vf|2—R+E>
n
=2(R+Af)— —.
2t
Plugging this and (3.24) into (3.23), we obtain
w Oy = —1 [2 IRic|? + 4R;;V;V; f +2 |Hess(f)|2] F2R+ASf) — 21
. 4 .

which is exactly what we wanted to prove. o
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Definition 3.12 (entropy formula for shrinking solitons). Let g;; satisfy the Ricci flow
equation. We define the shrinker entropy by

W(gij,u, 1) =/ [T(Ivf|2+R)+f—n]u dv
M

restricted to u satisfying fM udV =1andt = (T —1t) > 0. We also define its local
version

v=Wu=[tQ2Af —IVfI*+R)+ f —n]u.

With Lemma 3.11 above, we get the monotonicity

d
—W(g,u,r)zat/ WudV:—/ O*(Wu) dV
dt M M

2
:/ 2r‘Rio+Hess(f)—i wdv >0,
M 2t

and j—t W(g, u, ) = 0 exactly for gradient shrinking solitons with potential f, which
satisfy R;; +V;V; f — % gij = 0. So, similar to the steady soliton case, the functional
is non-decreasing and constant exactly on shrinkers.

The local version satisfies again a pointwise estimate for the (adjoint) kernel. The
following result may be proved in much the same way as Proposition 3.6.

Proposition 3.13 (Perelman, Corollary 9.3 of [28]). Ifu tendsto a §-functionast — T,
then W < O0forallt <T.

Proof. As in the heat equation case, choose an arbitrary 9 < T and h( -, ty) smooth
and positive. Let (-, t) be a solution to the heat equation O/ = 0 for ¢ > . Then we
have

8,/ hu dV = / ((Oh)u — h(TO*u))dV =0,
M M

as well as
a,/ hv dV =/ (Ch)v — h(O*v))dV = —/ hO*vdV >0 forallt <T.
M M M
Hence to prove the proposition, it remains to show that v = Wu satisfies

lim hv <0. (3.25)
=T Jpm
This can be proved with a similar argument to the proof of Proposition 3.6 above, the
computations being slightly more complicated. To shorten the text, we skip the proof
of this inequality and refer the reader to Lei Ni’s paper [27]. However, some of the
theory used in Lei Ni’s proof will only be explained in chapter four of this book. O
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We know that the entropy W(g, u, T) is non-decreasing in time. But what about
the local entropy W? We can show that at least the maximum value of W over M also
increases, see [28], Section 9.

Proposition 3.14 (Perelman, Corollary 9.2 of [28]). On the closed manifold M the
maximum value of W = L is non-decreasing in t.

Proof. On a maximum point of W, we have AW < 0. We first compute (3; + A)W to
get an estimate on d; W. We have

v v _
@+ o)~ =0 (=) +aw-u)

(3.26)
uatv—vatu -1 1 -1
=——>—+tu Av + vAu +2(Vv,Vu >
u
With Vu~—! = —% we find that the last expression in (3.26) equals
Z(Vv, Vu_1> = —— (uVv, Vu).
u
Furthermore, with
v A 2
Au~! = div (——g) = (——Z + —= (Vu, VM)) ,
u u u
we get
1 vAu 2
vAuT = ——— + e} (Vu, vVu) .
u
Inserting these two expressions into (3.26) yields
v uov —voru  ulAv —vAu
(0 +A)— = 5 5
u u u
2 2
+ = (Vu, vVu) — = (Vu, uVv) 3.27)
u u

vO*u — ul*v 2
=— = (Vu, uVv —ovVu)).
u u

Because we compute this at a maximum point, where 0 = V& = %(MVU —vVu), the
scalar product term in (3.27) is zero. With 0%y = 0, 0*v < O and u > 0, we conclude
that

vO*y  uO%v

v
4+ D) = — —
( t )M uz uz il

This yields o; W = 8,5 > —AE > 0 at a maximum point, which proves the claim.
O
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Finally, we prove a differential Harnack inequality for f which we can integrate
along a path, similarly to the static case, Proposition 3.9. The following result is a
slightly modified version of Corollary 9.4 from [28].

Proposition 3.15 (Perelman’s differential Harnack inequality). Assume that u is a
positive solution of the adjoint heat equation which tends to a §-function ast — T.
We write u in the form u(x, t) = (4wt)"2e= 0 Then for any smooth curve y (v)
in M, we obtain

fy (), 1)

—f(J/(T) T) < —(R(J/(T) O +Ilp@F) - 0 (3.28)
Proof. With Proposition 3.13 we get W < 0 which is equivalent to
1 —f
—Af-i- VP =R+ 2 > 0.
2 2t
If we insert (3.21) in the form
n 2
Af =0f+-+IVSI"-
2t
into the above equation, we get
3 f 1|Vf|2+1R 2o (3.29)
) 20 2t T '

We can then compute

d
Ef()/(f), 7) =0 f(y(0), D) +(Vfy(r), 1), y(1))

1 1 f
<9 \V4 2 2 S2 L
rf+ VI + |7/| = SR+ e
where we added the positive expression (3.29) in the last step. a

Again, we can not directly integrate this, so we multiply the function f in the
inequality of the proposition with 2,/T. We can then write all terms containing f as
one single derivative, namely

fy@®,n
Jt

We integrate along the path y () from y(0) = x to y(¢) = y. This yields

d
EQﬁf(y(t), n) = +2\/_ S fr®).0 = VI(Ry (@), D+1y (D).

- _ z td T .
T D =2V f (), D) =/0 - (2VTf) dr 5/0 VT(R+171*)dt

We get the analog to Corollary 3.10.
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Corollary 3.16 (integrated version). Let g;; be a solution of the Ricci flow 0;g =
—2Ric. Let u be a positive solution of the adjoint heat equation which tends to a
S-function ast — T at a point p € M. Then we have the lower bound

u(g, ) = (4mt) e @),

where

. 17 .2
0(g. 7) '—;‘éfr{ﬁfo V7 (R+171 )dr}

F={y:[0,7] > M|y@©)=p, y(@) =q}

Definition 3.17 (backwards reduced volume). We call the above £(q, 7) the backwards
reduced distance between p and g. The integral over all ¢,

with

V() = f (4rt) 271D gy (g), (3.30)
M

is called the backwards reduced volume of M with basepoint p.

One of our main goals in chapter four is to prove the monotonicity of this backwards
reduced volume. We will see that V (7) is monotone in general and constant exactly
on shrinking solitons.

3.5 Entropy for Ricci expanders

We leave away all the details here and only write down the results, which can be proved
similarly to the shrinking case, we only have to tweak some signs. Let again ¢ denote
(t — T) as in chapter one. For positive solutions u = (4mo) 2=t of the adjoint
heat equation, which satisfy || y 4 dV =1, we define for t > T the expander entropy
Sfunctional by

W (gij, u,0) :=/ [c(IVfI>+R)— f +nJudV,
M

and its local version by
vy = Wiu = [G(2Af - |Vf|2+R) - f+n]u.

Similar to Lemma 3.11 above, we find that v satisfies the equation

2
O*vy =20 ‘Ric—i—Hess(f) + zi‘ u fort>T.
o
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This leads to the evolution equation for the entropy ‘W_.. One obtains

d 2
—"W+(g,u,o)=f 20 ‘Ric—i—Hess(f)—l—i udV >0,
dt M 20

and % W, = 0exactly for gradient expanding solitons with soliton potential f, which
satisfy R;; + V;V; f + %g,-j = 0, see Proposition 1.16.

One can find similar results to the shrinking case and to Ni’s entropy for the
heat equation on a static manifold. For example we can define N (u,0) = N(u) +
'7’ log(4ro) + %, where N (u#) denotes the Nash entropy as before. Feldman, Ilmanen
and Ni [12] proved that with F (u,0) = %N (u, o), we can write the entropy formula
in the expanding case as

Wo(g,u,0)=N@u,o)+tF(u,o) = %(IN(M, o)),

exactly as in the static manifold case, only with a different sign. This sign change
comes from the fact that u satisfies the adjoint heat equation, which can be regarded as
a backwards heat equation with potential R. All details can be found in [12].

Remark. With some sign changes, one also gets a similar volume formula to the
reduced volume V (t) from Definition 9, the so-called forward reduced volume. The
forward reduced volume is monotone in general and constant on expanders.

For a solution g of the Ricci flow, there is the conjecture, that g(¢)/¢ converges
in some weak sense to a Ricci negative Einstein manifold as t — oo. If the limit is
known a-priori to be smooth and compact, this conjecture follows from considering
any monotone quantity that is constant on expanders. For instance, one can use this
forward reduced volume to prove the conjecture in this special case. However the
existence of such quantities was known before. Other monotone functionals which are
constant on expanding solitons and can hence be considered to prove the above claim
are for example t~"/?vol(g) (Hamilton) or A (Perelman, Section 2.3. of [28]).
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Reduced distance and reduced volume

Motivated by Corollary 3.16, we will study the backwards reduced distance £(gq, T)
and and its associated backwards reduced volume (see Definition 3.17) in this chap-
ter. The main goal is to show that the backwards reduced distance ¢(g, T) solves
O*[(4rr7)"2e 4] < 0 and that the backwards reduced volume V() is non-
increasing in 7 under the Ricci flow d;¢ = —2Ric, where t = —¢. To prove this,
we will closely follow Section 7 of Perelman’s paper [28]. Note that the backwards
reduced distance is only Lipschitz in general, as will be seen in Lemma 4.8.

The scalar curvature R and the norm |y |? in the definition of the backwards reduced
distance £(q, T) are computed at y (7) using the current metric g;; (1), i.e. if we move
on the curve, the metric on the manifold changes continuously. This makes some of the
computations rather long and unclear, and the notations — we try to adopt Perelman’s
notations here — are not always easy to understand. That is why we start again with the
static case, where the metric g;;(t) = g;;(0) on M is kept fixed and the corresponding
distance functional £(q, t) from Corollary 3.10 takes a simpler form. However, most
of the analytic ideas can already be seen in this simpler case. We prove that on a
manifold M with Ric > 0 the function u = (47r¢)"/2¢=t@:1 is a subsolution of the
heat equation. We will also show that the associated reduced volume to the distance
function €(q, t) is non-increasing in time. If Ric = 0, this result and Perelman’s result
coincide.

The evolution of length (and energy) functionals under Ricci flow has already
been studied by Hamilton. Namely, he showed that the standard length functional
Ly) = fs‘lz |y (s)| ds of an orientation-preserving closed geodesic curve y on a surface
satisfies some kind of heat equation under the Ricci flow 9,g;;(t) = —2R;;. With
this, he could prove that a weakly stable geodesic loop on a surface which preserves
orientation has its length increase. He also proved a similar result for orientation
preserving loops on three-manifolds, which one can generalize to arbitrary dimensions.
However, there is an important difference to Perelman’s results presented here, because
Hamilton only considered curves, where the curve parameter s is independent of the
time parameter £, with which the metric evolves.

We will not study Hamilton’s results here. A good overview of his evolution equa-
tions for closed geodesic loops can be found in [19], Section 12.

The way we found the backwards reduced distance in Corollary 3.16 suggests that
there must be a connection between the J£-length and shrinking solitons. One does not
only find this, but also a beautiful connection to Hamilton’s Harnack estimates for the
Ricci flow. However, one does not need weakly positive curvature operator, because



68 4 Reduced distance and reduced volume

the Harnack inequalities do not need to be satisfied for the computations here. The
Harnack expressions from Theorem 2.15 will only appear during the computations and
cancel out in the final results.

4.1 The static case

The following results about the first and second variation of the energy functional are
classical in Riemannian geometry, cf. [21], but we will introduce a different notation,
which is adopted from Perelman’s paper [28]. Let g;; be a fixed Riemannian metric on
the closed manifold M. The standard energy functional for a curve y: [t9, T] - M
is defined by

T
E(y) :=/ 5|y‘(z>|2dr.
t

Let y5(-) = y(s,-) be a variation of y(t) = y(¢), i.e. y: (—&,¢&) x [to, T] > M
smooth with y (0, t) = yy(¢) for all ¢t € [tp, T]. We introduce the notation X (¢) :=
0rys(t)|s=0 and Y (t) := 9dy5(t)|s=0. We write Vx := V, and Vy := V,, where V
denotes the pull-back connection of the Levi-Civita connection on M. In this notation,
we get the first variation of the energy functional,

T
SYE(r) = 0, E()lsmo = (¥, X) [T - / (Y. VyX) dr.

o

A curve y is called geodesic, if the first variation of E(y) vanishes for all variations
ys with fixed endpoints, i.e. variations with Y (fo) = Y (T') = 0. Hence y is a geodesic
iff Vx X = 0. For geodesic curves, we get the second variation

T
0]

T
SYE(y) = (VyY, X) | +/ (IVxY1? = (R(Y, X)X, Y) ) dt.
0]

Now let u be the positive heat kernel on M and let p € M be the point where the é-
function forms for # — 0. By integrating a differential Harnack inequality, we showed
in Corollary 3.10 that the heat kernel u# on M satisfies the inequality

u(g, T) > (AnT) " 2e @)

where ;
1
g, T):=inf | — | /¢ '2dt}
@ yer{zﬁfo v

Ci={y:[0,T] > M|y =p,y(T) =q}.

with
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To study this reduced distance ¢(g, T') we introduce the length functional

T
L(y) = / Vily @) dr (4.1)
0]

foracurve y(t): [tg, T] — M. Let y; be a variation of y, as above. We use again the
notation X () = 9;ys(t)|s=0 and Y (t) = 0sys(¢)|s=0. We compute the first variation
of the L£-length,

T T
Sy L(¥) =/ 21 (Vy X, X) dt:/ 21 (VxY, X) dt
1) 0]

T
=2f Vi@, (Y, X) — (Y, Vx X)) dt

=2/[0 (a,(fyx —%/_ —Jt (Y, VXX))d
J vt

=2V (Y. X)[; -2 VxX + X>dt

which implies that £-geodesics must satisfy
1
G(X) :=VxX+ ZX =0. 4.2)

Note that the substitution A = /7 yields

T JT
£<y>=f J?|y'<t>|2dt=f
to

fo

20e rq 2412 VT 1 / 2
0%y () |7da = / — |y M| dr, (4.3)
N
where y(t) = 8;y(), y'(A) = 9,y(A). In other words, the £-length functional
is a reparametrization of the standard energy functional above. With the notation
X (L) = ¥'(1), we find that (4.2) is equivalent to VX =0, i.e. y(t)is an L-geodesic
if and only if ¥ (A) = y (/1) is an E-geodesic.
If y(¢) is an L-geodesic, equation (4.2) implies

1
¥ IXI>=2(VxX, X) = - X%, (4.4)

i.e. 1| X (r)|* is constant and hence +/7X (¢) has a limit as 7 — 0 for geodesic curves.
So in this case we can extend the definition of .£(y) above to #yp = 0.
For an «£-geodesic y: [0, T] — M, the second variation can be computed as

T
5% L(y) = 2VT (VyY, X) || + 2/ Vi(IVxY > = (R(Y, X)X, Y))dt.
0
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We now fix p € M and denote by L(g, T) the L£-length of an £-shortest geodesic
from p = y(0) to g = y(T). We can hence write the reduced distance £(g, T) from
Corollary 3.10 as £(q, T) = #TL(Q’ T). Because of (4.3), y is an E-geodesic, and
we can compute

1 P

vT 2

2
and thus £(¢q, T) = %. The regularity for £ is established only in the Ricci flow
case below, but analogous arguments work also for the static case.

Lemma 4.1 (equations for the reduced distance). The reduced distance £(q, T) satisfies
the following equations.

1
|Ve(g, T)I> = a1, 4.5)
1
MG, T) < = ! /T2t3/2R' (X. X) dt 4.7
_— — 1C . .
©1) =50 T o2 ), ’

Proof. We multiply (4.4) by £3/2 and integrate along . This yields

T T
—L(q,T)=—/ ﬁmzdz:/ 228, |X|* dt
0 0

r 3
:/ (a, (t3/2|X|2> - —«/?|X|2> dt

0 2

32 1vi2 T 3 (7 2 3/2 » 3
=PIXP ) -3 ; ViIX[de = TP IX(DF - SL(g, T),

and hence .
L@ ) = T3/ X (T))?. (4.8)

Since an L-geodesic y satisfies (4.2), the first variation of L£(y) becomes simply
SyL =21 (Y, X) |g . Note that this depends only on the value of Y atr = T. Hence
VyL = §yL, where Y in the first term denotes Y (7)) whereas in the second term it
denotes the vector field Y () along the curve y (¢). With this, we obtain VL(q, T) =
2T X (T). Equation (4.8) yields

2
VL(g, T)|> =4T |X(T)|* = —=L(q, T).
IVL(gq, T)| | X (T)| ﬁ(q )

Hence

1 1 1
Vg, T)*= — |VL(q.T)*= ——L(q.T) = —£(q.T
IVtlg. D" = 7 IVLg. D" = 5375 L(q. T) = £(q. 1),
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which proves (4.5). Note that 7L (q, T) has a time direction component d7 L(q, T)
and a space direction component VxL(g,T). With equation (4.8) and L(gq,T) =

J VX (@))? dt, we find

d 2
orL(qg.T) = —-Lq.T) - VxL(g, T) = VT |X(T)* = (X(T), VL(q. T))

= VT |X>= ——L(q T),
and hence
1 L(g,T) L(g,T) 1
0r0q. T) =3 (—=L(q.T)) = — - =7t D
(g, T) T(zﬁ (q )) 4T3/2 4T3/2 T @)

which is exactly (4.6). Now let Y(T) be any normalized tangent vector in T, M,
i.e. |Y(T)| = 1, and define Y (¢) as the solution of
1

VyY = —7Y.
T

This immediately 1mphes Y (t)l2 = t/T, in particular Y (0) = 0. Then there is a
smooth vector field Y () along y with |Y(1)] = 1 and Y (1) = St/ T Y(¢). With a
variation y;(¢) in the direction Y (¢), we find

T
Hessy (Y(T), Y(T)) < Hess¢(Y,Y) = 2/ Vi( IVxY|? — (R(Y, X)X, Y) )dt
0

T
:/0 (W —2Ji (R(Y, X)X, Y)) dt

1 T 2312 il \dr 19
=— — R(Y,X)X,Y 4.9)
T 0
Summing over an orthonormal basis {Y1, ..., ¥,} of T, M and the associated vector

fields {Y1(¢), ..., Y,(r)} along y yields

n
AL(q,T) =) Hess.(Y;, ¥))
i=1

n 1 [T " ~ -
S o= T/ 2t3/2(Z(R(Y,-, X)X, Y,-)) dt

0 i=1
1 T
= — - —/ 2632 Ric(X, X)dt,
T Jo
where for the last step we used (1.1) and the Gauss lemma which says that 17,~ (t) stay

orthonormal for all . So for £(gq, T), we find

1 n 1 r
A(q, T) = ——AL < — — —— | 232 Ric(X, X) dt,
@7 = =bL 5 2T3/2/0 ic(X. X)
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which is equation (4.7) of the lemma. O

Note that for a manifold M with Ric > 0 equation (4.7) becomes Afl(g,t) <
5-» Which is exactly the Li—Yau Harnack inequality for a (sub)solution v(gq,t) :=
(A1) ~"2e=t@:D) of the heat equation. We now show that the function v(q, t) defined
this way satisfies indeed Ov < 0.

Proposition 4.2. Assume that M is a closed manifold with Ric > 0. Let v(g,t) :=
(4rt) ™" 2e= a1 where £(q, t) is the reduced distance defined above. Then v(q,t) is

a subsolution to the heat equation, i.e. Jv = 0;v — Av < 0.
Proof. As mentioned above, equation (4.7) becomes Af(g, t) < 5. in the case where

Ric > 0. Together with the two equations (4.5) and (4.6), we get
n
3 L(q, 1) — Mg, 1) + [VL(g, DI + 5 2 0.

which is apparently equivalent to Ov < 0. g
We now have the necessary material to prove equation (3.14) from chapter three.

Corollary 4.3. If Ric > 0 and u = (4t)™"/?e~/ is the heat kernel which tends to a
S-function at p € M fort — 0, then f(q,t) < d*(p, q)/4t.

Proof. Note that we are not allowed to use f < £ from Corollary 3.10, since we used
equation (3.14) to prove this corollary. But for £(g, 1) = d*(p, q)/4t the function
v(g,t) = (4mt)™"?e~4a1) tends to the same §-function at p € M as u does, and
according to Proposition 4.2 we have Ov < 0, so we get v < u on My with the
maximum principle and hence f < £. g

We define the reduced volume as
V() = / ()20 gy (g) = f v(g. 1) dV(q).
M M

Proposition 4.2 implies that

an<¢)=/ aw(q,ndwcnf/ Av(g. 1) dV(q) = 0,
M M

and hence the reduced volume is non-increasing in time. Note that the classical volume
of M is of course constant, because g;; is constant, but the reduced distance depends
on ¢, because L-geodesics y : [0, ] = M have an L-length which depends on ¢.

2
Remark. If M is the Euclidean space R” and p = Oisthe origin, wehave £(gq, 1) = %,

andsov(g,t) = (A1)~ 2e~ta:) s not only a lower bound to the heat kernel (which
is true on every closed manifold M with Ric > 0 according to the corollaries 3.10 and
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4.3), but it is in fact equal to the heat kernel. This is the only case where £(q,t) =
f (g, t) holds. We can see that with the derivation of £(g, t) by integrating the Harnack
inequality from Proposition 3.9, which must hold as an equality to get £(q, t) = f(q,t).
However, this Harnack inequality can only hold as equality if (3.19) holds as equality,
which implies that M is isometric to R", see Theorem 3.8.

4.2 Perelman’s £L-length and L-geodesics

We now do the analogous computations for the Ricci flow case. In the remainder of
this chapter, we let T := —t, so that g;;(t) satisfies the backwards Ricci flow in 7,
0:g = 2Ric. We assume again that M is closed or alternatively that all (M, g;;(7))
are complete and have uniformly bounded curvatures.

Definition 4.4 (Perelman’s L£-functional). Let y: [t9, T] — M be a smooth curve
with 0 < 19 < 7. We define the L-length of y (7) as

L(y) 1=/ x/?(R(J/(T))ﬂLIJ'/(T)Iz)dT, (4.10)
0

where y (t) := d;y (7). Note that R(y(t)) and |)>(r)|2 are computed using the metric
at time .

Remark. While one moves on the curve y (), the metric changes continuously, so y
may be seen as a path on the space-time manifold M and .£ as a functional on the space
of space-time curves.

The change of variable A = /7 yields

v 2 2 v 2 1 2
£(V)=/ 207 (R(y (W) + [y ()] )dk=/ (2k R(y(k))+5|)/(/\)| )d/\,

70 70

where y'(1) = 95 (1). This time we do not get the standard energy functional as in
the static case, but something which differs from the standard energy functional by the
curvature term 2A2R(y (A)) in the integrand.

We now take a variation y; of y and define Y (t) = d;y,(7)|s—0 as above. We also
define X (t) := 0;ys(7)|s=0 as in the static case. We compute the first variation of
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£L(y) in the direction of Y (7).
8y L(y) = 95 L(¥s)ls=0 = /r: VT (R(ys(2) + (X, X))|s=0 dT
=/f VT(VyR+2(VyX, X)) dr (4.11)
70
= /f JTUY, VR) +2(VxY, X)) dt
0
= /f JTWY, VR) +20, (Y, X) —2(Y, VxX) —2-2Ric(Y, X)) dr

T T
=/ 279, (Y,X)dt+/ VT (Y, VR —2VxX —4Ric(X, -)) dr,
T 70

0

where we used d; (Y, X) = (VxY, X)+ (Y, VxX)+2Ric(Y, X). For the first integral
we find by partial integration

T : T
279, (Y, X) dt = 27 (Y, X) —/ — (¥, X)d.
[, 2 e 2 f il = [z

Plugging this into the above computation, we get

Sy L(y) = 247 (Y, X) |fo —Z/Tﬁ(Y,G(X))dt, (4.12)
70

where

1 1
G(X):=VxX — EVR + 2—X + 2 Ric(X, -).
T

In other words, the condition for y (7) to be an L£-geodesic is
1 1
G(X) =VxX — EVR+2—X+2Ric(X,-) =0. (4.13)
T

This Euler—Lagrange equation is the analog to equation (4.2) above, the additional term
—%VR comes from the additional R in the definition of L£L(y) and the term 2 Ric(X, -)
comes from the evolution of g.

Let C be a bound for both |Ric| and |[VR| on M X [t9, T]. For L£-geodesics, we
find with G(X) = 0 that

or [VTX[* =2(0:(VTX). VTX) + 2Ric(JTX, VTX)

1
=27 <2—X + Vx X + Ric(X, -), X>
T

1
=27 <§ (VR, X) — Ric(X, X)) <tC|X|+2tC|X|?,
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and hence /7 X (1) has a limit as T — 0 for £-geodesics as in the static case. So we
can extend the definition of L£(y) to g = 0 in this case, which we will do from now on.
We also fix p € M. By L(q, 7) we denote the L-length of an .£-shortest curve y (1),
joining p = y(0) to g = y (7). Obviously, such a shortest curve is also an J£-geodesic.

We can then write the backwards reduced distance £(q, t) from Corollary 3.16 as

lg. 1) = L(g, 7). (4.14)

2«/_
We will now study the existence of minimizing £-geodesics, and show some regularity
results for L(gq, ) before continuing as in the static case above. Some of the following
ideas can be found in [31].

We denote the initial standard distance between two points p,g € M, i.e. the
distance measured at time T = 0 in the metric g;;(0), by d(p, ). Because we assumed,
that the curvatures of (M, g(t)) are uniformly bounded, we can find positive constants k
and K, such that —kg < Ric < Kg for all T € [0, T]. We then get the following
estimates on £(q, 7).

Lemma 4.5 (bounds on £(q, 7)). The backwards reduced distance function satisfies
the inequalities
: d*(p.q)  nk_ (p.q)
T Z T T E < (g, 1) < —f.
¢ w3 isle =S e

Remark. Compared to the static case above, where £(q, T) = d 2( P, q)/AT, we have
a multiplicative error term which comes from the evolution of the metric g(z) and an
additive error term which comes from the additional R in the definition of the distance-
functional .£. Lei Ni [27] used these bounds on £ to prove (3.25), analogous to our
proof of (3.14) with f < £ = d*(p, q) /AT for the static case.

Proof of Lemma 4.5. The assumption —kg < Ric implies d;g = 2Ric > —2kg and
hence we get

T ‘ 0-g ’ _
loggly= | —=dt> | —2kdr=-2k%.
o & 0
Exponentiating and multiplying by g(0) yields
g(®) = e 7 5(0). (4.15)

Recall that with the substitution A = /7 above, we found

iy
L(y) = f (mzR(ym) +5 [y )
0
So for an arbitrary curve connecting p to g, we find with (4.15)

e 2T /ﬁ 2k ayn e d’(pq) 2k 5
5 .

L(y) = !y(x>|g(0)dx—7 N
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With the definition £(g, T) = 24 inf, er £L(y), we find the lower bound in the lemma.

Ve

The upper bound can be proved in an analogous way. ]
Remark. This shows that the lower estimate (47T)"/2¢=t@-7) of the adjoint heat
kernel u in Corollary 3.16 converges to the same §-function as u itself for 7 — 0. So
for small 7, our lower bound lies very close to the adjoint heat kernel u. Moreover, on

2
the Euclidean space R", we get with k = K = O that £(¢g, T) = % as in the static
case, and hence (47 7)™"/2¢~¢4) s equal to the adjoint heat kernel for all 7 > 0.

Definition 4.6 (£L-exponential map at time 7). We define the L-exponential map
exp;f’r: T,M — M at the time T as follows. For v € T,M let y, be the £-
geodesic with y,(0) = p and lim;_,¢ JTy(t) = v. If y, exists for [0, T], we set
expy T (v) = ¥, ().

Remark. Note that unlike in the static case or in the classical Riemannian geometry
. . . L7

case, the exponential map defined this way does not have to satisfy exp,” (0) = p,

because of the VR term in (4.13).

The «£L-exponential map is defined on the whole tangent space 7, M. This can be
shown similarly to the proof of the same result for the standard exponential map on a
closed manifold. Moreover, there always exists a minimal £-geodesic from p to g,
i.e. the L-exponential map is onto. This can be seen as follows. For given points p
and g in M, we let I be the set of Sobolev curves y: [0, t] — M, joining p = y(0)
to ¢ = y (7). Then we take a sequence of curves y; € I" with

lim L(y;) = inf L(y).
k— 00 yel

Because we found a lower bound for £(g, T) which shows that £(g, ) — 00 as
d*(p, q) — oo, there is a weakly converging subsequence Yk,, and a Sobolev curve y,
such that y;, — y (m — o0). Then L(y) = inf,cr L£(y) and hence y must be an
L-geodesic, which proves the claim.

Our next concern will be the regularity of L.

Definition 4.7 (injectivity domain). We define the injectivity domain Q () at time t
to be Q(t) := {g € M | there is a unique minimal J£-geodesic y : [0, 1] — M with
y(0) = p, y(r) = g and q is not conjugate to p along y}. The condition of g not
being a conjugate point is understood as in the standard Riemannian geometry, namely
there is no nontrivial L£-Jacobi field J along y with J(0) = J(t) = 0. We also define
the cut locus to be the set C(t) := M \ Q(1).

Obviously £(q, t) is smooth outside of | J,(C(7) x {r}). Hence, if we can show
that [, (C(7) x {r}) is of measure zero, we have £(g, T) smooth almost everywhere.
With this regularity result, we can then assume that £(q, ) is smooth on the whole
space-time manifold M x [0, 7], and the inequalities we derive under this assumption
will hold for general £(q, T), too.
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Lemma 4.8 (Rugang Ye, [31]). The function L(q, t) is locally Lipschitz continuous in
both variables and the cut locus C(t) is a closed set of measure zero for all t, hence
U, (C(v) x {t}) is of measure zero, too.

Proof. We only explain the idea of the proof, the details can be found in [31]. We
will not prove that L(g, t) is locally Lipschitz. For the local Lipschitz continuity of
L(-, r) with respect to the metric g;; () see [31], Lemma 1.5. For the local Lipschitz
continuity of L(g, -) for any fixed ¢ € M see [31], Lemma 1.6.

We set Ci(t) := {g € M | there is more than one minimal £-geodesic from p at
time O to ¢ attime 7}, and C2(t) := {g € M | there exists a unique L-geodesic y
from p = y(0) to g = y(7) and ¢ is conjugate to p along y}. Because exp;,c’f isonto,
we get C(1) = C1(7) U Ca (7).

As in the standard Riemannian geometry, C,(7) is contained in the set of critical
values of the LL-exponential map exp‘f,’r. Hence it has measure zero by Sard’s theorem.
At points in C1(7), the function L( -, ) is obviously not differentiable. But because it
is Lipschitz, L( -, t) must be differentiable almost everywhere, so C(7) is also a set
of measure zero. Hence C(7) has measure zero. Using the same arguments as in the
standard Riemannian geometry, one can show that the injectivity domain is open, and
hence C(7) is closed. This proves the lemma. a

Since £(g, ) is smooth outside of the set [ J,(C(t) x {r}), i.e. smooth almost
everywhere, we may always assume without loss of generality that L(g, 7) and £(gq, T)
are C*°-functions on M. At the points in | J,(C (1) x {r}), the inequalities which we
compute in the following section will still hold in the barrier sense (and hence also in
the sense of distributions).

4.3 Monotonicity of the reduced volume

Note that if Ric = 0 on M, Perelman’s £-length is simply our «£-length from the
static case above. So if Ric = 0, the function v(g, 7) := (4 1) "2 %D satisfies
0rv — Av = —d,v — Av < 0, i.e. v is a subsolution to the backwards heat equation,
which in the case R = 0 is of course also the adjoint heat equation. This is in fact also
true on a general manifold, namely we have the analogous to Proposition 4.2.

Theorem 4.9 (Perelman, Section 7 of [28]). Let g;; solve the backwards Ricci flow
int = —t. Let {(q, T) be the backwards reduced distance defined above and set
v(g, 7) := (4rt)""2e @) Then v(g, v) is a subsolution to the adjoint heat equa-
tionon M, i.e. O0"v = 9;v — Av + Rv < 0.

Remark. Note that this theorem does not require any curvature assumptions converse
to the static case!

We have divided the proof of Theorem 4.9 into a sequence of lemmas.
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Lemma 4.10 (equations for the backwards reduced distance). Perelman’s backwards
reduced distance £(q, T) satisfies the equations

1 1
Ve = —R + =l— 5K, (4.16)
1 1

where

T
K = / 2 H(X) dt
0

and H (X) is Hamilton’s trace Harnack inequality for the Ricci flow from Theorem 2.135,
evaluated at the negative time t = —T.

Proof. The following computations are analogous to the static case above. A min-
imizing curve satisfies (4.12) with G(X) = 0. We hence get the first variation
dyL(g,7) = VT (X (), YD) = (VL(g,7), Y (7)), and so the gradient of L must
be VL(g, 7) = 24/TX (T). This yields

VL = 47 |X|* = —4TR + 47 (R + |X|*). (4.18)

Moreover, still analogous to the static case, we compute

d
=\/%(R+|X|2)—(VL(CI,7?)7X) (4.19)
= VI(R+IX*) -2V |X?
=2VIR - VT(R+|X).

Note again, that d; denotes the partial derivative with respect to T keeping the point ¢
fixed, while dd—f refers to differentiation along an J£-geodesic, i.e. simultanously varying

the time T and the point g. Next, we determine (R + X |2) in terms of L. With the
Euler-Lagrange equation (4.13), we get

%(R(y(r)) +1X(0)[*) = 3R+ VxR +2(Vx X, X) + 2Ric(X, X)

1
=3;R+2(VR,X)— —|X|*> = 2Ric(X, X)
T

1
=—H(X) — ;(R +1X1%),
where

1
H(X) =0,R+ ;R —2(VR, X) + 2Ric(X, X)

1
= —8;R— —R—2(VR, X) + 2Ric(X, X)
T
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is exactly the expression from Theorem 2.15 for Hamilton’s trace Harnack inequality
for the Ricci flow, evaluated at t = —7. So we get

PP (RHIXP) = —HX) — VE(R +IXP)

and thus by integrating and using the notation K = fof t3/2H (X)dr, as in the lemma,
one obtains

T
B} d
—K—L(g,7) = / 13/2d—(R +1X*)dr
0 T
T

= 2Ry @) +IX@P) —/ %ﬁ(RHXlz)df
0
=R+ IX?) - %L(q, 7).

Thus, we have
_ [
DR+ X1?) = —K + L@, D) (4.20)

If we insert this into (4.18) and (4.19) respectively, we get the equations for L(g, 7).

4
IVL|?> = —4TR + 47 (R + |X|? =—4fR—— L(q,t)
1 1
3L(q, ) =2VTR —VT(R+|X?) =2VTR+ =K — =L@ D).
T T
Hence ¢(q, T) = —L(q 7) satisfies
ve)? = —R L S S L
Ve — +23/2 ~mpk == +% BT
which proves (4.16), as well as
0: 0 = ! L+ R ! L ! K = lﬁ R K
v - T R TE A A A
which proves (4.17). O

To compute the second variation of J£(y), we need the following claim.

Lemma 4.11. Under backwards Ricci flow in t, we have

3. (VyY, X) = (VxVyY, X) + (Vy Y, Vx X) + 2Ric(Vy Y, X)

, , 421
+2(Vy Ric)(Y, X) — (Vyx Ric)(Y, Y).
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Proof. Apparently, we have
3z (VyY, X) = (VxVyY, X) + (VYY,. VxX) 422)
+ 2Ric(VyY, X) — (VyY, X),
where V := 9,V = —3, V. Proposition 1.10 says that
(VyV, W) = —(Vy Ric)(V, W) + (Vw Ric)(U, V) — (Vy Ric)(U, W).
Hence, with U =V =Y and W = X, we get
(VyY, X) = —2(Vy Ric)(Y, X) + (Vx Ric)(Y, Y)
Inserting this into (4.22) proves the lemma. m]
With equation (4.21), we can now write 2 (Vy VxY, X) as
2(VyVyxY, X) =2(VxVyY, X) + 2 (R, X)Y, X)
=20, (VyY, X) —2(VyY, VxX)
—4Ric(VyY, X) —4(VyRic)(Y, X)
+2(VxRic)(Y,Y) +2(R(Y, X)Y, X).

A partial integration then yields

T _ T 1
| 2vEwvr xiar =2vr @ |- [ e xae
0 0 T

T
_/ 27 (VyY. Vy X +2Ric(X, ) dr
0

— /T /T (4(Vy Ric)(Y, X) — 2(Vx Ric)(Y, Y)) dt
0

+ fr 2T (R(Y, X)Y, X)dr. (4.23)
0

If the geodesic equation G(X) = Vx X — %VR + %X + 2Ric(X, -) = 0 holds, we
can write the first two integrals on the left hand side of (4.23) as

T 1 T
—2/ ﬁ<va, 2—X+VXX+2Ric(X,-)>dr = —/ VT (VyY, VR) dr,
0 T 0

and so equation (4.23) becomes

/Tzﬁwyvxy, X)dt =27 (VyY, X) |5 —/r VT (VyY, VR)dt
0 0
- / ' VT (4(Vy Ric)(Y, X) — 2(Vx Ric)(Y, Y)) dt
0

+ /T 2J/T(R(Y, X)Y, X)dr. (4.24)
0
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We can now compute the second variation of £ (y) for L£L-geodesics y, where G(X) = 0
is satisfied. Using the first variation

z
Sy L(y) = / VT(VyR +2(VyX, X)) dt
70
from (4.11), we compute

T
5y L(y) = /O VT(35 (VR Y) +2(VyVy X, X) +2|Vy X|* ) dt
T
=/ VT((VR, VyY) + VyVyR +2|VxY|*)dr
0

T
—I—/ 2(VyVyxY, X)dt
0 (4.25)

=27 (VyY, X) \§+/ VT(VyVyR +2|VxY|*)dt
0
+ / " JTQ(Vx Rie)(Y, ¥) — 4(Vy Rio)(Y, X)) d
0

+/T2ﬁ(R(Y, X)Y, X)dr,
0

where we used (4.24) in the last step. As in the static case, we now consider a special
test variation to estimate the Hessian of L. Namely, we take a normalized vector Y (7)
in Ty, M and construct Y (7) on [0, T] as the solution of the ODE

1
Vx¥ = —Ric(Y,-) + V. (4.26)
T

As above, we find 3, |Y|* = 2Ric(Y, ¥) + 2 (VxY, ¥) = 1 |Y|? and hence |Y (v)|* =
7/7, in particular Y (0) = 0. We have

Hess; (Y,Y) = VyVyL = 82(L) — (VyY, VL)
< 82L —2VT (VyY, X) (%),

where the Y in Hessy (Y, Y) = VyVy L denotes a vector Y (7) € T, M, while in 8%,(L)
it denotes the associated variation of the curve, i.e. the vector field Y (7) along y which
solves the above ODE (4.26). Note that the inequality becomes an equality if Y is an
L-Jacobi field, which are exactly the minimizers of the expression on the second line.
This is explained in detail in [23]. Inserting the formula (4.25) for the second variation,
we find

T
Hess; (Y, Y) < / VT(VyVyR+2|VxY[* +2(R(Y, X)Y, X)) dt
0
(4.27)

+ /f JVT(2(Vx Ric)(Y,Y) — 4(Vy Ric)(Y, X)) dr.
0
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We can now prove an estimate for the Laplacian of £(g, T) as in the static case.

Lemma 4.12. For K defined as in Lemma4.10, the backwards reduced distance £(q, T)

satisfies
1

_ n

(4.28)
Proof. Note that with (4.26) we find

2 . > L. 1 2
IVxY|® = [Ric(Y, -)|” — —Ric(¥, Y) + P 1Y (7)]
§ i (4.29)
= [Ric(Y, -)|* — = Ric(Y, ¥) + —.
T 4t1T
Moreover, (4.26) also implies
d
T Ric(Y (1), Y (7)) = (0; Ric)(¥, Y) + (Vx Ric)(Y,Y) + 2Ric(VyxY, Y)
T
= (0; Ric)(Y,Y) + (Vx Ric)(Y, Y) (4.30)
1
+ = Ric(Y, Y) — 2 |Ric(Y, -)|?.
T
By plugging equation (4.29) into (4.27), we obtain

7
Hess; (Y, Y) < / VT (VyVyR +2(R(Y, X)Y, X)) dt
0
7
—l—/ JTQ2(Vx Ric)(Y, Y) — 4(Vy Ric)(Y, X)) dr.
0
4 , , 2. 1
+ [ /7 |2IRic(Y, )|* — ZRic(Y,Y) + — | dt
0 T 2tT
and with a partial integration and using (4.30), we find

Hess; (Y, Y) < % — /Or JTH(X,Y)dt
- /r JT (Z(VX Ric)(Y, Y) — 4 |Ric(Y, -)|2) dt
0

- /r JT (3 Ric(Y, Y) + 2(3; Ric)(Y, Y)) dr
0 ’ 431)

1 T
= — — H(X,Y)d
ﬁ_/oﬁ( e

T d _. 1_.
— | /t|2—Ric(Y,Y)+ —Ric(Y,Y) ) dt
0 dt T

= L —2vZRic(Y,Y) — /r«/?H(X, Y)dr,
NG 0
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where

H(X,Y) =2(3Ric)(Y,Y) + 2 [Ric(Y, -)|* — VyVyR + ;Ric(Y, Y)
—4[(VxRic)(Y,Y) — (VyRic)(X, V)] = 2(R(X, Y)X, Y)
= —2(3; Ric)(Y, Y) 4+ 2 |Ric(Y, -)|* — Vy Vy R — %Ric(Y, Y)
—4[(VxRic)(Y,Y) — (VyRic)(X, V)] = 2(R(X, Y)X, Y)
is exactly Hamilton’s matrix Harnack expression for the Ricci flow evaluated at the

negative time t = —t, see Theorem 2.15.
We now let {Y;} be an orthonormal basis of 7, M, and define Y;(7) as above, as

the solutions of the ODE (4.26). Then there exist vector fields Yi (r) along y with
|Y(r)|=1and Y;(r) = +/t/7T Y;(r). Summing (4.31) overalli =1, ..., n yields

n

1 T
AL(q,T) < — —2JTRic(Y;, Y; —/ HX,Y,-d)
(4, 7) Z<ﬁ FRic(t;, Y) — | VTHX, Yi)dr

i=1

n 1 (7 " ~
=——2ﬁR—:/ 2N H(X, Y dr
\/_ 0 Z

T T i=1
_ " _o,yir- 1 /f 32 H(X)dt
JT T Jo
n 1
= — —2JTR - =K,
NG T

where K = fOT ‘C3/2H(X) dt as above. Here we used Z?:l H(X, )7,-) = H(X), which
we proved in chapter two. Finally, for £(q, T) this yields

1 n 1
A(g,T) = —=AL(g,7) < — — R— —5K.
(¢q.7) W (q.7) = = EET)
This finishes the proof of the lemma. |

We can now prove our main theorem.

Proof of Theorem 4.9. We need the three equations (4.16), (4.17) and (4.28) from
Lemma 4.10 and Lemma 4.12, i.e.

1
2
Ve = —R + = e ik,
1 1
Bl =——L+ R+ K.
1
A< _R___ K.

27 273/2



84 4 Reduced distance and reduced volume

This yields
afe—M+|W|2—R+2”—_ >0,
T

which is apparently equivalent to O* [(47(%)_”/ zee(_q’f)] < 0, compare with (3.21).
This proves the theorem. d

Remark. In the static manifold case, we had

1
273/2

T
NG T) < — — / 2132 Ric(X, X) dt
2T 0

and needed to assume that Ric > O to get the result we wanted. But here, in

n 1 T 3
= L _p_ /2
Al(g,T) < 7 R 5772 /(; t/*H(X)dt,

we do not need to assume that H(X) > 0, which one could guess by analogy. The
K -terms cancel out, even if the Harnack inequality H (X) > 0 does not hold! We have
seen similar results before, where we needed Ric > 0 in the static case, whereas under
the Ricci flow everything just works fine without additional assumptions. Thus, even
so the computations are longer and more difficult in the Ricci flow case, the results are
more natural and hold without a-priori assumptions on the curvature.

Corollary 4.13 (monotonicity of backwards reduced volume). The backwards reduced
volume

V(r) :=/ A7) "2e 4D qV (¢)
M
is non-increasing in T under the backwards Ricci flow in .
Proof. With Theorem 4.9, v(g, 7) defined by v(g, 7) := (4 1) "/?¢~44") and with
O* =9, — A+ R, we get

aﬁm:/ a,vdv+/ v 0;dV
M M

5/(A—R)vdV+/ RvdVv
M M

:/ AvdV =0.
M

This proves the corollary. d

In Corollary 3.16 we have seen, that (4mt)~"2e=t@0) is a lower bound on the
adjoint heat kernel (4rt) " 2e= @D In particular, we have £(g,7) > f(q, 7).
With the estimates from Corollary 4.5 we have seen above, that £(g, T) converges to
a é-function as T — 0 and hence ¢(q, 7) — f(gq, t) as T — 0. Now the backwards
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reduced volume above is constant if and only if £(g, 7) satisfies the adjoint heat equation
(instead on being a subsolution). But this immediately implies that £(g, ) = f(gq, T)
for all ¢ > 0, and hence we are on a gradient shrinking soliton with potential f = £.
This shows that the backwards reduced volume is in fact strictly decreasing in 7, unless
we are on a gradient shrinking soliton.

Remark. All the above computations can also be made for the forward reduced volume,
i.e. for the expanding case instead of the shrinking case. Again, one only has to change
some signs. In this case one does not have to evaluate Hamilton’s Harnack expressions
at negative times, but for positive ¢, so the interpretations actually sometimes slightly
differ. However, the result at the end is analogous, namely we get for the forward
reduced distance £(q, t) that (Amt)™"2e~tat) ig supersolution to the adjoint heat
equation. Moreover, the forward reduced volume is monotone non-increasing in ¢
along the Ricci flow and constant precisely on gradient expanders.

A remarkable fact is, that the shrinker-entropy W and the expander-entropy W
both increase in forward time, while the reduced volumes both increase as ¢ approaches
the reference time ¢t = 0.

Again, the details for the expanding case can be found in [12].
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List of symbols

dv

div, div*
V4

ak

S F

NN
A == 8,A

exp,, exp}f’f
€(2)
F& f
k
ry,
I'(E)

I'(TM)
I'(Sym?(T*M))

I (Sym? (T*M))

Hess(f) = V2 f
Ly

heat operator O = 9, — A on M x [0, T'], respectively its adjoint
under the Ricci flow, O* = -9, — A+ R

matrix product defined on p. 16, in particularif A = g
the Riemannian metric, then A~! : B = try B

volume element induced by a Riemannian metric

divergence operator (applied to a one-form or a symmetric
two-tensor in this book), or its adjoint, respectively;
see Definition 1.3

Kronecker delta, Sf =1ifk =+¢and (Sﬁ = ( otherwise

variation of the functional # in the direction of 4,
defined on p. 14

raw Laplacian and Lichnerowicz Laplacian, see Definition 1.2

derivative of the Laplace operator for a moving metric g(¢),
defined on p. 21

the classical exponential map, defined on p. 12, respectively
the L-exponential map at time 7, see Definition 4.6
Einstein—Hilbert functional, defined on p. 17

Perelman’s steady soliton entropy functional, see Definition 3.2

Christoffel symbols for the Levi-Civita connection, defined
onp. 11

sections of the vector bundle 7 : E — M, i.e. the set of maps
s : M — E with w os = idyy, in particular:

set of vector fields over M

symmetric two-tensors over M, i.e.

{(hel'(T*M Q T*M) | hij = hji}

set of symmetric two-tensors g;; over M for which

& +— gij(p)&'E/ is positive definite for all p € M,

i.e. space of Riemannian metrics on M

Hessian of f

Lie-derivative with respect to X, defined by Lxh = 9;|;=0(¢h),
where ¢; is the family of diffeomorphisms generated by X
and ¢;h denotes the pull-back of / by ¢;
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List of symbols

L(¥)

N(u)
V, Vi
V=20V

Ok, O

R

Ric, Rix
Rm, Rjjre
M, TM

M, T*M
trg

W(u,t)
W(g,u, 1)
W—F(gv u, J)

Perelman’s £-length functional, see Definition 4.4, or its analog for
the static case, defined on p. 69

Nash entropy functional, defined on p. 47
covariant derivative (in the direction of %), defined on p. 11

derivative of the Levi-Civita connection for a changing metric
g(t), defined on p. 21

partial derivative % or % respectively
scalar curvature, defined on p. 12

Ricci curvature tensor, defined on p. 12
Riemannian curvature tensor, defined on p. 12

tangent space at the point p € M or tangent bundle over M,
respectively

co-tangent space at p € M or co-tangent bundle over M,
respectively

trace with respect to the metric g, trg h = g'/h;;, in
particular tr, Rm = Ric, trg Ric = R and trg Hess(f) = Af

Ni’s entropy functional for the heat equation, defined on p. 53
Perelman’s shrinking soliton entropy functional, see Definition 3.12

expanding soliton entropy functional, defined on p. 65
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adjoint heat operator, 23

backwards reduced distance, 65, 75
backwards reduced volume, 65, 84

Bianchi identities, 13

Christoffel symbols, 11
cigar soliton, 5
connection, 11

convex boundary, 31
cut locus, 76

Dirichlet functional, 47
divergence operator, 14

Einstein summation, 11

extended, 11
Einstein tensor, 17
Einstein—Hilbert functional, 17
elliptic operator, 28
entropy

for steadies, 49

heat equation, 53
evolution

of connection, 21

of curvature, 19

ofdV, 21

of Laplacian, 21

of Ricci tensor, 19

of Riemann tensor, 19
expanders, 24

entropy, 65

gradient, 26
exponential map, 12

forward reduced volume, 66
geodesic, 68

Hamilton’s matrix Harnack, 37

integrated version, 42
quadratic version, 40
Harnack inequality
for heat kernel, 58
for Ricci flow, 43, 45
Hamilton’s matrix, 37
Li-Yau, 31
Perelman’s, 64
heat operator, 22
adjoint, 23

injectivity domain, 76

Levi-Civita connection, 11
L-exponential map, 76
L-geodesic, 69, 74
Li—Yau Harnack, 31
integrated version, 34
quadratic version, 32
Lichnerowicz Laplacian, 14
Lie-brackets, 21
Lie-derivative, 24

maximum principle, 29
for matrices, 37
for systems, 35

Nash entropy, 47
modified, 57
Ni’s entropy, 53
local version, 54
normal coordinates, 12

parabolic
boundary, 28
cylinder, 28
interior, 28
operator, 28
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Perelman’s ¥ -entropy, 49 soliton, 24
Perelman’s ‘W-entropy, 62 cigar, 5
local version, 62 gradient expander, 26
Perelman’s Harnack, 64 gradient shrinker, 25
gradient steady, 24
reduced distance, 59 space-time
reduced volume, 72 manifold, 45
Ricci curvature, 12 path, 46

Ricci flow, 17
backwards, 22

Harnack inequality, 43, 45

Ricci solitons, 24
Riemannian curvature, 12
Riemannian metric, 11

scalar curvature, 12

second fundamental form, 31

shrinkers, 24
entropy, 62
gradient, 25

connection, 45
stationary metric, 17
steadies, 24

entropy, 49

gradient, 24
support function, 35

variation, 14
of curvature, 15
ofdV, 16
of Riemann tensor, 15
of Ricci tensor, 15
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