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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 L-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 summarizes
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
J.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

B(u) = /M Va2 av. (0.1)

In particular, these so-called harmonic maps include geodesics, harmonic functions and min-
imal surfaces. Eells and Sampson showed that the gradient flow of the energy functional
(0.1) 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 parabolic equation

01 9i5(t) = —2Ry(t), (0.2)

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 go, see [13] (or also [9]
for a simplified proof).

A solution metric g(t) 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 posi-
tive constant Ricci curvature at time ¢t = 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
O gij = —2Rij + —1gij,

where n denotes the dimension of M and r = || y Rav/ S a AV is the average scalar curva-
ture.

The stationary metrics under the Ricci flow (0.2) are Ricci flat metrics (i.e. metrics with
Ric = 0). These are also the critical points of the Einstein-Hilbert functional

&(g) = /M RV, (0.3)

a fact wich 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 (0.3) is given by the
equation

which does not have to be solvable (in either time direction) even for a short time, since
0:g = —2Ric is parabolic, while 0; 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
9 R= AR+ 2|Ric|” > AR+ ERQ, (0.5)

so by the maximum principle its minimum R,,;,(¢) = infy R(-, ) is non-decreasing along
the flow. Hamilton developed a maximum principle for tensors, with which he 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 0.1 (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 with-
out curvature assumptions. In the general case, the solution of the Ricci flow (0.2) 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 com-
plement. 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].

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.

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 S? 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 S3. 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 < ¢; <t; < T
a non-negative smooth solution u € C*°(M x [0,T]) of the linear heat equation 9 u = Au
on a closed, connected manifold M satisfies

supu(-,t1) < Cinfu(-,t2), (0.6)
M M

where C depends on t1, t2 and the geometry of M. However, in the classical presentation,
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 (0.6). They proved
that on a manifold with Ric > 0 and convex boundary, the differential Harnack expression

_du_|[Vuff  n

H(u,t) : " 2 5

(0.7)

is non-negative for any positive solution u of the linear heat equation. To prove this differ-
ential 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 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 d-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 diffeomorphisms and scal-
ing, i.e. a solution ¢(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(t). An easy example for a shrinking (i.e. a(t) decreasing) soliton is the sphere S™ discussed
above. If the scaling function a(t) 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
ds? = M
1+ 22+ y?
It is called a cigar because it is asymptotic to a cylinder at infinity, has maximal Gauss
curvature at the origin and burns away.

(0.8)

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(t) a gradient soliton.

Hamilton’s idea was to find a nonlinear analogon 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 classifica-
tion of blow-ups of three-dimensional singularities - modulo the control of the injectivity
radius.

Proposition 0.2 (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 S, S2 x R or ¥ x R, where ¥ 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 be-
tween 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 version of
the Einstein-Hilbert functional (0.3), namely

Flg.f) = [ (R4 [95P) e lav. (0.9)
M
which has the gradient flow system
Orgij = —2(Rij + ViV, f),
{ o f = -Af-R. (0.10)

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

O0rgij = —2R;j, (Ricci flow) (0.11)
O%e=f =0, (adjoint heat equation) '
where [0* := —9; — 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 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 F(g, f) is non-decreasing along
the flow and constant exactly on steady Ricci solitons with potential f. Similar entropy
functionals to (0.9) have been found for shrinking solitons (by Perelman [28]) and later for
expanding solitons (by Feldman, Ilmanen 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 equa-
tion 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 T), a functional defined on 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 finds an interesting fact there: If one computes the first and second variation of Perel-
man’s L-functional with respect to variations of the space-time path - remember that we
found this functional by integrating Perelman’s Harnack inequality along a path - one finds
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 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 compu-
tation 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 £-length (as well as the mono-
tonicity 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 §(t) = ¢g(0) is a supersolution to the
solution of the Ricci flow 0; ¢ = —2Ric < 0. Moreover a positive solution to the backwards
heat equation 0; u = —Auw is a subsolution to the adjoint heat equation under the Ricci flow
Oru = —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
ways of looking at this monograph. One can either 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 have been found and it also gives an easier approach to Perelman’s
entropy formulas and £-geodesics, even so the presentation is then chronologically reversed
in chapter three and four. 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 point of presentation - interpret the formulas for the static case
as an application of the corresponding formulas for the Ricci flow to a super- respectively
subsolution 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
sometimes. 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.

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

Let me stress again that I do not claim any original work. The only new results (in chapter

three and four) are natural simplifications of Perelman’s work applied to Lei Ni’s entropy
formula for the static case.

Outline of the book

Let me now explain the outline of the book in more detail and with references to the most
important results.

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 exists 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 (proposition 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 Harnack inequality for the
heat equation (proposition 2.11). Finally, we proceed with Hamilton’s Harnack inequali-
ties 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,7) 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, £-geodesics and the £-
exponential map. We finish with the monotonicity of Perelman’s backwards reduced volume
(corollary 4.13).

Development of the book and acknowledgements

In the summer semester 2004, Tom Ilmanen held an introductory lecture on the Ricci flow
at ETH Ziirich that was inspired by Perelman’s paper from 2002 and Ilmanen’s discussions
with Richard Hamilton, Mu-Tao Wang and Lei Ni. Invited guest speakers involved Richard
Hamilton, Dan Knopf and Natasa Sesum. This lecture was the reason I became interested
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 very much for
it. Much of the first chapter as well as some parts of the third chapter are inspired by this
lecture.

This book was written as my diploma thesis in the winter semester 2004/2005 at ETH
Zirich 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. I would also like to thank Daniel Perez for proof-reading parts of my diploma
thesis.

In the winter semester 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 in the present (slightly revised)
form, we think that this book can be used for an introductory lecture or seminar on this
topic, but it is also adapted for self-study - even for undergraduate students or people who
are new to this subject.

1 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 vi% and v; dx?, respectively. We write J;, as an abbreviation for (;%
and Vy, for the covariant derivative in the direction of %.

The Riemannian metric on M is denoted as g;; = gj;, its inverse as g"¢, so that gijgjk = (55.
For the induced measure on M we write dV = y/det(g;;)de. We always use the ez-
tended FEinstein summation convention, where %y, means 22:1 x%,, and z,y, denotes

b n b
ga TalYb = Za,bzl ga TalYb-

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 Vv* = 0;0% + Ff’jvj is determined by the Christoffel symbols
1
Iy = 59“(31‘ gje + 05 gie — Or gij),
and the Riemannian curvature tensor

Rm(X,Y)Z =VxVyZ - VyVxZ —VxyZ = Rj; XY Z*



has the local representation
Rk rk rk rmrk rmrk
0ij — 0; L o ij + i tim T Lag b dme

If we lower the upper index to the first position, we get Rys; = gthZj, a tensor which is
anti-symmetric in (k,¢) and (4, j), and symmetric in the interchange of these pairs, R;;re =
Ryeij. The Ricci tensor Ric is defined by R, = gﬂRijkb the scalar curvature as its trace
R= gikRik = gikgjeRijkg. It is easy to see that

Ry; = Rir, = " Rniok = ghegthgek = jok'

We write (X,Y) := g(X,Y) = ¢;;X"Y7 for the induced inner product of the metric g. If

{e1,...,en} is an orthonormal basis with respect to this inner product, then
Ric(X,Y) = Z (Rm(X,e;)e;,Y), and R= ZRic(ei,ei). (1.1)
i=1 i=1

For p € M, one defines the exponential map exp, : V, = M, v > v,(1), where 7,(t) :
[0,T] — M is the unique maximal geodesic with +,(0) = p and 9;7,(0) = v, and V}, :=
{v € T,M | v, is defined 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 z(q) = exp;l(q)
defines a local chart of U with p mapped to z(p) = 0. The local coordinates defined by this
chart (z,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
9ij(w) = 6ij — gRimqu’)wq +0(Jz),

so in particular
9i3(0) = 6ij, Ok gi;(0) =0, T}5(0) = 0,

and

n 2
AcoordA(gij) = (Z 8(ik)2 gzj> = 7§Rij~ (12)

k=1

Proof. 1t is a standard fact that g;;(0) = J;; and 0xg;;(0) = 0 (and hence also I‘%(O) =0)
for normal coordinates, cf. [21], theorem 1.4.4. We can then compute

2Ripjq = 20k Ry, = 29k (0;0 5, — 1'%,

7t pq
= gikgké(ajaquf + 0;0p9q¢ — 030eGpq — 0p0qgje — Op0jgqe + 0pOegjq)
= 0;0q9pi — 0;0igpq — 0p0q9i; + Op0igjp- (1.3)

In normal coordinates, the metric satisfies the symmetries

&ajgpq = 8p6qgij, (14)
0a0b9cd + Ob0cGad + 0:0agva = 0,

so (1.3) simplifies to
Ripjq = 0j049pi — 0p0q9i;- (1.6)
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By Taylor approximation, we have
1 P 3
9i5(%) = 0ij + 50p0qgija" 21 + O(Jz[7),
and hence it only remains to show that
15 ) poa_ L D d
5% gijrtr? = —gRim—qm .
We compute
1 poa_ L D d
—3Ripiqr?a? = — £ (Ripjq + Rigjp)a™
1
= _g(ajaqgip + 0p0;9iq — 20p049i; )"z
1

1
= —6(—38p8qgij)xpxq = §8p8qgijxpmq,

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

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

Rm(X,Y)Z 4+ Rm(Y,Z2)X + Rm(Z, X)Y =0,
and the second Bianchi identity
(Vx Rm)(Y, Z)V, W) + ((Vy Rm)(Z, X)V, W) + (V. Rm) (X, V)V, W) = 0,
which implies the local formula at x(p) = 0
ViRijre + Vi Rijon + ViR, = 0.
Tracing this with ¢** gives the formula

ViRijke = 9" Vi Rijre = —9" Vi Rijen — "V e Rijni
= ViRji — ViRjp. (1.7)

This formula can be used to change derivatives of the Riemannian curvature into derivatives
of the Ricci curvature. By tracing again with ¢/ 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

ViRiy = ¢ ViRijre = ¢ ViRje — ¢’*ViRj). = ViR — V;Rjj,.
By changing the indices in the last term, this implies

1
ViR = 5 ViR (1.8)
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1.2 Variation formulas

We vary a fixed metric g;; € T'(Sym? (T*M)) in direction h;; € T'(Sym*(T*M)) to obtain
g° = g+ sh. For any functional F(g) depending on g, we denote by §, F or by 95 F the first
variation

(5}1972 85 F .= (95 |s:0 Sj(g” + 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 Ay, by the formula

Arpti = Nt + 2Ripkqtpq — R,L'ptpk — Rkptpi;
where Nt;y, = gjerVgtik 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 = (n;) and a symmetric two-tensor t = (t;;,) we define the divergence as
divn := V;n; and (divt)y := Vitik, respectively. In the second case, we then find the adjoint
operator div* : Q' (M) — T(Sym?(T*M)) of div : T(Sym?(T*M)) — Q' (M) to be

o 1
divin = —§(Vz'77k + Vini).

Proposition 1.4 (variation of curvature)

Let 05 gij = hij be a variation of the Riemannian metric. In normal coordinates at x(p) = 0,
we then get

1
85 Rfjk = igém(vjvkhim - vjvmhzk - vivkh]’m + Vivmhjk

= Rijephpm — Rijmphip), (1.9)

1 1
Os R, = 75ALhik - 5v2(trg h) — div* div h, (1.10)
ds R = —h"* Ry, — A(tr, 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 = 8,6} = 05 (9" gre) = (95 9*)gre + g"* hie we find
059" = (9 g™)8). = 9°(0s 9™ )gre = —¢”* g™ haee =2 —h".
If we choose normal coordinates for g, the definition of the Christoffel symbols implies

1
a5 iy, = §gém(vihkm + Vihim — Vinhir) (1.12)
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at £ = 0. Since the Christoffel symbols vanish in normal coordinates, the Riemannian
curvature tensor is given by R k =0; T4 — 0 ng. Thus

95 Rijj, = %gem(vjvkhim — V;iVihie = ViVihjm + ViV hik
+ V;iVihgm — ViVjihgm),
which implies (1.9), because
Vi Vihim — ViVihim = —Rijiphpm — Rijmphip- (1.13)

To compute (1.10) we use Ry, = R’ which yields

ijk>
ds Rir, = %(vakhm — Ahig — ViV hjm + ViV ihji
— Rijephp; + Riphtp)
= %(vkvmhim — Ahi, = 2Rijkphp; + Riphpi + Riphip
— ViVi(trg h) + ViV hji)
= %(fALhik — V;Vi(try h) + Vi (div h); + Vi (div b))

= —%ALhik - %v%rg h) — div* div h.
Finally, we have
ds R =0, (9" Ri) = —h"™ Ry, + g™ (0, Rir,)
—~h* Ry, + %gik(—Ahik — ViVi(try h) + Vi(div h); + V;(div h)y
= 2R;jiphp; + Riphpi + Riphip)
= —h*Rip + %(—A(trg h) — A(trg h) 4+ Vi(div h); + Vi (div b))y,
= 2Rjphp; + Riphpi + Riphiyp)
= —h"* Ry — A(try h) + div? h,
which proves the last formula. O

Proposition 1.5 (variation of dV')
Let O, g;j = hij, then the volume element satisfies

9y dV = (;trgh> av.

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 5 |s=¢ det(A+
sB) = (A~!: B)det(A). In our case

ds det(g) = g" hyj det(g) =: (try h) det(g).

Hence, we find the variation of dV to be

05 det(g)
0s dV = 0, +/det(g)dx = 2\/ﬁd <2trg )x/det dx—( try )dV. O

13



1.3 Einstein-Hilbert functional and Ricci flow

The Finstein-Hilbert functional is defined as

&(g) = /M RdV.

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

9, & :/ (Os RdV + R 9,dV)
M
- / [(—h““Rik — Atrgh 4 div? h) + (R ;trghﬂ dv
M

, 1
= / Bk (—R,-k + Rgik> dv
M 2

= / —h* By, dV = / (h,V &) dV,
M M
where E;, = R, — %Rgik is the Einstein tensor. We thus get 0,9 = VE = —F as the
gradient flow of €. For the third line, note that on a closed manifold M the integral of the
divergence form (—Atrgh + div? h) disappears.

Definition 1.6 (stationary metrics)

We call g stationary for €, if 6, & = 0 for all h € T(Sym?(T*M)). Since E;, = Ey;, this is
the case if and only if E;;, = 0 on M. Taking the trace we get 0 = gikRikf%Rgikgik = 2_7"1*2,
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 E = 0.

For the gradient flow of the Einstein-Hilbert functional we have (modified by multiplication
with factor 2)
Or gij = —2E;; = —2R;; + Ryij,

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

0 g = —2Ric. (1.14)

By comparing this with (1.2), we see that in Riemannian normal coordinates this equation
- up to a multiplicative constant - is simply the heat equation 0; g;; = 3\ coord. (gs5) for the
Riemannian metric.

Remark. Alternatively, one can chose harmonic coordinates {x'}, i.e. local coordinates for
which each coordinate function x* satisfies

0= A’ = g?"(9;0, — T%,.00)2".
In such harmonic coordinate, the Ricci flow takes the form
Dr gij = D" (gi5) + Qij (g™, ),

where @) denotes a sum of terms which are quadratic in the inverse g~
dg of the metric g, see [8], chapter 3.5.

L and first derivatives
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For every smooth metric 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(@9,09,9)dV

such that its first variation is s F = [ (h,—2Ric) dV.

Proof. The idea of the following proof was proposed to the author by Tom Ilmanen. Fix a
metric g € I'(Sym? (7" M)) and let h and k be symmetric two-tensors h, k € T'(Sym?(T*M))
with which we vary g. Since C'*° (1"(Sym2+ (T*M))) is a linear space, it has a natural con-

nection V satisfying
fo"g(h) = 8,5 |t=0 ?(g + th)

We compute
V2 Fy(h k) = 05 0k | (5,0)=(0,0) F(g + th + sk) = 95 |s=0V Fgysk(h),
and hence the symmetry of V2 Fg4(h, k) requires that the map
T : (h,k) = 0s|s=0V Fgysi(h)

should be symmetric in (h, k). We now assume that there exists indeed a functional F €
C> (I'(Sym? (T*M))) that has the Ricci flow as its gradient flow, i.e.

VT, (h) = /M (h, —2Ric) dV.

With the notation ¢° = g + sk, we compute

T(h k) = B oo / (h, 2 Ric(g*)), . Ve
M

s=

— 9 / ((h,@s Ric(g*)) dV + 0, (h,Ric),. dV + (h, Ric) &, dvgs)
M

= 72/ (<h JALk - 1v2(mfg k) — div* divk>
o 2 2

— 2try(k: Ric: h) + (b, Ric) (; tr, k:) )dV
~ —/ (V(try k) - div b+ (b, Ric) try k) dV, (1.15)
M

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

Perelman [28] solved this problem by introducing a functional, whose gradient flow is equiv-
alent to the Ricci flow modified with a family of diffeomorphisms. We will see this functional
in chapter three.
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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 proposition 1.4
by setting h := —2Ric. Define Byjr¢ := RipjqRrpeq, the square of Rm.

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

Ot Rijie = ARjjie + 2(Bijke — Bijer + Bikje — Bigjk)

— RipRpjie — RjpRipke — RipRijpe — RepRijip, (1.16)
Ot Ri, = AL Ry, = ARy, + 2Ry Ripkg — 2Rip Ryk, (1.17)
& R= 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 (1.8) one gets

—%v%rg h) — div* divh = V?(try Ric) — (Vi V;Rij + ViV, Rjk)
=V’R - <;vkviR + ;vika>
=V?*R-V’R=0,
and hence proposition 1.4 implies
O Ri, = ApRik = ARy + 2RpgRiprg — 2Rip Rk
For the scalar curvature formula, use proposition 1.4, equation (1.11), to get
9 R=—h"*Ry — Altr, h) + div’ h
= 2|Ric|> + 2AR — 2V, V, Ry;.
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% + Ff’jvj . 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)
- <[Ya Z]7X> + <[X7Y]’Z> - <[X7Z]7Y>_

Proof. Since V is metric, i.e. Vg = 0, it satisfies
XY, 2) =(VxY,Z) +{Y,VxZ),
Y{(Z,X)=(VyZ,X)+{Z,Vy X),
Z(X,)Y)=(VzX,)Y)+ (X,VzY).
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Since V is also torsion free, i.e. VxY — Vy X = [X,Y] for all X, Y € I'(T'M), we conclude

+ (Y, [X, Z]) + (X, [Y, Z]),
which is obviously equivalent to the assertion of the lemma. O
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=9,V by VxY := 9, (VxY) for (time-independent) vector fields X, Y €
I(TM) and a time-dependent metric g(¢t) on M. Note that since the difference of two
connections V(Y and V2 on M is a tensor, V is also a tensor - in contrary to the connection
V itself. We now write h = 0; g and differentiate the equation from the lemma above. This
yields

2AVXY,Z) +20(VxY,Z) =X WY, Z)— Z-h(X,Y)+Y - h(X,Z)
— W([Y, Z), X) + h([X,Y], Z) — h([X, Z),Y).

Hence, we get

UVxY,Z) = (Vxh)(Y,Z) — h(VxY,Z) + W(VxZ,Y) - (Vzh)(X,Y)
—W(VzX,Y) = h(V2Y,X)+ (Vyh) (X, Z) + W(Vy X, Z)
+h(VyZ,X) = (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 h = —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) + (Vz Ric)(X,Y) — (Vy Ric)(X, Z). (1.19)
With proposition 1.5 we find the evolution equation for the volume element:
1 1 ..
0y dV = <2trgh) dv = 59”(—2Rij) 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 ¢t. As an application, we can now derive the
evolution equation for the Laplace operator.

We define the operator A = 9; A by Af := 8; (Af) for a (time-independent) function
f € C>®(M) and a time-dependent metric g(¢t) 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;;V,;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 = —/ g Vv, f dV.
M M M
If we differentiate both sides with respect to ¢, we get
/ [WAf AV + hAF(D,dV)] = —/ [(0r g YNVihV j f AV + gV ;hV  £(O, V).
M M
Using 0; dV = —R dV and 8, g = 2R%, we obtain

/ [Af—RAf] hdV = —/ [2R;;V;f — Rg“V; fl(V;h) dV
M M
=+ /M Vi[2Ri;Vf — RGN f] h dV.
This holds for all h € C°°(M), hence
Af = RAf =Vi[2Ri;V;f — Rg7V, )
= (2ViRi;)V,f +2Ri;ViV;f — g"V,RV,f — RgVV,V; f

= VjRij + 2RijVNjf — VjRij — RAf
= 2RV, V,;f — RAY,

which proves Af = 2R;;V;V, f, Vf € C=(M). O

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

Sometimes, one likes to consider the backwards Ricci flow equation 9, g(7) = 2 Ric, where
g(t) is a solution of the forward Ricci flow for ¢ € [T, 0] (after a time shift), and 7 is defined
as 7 := —t. Note that we can adapt all the evolution equations above for the backwards
Ricci flow, by simply replacing 9; derivatives with (—0, ) 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 := 9y — A on My = M x [0,7]. Some may know this
symbol as the wave operator, but throughout this book it will always denote the heat oper-
ator in accordance to the notation of Perelman’s paper [28]. The heat equation can hence
be written as Ou = 0;u — Au = 0. For u and v which satisfy the boundary condition
Sy w(T)o(T) dV = [,, u(0)v(0) dV, we claim that the formal adjoint heat operator under
Ricci flow is O0* := —9; — A + R, i.e. the adjoint heat equation is O%v = 0. To see this, we
use 0y dV = —R dV and integration by parts. We get

/M (Cu)v dV dt — /M (O w)v AV di — / (Lo dV dt

Mt

= —/ w(Opv dV 4+ v 0, dV)dt — / u(Av)dV dt
MT MT

= / u(—=0sv — Av+ Rv)dV dt = / u(O%0)dV dt.
MT MT
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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

t/ fh dV / (Of)h — f(O*h))dV (1.22)
] 7“00’. We have

8, /M fh dV=/M(8t f)h dV+/M £(0, h)dV+/M Fh(B,dV).

With integration by parts, we obtain

0= /M(fAh — hAf)aV.

Adding the two equations gives
O / fhdv :/ Ot f = Af)h — f(Orh — Ah+ R))dV
M M
- /M((Df)h—f(D*h))dV,

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 fized points modulo diffeomorphism and scaling:

Definition 1.13 (Ricci solitons)
We call a solution g(t) of (1.14) a Ricci soliton, if it is the pull-back of g(0),

g(t) = a(t)®;(9(0)),

where (D;) is a family of diffeomorphisms: M — M with &g = idys, and a(t) is a real-valued
function. The cases % =a <0,a =0 and a’ > 0 correspond to shrinking, steady and
expanding Ricci solitons, respectively. We will often simply call them shrinkers, steadies

and expanders.

Now assume P, is generated by a vector field X, i.e. 0; @1(p) = X o Oy(p). We call g(t) =
®7(g(0)) a gradient steady soliton, if X is the gradient of a function f, i.e. X; = V,f,
Xt =g"vV;f.

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,
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it) R+Af=0,
iii) |Vf|> + R = const,

iv) O f = V.

Proof. If we differentiate g(t) = ®(g(0)) with respect to t, use (1.14) and the definition of
the Lie-derivative Lxg (cf. [21], definition 1.6.6), we get
—2R” = 8t gij = (Lxg)” =-2 le* X = V,LXJ + Vin,

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 i), permute the
indices and subtract the two equations:

VkRij + VkViij =0
ViR + VNijf =0
= VkRij — ViRkj + Rki]’pvpf =0.

Now we trace this equation with ¢*/ and get
VjRij —V,;R+ Ripvpf =0.

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

0= f%VIR ViV, VY, f = f%vi (R+1VSP),
which proves iii). Finally, by definition
ft,p) = £(0,®:(p)), ie [f(t,-) =i (f(0,"))
So differentiating with respect to ¢ proves iv), namely
O f=Lxf=X-Vf=I|Vf]. 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), d; f = |Vf|2 = |Vf|2 —

(R+ Af), one obtains
@, + N f=|Vf°-R. (1.23)

So if one defines v := e~/ one finds
O + A)u = (—atf— Af + |Vf\2) u = Ru,

i.e. u = e~/ solves the adjoint heat equation

O*u = -0y u — Au+ Ru = 0.
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Remark. Tt 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¢(t) of the Ricci flow equation for ¢ € [0,T] and fixes some
final time Cauchy data u(T) = ug. One can then solve the parabolic equation

Or u(1T) — Au(r) + Ru(r) =0,

with initial data u(r = 0) = ug. With 7 = T — ¢, this leads to a solution wu(t) of the
backwards parabolic equation.

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

i) Ric+Hess(f) — 5= =0,

ii) R+ Af— 22 =0,
i) |VfI> + R — f = const,
iv) 0 f = |V = 0. f.

Proof. Differentiating g(t) = (T — t)®;(g(0)) and using (1.14) implies

Gij Gij
—2R;; = —TJ + (Lxg)ij = —=2

T

+ViX; +V,;X;,

hence —2R;; = 2V,;V; f — g;'j, 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

V;Rij — ViR + RV, f =0,

where now R;p, = —V;V,f + 921: Hence we find

T

1 ; 1
0=—3ViR= ViV, fV,f - %{’v,,f:_fi <R+|Vf|2+ f).

This proves the third equation. The last one follows as in proposition 1.14. O

We find again a connection to the adjoint heat equation: Combining the second and last
equations, one gets
2 n
o f=IVIP - (R+0f-5),
T
that is,
n

- 2
O + D) f=|VSf] —R+§, (1.24)
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—n/2

analogous to (1.23). We now define u := (477) e~f and compute

@, + A)u = (%—&f—&f—s—lVf\Q)u:Rm

—n/2

so the function u = (477) e~/ solves the adjoint heat equation

O%u = —0yu — Au+ Ru = 0.

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

If we replace 7 by —o and 9, by (—9; ) 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

i) Ric+Hess(f) + L =0,

20
i) R+ Af+ 32 =0,
i) [VfI° + R+ g = const,
iv) 0 f =|VII.

Similarly to (1.24) we find
n
0 +0)f = \Vf|2—R—%. (1.25)

Now define u := (47c)~"/2¢=F. Then

n

(O + DJu = ( 20

~0f = O +IVSI) u= Ru,
and hence u is again a solution of the adjoint heat equation [1*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.

2 Differential Harnack inequalities

We begin this chapter by recalling some of the classical theory about linear parabolic differ-
ential equations. Let M be a compact Riemannian manifold with boundary OM, where in
many cases we will assume that M is closed, i.e. 9M = (). Let U denote the interior of M,
U:=M\0M, and fix T > 0.
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Definition 2.1 (parabolic cylinder)
The parabolic cylinder above U is the set Ur := U x (0, T}, its parabolic boundary is defined
as

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

Note that the parabolic boundary OMr consists of the sides OM 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 OMr is simply M x {t = 0}.

The following schematic picture illustrates the idea of this cylinder.

Let L denote a second order partial differential operator on Ur of the form
Lu = —a" (2,t)V;Vu + b (z,t)V;u,

where a¥ = a’%, and V is the Levi-Civita connection. Moreover, let ¢ = q(x,t) > 0 be a
non-negative function on Up.

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

a¥ (z,6)&:& > M€, V(x,t) € Up,VéE = (&) € R,

In this case, for each fized time 0 < t < T, the operators L and (L+q) are uniformly elliptic
in the spatial variable x.

We will always assume that a¥,bt and q are C>™-functions on Ur, Vi,j € {1,...,n}, and
u: Ur — R is a C*°-solution of

(5‘t + L+ q)u =0in UT. (21)

Remark. In PDE theory, one shows that there is a (unique) C*-solution of (2.1) under the
additional assumptions v = 0 on OM x [0, T] and u = ug on U x {¢ = 0} for smooth uy 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*
in the 2-variable and C? in the t 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” = ¢/, the Riemannian metric, and
b* = 0 Vi, in which case L = —A and the operator (9; + L) is the heat operator 0 = 9, — A
from chapter one.

The classical Harnack inequality says that for a solution of (2.1) with w > 0in Up, V € U
connected and 0 < t; < to < T, there exists a constant C', which depends only on V1,2, q
and the coefficients of L, such that

supu(-,t1) < Cinfu(-, ta).
v \%4
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In particular, if M is closed and connected, we find that a non-negative solution u € C*° (M x
[0,T7) of Du = 0 satisfies
supu(-,t1) < Cinfu(-, ta), (2.2)
M M

where C' depends only on t1,ts and the geometry of M.

As an immediate consequence of this, if u(zg,tp) = 0 for some zg € M, tg > 0, then
u=0on M x [0,t]. Conversely, if u(-,0) > 0 with u(zg,0) > 0 for some z¢ € M, then at
any t > 0 there holds u(z,t) > 0 for all € 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 uw € C*°(Ur) and ¢ > 0 in Up, U connected. Then

i) If u is a subsolution of (2.1), i.e. (O + L + q)u < 0 in Ur, and if u attains a non-
negative absolute maximum over Ur at an interior point (xo,tg) € Ur, then w is
constant on Us,.

i) If w is a supersolution of (2.1), i.e. (Oy + L + q)u > 0 in Ur, and if u attains a

non-positive absolute minimum over Urp at an interior point (xo,to) € Ur, then u is
constant on Uy, .

Proof. See [11], chapter 7.1, theorem 12. O

The disadvantage is that we only get the qualitative information v > 0 for all ¢ > 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 geo-
metric 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 integrating
along a path. Being a pointwise property of solutions u, such a Li-Yau type gradient in-
equality 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 differ-
ent 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 0y f = Af + |Vf|2, and define
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F .= t(|Vf|2 — 0y f) = —tAf. Then F satisfies the inequality

1 2
(A=0)F > 72<VF,Vf>72Kt|Vf|2—EF+%F2,

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

Proof. We first derive a lower bound for A |Vf|2 =2(AV[,Vf)+2(V2f,V2f). Note that
(AVF, V) = g7 g" Vi NIV Y, f
= 97"V VeIV f + 97 M Reip Vo Y f
= 9"V ANVf + RipVp fVif
— (VAL V) +Rie(Vf, V).

We also have -
(AF? < g IViV, fI? = n|Hess(f)[*,

and putting this together gives
AV =2(VAL V) +2Ric(Vf, V) + 2 |[Hess(f)|*
> 2 (VAL VS) 2K [Vf1 + 2(Af) (2.3)
Hence we get
AF =1t (A IVFI> = A9, f))

> H2(VAL V) — 2K [V + 2(AF) — 0, (Af))

n

2
_2t<V (F> ,Vf> 72Kt|Vf|2+% <F) — 10, <F>
t n t t
:—2<VF,Vf>—2Kt|Vf|2f%F+%F2+8tF.

Subtracting 9; F' on both sides yields the desired inequality. O

To formulate the Harnack inequality in the case where OM # (), we need the second fun-
damental 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)| = 1 and v(p) € T,N+ :=
{peT,M| (u,v)=0, VoeT,N} C T,M, be a normal vector field to N in TM. Then the
second fundamental form II, at p € N with respect to v is given by

I, (v,w) == — (dv(p)v,w), v,weT,M.

Choose a moving frame {es, ..., 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

I, (v,w) = — <Vl,(p)v,w> .

We now choose N = OM and let v be the outward pointing unit normal vector to M. We
call the boundary of M convez, if the second fundamental form of M with respect to v is
non-negative, II,, > 0, ¥p € OM.
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Proposition 2.5 (Li-Yau differential Harnack inequality)
Let M be a compact manifold with non-negative Ricci curvature and conver boundary if
OM # 0. Let u(x,t) be a positive solution of the heat equation Ou = 0 with Neumann

boundary condition g—;‘ =0 on OM x [0,T]. Then u satisfies the estimate

H

u  |[Vu® n
=SS b 20 on Mx (0,7 (2.4)

Proof. Set f = logu. Note that 0 = (0 — A)u = (8tf—Af— |Vf|2>u and hence f

satisfies the assumption of lemma 2.4. We also have

Oru Vul? F
au Bl _ar-rwsr=-1,
u U t

where FF =t (|Vf |2 — 0y 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—8,)F>—2(VEVf) + %F (F - g) (2.5)

in our case where K = 0. If the assertion was not true, then there would be a maximum
point (z9,t) of F' on M x [0, T]| where F(zo,to) > % > 0. Because F(x,0) =0, Yz € M, to
must be strictly positive. If g is an interior point of M, i.e. (zg,to) € Ur, then obviously

VF(l’Q,to) = 0, AF(’JI(),to) S 0, at F(l’o,to) Z O

But plugging this into (2.5), gives the contradiction

2

Hence xg can only be on M. In this case the strong maximum principle applied to F
implies 2E (z0,t0) > 0. However in the moving frame described above

OF -
0 t) =19, (V1P =0 f) = 2tk§::1 Vo VifVif =0 (Vaf)
n—1
— %" VS Vif = 2 I,(V, V),
k=1

where we used the Neumann boundary condition V,,f = 0 on M and the expression for
the second fundamental form we derived above. Now because the boundary is convex, and
to > 0 we get

oF
E(ﬂ?o,to) = —2t0 IIzo (Vf, Vf) S 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

H(V) = 3tu+2%u+2<Vu,V>+u\V\220 on M x (0, T).
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Proof. We search for the vector field which minimizes this expression. Take a variation V*
of V.=V with §V = 0, |s=0V*. The minimizing V" must satisfy

s s=o(H(V?)) = 2(Vu,§V) +2u(V°,5V) = 0.

Hence V0 = —%. Plugging this into the definition of H gives

2

HWV% :atu+"u—2<w7v“> +u Vu
2t u U
Vul*  n
=0 u— [Vl + 2 U
which is exactly the Li-Yau Harnack expression multiplied by w. This proves that H(V) >
H(V% >0. 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
n

= (2.6)

9y logu > |Vlogul|® —

So on a path v(t), we compute

d
7 logu(y(t),t) = ¢ logu + Vlogu - 9s v(t)

> [Viogul® — % +Viogu -+

2
ol 1.2 n
— V1 A _n
‘V ogu+ 5 1 el 5
z—irf—%~
If 7y : [t1, ta] = M with y(¢;) = 21 and ~y(t2) = @2, then
’u({EQ,tQ) to b2 d
1 — ) =1 t),t = — 1 t),t)dt
o8 (222 ) = togutoto) 0 = [ fioguta(.0

ta
1 2 n
> —— A== dt

n to 21
=——1 = | - - dt.
2 o8 <t1) /151 4 |7|
By exponentiating, we get

-n/2 t
u(w2,t2) (tz) { /2 1.2 }
— == > = exp< — - dt p . 2.7
wen ) >\ P\ a 19 (2.7)
This proves the following corollary.

Corollary 2.7 (integrated version)
Under the same conditions as in proposition 2.5, a positive solution u of Ou = 0 satisfies
the inequality

¢ —n/2
u(xa,t2) > u(wy,ty) <tZ> e LlEneta—h),
1
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where

1 1o,
L to—t):=inf { —— — |7 dt
(z1,22,t2 — t1) ’1’21"{2(752 1) /0 B ol }

D= {7:[0,1] = M | 7(0) = 21, 4(1) = x5}.

with

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

E(xy,22)  d?*(w1,22)

L to —t1) = =
(z1, @2, t2 — t1) s —t)  Ata—t1)

where FE(x1,22) is the classical energy of such a minimizing geodesic between 1 and xs.
.. .. R . . .12 2
On flat R™, a minimizing geodesic is of course a straight line, hence |¥|” = |z2 — z1|” and

2

To — T
L(x17.'1;27t2 _tl) = |4(2tt1|)
2 U

In this case, the inequality in the corollary becomes an equality for the heat kernel a(z,t) =
(4t) /2= 1217/4t gt 11 = 2y = 0. Moreover, the function u(z,t) = (4rt)~"/2e~L@rai=t:)
then satisfies the heat equation Ou = 0 for fixed x1, 1.

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
L-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.

2.2 Hamilton’s matrix Harnack inequality

To prove Hamilton’s matrix version of the Li-Yau result, one needs a version of the maximum
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

W f=0f+o(f), [f=fo att=0. (2.8)

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 at
t = 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

af=0o(f), f=1f att=0. (2.9)
Let X C U be a closed convex subset. Define the tangent cone T, X to X at k € 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 & which contains the set X. Hamilton
proved the following proposition in [14].
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Proposition 2.8 (maximum principle for systems)

Let X be a closed and convex subset of U.

i) Solutions of the ODE (2.9) which start in X will remain in X if and only if for all k € 0X
we have ¢(k) € TpX.

1) 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 func-
tion 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 € 90X (or
¢ e Sy X for short) if ||¢|| =1 and ¢(f) > ¢(k) for all k € X. Then

o(f) eTiX  Uo(f)) <0, VlelSiX. (2.10)

Define the distance function

sup{l(f — k) | k € X, L € Sy X} if f & X,

S(f):diSt(f’X):{o if feX.

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™. 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

O f(t) < sup{0; g(t,y) |y € Y(t)}. (2.11)

Proof. Choose a sequence of times t; decreasing to ty such that
t;) — f(t t)— J(t
lim ;) = I(to) = limsup J(t) = J(to) O).
tiNdo  t; — 1o N\eto t—to

Because Y is compact, we can choose y; € Y with f(t;) = g(t;,y;). Moreover there is
a point yo € Y with y; — yo for a subsequence. Without loss of generality, the whole
sequence converges to yg. Since g is continuous, f(tg) = g(to,y0) and yo € Y (¢). Moreover

9(to,y;) < g(to, yo) yields
Ft;) = f(to) < g(t5,y5) — 9(to, y5),
and by the mean value theorem there exists &; € [to, t;] with

g(tj,y;) — g(to, yy)
t; — to

=0 9(&5,95)-

Now because £; — tg too, and because g is smooth, we find

f(t;) — f(to) 9(t,y;) — g(to, ys)

lim < lim = lim 0, i) = 0 g(t ,
S T S — Jim 9e 9(&5,y5) = 0 g(to, yo)
which proves the lemma. O
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We have now the necessary material to prove the maximum principle for systems.

Proof of proposition 2.8. i) If ¢(f) & Ty X, then with (2.10) there is an £ € Sy X such that
2e(f)) > 0. We find

O l(f) = L0 f) = L((f)) > 0

and hence ¢(f) is increasing and f can not stay in X. For the converse, suppose £(¢(k)) <
0, Vk € 0X, VI € S X. With lemma 2.9 applied to

g=g(t,k,0)=L(f(t)—k) and Y ={(k,0) | ke X, (€ SX}
and with the definition of s(f) we get
Oy s(f) < sup{0, £(f — k)} = sup{€(e(f))}
< sup{l(o(f)) — oK)}, (2.12)

where the supremum is taken over k € 90X and ¢ € S, X with s(f) = 4(f — k). Because X is
convex, k must be the unique closest point on 90X 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 0 s(f) < Cs(f). Since s(f) =0 at ¢ = 0, it must remain 0.

ii) In the PDE case, the computations are similar, but we also have to take the supremum
over all z € M. Note that s(t) = sup,cs S(f(x, 1)) satisfies

Oy 5(t) < sup{0, £(f(z,t) — k)} = sup{€(Af) + £(o(f))},

the supremum now being taken over all z € M, k € 0X and ¢ € S, X with s(t) = (f(x,t) —
k). Because ¢(f(x,t)) has its maximum at z, the term ¢(Af) = AL(f) is non-positive. So,
as before, we get

9e s(t) < sup{l(¢(f))} < [6(f) — o(k)| < C|f — k| = Cs(2),
and since s(t) = 0 at t = 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)-matric which depends smoothly on
t€[0,T] and x € M. Suppose M;; satisfies the heat equation

O Mij = AM;; + ¢(Msj), (2.13)

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

Remark. If the corollary is true, then it obviously also holds for supersolutions which satisfy
Or Myj > AM;; + ¢(M;j).

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.
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Proposition 2.11 (Hamilton’s matrix Harnack inequality)

Let M be a closed Riemannian manifold and u € C™®(M x [0,T]) a positive solution to
the heat equation Cu = 0. Suppose M is Ricci parallel and has weakly positive sectional
curvatures: VRic = 0 and (Rm(v, w)w,v) = Rijmvw;vgw; > 0 for all v,w € T(TM).
Then

Hij = VZ‘VJ"U, - + 5795 >0 on M x (O7T]

ViuViu  u
U 2t

Proof. Because u, Vu and VZu are bounded on M x [0, T, the inequality H,; > 0 obviously

holds for ¢ small enough. If we can show that H;; satisfies a heat equation of the form (2.13),

with ¢(H,;) > 0 whenever H,; > 0, then we are done. Set

ViuV u u

Lij = Vzvju — W = Hij — %91]

We first calculate (x) := AL;; — AV;V,u. We get

2

(*) _ —g“Vk (ngiuvju + ViquVju B Vﬂl,VjUV[U,)

U U
ke Vi ViVuVu n ViuVV;Vu _ ViuV;uViVou
g u u U2
2 ; ,
_2 (vkviu _ WW“) . <vkvju _ W)
u U m
_ Vi(Au)Vju n ViuV;(Au) ~ ViuVjulu
= ” 2 -
V,uViu V,uV;u 2
—g" <Rk”1’“ + Rkjfpp) — —LyiLg;
U U
T ) ) )
__5, (an“) _Ripw_%w_,%, (2.14)
U U U U

Using (1.13), we also have

O (ViVju) = V,V;(Au) = ¢"V,V;Vi.Viu

= g"V,ViV;Viu — Vi(R;,Vpu)

= g*ViViViViu — Vi(R;,Vpu)
— RipVpVju+ RigjpViVpu

= AV,;Vju—V;iR;,Vyu— R;j,V,Viu — Ri,V,Vju
+ RikjpViVpu + Vi (Rikjp Vpu)

= AV, Vju— R;j,V,Viu — RipVViu+ 2Rk ip Vi Vyu
— ViR;pVyu+ V,RijVyu — V;Ri,Vyu,

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

Vk(Rikijpu) = VkRikijpu + Rikjpvkvpu
= —ViRpijpVpu + RikjiViViu
= —V;Ri,Vpu + VR jVpu + R Vi Viu.
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Now we put all this together. We find

at Lij = 8t (VlVJu) - 8,5 <W>

U
2
= AL,‘J‘ + *L?j + 2Rikngngu — Riijk - RjkLik
U
+ (VpRij — VijRip — ViR;p)Vyu
2
=AL;; + EL?J* + 2RigjeLye — RixLji — RjiLik
2
+ ERikngkquu + (vaij — VjRip — Viij)me

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

2
Oy Lij > ALjj + EL?j + 2R;kjeLie — RixLjr — RjrLig. (2.15)

It is now easy to derive the evolution equation for H;; = L;j + 5;9:5. With

Au

AH;; = ALy + —
it 2t

9ij
we obtain

Lu U

O Hij = 0y Lij + ot 9~ 59

Au u

2.2
> AL + aLij + 2RipjeLie — RiLji — RjiLik + o 9ii ~ 92

2 U
=AH; + aL?j + 2RijeLre — RipLjk — RjiLix — 529

Note that

u u U U
57kt~ Ry, - 579k~ R - —gik

2Rk - .
kit 2 ot ot

(2Ri; — Rij — Rij) =0,
and hence

2RipjeLlie — RipLjr — RjpLs = 2Rk 50Hye — Ry Hjp — Ry Hyy,.

With this and with

SR
N

2 e U U

Z gk Hi——i)(H'——)
ug ( k 2tgk: it thge
2 5, 2 u

= G Hi — i ¥ gpi

-0
[

we find the desired evolution inequality
2 2
Oy Hij > AH;j + ;Hfj - ;Hij + 2RikjeHype — RiHji, — Rjk Hig.- (2.16)

This is of the form (2.13) and all the terms Hizj7 RirjeHre, —RiHji, and —Rj,H;y, 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
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Remark. The inequality (2.15) proves that if L;; > 0 at time ¢y then L;; > 0 for all ¢ > ¢,.
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 kernel
@ = (4mt)~"/2e~1*I"/4 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

H;;(V):=V;Vu+ %gij + ViuV; + ViuV +uViV; >0 on M x (0,T].
Proof. As in corollary 2.6, the minimizing V° must be V° = —% and we get
V;uV,
Hij(V) > Hyi(V°) = ViVju — TVt %gu‘ > 0.

O

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

n
H=0u— >4 4 L=H-"u.
T T 2"

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

A (W), which does not require bounds on the Ricci curvature, we find

b= 8@ =97 -0 (T

u

Vul? 2 2
:fa|“|fmevmvmffwm2
u u u
2
2 2
<o,V 2 i, vy — 212,
u u nu

where we used the Cauchy-Schwarz inequality for L2 = (g% L;;)? < n/|Li;|” in the last step.
Because A(0; u) = 0 (Au) = 0 (Or u), we get

2 2
Oy L > AL+ —L* + = Ric(Vu, Vu). (2.17)
nu u
With 0y H = 0; L — 5;Au+ 5w and AH = AL — 55 Au, we finally find
2 5 2 2.
OH>NAH+ —H*—-H + —Ric(Vu, Vu). (2.18)
ny t 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.
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Remark. In the case of Ric > 0, we also find that L = 9, u— [vul® > 0 is preserved if initially

u
true, exactly as in the matrix case with L;;. But again L could also be negative for all time.
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 (Ju = 0. Then by multiplying the Harnack inequality with %, we get

0 S %Hl] = % (Vlvju — W) + %gij
_ uViVju — ViuVju + lg”
u? 2t7"
V,u 1
=V; (;) + 5790
1
= VZVJ logu + %gij,

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

1
%1 — >0
aogu+2t_ 9

or equivalently

2 s?
0; | logu + T >0,

ie. h(s,t) = logu(y(s),t) + j—i is convex in s. We conclude that for any geodesic 7(s)
parameterized by arc-length, we have

H(0,1) < gh(s0,0) + 3h(~s0,1)

N —

By exponentiation, we find the following result

Corollary 2.13 (integrated version)
Let M,u be as in proposition 2.11 and let v(s) : I — M be a geodesic parameterized by
arc-length. Then for sg with +so € I, we have

w(¥(0), 1) < u(y(s0), ) 2u(v(—s0), )/ 2 /4.

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
T = 0 and potential f(z,t) = — |z|* /4, i.e. the metric expands along the vector field
X =V f=—3 and we have ®;(z) = % 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+ Hess(f) + 57 = 0, if we set the birth time 7" to zero. With V' = Vf we
have B

~ ViV =Ry + 32 (2.19)
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Differentiating and commuting gives
ViR — ViR, = ViV Vi, — V; ViV = RijaVi.
Then tracing with g** and applying the twice contracted second Bianchi identity (1.8) yields
V;R—-ViRj, = %VJR =R;/Vy. (2.20)
Applying this to V gives our first expression
— ViRV, +2R;;V;V; = 0. (2.21)
Differentiating (2.20) again, and tracing with ¢** gives
0=—g"*Vi ViR + 29"V Ri;V; + 29" Ri; V.V
=—-AR+2V;R;;V; + 2Ri;V;V;
=—-AR+V,;RV; +2R;;V,V;
= —AR+ V;RV; — 2 |Ric|” — 2%
= -8, R+ VRV, — % (2.22)

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) =0 R+ - = 2ViRVi + 2R, V;V; = 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
Oy u = Au while R;; satisfies 0; R;; = ApR;;). With (1.8) we get

2R;;
0° < ‘ 2VZVJR” + 72tj Gij + QVZR”V} + 2VJR”V; + 2R7,j‘/;‘/vj

= V,ViR+ ? + V,; RV} + V;RV; + 2R;;V;V;
R

= AR+ - +2V,RV; + 2R, ViV,
R

< 9 R+ 7 +2ViRV, + 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;;xeU;;Uixe > 0 for all two-forms U) to get a non-negative
Harnack expression. Hence the following theorem is not a big surprise anymore.
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Theorem 2.14 (Hamilton’s Harnack estimates for the Ricci flow)
Suppose (M, g) is a complete solution to the Ricci flow (1.14) fort € [0,T]. Suppose g;; has
a weakly positive curvature operator. Define

1 1
Mij = ARij — iviVjR + QRikngkg — RikRjk + %R”
Then for any vectors VW and t > 0 we have

i) HV,W) := 2M;WW; — 4V Rji ) (ViW; — V; W) W,
+ 2R 1 ViW,; VW, > 0,
R

it) HV):=0: R+ T 2V;RV; + 2R;;V;V; > 0.
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 supersolutions to
non-linear heat equations which preserve the cone H(V,W) > 0 or 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 —V and set U = VAW
(i.e. Uij = 5(ViW; — V;W;)) to get Hamilton’s expression as found in [17]. O

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

HWV, W) =2M;;W;,W; — 4V;R;)(V:W; = V;IW; )Wy,
+ 2R ViW,; Vi W,
= 2M(W, W) — 4(Vy Ric)(W, W) + 4(Vy Ric)(V, W)
L 2(R(V, W)W, V).

Note that with 0; R;j = AR;; + 2Ripj0Rie — 2R Ry we get
2M;; = 2AR;; + ARikjeRye — 2Rk Ry — ViV R + %Rij
=20, Rij + 2R, Rj, — ViV; R + %Rij,
and hence
2M (W, W) = 2(d; Ric)(W, W) + 2|Ric(W,-)|* = Viw Vi R + %Ric(W, w).
So we get the index-free form

H(V,W) = 2(8; Ric)(W,W) + 2 |Ric(W,)|” = Viw Vi R + % 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

0 R= AR +2(Ric” = 8, (9 Ry;) = 2|Ric|* + > (8, Ric)(W;, W;),
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and hence ), (0; Ric)(W;, W;) = AR. Moreover, we use

S (Vw, Rie)(V W) = 3 (VR V),

7

which follows from the second Bianchi identity. We then get

- 1
> H(V,W;) =2AR+2Ric]” — AR+ R

i=1
—4 <<VR, V)= (Vw, Rio)(V, WJ)

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

1 1
=0: R+ ;R —4 <(VR, V) — 3 (VR, V}) + 2Ric(V, V)
1
=0 R+ ;R—Q(VR,V) + 2Ric(V,V)=H(V) > 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(9, Ric)(W, W) + 2 |Ric(W,)|* = Vi Vi R + % Ric(W, W)
— 4[(Vy Ric)(W, W) — (Vw Ric)(V, W)] = 2(R(V, W)V, W) >0,
i) H\V) == 8, R + %R —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 § on the space-time manifold M = M x [0,T] in such a way that

i fe i1

g = e .

0 ifi=0 or j=0,

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

Ffj ifi,7,k>1
ij Rk T .
—R; ifi=0and 5,k >1

—1IVFR ifi=j=0and k> 1.
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This connection is compatible with the metric in the usual sense that @g = 0, and it satisfies
Ty =g (%Rje +V;Rie — @eﬁii]‘) ;

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 connection
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 posi-
tive 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!

3 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
F 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 ty > 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.
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3.1 The static case, part 1

On any closed manifold the heat equation &; v = Au may be regarded as the L?-gradient
flow of the Dirichlet functional D(u) == [,, % IVul?dV. We compute

1
O D =0, / ~Vul?dv = / —AudyudV = / —(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) = [,, ulogu dV. Let u be a positive
solution of the heat equation Cu = 0. A direct computation shows

1
BtN:/ (&u-logu—i—u@tu) dV = Aulogu 4+ Au dV
M u M
2

:/ Aulogu dV :/ _|Vu| av
M M u

:/ —|Vf?efav <o, (3.1)
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 Ju = 0. Define f = —logu and w =
2Af — |Vf|*. Then

0, — Ayw = —2 (|Hess(f)|2 + Ric(Vf, Vf)) 2 (Vuw, V).

Proof. With (0, — A)f = — |Vf\2 we find w = 20, f + |Vf|2 =0y f + Af. In the proof of
lemma 2.4 we showed that

NIV =2(VAL V) +2Ric(Vf, Vf) + 2 [Hess(f)[,
thus a direct computation gives
(0 — D)w =20, 0y ) = 200, f) + 0, |V = AV

=20, (0 f — Of)+ 0 [V = AV S

= =0, [VfI* = DVSP

= —2(V(0; + Af),Vf) —2Ric(Vf, Vf) — 2 [Hess(f)|”.
This is precisely the assertion of the lemma. O
With Vu = —uV f and Ou = 0, we get

(9 — &) (wu) = =2u ([Hess(f)* + Rie(V 1, V1))
—2u (Vw, Vf) —2(Vw,Vu) + w(d — D)u
— 2y (|Hess( I+ Ric(V £,V f)) .
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Note that we can write
wy = <2Af - |Vf|2> el = Ve —2An (eff) ,

so for the second derivative of the Nash entropy we find the following formula for « which
satisfy the heat equation,

9, 2N (u) :at/ —|VfPe fdv
M
:/ 2u (|Hess(f)|? + Ric(V, ¥ f)) dV: (3.2)
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 = e~F a (positive) solution of O*u = 0 and define the Nash entropy formally
as above, N(u) = [,, ulogudV. Differentiating gives

8tN:/ (&u-logudv+ui8tudv+u10guatdv)
M
=/ ((0r — R)ulogu + 0y u) dV
M
:/ (—Aulogu+ (R — A)u)dV.
M

Because the integral of Awu vanishes on the closed manifold M and partial integration yields
[y —Oulogudv = [, Y4 qv, we have

9 N = /M <|v;|2 + Ru> dv = /M (|Vf|2 n R) etav. (3.3)

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 92N (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.

Definition 3.2 (Perelman’s F-entropy, section one of [28])
We define the F-functional for a Riemannian metric g;; and a function f € C(M) by

F(gij, f) = /M (\Vf|2 —l—R) e~ fav,

restricted to f that satisfy fM e 1dv =1.
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Note that for a solution u = e~f of the adjoint heat equation [(J*u = 0 and a solution g(#) of
the Ricci flow equation (1.14), [;, udV is preserved and hence the assumption [,, e fdv =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 F as a combination of the entropy functional fM \Vf|2 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

hF = / —h"(Rij + V;V;fle fav, (3.4)
M
if the measure dm = e~fdV is pointwise kept fixed. This follows from the following lemma.

Lemma 3.3 (Perelman, section 1.1 of [28])
Let 0s gij = hij and Os f = £ be variations of the Riemannian metric g;; and the function
f. Then the first variation of F(gij, f) is

0, ff:/ [hij(Rij +VVi) + <;trgh€> (2Aff ik +R)] e=Tav.
M

Proof. We need the evolution equations
ds R = —h" Ry, — A(try h) + div? h,
0sdV = %trgth
from chapter one, as well as
Ou [VI* = 6(Vf. V), =2(VI, VO — h*Vif Vi,
dseF =—ve 7.

By simply inserting these four expressions, we find

assr:/ ds Re=1dV + 0, |V f|* e Tav
M L
+ (R+19417) (s Tav +e 7o, dv)}

_ / — h* Ry — A(trg h) + div: h — hi*V, £V, f
M

+2(V/,VE), + (R + |Vf|2) (; trg h — e) ]e_de. (3.5)

We now rewrite some of these terms using partial integration. With div? h = V;V,h* and
ViVie ™ = (VifVif — ViVif)e f, one finds

/ (div* h — WV, fV f) e TdV = / —h*V Vi fedv. (3.6)
M M

Moreover, —Ae~f = (Af — |Vf]?)e ! yields

5 1 i AL
/M (—A(trgh)+|Vf| ~2trgh>e fdv_/M (QAf—\Vf\ )gtrghe fav. (3.7
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Finally, one computes
2V, VO —|Vf20) e Tav = — 2div (Vfe ) +|Vf2ef) eav
M M
_ _/M (28f =19 1%) b~ av, (3.8)

where we used again div (Vf e’f) = (Af — |Vf|2) e~/. The lemma now follows by insert-
ing the equations (3.6)-(3.8) into (3.5). O

Remark. If dm = e~fdV is pointwise kept fixed, then
1
Os (e 1dV) = <2 trgh — z) e fdv =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 Perel-
man’s F-functional
{ Orgi; = —2(Rij + ViV;f), (3.9)
O f = 5trg(drgij) = —Af—R.

We now look at the pull-back of this system with the family of diffeomorphisms with gener-
ating vector field X = Vf. Let ¢ : M — M be generated by Vf, i.e.

at ¢(t7 tO) = X(t) o ¢(ta tO)a ¢(t07t0) = lde

and write ¢(t) for ¢(t,0). Moreover, let g := ¢*g, f := ¢*f be the pull-backs of the metric
g and the function f on M. Then

Ot Gli=ty = 0t (9" 9) 1=ty = Ocl-=0(d(t0 +€)"9)
= Oc|e=0(o(to)*d(to + &,t0)"g) = d(to)" (Lx(10)9 + 01 gli=t,)
= ¢(to)" (2ViV; f(to) — 2(Ri;(g(to)) + ViV f(to)))
= —2¢(to)" Ric(g(to)) = —2Ric(g(t0)),
as well as
O f=0(¢"f)=0; fod+dfodd(t)
=¢*0 f+dfoVfog
= 6" (-Af = R)+¢" |V
= —Af+ |V - R(@)
Hence the pull-backs satisfy

O gij = —2Ryj,
{ t 954 i (3.10)
0f =-Of+|VF -R,
where AL ||, Ric and R depend on the metric g. Note that the second equation is equivalent

to 0*e~f = 0. Thus the system (gij,u) where g;; solves the Ricci flow and u > 0 solves
the adjoint heat equation may be regarded as the gradient flow system of F 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.
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Proposition 3.4 (Perelman, section 1.1 of [28])
Let gi; be a solution of the Ricci flow 0,9 = —2Ric and let u = e~ be a positive solution
of the adjoint heat equation. Then the F-functional satisfies

9, F = 2N = / 2u |Hess(f) + Ric2dV > 0,
M

hence F is monotone increasing in time and constant exactly on steady Ricci solitons with
potential f which satisfy V;V;f + R;; = 0. Moreover, N(u) is convex and strictly convex
away from steady solitons.

Similar results for shrinking and expanding solitons will be explained below. Especially the
shrinking soliton entropy turns out to be very important. In order to find similar functionals
to F 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 11

We return again to the heat equation Ou = 0 on a static closed manifold M. In the follow-
ing, we will always write a positive solution u of Uu = 0 in the form u = (47rt)’”/2e*f.

We look at a modification of the functional [, IVfI?efdV 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 (t\Vf\Z +f—n) wdvV,

restricted to (u,t) which satisfy [, u dV = 1. Note that [, u dV is preserved if Cu = 0,
because &; [y, udV = [, dudV = [, AudV = 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 = (47rt)_"/26_f of the heat equation Ou =0 on M,
and W(u,t) defined as above, we have

d

£W(u,t) =— /M 2ut (‘Hess(f) - % ’ + Ric(V, Vf)) av. (3.11)

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 (u, ) :t(2Af—|Vf|2) Y fon (3.12)

With u = e~/ = (4mt) "%~ we get f = f- 5 log(4nt), and hence Vf=Vf, Af=NAf

and Hess(f) = Hess(f). We can thus rewrite W as

W (u,t) = tw+ f — glog(élﬂt) —n,
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where w = 2Af — |Vﬂ2 =2Af — |Vf|2 is defined as in lemma 3.1. We compute
(8 — M)W = (8, — A)w + w + (9, —A)f—%
— 2 (|Hess(f)|2 + Ric(V/, Vf)) — 2 (Vuw, V)
+ (200 F +IVIP) = ISP -
— 2 <|Hess(f)|2 + Ric(V/, Vf))
—2<V(W—f),Vf>—|—28tf—%
= 2t ([Hess(f) + Ric(V£, V) +24f = 2 —2 (YW, V)
= -2t <’Hess(f) - %‘2 + Ric(Vf,Vf)) —2(VW,Vf).

Finally with uV f = —Vu and Ou = 0, we obtain

A
(O — AN)(Wu) = —2ut ()Hess(f) — E‘ + Ric(V/, Vf))
—2(VW,Vfu—2(VW,Vu) + W(0; — D)u

— _out ()Hess(f) - 2%‘2 + Rie(V, Vf)> .

Note that
/ Wu dV :/ (t(QAf —|Vf?) +f—n> udV
M M
:/ <t|Vf|2+ffn>udV+2/ (Aff |Vf|2)udV
M M

= W(u,t), (3.13)
since in view of (Af — |Vf|2) u = —Au the second integral on the second line vanishes on
closed M. This proves the proposition. O

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 W(u,t) = [,, Wu dV.
Note that a function W' (u, t) that differs from W (u,t) by a divergence term will also satisfy
W(u,t) = fM 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 = (47rt)7"/26’f be the positive heat kernel on M, i.e. u tends to a O-function as
t — 0 and satisfies fM u dV =1. Let M be closed with non-negative Ricci curvature and let
W (u,t) be as in (3.12). Then fort > 0 we have

W (u,t) = t2Af — [Vf)*) + f —n <O0.
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Proof. For any tg > 0, let h be any positive smooth function. Then define (-, t) for ¢t < tg
such that h satisfies the backwards heat equation 0; h = —Ah. A direct computation shows
that

o, /M hWWu dV = /M(at h(Wu) + hd; (Wu))dV

_ / (9 + AR(Wu) + h (8, — A)(Wu))dV < 0.
M ~Y—— —_—

=0 <0

If u tends to a d-function (at a point p € M) for t — 0, then [ satisfies

d2
flz,t) < (b, x)7 (3.14)
4t
a fact which we will prove in the last chapter, corollary 4.3. This yields
d*(p, )
lim fhu dV < limsup — 2 hudV = fh(p, 0), (3.15)
t—0 t—s0 Ja 4

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 h 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 = (4nt)~"/?e~7 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 hWu dV = hm/
t—0 J oy

20f = |VI1) + 1 =] huav

t—0

= lim
t—0

(
< lim [t( |Vf|)+f—ﬁ]hudv
{(f——) hu—tuAh} av

= lin M(f—i)hugo,

where we used (3.15) in the very last line. Thus [ v PWu dV <0 for any to and any positive
function h. This implies Wu < 0 and because u is positive, we get W < 0 as claimed. [

Note that W vanishes identically for the heat kernel @ = (47t) ="/ 2¢=121*/4t o1 the Euclidean
space R™ as an easy computation shows. Actually this is the only case where W can vanish
for a strictly positive time ¢y > 0:

Proposition 3.7 (Lei Ni)
Let M be a closed manifold with Ric > 0 and let u = (4nt)~"/2e~/ be the heat kernel on M

as in proposition 3.6. Then W(u,tg) > 0 for some tg > 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 rescal-
ings) is left to the reader.
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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 <t <ty. But - again with proposition 3.5 - this implies
that [Hess(f) — g/2t|* = 0, i.e. V;V; ;f —gi;/2t = 0. Taking the trace, we find

ANf —n = 0. (3.16)
Because f(z,t) ~ f(z,t) = d’ (p 2 for ¢ small and p being the point where the d-function

forms, we have lim,_,q 4tf = d? (p7 x). Hence (3.16) implies that Ad?(p, z) = 2n. So we get
for the area A,(r) of 0B, (r) and the volume V() of the ball B,(r) the following quotient:

Ap(r) _n
Vp(r) —r

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 to
ANf —n <0 for u = (47t)"™/2e~F 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 [,,u dV = 1. Let N(u) = [,, ulogu dV
be the Nash entropy as before, and set

N(u,t) = N(u) + glog(m) +
Note that we can write this as
N(u,t) = / (los((amty™*u) + %) wav = / (<1 +2)uav. (3.17)
M 2 M 2
We get the derivative

F(u,t) := %N(u,t):/MAu-logudV—i—%:/ (A(logu)—i—%)udv.

M
Using
IVU|
tA(logu)u dV =— [ ¢t V(logu)Vu dV = — dv,
M M M U
we can write the entropy functional as
n
W(u,t)—/M(t\Vf\ )udV+/M(f—§)udV
= —tF(u,t) — N(u,t) = f%(t]v(u,t)). (3.18)

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

(A(logu) 2t> ( Af+ )U—Au—i



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;_,o N(u7 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 expres-
sion. Under the hypotheses of proposition 3.5 for M and u, the following are equivalent:

i) Jto > 0 such that W(u,tg) > 0
i) tg > 0 such that N(u,ty) <0
i) Jto > 0 such that F(u,ty) <0
iv) Jto > 0 such that H(u,tp) <0
v) M is isometric to the Euclidean space R™,
vi) Yt > 0 we have W(u,t) = N(u,t) = F(u,t) = H(u,t) = 0.
Proof. i) = ii), iii): This is obvious, since W(u,t) = —tF(u,t) — N(u,t) and both F(u,t)
and N (u,t) are non-negative. 3
ii) = iii): N(u,t) is monotone increasing and non-negative. Thus N(u,tp) = 0 implies
N(u,t) =0 for all ¢ € [0, to]. Hence F(u,t) = 4 N(u,t) =0 for all t € [0, ).

iii) = iv): F(u,tg) = [, H(u,to) dV = 0 and the Li-Yau Harnack estimate states that
H(u,tp) > 0. Hence we must have H(u,ty) =0 on M.

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

v) = vi): On R" (with f(z,t) = f(x,t) = |z|*> /4t) we immediately get vi), and thus it will
also hold for M isometric to R™.
vi) = i): This is trivial. O

The remarkable similarity between the Li-Yau Harnack inequality,
H(u,t) =t(2Af) —n <0,
and the local entropy formula for the heat kernel,
W(u,t) = tAf — V) + 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.
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Proposition 3.9 (differential Harnack for heat kernel on a static manifold)
Let u = (4nt)~"/2e~1 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 for t > 0, we have the estimate

d Looove fly(),t)

— t),t) < - |y(t) — —————=.

S0, 8) < S (@) 57

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

f>0.

-Af+ = |Vf| + T

If we insert the evolution equation Cu = 0 or, in terms of f, Af = 0 f + |Vf|2 + 57 into
this inequality, we get

1 2 [
— — = — = >0. 2
o f -1V =220 (320)
The lemma now follows with Young’s inequality,
&R0 ) =0 f + (V1A <0 f+ 3 VTP + L B < S 1P - 2
dt Y ’ — WUt Y t 2 2t7
where we added the positive expression from (3.20) in the last step. O

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 2v/¢, which yields

(2ff)*2\f f+—_\f|v\

This implies

VT ) = 2is 0. 0fs = [ (i) s [ Vit

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 é-function forms for t — 0. Then

u(q, T) = (4nT) " 2e~1@T) > (4gT) /2= HaT)

Uq,T) := mf{ / Vi dt}

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

where

with

We call the above-defined distance function ¢(q,T") the reduced distance.
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3.4 Entropy for shrinking solitons

Recall that Perelman’s steady soliton entropy was the analog of the static case entropy
functional [, |V f |e=/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 for 0 <t < T. Set 7 := (T —t) as be-
fore for the shrinking case. Let u = (477)"™/2e~/ > 0 satisfy the adjoint heat equation
O*u = (=9 — A+ R)u = 0. First note that this is equivalent to f satisfying the equation

@ +0)f = |V — R+ —. (3.21)
2T
Proof. With A(e=f) = <7Af + |Vf|2) e~F we get

0=0%= (-0 —A+R) {(47r7‘)_”/26_f}
- [—at (47r7)*"/2} ef & (4nr)"™2(=8, — A)e~f + Ru
=y [8tf+Af— |Vf|2} u+ Ru
2T

= [+ @+ 8)f ~ V4P + R u

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 = [r2Af — |Vf|* + R) + f — nlu. Then v satisfies
g2

O%v = =27 ‘Ric—l—Hess(f) — 5| ® (3.22)

Proof. We will show that

2
w0 = =27

1
Rij +ViVif = 5_9ij

=27 <|Ric|2 +2R;; ViV f + |Hess(f)|2)

1 1 |gi'|2
+ T<7'gj J+ng if 472

= 7 (2[Ric|? + 4Ry ViV, + 2 [Hess(/)|?)

+2(R+Af)—%.
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A direct computation yields
w0 = u" (=8, — A+ R)w
=u [0+ 0) [r (267 = IVIP+ R) + 1 || w
_ oyt <v [T <2Af— \Vf\2+R) +f—n] ,vu>
fut [T (QAf— |Vf|2+R) +f—n} O
—(@ + D) [T (2Aff |Vf|2+R> +ffn}
+2<v [T <2Af—|Vf|2+R) +f—n] ,Vf>,
where in the last step we used v 'Vu = —Vf and O*u = 0. We continue
wl0% = <2Af VP + R) — (0 + ) (QAf — VP + R)
— (8 + 1) f+27<v <2Af V£ +R) Vf>+2|Vf|2
—2Af+|Vf*+R—r [ @ + D) (QAf— |Vf\2+R)]
—(8t+A)f+2T< (2Af—|Vf|2+R),Vf>. (3.23)
For the part of (3.23) which is proportional to 7, one obtains
(%) := (8 + A) (QAf— \Vf\2+R) —2<v (2Af— |Vf|2+R) ,Vf>
=2Af+2A0 + D) f — (0 + D) VP + (8 + AR
f2<v (2Aff |Vf|2+R) ,Vf>.

With the evolution equations 9 R = AR+ 2 |Ric\2 and Af = 2R;;V;V; f from chapter one,
and with (3.21), we continue

(%) = ARV, V; f + 2 (|Vf|2 - R) — 2Ric(Vf, V)
—2(V(8 f),Vf) — A VS + 2AR + 2|Ric|?
—2<v (2Af— |Vf|2+R) ,Vf>

= 2[Ric|> + 4Ry; ViV, f + AV f]? = 2Ric(Vf, V)
72<v <8tf+2Af—|Vf|2+R> ,Vf>.

Using again the evolution equation (3.21) for f from above, we find (9, f+2Aff\Vf\2+R) =
A f and hence we get
(*) = 2|Ric|” + 4R;; ViV, f + A |V S|
—2Ric(Vf,Vf)=2(VAF,V])
= 2|Ric|” + 4Ry; ViV, f + 2 [Hess(f)[?, (3.24)

where in the last step we used once more our formula (2.3) in the form

AV =2(VAL V) +2Ric(Vf, V) + 2 [Hess(f)|* .
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For the remaining terms of (3.23), which are not proportional to 7, we find with (3.21)

INf+ VP +R— (0 +A)f =20+ |Vf>+R— <|Vf|2—R+%>

n
=2(R+Af)— —.
(R+0f) -2
Plugging this and (3.24) into (3.23), we obtain
I [2 IRic|® + 4R, ViV, f + 2 |Hess(f)|2} F2AREAS) — 23
-
which is exactly what we wanted to prove. O

Definition 3.12 (entropy formula for shrinking solitons)
Let g;; satisfy the Ricci flow equation. We define the shrinker entropy by

W(gij,u,7) = / P (IVSP+R) + f—n|uav
M
restricted to u satisfying [, udV =1 and T = (T —t) > 0. We also define its local version

v=Wu= [T(ZAf—|Vf|2+R>—|—f—n]u.

With lemma 3.11 above, we get the monotonicity

d

—W(g,u,r)z@t/ Wude—/ O*(Wu) dV

2
:/ 27‘Ric+Hess(f)—i wdV >0,
M 2T

and % W(g,u,7) = 0 exactly for gradient shrinking solitons with potential f, which satisfy
Rij + ViV, 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])
If u tends to a §-function ast — T, then W <0 for allt <T.

Proof. As in the heat equation case, choose an arbitrary to < 7' and h(-,%y) smooth and
positive. Let h(-,t) be a solution to the heat equation Oh = 0 for t > tg. Then we have

Oy / hu dV = / ((Oh)u — h(O*u))dV = 0,
M M
as well as
9, / ho dV = / (Oh)o — h(O*v))dV = —/ hO*wdV >0, Vi<T.
M M M
Hence to prove the proposition, it remains to show that v = Wu satisfies

lim [ hv <0. (3.25)
t=T Jar
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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

We know that the entropy W(g, u,7) is non-decreasing in time. But what about the local
entropy W7 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 = ¥ is non-decreasing in t.

Proof. On a maximum point of W, we have AW < 0. We first compute (9; + A)W to get
an estimate on 9; W. We have

(0% +A)% =0 (%) + A (v~u*1)

= WO OO A v+ 2(V, Tu) (3.26)

With Vu=! = — Y% we find that the last expression in (3.26) equals
1 2
2 <Vv, Vu > =3 (uVv, Vu) .

Furthermore, with

Vu Au 2
we get
A 2
vAu! = _vu2u + e (Vu,vVu).

Inserting these two expressions into (3.26) yields

Oy v — v0 Av —vA
(6t+A)E:utv 2vtu+uvzvu
U U U

2
3 (Vu,uVo)
v*u — uld*v 2

R ] (Vu, (uVv —vVu)). (3.27)

2
+ e (Vu,vVu)

Because we compute this at a maximum point, where 0 = V2 = #(UV’U —vVu), the scalar
product term in (3.27) is zero. With O*u = 0, 0*v < 0 and u > 0, we conclude that

v od%w  wl*w
O +A)— = — > 0.
(9 + )u u? u? =
This yields 0y W = 0y 7 > —AZ > 0 at a maximum point, which proves the claim. O

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].
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Proposition 3.15 (Perelman’s differential Harnack inequality)

Assume that u is a positive solution of the adjoint heat equation with tends to a 6-function
ast — T. We write u in the form u(x,7) = (4n7)~"2e=1 @) Then for any smooth curve
(1) in M, we obtain

1

L <5

f(7),7)
<3 :

5 (3.28)

(RG(r)7) + H(F) -

Proof. With proposition 3.13 we get W < 0 which is equivalent to

-/
2 >

—Af+

If we insert (3.21) in the form
Af=0-f+ - +|Vf’~R
2T

into the above equation, we get

f

= >0. .
5= 20 (3.29)

1 s 1
~0,f =SV 4 SR~
We can then compute
d
o f (), m) =0 f(v(T),T) + <Vf(7(T), 7),9(7))
1 1,.0 f
<o f 43IV + S hE < gR+ B - L

where we added the positive expression (3.29) in the last step. O

Again, we can not directly integrate this, so we multiply the function f in the inequality of
the proposition with 2/7. We can then write all terms containing f as one single derivative,
namely

f((@),t)
\/7,

We integrate along the path v(7) from v(0) = = to y(7) = y. This yields

L avE (D), 1) = F2V7 L f(5(1),1) < V7 (R(a(r),7) + ).

= _ 7 T d T .
271w, 7) = 2/l = [ L@V dr< [ R (R dr
0 0
We get the analog to corollary 3.10.
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 §-function ast — T at a point p € M. Then we have
the lower bound

u(q,7) > (4mr) " 20T,

a%f)::mf{2¢/‘ (R+11?) d }

[={y:[0,7] = M [~(0) =p, 7(T) = q}-

where

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

Vir):= /M(4777')7”/2675(q"?)d‘/(q), (3.30)

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 1. For positive solutions u = (47c)~"/2¢~f of the adjoint heat equation, which
satisfy f a wdV =1, we define for t > T the expander entropy functional by

W, (g, ) 1= / (o (IV42 + B) = £ +n] wav,
M
and its local version by
vy = Wau = [0 (QAf— IV £)? +R) - f+n} u.
Similar to lemma 3.11 above, we find that v, satisfies the equation
g |2
vy =20 ‘Ric—&—Hess(f) + 2—‘ u, fort>T.
o
This leads to the evolution equation for the entropy W,. One obtains

4
dt

2
w+(g,u,a):/ 2U‘Ric+Hess(f)+i’ udV >0,
M 2U

and % W = 0 exactly for gradient expanding solitons with soliton potential f, which satisfy

Rij +V;V;f+ igij = 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) + 5 log(4mo) + %, 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

W, (9,4,0) = N, 0) + tF(u,0) = (1N, 0),

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, wich 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'(7) from definition 9, the so-called forward reduced volume. The forward reduced
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volume is monotone in general and constant on expanders.

For a solution g of the Ricci flow, there is the conjecture, that g(t)/t converges in some
weak sense to a Ricci negative Einstein manifold as ¢ — oo. If the limit is known a-priori
to be smooth and compact, this conjecture follows from considering any monotone quan-
tity 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~"/2v0l(g) (Hamilton)
or \ (Perelman, section 2.3. of [28]).

4 Reduced distance and reduced volume

Motivated by corollary 3.16, we will study the backwards reduced distance ¢(q,7) and its
associated backwards reduced volume (see definition 3.17) in this chapter. The main goal
is to show that the backwards reduced distance £(q,7) solves (*[(4r7)~"/2e~4@7)] < 0
and that the backwards reduced volume ‘7(7) is non-increasing in 7 under the Ricci flow
0y g = —2Ric, where 7 = —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|2 in the definition of the backwards reduced distance
{(q,7) are computed at y(7) using the current metric g;;(7), 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 ¢;;(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 = (47t)~"/2e=4(%1) is a subsolution of the heat equation. We will also show that
the associated reduced volume to the distance function £(g,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 L(y) = f:f |v(s)|ds
of an orientation-preserving closed geodesic curve v on a surface satisfies some kind of heat
equation under the Ricci flow 0y 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 equations
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 L-length and shrinking solitons. One does not only find
this, but also a beautiful connection to Hamilton’s Harnack estimates for the Ricci flow.
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However, one does not need weakly positive curvature operator, because the Harnack in-
equalities 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 clas-
sical 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 « : [tg,T] — M is defined by

B = [ hOFa.

Let v5(-) = 7(s,-) be a variation of v(t) = (), i.e. v : (—&,€) x [to,T] — M smooth
with v(0,t) = ~v(t), Vt € [to,T]. We introduce the notation X (t) := 0 vs(t)|s=0 and
Y (t) := 0svs(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
Sy E() = 0. B()leco = (VX0 |1 = [ (Y, VxX) .
to

A curve 7 is called geodesic, if the first variation of E(7) vanishes for all variations 7, with
fixed endpoints, i.e. variations with Y (t9) = Y (T") = 0. Hence 7 is a geodesic iff Vx X = 0.
For geodesic curves, we get the second variation

BRE(y) = (VyY. X) [} + /t (VYT = (R(Y, X)X, ) ) dt.

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

u(g,T) > (4nT) "2~ T),

where
(g, T) = inf § — /T\/E|'|2dt
,T) = inf { —
7 yel 2\/T 0 7

[i={y:[0,T] = M [7(0) = p,»(T) = q}-
To study this reduced distance ¢(g,T') we introduce the length functional

with

L) = ) VER (I di (4.1)

for a curve ~(¢) : [to,T] — M. Let s be a variation of 7, as above. We use again the
notation X (¢) = 0y vs(t)|s=0 and Y () = 05 vs(t)|s=0. We compute the first variation of the

56



L-length,

Sy £(7) :/T 2/t (Vy X, X) dt:/T2\/i<VXY,X> dt

to to

=2 ’ V0, (Y, X) — (Y, VxX))dt

T 1
= Q/to (at (Vt(Y, X)) — NG (Y, X) =Vt (Y, VXX>> dt

T
1
=2Vt (Y, X) yf; —2/ \/E<Y,VXX+ 2tX>dt,
to
which implies that £-geodesics must satisfy
1
GX)=VxX+ Q—tX =0. (4.2)

Note that the substitution A\ = v/# yields

T . 2 VT 2 1. 212 VT 1 ’ 2
L) = [ Vi) dt= 2X% YN[ d = 5 7, (4.3)
to N Vo

where §(t) = 0y v(t), 7/ (A) = O\y(N). In other words, the L-length functional is a reparametriza-
tion of the standard energy functional above. With the notation X (\) = ~/()\), we find that
(4.2) is equivalent to V¢ X = 0, i.e. y(t) is an L-geodesic if and only if y(\) = (/) is an
FE-geodesic.

If v(¢) is an L-geodesic, equation (4.2) implies
2 12
O IX[* = 2(VxX, X) = =2 X[, (4.4)

i.e. t|X ()] is constant and hence v/ZX (£) has a limit as t — 0 for geodesic curves. So in
this case we can extend the definition of £(v) above to ty = 0.

For an L-geodesic v : [0,7] — M, the second variation can be computed as
- T
5 L(y) =2VT (VyY, X) |, + 2/ Vit (|VXY|2 —(R(Y, X)X, Y)) dt.
0

We now fix p € M and denote by L(q,T) the L-length of an L-shortest geodesic from
p = (0) to ¢ = y(T). We can hence write the reduced distance ¢(¢q,T") from corollary 3.10
as £(q,T) = ﬁL(q,T). Because of (4.3), v is an E-geodesic, and we can compute

VT 2z

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

1
Vea, T)* = (e, T), (45)
1
n 1 T
. 312 Ri ) .
MG T) < o= oo /0 243/2 Ric(X, X)dt (4.7)

Proof. We multiply (4.4) by t3/2 and integrate along . This yields

T T
L T) =~ [ VEXPdi= [0 1XP ar
0 0

- /OT (at (t3/2 |X|2> - ;\/ﬂxf) dt

r 3 (T 3
=~ R XP L =5 [ VEXP =192 X (P - S )

and hence 1
Sl T) = T3 | X (1)) (4.8)

Since an L-geodesic « satisfies (4.2), the first variation of L£(v) becomes simply dy L =
2/t (Y, X) |I'. Note that this depends only on the value of Y at t = T.. Hence Vy L = §y L,
where Y in the first term denotes Y (T') whereas in the second term it denotes the vector
field Y (t) along the curve y(t). With this, we obtain VL(q,T) = 2v/TX(T). Equation (4.8)
yields

_2

IVL(q, T)|* = 4T | X(T)[* L(q, T).

3

Hence

1 1
= WL(%T) = fE(Q»T)a

which proves (4.5). Note that -~ L(g,T) has a time direction component dr L(¢,T') and a

space direction component Vx L(q,T). With equation (4.8) and L(q,T) = fOT VEIX (8)] dt,
we find

1
Vg T)* = 4= IVL(g, T)

Or D0, T) = - L(a,T) ~ VxL(g,T) = VT IX(T) ~ (X(T), VL(q, 7))

1
VT |X| oL@ T),

and hence

o1 t(q,T) = Or (2\1/#(% T)) - MeD) LaT) L, g

4T3/2 AT3/2 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 (t) as the solution of

1
Y = —V.
Vx 2t
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This immediately implies |Y(¢ )L t/T, in partlcular Y 0) = 0. Then there is a smooth
vector field Y (t) along v with |Y(t)| = 1 and Y (t) = \/t/T Y (t). With a variation v(t) in
the direction Y (¢), we find

Hess,, (Y (T), Y (T)) < Hess¢ (Y, Y) = 2/T Vi (|va|2 —(R(Y, X)X,Y>) dt

/OT <2T\/ 2V (R (Y,X)X,Y)) dt

! 20 <R(Y X)X Y> d (4.9)
- | = X)X,V ) dt. :
VT /0 T
Summing over an orthonormal basis {Y7,...,Y,} of T,M and the associated vector fields

{Yi(t),...,Yn(t)} along ~ yields

AL(q,T) =) Hess(Y;,Y;)

i=1

1 " - -
<n 1 3/2 . _
< f T/ ot (;_1 <R(K,X)X,Y;>> dt
_n 1 3/2
= =7 /O 2%/2 Ric(X, X)dt,

where for the last step we used (1.1) and the Gauss lemma which says that Y;(t) stay
orthonormal for all t. So for ¢(q,T'), we find

1 n 1 T
Al(q,T) = —=AL < — — —— [ 2632 Ric(X, X)dt
(0.7) = 77200 € g = o [ 29 Rie(X, X,
which is equation (4.7) of the lemma. O

Note that for a manifold M with Ric > 0 equation (4.7) becomes Afl(q,t) < g-, which
is exactly the Li-Yau Harnack inequality for a (sub)solution v(q,t) := (4mt)~"/2e=4@1) of
the heat equation. We now show that the function v(q,t) defined this way satisfies indeed

v <0.
Proposition 4.2
Let M be a closed manifold with Ric > 0. Let v(q,t) = (4rt)""/2e=Hs) where £(q,t)

is the reduced distance defined above. Then v(g,t) is a subsolution to the heat equation,
t.e. Ou=0;v—Av <O0.

Proof. As mentioned above, equation (4.7) becomes Af(q,t) < 37 in the case where Ric > 0.
Together with the two equations (4.5) and (4.6), we get

0, £(g,t) — D(g, 1) + Vg, ) + — >0,

which is apparently equivalent to Qv < 0. O

We now have the necessary material to prove equation (3.14) from chapter three.
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Corollary 4.3
If Ric > 0 and u = (4nt)~/%e~7 is the heat kernel which tends to a §-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 equa-
tion (3.14) to prove this corollary. But for £(q,t) = d?(p,q)/4t the function v(q,t) =
(4mt)~"/2e=4@) tends to the same d-function at p € M as u does, and according to propo-
sition 4.2 we have Ov < 0, so we get v < u on My with the maximum principle and hence
f<e. O

We define the reduced volume as
Vo) = [ (e 0dv (@) = [ ulat) avia),
M M

Proposition 4.2 implies that

BV (t) = /Mamq,t) av(q) < /M Av(g,t) dV(g) = 0,

and hence the reduced volume is non-increasing in time. Note that the classical volume of
M 1is of course constant, because g;; is constant, but the reduced distance depends on ¢,
because L-geodesics v : [0,¢] — M have an L-length which depends on ¢.

Remark. If M is the Euclidean space R™ and p = 0 is the origin, we have £(q,t) = %7 and
so v(q,t) = (4nt)~"/2e~Y) is 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 4.3), but
it is in fact equal to the heat kernel. This is in fact the only case where ¢(q,t) = f(q,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 {-geodesics

We now do the analogous computations for the Ricci flow case. In the remainder of this
chapter, we let 7 := —t, so that g;;(7) satisfies the backwards Ricci flow in 7, 0, ¢ = 2 Ric.
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 v : [10,7] = M be a smooth curve with 0 < 19 < 7. We define the L-length of v(7) as

o) i= [ VA (RO + B dr (4.10)

where 4(7) := 8, v(7). Note that R(v(7)) and |3(7)|” are computed using the metric at time
T.

Remark. While one moves on the curve (1), the metric changes continuously, so v may
be seen as a path on the space-time manifold M and £ as a functional on the space of
space-time curves.
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The change of variable A = /7 yields
JE

L(y) = / Tox (RGO + B ) dx = /

s g (2>\2R(7()\)) + % 7’()\)|2> dX,

where 7/(A) = 9\y(A). 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 curva-
ture term 2A%R(y()\)) in the integrand.

We now take a variation 75 of v and define Y (1) = 95 7s(7)|s=0 as above. We also de-

fine X (7) := 0; vs(7)|s=0 as in the static case. We compute the first variation of £(v) in the
direction of Y (7).

5y £00) =0, £laelecn = [ V0L (RO()) + (X, X))aco dr
_ /T VA(Vy R+2(Vy X, X))dr (4.11)
- / VF((Y,VR) +2 (VxY, X))dr
-/ " V(Y VR) 420, (Y, X) — 2(¥,VxX) — 2 2Ric(Y, X))dr

:/ 2v70; (Y, X) dT+/ V7 (Y,VR - 2Vx X — 4Ric(X, -)) dr,

0

where we used 9, (Y, X) = (VxY, X) + (Y, VxX) + 2Ric(Y, X). For the first integral we
find by partial integration

/%2\507 (Y, X)dr = 27 (Y, X) | fi(Y,X)dT.

0 o - T0 \/F
Plugging this into the above computation, we get
oy 40 =2V X) |7, -2 [ VRGO an (4.12)
7o

where

1 1
G(X)=VxX - §VR+ 2—X + 2Ric(X, ).
T
In other words, the condition for v(7) to be an £-geodesic is
1 1 .
G(X) = VxX ~ SVR+ 5-X +2Ric(X, ) =0. (4.13)
T

This Euler-Lagrange equation is the analog to equation (4.2) above, the additional term
—1VR comes from the additional R in the definition of £() 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 [19,7]. For L-geodesics, we find with
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G(X) =0 that

- |v7X|? =2(0, (vV7X),V7X) + 2Ric(vTX,VTX)

1
—9r <2X + VxX + Ric(X, -),X>
T
=2r (; (VR,X) — Ric(X,X)) <7C|X|+27C|X|?,

and hence /7X(7) has a limit as 7 — 0 for £-geodesics as in the static case. So we can
extend the definition of £(v) to 7o = 0 in this case, which we will do from now on. We also
fix p e M. By L(q,7T) we denote the L-length of an L-shortest curve v(7), joining p = v(0)
to ¢ = (7). Obviously, such a shortest curve is also an £-geodesic.

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

(g, 7) (g, 7). (4.14)

1
=——=1L
2T
We will now study the existence of minimizing £-geodesics, and show some regularity results
for L(q,T) 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,q € M, i.e. the distance
measured at time 7 = 0 in the metric g;;(0), by d(p,q). Because we assumed, that the
curvatures of (M, g(7)) are uniformly bounded, we can find positive constants k and K,
such that —kg < Ric < Kg for all 7 € [0,7]. We then get the following estimates on £(q, 7).

Lemma 4.5 (bounds on ¢(gq,T))
The backwards reduced distance function satisfies the inequalities

4t 3 4t 3

2 2
o-2kr (0,0)  nk_ (g, 7) < 2K7 d*(p,q) LK

Remark. Compared to the static case above, where £(q,T) = d?(p,q)/4T, we have a mul-
tiplicative error term which comes from the evolution of the metric g(7) and an additive
error term which comes from the additional R in the definition of the distance-functional
L. Lei Ni [27] used these bounds on £ to prove (3.25), analogous to our proof of (3.14) with
f <= d?*(p,q)/4AT for the static case.

Proof of lemma 4.5. The assumption —kg < Ric implies 9; g = 2 Ric > —2kg and hence we
get

10&’;9[):/ 3ng7_2/ —2k dr = —2kT.
o 9 0

Exponentiating and multiplying by ¢(0) yields
9(1) = e **74(0). (4.15)

Recall that with the substitution A = /7 above, we found
VT 2 1 ’ 2
L= (2YRO) 5 A ) dA.
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So for an arbitrary curve connecting p to ¢, we find with (4.15)

e=2kT VT 2nk 4 _d*(p,q) 2nk
_ ARk 30 ok 07D Q) 2NK _3)9
L(y) =2 3 /0 17" (M0 X 37 >e N 5 T

With the definition ¢(q,7) = % inf.er £(7y), we find the lower bound in the lemma. The

upper bound can be proved in an analogous way. O

Remark. This shows that the lower estimate (477)~"/2e~447) of the adjoint heat kernel
u in corollary 3.16 converges to the same d-function as w itself for 7 — 0. So for small 7,
our lower bound lies very close to the adjoint heat kernel u. Moreover, on the Euclidean

2
space R™, we get with k = K = 0 that /(q,T) = %};’q) as in the static case, and hence

(4n7)~"/2e=4a7) is 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[ff : Ty M — M at the time T as follows. Forv € T,M
let 7, be the L-geodesic with v,(0) = p and lim, o /7%(7) = v. If 7, exists for [0,7], we
set expy T (v) = 7 (7).

Remark. Note that unlike in the static case or in the classical Riemannian geometry case,
the exponential map defined this way does not have to satisfy expsz (0) = p, because of the
VR term in (4.13).

The L-exponential map is defined on the whole tangent space T,,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 L-geodesic from p to g, i.e. the £-
exponential map is onto. This can be seen as follows. For given points p and ¢ in M, we let
T" be the set of Sobolev curves « : [0, 7] — M, joining p = v(0) to ¢ = y(7). Then we take a
sequence of curves v € I with

dim L) = inf £(7).

Because we found a lower bound for £(g, 7) which shows that ¢(q,7) — oo as d*(p,q) — oo,
there is a weakly converging subsequence g, and a Sobolev curve 7, such that vz, —
4 (m — o0). Then L£(¥) = inf,er £(7y) and hence ¥ must be an L-geodesic, which proves
the claim.

Our next concern will be the regularity of £.

Definition 4.7 (injectivity domain)

We define the injectivity domain Q(7) at time 7 to be Q(7) := {q € M | there is a unique
minimal L£-geodesic v : [0,7] = M with v(0) = p, v(7) = q and q is not conjugate to p
along v}. The condition of q not being a conjugate point is understood as in the standard
Riemannian geometry, namely there is no nontrivial L-Jacobi field J along v with J(0) =

J(1) =0. We also define the cut locus to be the set C(1) := M \ Q(7).

Obviously ¢(g, 7) is smooth outside of | J,.(C'(7) x {7}). Hence, if we can show that | J,(C(7)x
{7}) is of measure zero, we have ¢(q,7) smooth almost everywhere. With this regularity
result, we can then assume that £(g, 7) 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, 7), 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 |J (C(7) x {7}) 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(q, 7) is locally Lipschitz. For the local Lipschitz continuity of L(-,7) with
respect to the metric g;;(7) see [31], lemma 1.5. For the local Lipschitz continuity of L(g, -)
for any fixed ¢ € M see [31], lemma 1.6.

We set C1(7) := {¢ € M | 3 more than one minimal £-geodesic from p at time 0 to ¢
at time 7}, and Cs(7) := {¢ € M | 3 a unique £-geodesic v from p = v(0) to ¢ = v(7) and
q is conjugate to p along v}. Because expy” is onto, we get C(7) = C1(7) U Ca(7).

As in the standard Riemannian geometry, C2(7) is contained in the set of critical values
of the L-exponential map expf;T. Hence it has measure zero by Sard’s theorem. At points
in Ci(7), the function L(-,7) is obviously not differentiable. But because it is Lipschitz,
L(-,7) must be differentiable almost everywhere, so Cy(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. O

Since (g, 7) is smooth outside of the set |J_(C(7) x {}), i.e. smooth almost everywhere,
we may always assume without loss of generality that L(g,7) and ¢(q, 7) are C'*°-functions
on M. At the points in |J_(C(7) x {7}), 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 L-length is simply our L-length from the static
case above. So if Ric = 0, the function v(q,7) := (4n7)~"/2e~4(97) satisfies 0, v — Av =
—0iv — 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 in 7 = —t. Let {(q,T) be the backwards reduced
distance defined above and set v(q,7) := (471)""/?e~497) Then v(q,T) is a subsolution to
the adjoint heat equation on M, i.e. O*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.

Lemma 4.10 (equations for the backwards reduced distance)
Perelman’s backwards reduced distance €(q,T) satisfies the equations

1 1
1 1
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where .
K = / 2 H(X)dr
0

and H(X) is Hamilton’s trace Harnack inequality for the Ricci flow from theorem 2.15,
evaluated at the negative time t = —7.

Proof. The following computations are analogous to the static case above. A minimiz-
ing curve satisfies (4.12) with G(X) = 0. We hence get the first variation dy L(q,7) =
27 (X(7),Y (7)) = (VL(q,7),Y (7)), and so the gradient of L must be VL(q, 7) = 2v/7X (7).
This yields

IVL]? = 47 |X|? = —47R + 47 (R+ \X|2). (4.18)

Moreover, still analogous to the static case, we compute

%L(qﬁ') — VxL(q,7)
-7 (R+ |X|2> —(VL(¢q,7),X)
= V7 (R+1X") = 2v7 |XP

= 0/FR -7 (R + |X|2) . (4.19)

8‘7‘ L(Qv’]_—) =

Note again, that 0 denotes the partial derivative with respect to 7 keeping the point ¢ fixed,
while d% refers to differentiation along an £-geodesic, i.e. simultanously varying the time 7

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

d

— (R(V(T)) + \X(T)F) — 8, R+ VxR +2(VxX,X) + 2Ric(X, X)

1
=0, R+2(VR,X) - — | X[* - 2Ric(X, X)
— 1 2
= —H(X) - — (R+|XF).
where
1
H(X) =0, R+ SR —2(VR,X) +2Ric(X, X)
1
= -9, R— —~R—2(VR, X) + 2Ric(X, X)
T

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

7_3/2% (R+ |X|2) = —2H(X) - ﬁ<R+ |X|2)

and thus by integrating and using the notation K = foi 7’3/2]'17()()d7'7 as in the lemma, one
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obtains

T d
i =) — 3/2 2 2
K — L(q,T) /0 T 7 (R—i— | X ) dr

73
=72 (RO + XOF) = [ Sv7 (R x?) dr
0 2
3
_ =3/2 AN _
T (R+|X\ ) 2L(q,'r).
Thus, we have
73/2 <R+ |X|2) =K+ %L(q, 7). (4.20)

If we insert this into (4.18) and (4.19) respectively, we get the equations for L(q, 7).
VL] = —47R + 47 (R+|X|2) 4R - LK+ 2L
= —47 T = —47R — ,T),
VT VT !

1 1
0r L(a,7) = 2VTR — V7 (R+|X[") = 2V7R+ ZK - - L(a. 7).

Hence ¢(q,7) = 1= L(q,7) satisfies

e
VI = —R+ ?13/2L— #K =-R+ ;zf #K,
which proves (4.16), as well as
0l =——5L+R— 7L+LK: flﬂJrRJrLK
T 473/2 473/27 ° 273/2 T 273/277
which proves (4.17). O

To compute the second variation of £(7), we need the following claim.

Lemma 4.11
Under backwards Ricci flow in 7, we have

0, (VyY, X) = (VxVyY, X) + (VyY,VxX) 4+ 2Ric(VyY, X)

+2(Vy Ric)(Y, X) — (Vx Ric)(Y,Y). (4.21)

Proof. Apparently, we have
0. (VyY, X) = (VxVyY, X) + (VyY,Vx X)
+ 2Ric(VyY, X) — (VyY, X), (4.22)
where V := 8, V = —8, V. Proposition 1.10 says that
(VuV,W) = —(Vy Ric)(V, W) + (Vw Ric)(U, V) — (Vv 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. O
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With equation (4.21), we can now write 2(Vy VxY, X) as

2(VyVxY, X) =2(VxVyY, X) +2(R(Y, X)Y, X)
=20, (VyY,X)—2(VyY,VxX)
— 4Ric(VyY, X) — 4(Vy Ric)(Y, X)
+2(Vx Ric)(Y,Y) + 2 (R(Y, X)Y, X) .

A partial integration then yields

/2ﬁ<VyVXY7X>dT:2ﬁ<VyY,X>|Z—/ ﬁ%(vYY,XMT
0 0

_ /T 2V7 (VyY,VxX +2Ric(X,)) dr

0

_ /OT VT (4(Vy Ric)(Y, X) — 2(Vx Ric)(Y,Y)) dr

+ /T 2V/7 (R(Y, X)Y, X) dr. (4.23)
0

If the geodesic equation G(X) = VxX — 3VR + 5-X + 2Ric(X,-) = 0 holds, we can write
the first two integrals on the left hand side of (4.23) as

7 1 T
_2/ \ﬁ<vyy,2X+VXX+2Ric(X,.)>dT=—/ VT (VyY,VR)dr,
0 T 0

and so equation (4.23) becomes

/OT 2V (Vy VY, X) dr = 2v/7 (VyY, X) [§ — /0 VT (VyY, VR) dr
- /O ’ VT (4(Vy Ric)(Y, X) — 2(Vx Ric)(Y,Y)) dr
+ / "2V (R, X)Y, X) (4.24)
0

We can now compute the second variation of £(v) for L-geodesics 7, where G(X) = 0 is
satisfied. Using the first variation

dy L(v) = /T \/;(VyR—l— 2(Vy X, X))dr
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from (4.11), we compute

554(7):/ V7 (0. (VRY) 4 2(9y Yy X, X) + 2|Vy X dr
0

_ / V7 (VR VYY) + Vy Wy R+ 2|V Y[?) dr
0

+/ 2<VYVXY,X> dr
0

=27 (Vy Y. X) |7 + /OT JT (VyVyR +2 |VXY|2) dr
- " VRV x Rie)(Y,Y) — 4(Vy Ric)(Y, X))dr
0

+ / “ayF (R(Y, X)Y, X) dr, (4.25)
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 T,M
and construct Y (7) on [0, 7] as the solution of the ODE

1
VxY = —Rie(Y.") + 5 Y. (4.26)

As above, we find 8, |Y]* = 2Ric(Y,Y) +2(VxY,Y) = 1 |Y|” and hence Y (7)|* = 7/7, in
particular Y (0) = 0. We have

Hess,(Y,Y) = VyVyL = 6%(L) — (VyY,VL)
<62L - 2T (VyY, X) (7),

where the Y in Hess.,(Y,Y) = VyVy L denotes a vector Y (7) € T, M, while in 6% (L) it
denotes the associated variation of the curve, i.e. the vector field Y (7) along v which solves
the above ODE (4.26). Note that the inequality becomes an equality if Y is an £-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

Hess, (YY) s/ V7 (Vy Uy R+ 2[9x Y[+ 2(R(Y, X)Y, X)) dr
0

+ /O T V(T x Rie)(Y, V) — A(Vy Rie)(Y, X))dr. (4.27)

We can now prove an estimate for the Laplacian of ¢(q,7T) as in the static case.

Lemma 4.12
For K defined as in lemma /.10, the backwards reduced distance €(q,T) satisfies
n 1
A )< ——R—-— ——K. 4.2
fe7) S o2~ R (1.25)

Proof. Note that with (4.26) we find

1 1
IVxY]?* = [Ric(Y, )|* — = Ric(Y,Y) + 12 Y (r)]?
1

. 4.2
47T (4.29)

1
= [Ric(Y,)|” — —Ric(Y,Y) +
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Moreover, (4.26) also implies

a

o Rie(Y (7), Y (7)) = (8- Ric)(Y,Y) + (Vx Ric)(Y,Y) + 2Ric(VxY,Y)

— (9, Rio)(Y,Y) + (Vx Ric)(Y, Y)
1
+ — Rie(Y,Y) — 2 [Ric(Y, IP. (4.30)
By plugging equation (4.29) into (4.27), we obtain
Hess (Y,Y) < / V7 (Vy Uy R + 2 (RY, X)Y, X)) dr
0
+ / VT(2(Vx Ric)(Y,Y) — 4(Vy Ric)(Y, X))dr.
0
T : 2 2. 1
+/ VT (2 |Ric(Y;-)|” — = Ric(Y,Y) + > dr
0 T 2rT

and with a partial integration and using (4.30), we find
1 T
Hess, (YY) < — —/ VTH(X,Y)dr
7
- [ v (29 x R (1Y) — 4 [Ric(y. ) ) dr
0
- / Jr (3 Ric(Y,Y) +2(9, Ric)(Y, Y)> dr
0 T
1 /T
- — — | VFH(X,Y)dr
VEJy YY)
- / NG (2d Ric(Y,Y) + ~ Ric(Y, Y)) dr
0 dr T

1

— 2V/7Ric(Y,Y) — /T VTH(X,Y)dr, (4.31)
0

S

where
H(X,Y) = 2(0; Ric)(Y,Y) + 2 [Ric(Y,)? = Vy Vy R + %Ric(Y, Y)

—4[(Vx Ric)(Y,Y) — (Vy Ric)(X, V)] — 2 (R(X,Y)X,Y)

= —2(8; Ric)(Y,Y) + 2 |Ric(Y,-)]* = VyVyR — % Ric(Y,Y)

— 4[(Vx Ric)(Y,Y) — (Vy Ric)(X,Y)] — 2(R(X,Y)X,Y)

is exactly Hamilton’s matrix Harnack expression for the Ricci flow evaluated at the negative
time t = —7, see theorem 2.15.

We now let {Y;} be an orthonormal basis of T, M, and define Y;(7) as above, as the so-
lutions of the ODE (4.26). Then there exist vector fields Y;(7) along v with |Y'(7)| = 1 and
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Y;(1) = \/7/7 Yi(r). Summing (4.31) over all i = 1,...,n yields
AL(g7) <) (\} - 2P R Y) - [ ﬁH(X,Yi)dr)
i=1 T 0

n 1 (7 2 ~
= — —2J/7R- = 32N H(X,Y)d
NG VT f/oT = (X Y)dr

n 1 (7
=— —2/TR— = SI2H(X
7 V7R %/07' (X)dr
n 1
=— _2/FR- -K
ﬁ V7R =K,

where K = fof 73/2H(X) dr as above. Here we used Y7 H(X,Y;) = H(X), which we
proved in chapter two. Finally, for ¢(q,7) this yields

1 n 1
N(q, 7)) = —=AL(q,7) < — - R— —=K.
(¢.7) N (0,7) < - 57372
This finishes the proof of the lemma. O

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.

2 1,1
A4 __R+¥€_MK’
0=f = 1£ R ! K

TE=—2 + +27,_73/2 )

n 1
M ——R-—K.
=T

This yields
0z 0 — N0+ |V€|2—R+£ > 0,
T

which is apparently equivalent to [J* [(47r7")_"/265(_q’%)] < 0, compare with (3.21). This
proves the theorem. O

Remark. In the static manifold case, we had

AqT) < 2 -

T
< — ——— [ 2632Ric(X, X)dt
2T  2T3/2 /0

and needed to assume that Ric > 0 to get the result we wanted. But here, in

_ n
A0 7)< o~ R s

/ 2 H(X)dr,
0

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

V(r) := /]V [(47r7)7"/2e*€(q’7)dV(q)

is mon-increasing in T under the backwards Ricci flow in 7.

Proof. With theorem 4.9, v(q,7) defined by v(q,7) := (4n7)""/2e~%47) and with O* =
0r — AN+ R, we get

an/(T):/ 8TvdV+/ v 9y dV
M M
g/(A—R)vdV—i-/ Rv dV
M M

= Av dV = 0.
M

This proves the corollary. O

In corollary 3.16 we have seen, that (4w7)~"/2e=4%7) is a lower bound on the adjoint heat
kernel (477)~"/2¢=7(&7) In particular, we have ¢(q,7) > f(g,7). With the estimates from
corollary 4.5 we have seen above, that ¢(q, ) converges to a d-function as 7 — 0 and hence
lq,7) — f(q,7) as 7 — 0. Now the backwards reduced volume above is constant if and
only if ¢(q, ) satisfies the adjoint heat equation (instead on being a subsolution). But this
immediately implies that ¢(q,7) = f(gq,7) for all 7 > 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 (4mt)~"/2e=4@1) is a 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 t approaches the ref-
erence time t = 0.

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