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Preface

The subject of Hamilton’s Ricci flow lies in the more general field of
geometric flows, which in turn lies in the even more general field of geometric
analysis. Ricci flow deforms Riemannian metrics on manifolds by their Ricci
tensor, an equation which turns out to exhibit many similarities with the
heat equation. Other geometric flows, such as the mean curvature flow of
submanifolds demonstrate similar smoothing properties. The aim for many
geometric flows is to produce canonical geometric structures by deforming
rather general initial data to these structures. Depending on the initial data,
the solutions to geometric flows may encounter singularities where at some
time the solution can no longer be defined smoothly. For various reasons,
in Ricci flow the study of the qualitative aspects of solutions, especially
ones which form singularities, is at present more amenable in dimension
3. This is precisely the dimension in which the Poincaré Conjecture was
originally stated; the higher dimensional generalizations have been solved by
Smale in dimensions at least 5 and by Freedman in dimension 4. Remaining
in dimension 3, a vast generalization of this conjecture was proposed by
Thurston, called the Geometrization Conjecture, which roughly speaking,
says that each closed 3-manifold admits a geometric decomposition, i.e.,
can be decomposed into pieces which admit complete locally homogeneous
metrics.

Hamilton’s program is to use Ricci flow to approach this conjecture.
Perelman’s work aims at completing this program. Through their works
one hopes/expects that the Ricci flow may be used to infer the existence of
a geometric decomposition by taking any initial Riemannian metric on any
closed 3-manifold and proving enough analytic, geometric and topological
results about the corresponding solution of the Ricci flow with surgery. Note
on the other hand that, in this regard, one does not expect to need to prove
the convergence of the solution to the Ricci flow with surgery to a (possibly
disconnected) homogeneous Riemannian manifold. The reason for this is
Cheeger and Gromov’s theory of collapsing manifolds and its extension to
case where the curvature is only bounded from below. Furthermore, if one
is only interested in approaching the Poincaré Conjecture, then one does
not expect to need the theory of collapsing manifolds. For these geometric
and topological reasons, the study of the Ricci flow as an approach to the
Poincaré and Geometrization Conjectures are reduced to proving certain
analytic and geometric results. In many respects the Ricci flow appears to

ix
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be a very natural equation and we feel that the study of its analytic and
geometric properties is of interest in its own right. Independent of the res-
olution of the above conjectures, there remain a number of interesting open
problems concerning the Ricci flow in dimension 3. In higher dimensions,
the situation is perhaps even more interesting in that, in general, much less
is known.

So in this book we emphasize the more analytic and geometric aspects
of Ricci flow rather than the topological aspects. We also attempt to convey
some of the relations and formal similarities between Ricci flow and other
geometric flows such as mean curvature flow. The interaction of techniques
and ideas between Ricci flow and other geometric flows is a two-way street.
So we hope the reader with a more general interest in geometric flows will
benefit from the usefulness of ideas originating in Ricci flow to the study
of other geometric flows. We have not aimed at completeness, even in the
realm of the limited material that we cover. A more extensive coverage of
the subject of Ricci flow is planned in the book by Dan Knopf and one of
the authors [153] and its multi-authored sequel [143].

At places we follow the informal style of lecture notes and have at-
tempted to cover some of the basic material in a relatively direct and effi-
cient way. At the same time we take the opportunity to expose the reader
to techniques, some of which lie outside of the subject of Ricci flow per se,
which they may find useful in pursuing research in Ricci flow. So metaphor-
ically speaking this book is hybrid between rushing to work in the morning
on a cold and blistery winter day and a casual stroll through the park on
a warm and sunny midsummer afternoon. As much as possible, we have
attempted to construct the book so that the chapters, and in some cases,
individual sections, are relatively independent. In this way we hope that
the book may be used as both an introduction and as a reference. We have
endeavored to include some open problems which are aimed at conveying
to the reader what are the limits of our current knowledge and to point to
some interesting directions. We have also attempted to give the appropriate
references so that the reader may further pursue the statements and proofs
of the various results. To use real estate jargon, we hope that the refer-
ences are reliable but they are not guaranteed; in particular, sometimes the
references given may not be the first place a particular result is proven.

The year 1982 marked the beginning of Ricci flow with the appearance of
Hamilton’s paper on 3-manifolds with positive Ricci curvature. Since then,
the development of Hamilton’s program is primarily scattered throughout a
series of several of his papers (see [79] for a collection of some Ricci flow pa-
pers edited by Cao, Chu, Yau and one of the authors). In Hamilton’s papers
(sometimes implicitly and sometimes by analogy) a well-developed theory of
Ricci flow is created as an approach toward the Geometrization Conjecture.
We encourage the reader to go back to these original papers which contain a
wealth of information and ideas. Hamilton’s program especially takes shape
in the three papers [267], [270] and [271]. The first two papers discuss
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(among other important topics) singularity formation, the classification of
singularities, applications of estimates and singularity analysis to the Ricci
flow with surgery. The third paper discusses applications of the compactness
theorem, minimal surface theory and Mostow rigidity to obtain geometric
decompositions of 3-manifolds via Ricci flow under certain assumptions.

The recent spectacular developments due to Grisha Perelman aimed at
completing Hamilton’s program appear in [417] and [418]. Again the reader
is encouraged to go directly to these sources which contain a plethora of
ideas. Perelman’s work centers on the further development of singularity
and surgery theory. Of primary importance in this regard is Perelman’s
reduced distance function which has its precursors in the work of Li-Yau on
gradient estimates for the heat equation and Hamilton on matrix differential
Harnack inequalities for the Ricci flow. A main theme in Perelman’s work is
the use of comparison geometry, including the understanding of space-time
distance, geodesics, and volume to obtain estimates. These estimates build
upon in an ingenious way the earlier gradient estimates of Li-Yau-Hamilton
and volume comparison theorem of Bishop-Gromov. In a sense, Perelman
has further strengthened the bridge between the partial differential equation
and comparison approaches to differential geometry in the setting of Ricci
flow. For ‘finite extinction time’, which is aimed at proving the Poincaré
Conjecture using neither the theory of collapse nor most of Hamilton’s ‘non-
singular’ techniques, see [419] and Colding-Minicozzi [167]. The relevant
work on collapsing manifolds with only lower curvature bounds appear in
Perelman [416] and Shioya and Yamaguchi [465]. For expositions of Perel-
man’s work, see Kleiner-Lott [318], Sesum-Tian-Wang [457] and Morgan
[386] (there is also a discussion of [418] in Ding [182]). We also encourage
the reader to consult these excellent expository sources which clarify and
fill-in the details for much of Perelman’s work.
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A guide to Volume 1

Chapter 1. We recall some basic results and facts from Riemannian ge-
ometry. The results in this chapter, for the most part, either are used or are
analogous to results in the later chapters on Ricci flow and other geometric
flows. We begin (§2) with a quick review of metrics, connections, curvature,
covariant differentiation and the Lie derivative. Of particular note are the
Bianchi identities, which have applications to the formulas we shall derive
for solutions of the Ricci flow. We discuss Cartan’s method of moving frames
since it is a useful technique for computing curvatures, especially in the pres-
ence of symmetry. We discuss the decomposition of the curvature tensor into
its irreducible components. Since integration by parts is a useful technique
in geometric analysis and in particular Ricci flow, we recall the divergence
theorem and its consequences. We then recall (§3) the Laplacian and Hes-
sian comparison theorems, which have important analogues in Ricci flow.
These are essentially equivalent to the Bishop volume and Rauch compari-
son theorems. Along these lines, we discuss the Cheeger-Gromoll Splitting
Theorem, which relies on the Busemann functions associated to a line being
subharmonic (and hence harmonic), and the Mean Value Inequality. Next
(84) we present geodesic polar (spherical) coordinates using the exponential
map. This is a convenient way of studying (Hessian) comparison theorems
for Jacobi fields, and by taking the determinant, volume (Laplacian) com-
parison theorems. One may think of these calculations as associated to
hypersurfaces (the distance spheres from a point) evolving in their normal
directions with unit speed. (More generally, one may consider arbitrary
speeds, including the mean curvature flow.) Observe that the Laplacian of
the distance function is the radial derivative of the logarithm of the Jacobian,
which is the mean curvature of the distance spheres. Similarly, the Hessian
of the distance function is the radial derivative of the logarithm of the in-
ner product of Jacobi fields, which is the second fundamental form of the
distance spheres. Metric geometry has important implications in Ricci flow.
So we discuss (§5) the first and second variation of arc length and energy of
paths. An application is Synge’s theorem. We include a variational proof
of the fact that Jacobi fields minimize the index form. In §6 we discuss the
Toponogov comparison theorem and the application of the second variation
formula to long geodesics. Next (§7) we discuss the Green’s function, which
is related to the heat equation and the geometry of the manifold. In §8 we
recall some comparison theorems and explicit formulas for the heat kernel

Xv
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on Riemannian manifolds and in particular on constant curvature spaces.
Since the Ricci flow evolves metrics and is related to the heat equation, we
discuss (§9) the asymptotics of the heat kernel associated to heat operator
with respect to an evolving metric. The method is a slight modification of
the fixed metric case. We also (§10) recall some basic facts about eigen-
values and eigenfunctions of the Laplacian. In the Ricci flow it useful to
study the lowest eigenvalue of certain elliptic (laplace-like) operators. We
recall Reilly’s formula and its application to estimating the first eigenvalue
on manifolds with boundary. In §11 we discuss the definition of the deter-
minant of the Laplacian via the zeta function regularization and compute
the difference of determinants on a Riemann surface. The determinant of
the Laplacian is an energy functional for the Ricci flow on surfaces. For
comparison with later monotonicity formulas, in §12 we recall some mono-
tonicity formulas for harmonic functions and maps. Left-invariant metrics
on Lie groups provide nice examples of solutions on Ricci flow which can
often be analyzed so we introduce some background material in §13. In §14
we recall the Bieberbach Theorem on the classification of flat manifolds. In
the notes and commentary (§16) we review some basic facts about the first
and second fundamental forms of hypersurfaces in euclidean space, since we
shall later discuss curvature flows of hypersurfaces to compare with Ricci
flow.

Chapter 2. We begin the study of Ricci flow proper. We start (§2)
with a brief layman description of how Ricci flow approaches the Thurston
Geometrization Conjecture. The Ricci flow is like a heat equation for met-
rics. One quick way to seeing this (§3) is to compute the evolution equation
for the scalar curvature using a variation formula we derive later. We get
a heat equation with a nonnegative term. Because of this we can apply
to maximum principle (§4) to show that the minimum of the scalar curva-
ture increases. The maximum principle extends to complete noncompact
manifolds (§5). The variation formula for the scalar curvature yields a short
derivation of Einstein’s equations as the Euler-Lagrange equation for the to-
tal scalar curvature (§6). Next (§7) we carry out the actual computations of
the variation of the connection and curvatures. When the variation is minus
twice the Ricci tensor, we obtain the evolution equations for the connection,
scalar and Ricci curvatures under the Ricci flow. This is the first place we
encounter the Lichnerowicz Laplacian which arises in the variation formula
for the Ricci tensor. Since the Ricci flow is a weakly parabolic equation, to
prove short time existence, we use DeTurck’s trick, which shows that it is
equivalent to a strictly parabolic equation (§8).

Chapter 3. We describe some of the ingredients in the proof of Hamil-
ton’s classification of closed 3-manifolds with positive Ricci curvature using
Ricci flow. The maximum principle for tensors (§1) enables us to estimate
the Ricci and sectional curvatures. We first show that positive Ricci curva-
ture and Ricci pinching are preserved. Hamilton’s theorem (§2) says that
under the normalized (volume preserving) Ricci flow on a closed 3-manifold
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with positive Ricci curvature, the metric converges exponentially fast in
every C* norm to a constant positive sectional curvature metric. Having
derived the evolution equations for the Ricci and scalar curvatures, we de-
rive the evolution equation for the full Riemann curvature tensor (§3). This
takes the form of a heat equation with a quadratic term on the right hand
side. In dimension 3, the form of the quadratic term is especially sim-
ple. To control the curvatures it is convenient to generalize the maximum
principle for symmetric 2-tensors to a maximum principle for the curvature
operator, and more generally, to systems of parabolic equations on a vec-
tor bundle (§4). Using this formalism, we show that the pinching of the
curvatures improves and tends to constant curvature at points and times
where the curvature tends to infinity. This is central estimate in the study
of 3-manifolds with positive Ricci curvature. In proving various versions the
maximum principle for systems, it is useful to consider the time derivative
of the supremum function (§4.1). Once we have a pointwise estimate for the
curvatures, we need a gradient estimate for the curvature in order to com-
pare curvatures at different points at the same time (§5). Based on the fact
that the pinching estimate breaks the scale-invariance, we obtain a gradient
of the scalar curvature estimate which shows that a scale-invariant measure
tends to zero at points where the curvature tends to infinity. Combining the
estimates of the previous sections, we show that indeed the curvatures tends
to constant (§6). With control of the curvatures and assuming derivative
estimates derived in a later chapter, we can show that the normalized Ricci
flow converges exponentially fast in each C* norm to a constant positive
sectional curvature metric (§7). In the notes and commentary (§8) we state
some of the basic evolution equations under the mean curvature flow. These
formulas are somewhat analogous to the equations for the Ricci flow.
Chapter 4. We discuss Ricci solitons, homogeneous solutions and other
special solutions. From the study of singularity formation we are interested
in solutions which exist for all negative time (§1). Some of these solutions
exist also for all positive time, which makes them even more special. Of fun-
damental importance are gradient Ricci solitons (§2). We carefully formulate
the basic equations of a gradient Ricci soliton and show that gradient soli-
tons can be put in a canonical form. It is interesting that euclidean space, is
not only a steady soliton but also a shrinking and an expanding soliton (§3).
For the Ricci flow on low-dimensional manifolds, it is particularly impor-
tant to consider complete Ricci solitons on surfaces with positive curvature.
The cigar soliton (§5) is such a soliton on the euclidean plane, rotationally
symmetric, asymptotic to a cylinder at infinity and with curvature decaying
exponentially fast. We exhibit the cigar soliton in various coordinate sys-
tems. An interesting rotationally symmetric ancient solution on the 2-sphere
is the Rosenau solution (§6). As time tends to negative infinity, the Rose-
nau solution looks like a pair of cigars, one at each end. Indeed, backward
(in time) limits at the endpoints yield the cigar soliton. Next we describe
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an explicit rotationally symmetric expanding soliton on the plane with pos-
itive curvature (§7). The curvature also decays exponentially fast as the
distance to the origin tends to infinity. Moving up one dimension, we obtain
the Bryant soliton (§8). This is a rotationally symmetric steady gradient
Ricci soliton on euclidean 3-space with positive sectional curvature. Here
the curvature decays inverse linearly and the metric is essentially asymptotic
to a parabola at infinity. This means that at infinity the metric dimension
reduces to a cylinder in the same sense a parabola in the plane dimension re-
duces to two parallel lines after dilating about points which tend to infinity.
Since complete noncompact ancient solutions are important in the study of
singularities, we state some results on the geometry at infinity of such so-
lutions under various hypotheses (§9). Some useful geometric invariants of
the geometry at infinity are the asymptotic scalar curvature ratio and the
asymptotic volume ratio. Some of the most interesting explicit examples
are homogeneous solutions (§10). We consider SU (2) and Nil and analyze
the ODE which arises from Ricci flow. Here, since the isometry group acts
transitively on the manifold, the Ricci flow reduces to a system of ordinary
differential equations. In dimension 3, these systems are for the large part
well-understood. Under the Ricci flow, isometries persist (§11). That is,
the isometry group is nondecreasing. It is interesting to ask if the isometry
group remains constant under the Ricci flow. Analogous to the Ricci flow on
surfaces is the curvature shortening flow (CSF) of plane curves (§12). The
analogue of the cigar soliton is the grim reaper for the CSF. The Rosenau
solution also has an analogue for the CSF.

Chapter 5. We collect some useful analytic results and techniques. Es-
timates for all of the derivatives of the curvature (§1) in terms of bounds on
the curvature and time enable one to show that the solution exists as long
as the curvature remains bounds (the long time existence theorem). Thus if
a solution forms a singularity in finite time (i.e., cannot be continued past
a finite time), then the supremum of the curvature is infinity. The basic
tool to study singular solutions is a Cheeger-Gromov type compactness the-
orem for a sequence of solutions of Ricci flow (§2). We present both the
global and local versions of this result. What is needed for this sequence is a
curvature bound and an injectivity radius estimate (to prevent collapsing).
The sequences we usually consider arise from dilating a singular solution
about a sequence of points and times with the times approaching the sin-
gularity time. In §2.1 we give a shorter proof of the classification of closed
3-manifolds with positive Ricci curvature using the compactness theorem
(and other results such as Perelman’s no local collapsing theorem.) Here we
only prove sequential convergence instead of exponential convergence. When
studying the formation of singularities on a 3-manifold, the Hamilton-Ivey
estimate is particularly useful (§3). Roughly speaking, it says that at large
curvature points, the largest sectional curvature is positive and much larger
than any negative sectional curvature in magnitude. It implies that limits
of dilations (which we call singularity models) have nonnegative sectional
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curvature. Since nonnegative sectional curvature metrics are rather limited
geometrically and (especially) topologically, this is crucial first step in the
surgery theory for singular 3-dimensional solutions. The Hamilton-Ivey es-
timate also tells us that ancient 2 and 3-dimensional solutions with bounded
curvature have nonnegative sectional curvature. Nonnegative sectional cur-
vature in dimension 3 is a special case of nonnegative curvature operator
in all dimensions, a curvature condition which is preserved under the Ricci
flow. Such solutions satisfy the strong maximum principle (§4), which says
that either the solution has (strictly) positive curvature operator or the
holonomy reduces and the image and kernel of the curvature operator are
constant in time and invariant under parallel translation. This rigidity re-
sult is especially powerful in dimension 3 (§5), where it implies that a simply
connected nonnegative sectional curvature solution of the Ricci flow either
has positive sectional curvature, splits as the product of a surface solution
with positive curvature (which is topologically a 2-sphere or the plane) and
a line, or is the flat euclidean space. In higher dimensions (§6), a solution
with nonnegative curvature operator either has positive curvature operator,
a Kéhler manifold with positive curvature operator on (1,1)-forms, or is
a locally symmetric space. Except in dimension 4, where it was solved by
Hamilton, it is an open problem whether a closed Riemannian manifold with
positive curvature operator converges under the Ricci flow to a metric with
constant positive sectional curvature (spherical space form). A potentially
useful result in this regard, due to Tachibana, says that an Einstein metric
with positive curvature operator has constant sectional curvature and an
FEinstein metric with nonnegative curvature operator is locally symmetric.
In the notes and commentary we note that the derivative estimates may be
improved if we assume bounds on some derivatives of the curvature (§7).
Chapter 6. We deal with identities, inequalities and estimates for vari-
ous flows including the Ricci flow, Yamabe flow, and the cross curvature flow.
It is interesting to compare these techniques. We begin with the Kazdan-
Warner and Bourguignon-Ezin identities (§1), from which it follows that a
Ricci soliton on the 2-sphere has constant curvature. Then we turn our at-
tention to Andrews’s Poincaré type inequality (§2), which holds in arbitrary
dimensions. In dimension 2, it implies that Hamilton’s entropy is monotone.
Another fact (§3) related to Hamilton’s entropy is that in the space of met-
rics on a surface with positive curvature, its gradient is the matrix Harnack
quantity, which in dimension 2 is a symmetric 2-tensor. One of the proofs of
the convergence of the Ricci on the 2-sphere relies on Ye’s gradient estimate
for the Yamabe flow of locally conformally flat manifolds with positive Yam-
abe invariant (§4). This estimate uses the Aleksandrov reflection method
to obtain a gradient estimate. In §4.1 we state Leon Simon’s asymptotic
uniqueness theorem. Another proof, due to Hamilton of the convergence of
the Ricci flow on a 2-sphere uses a monotonicity formula for an isoperimet-
ric ratio (§5). We also discuss Hamilton’s isoperimetric estimate for Type
I singular solutions in dimension three. An interesting fact which follows
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from the contracted second Bianchi identity, is that the identity map from a
Riemannian manifold to itself, where the image manifold has the Ricci ten-
sor as the metric (assuming it is positive), is harmonic (§6). In dimension
3 there is a symmetric curvature tensor, called the cross curvature tensor,
which is dual to the Ricci tensor in the following sense. The identity map
from a Riemannian 3-manifold to itself, where the domain manifold has the
cross curvature tensor as the metric (assuming the sectional curvature is
either everywhere negative or everywhere positive), is harmonic. We show
two monotonicity formulas for the cross curvature flow which suggest that
a negative sectional curvature metric on a closed 3-manifold should con-
verge to a constant negative sectional curvature (hyperbolic) metric. It is
interesting that in higher dimensions, there are arbitrarily pinched negative
sectional curvature metrics which do not support hyperbolic metrics (§7).
Chapter 7. We begin our study of singularities. To study singularities
(§1) one takes dilations about sequences of points and times where the time
tends to the singularity time. It is useful to distinguish singularities accord-
ing to the rate of blow up of the curvature (§2). Type I singularities blow up
in finite time at the rate of the standard shrinking sphere. Type II singular-
ities form slower in the sense that in terms of the curvature scale, the time
to blow up is longer than that of Type I. On the other hand, as a function of
time to blow up the curvature of a Type II singularity is larger than that of
a Type I singularity. Given a singularity type, we describe ways of picking
sequences of points and times about which to dilate. The limit solutions are
ancient solutions. Assuming bounded nonnegative Ricci curvature, we give a
lower bound (gap estimate) for the supremum of the curvature as a function
of time for ancient solutions. A prototype for a Type II singularity is the de-
generate neck pinch (§3). An interesting open problem is to show that Type
II singularities indeed exist, a result which is known for the mean curvature
flow. Considering ancient solutions on 2-dimensional surfaces (§4), we show
using the Harnack inequality that ancient solutions with bounded curvature
whose maximum is attained in space in time must be isometric to the cigar
soliton. On the other hand, using Hamilton’s entropy monotonicity, one can
show that Type I ancient solutions are compact and in fact isometric to the
round shrinking sphere. Complimentarily, Type IT ancient solutions (such as
the Rosenau solution) must have a backward limit which is the cigar soliton.
Our discussion includes a corollary the classification of ancient rk-solutions
on surfaces. An interesting result (§5) is that noncompact ancient solutions
on surfaces with time-dependent bounds on the curvature can be extended
to eternal solutions. We conjecture that eternal solutions (without assuming
the supremum of the curvature is attained) are cigar solitons. To study the
geometry at infinity a useful technique is dimension reduction (§6). Here
we assume the asymptotic scalar curvature ratio (ASCR) is infinite, that is,
the lim sup of the scalar curvature times the square distance to an origin is
equal to infinity. Roughly speaking, this says that the scalar curvature has
slower than quadratic decay. Using a point picking type argument, we find
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good sequences of points tending to spatial infinity. Using a result which
says that complete manifolds with nonnegative sectional curvature cannot
have too many disjoint curvature bumps far from an origin, one can show
that when ASCR is infinite, in dimension 3 there exists a limit which splits
as the product of a surface solution with a line (§7). By Perelman’s no local
collapsing theorem, the surface solution cannot be the cigar soliton. By a
previous result of Hamilton, the surface must then be a round shrinking 2-
sphere. In the case of a Type I ancient solution, we either have a shrinking
spherical space form or there exists a backward limit which is a cylinder
(2-sphere product with a line). For k-solutions the latter cannot exist. We
conjecture that the k-noncollapsed condition can be removed. Next we pose
some conjectures about ancient solutions in dimensions 2 and 3 (§8). Op-
timistically, one can hope that the only complete ancient surface solutions
with bounded curvature are rotationally symmetric and in fact either the
cigar, constant curvature, or the Rosenau solution. In the notes and com-
mentary we note that numerical studies of a degenerate neck pinch have
been carried out by Garfinkle and Isenberg (§9).

Chapter 8. We discuss various differential Harnack estimates. These
are sharp pointwise derivative estimates which usually enable one compare
a solution at different points in space and time. In Ricci flow they have ap-
plications toward the classification of singularity models. We begin with the
heat equation (§1) and present the seminal Li-Yau estimate for positive solu-
tions. For manifolds with nonnegative Ricci curvature, the estimate is sharp
in the sense that equality is obtained for the fundamental solution on eu-
clidean space. Since the Li-Yau estimate has a precursor in the work of Yau
on harmonic functions, we discuss the Liouville theorem for complete mani-
folds with nonnegative Ricci curvature, which relies on a gradient estimate.
The Li-Yau estimate has a substantial extension to solutions of the Ricci
flow, due to Hamilton. To describe this we begin with surfaces, since the
form of the inequality and its proof are much simpler in this case (§2). Ricci
solitons again motivate the specific quantities we consider. Analogous to as-
suming the solution is positive, here we assume the curvature of the surface
is positive (§3). A perturbation of these arguments enables one to prove a
Harnack estimate for surfaces with variable signed curvature. Interestingly,
the above (trace) inequality may be generalized to a matrix inequality which
roughly speaking, gives a lower bound for the Hessian of the logarithm of the
curvature. In this sense, the Harnack inequalities are somewhat analogous
the Laplacian and Hessian comparison theorems of Riemannian geometry
discussed in Chapter 1. Next we consider a one-parameter family of Har-
nack inequalities for the Ricci flow coupled to a linear type heat equation
(84). In one instance we have the Li-Yau inequality, and in another instance
we have the linear trace Harnack estimate, which generalizes Hamilton’s
trace estimate. An open problem is to generalize this to higher dimensions.
In the Kéahler case, this has be accomplished by Ni. With these prelimi-
naries we move on to Hamilton’s celebrated matrix Harnack estimate for
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solutions of the Ricci flow with nonnegative curvature operator (§5). The
specific Harnack under consideration is motivated directly from the consid-
eration of expanding gradient Ricci solitons. The trace inequality (obtained
from the matrix inequality by summing over an orthonormal basis) is par-
ticularly simple to state and in all dimensions is surprisingly similar to the
2-dimensional inequality. We show that the matrix inequality in dimension
2 is the same as the previous estimate which was in the form of a symmetric
2-tensor being nonnegative. The proof of the matrix estimate depends on
a calculation, which at first glance looks quite complicated (§6). However,
using the formalism of considering tensors as vector-valued functions on the
principal frame bundle (either GL (n,R) or O (n)) we can simplify the com-
putations. The matrix Harnack quadratic is a bilinear form on the bundle of
1-forms direct sum the bundle of 2-forms. It satisfies a heat-type equation
with a quadratic nonlinear term analogous to the heat-type equation satis-
fied by the Riemann curvature tensor. Taking bases of 1-forms and 2-forms,
one can exhibit the quadratic nonlinearity as a sum of squares when the
curvature operator is nonnegative. This is the main reason why the matrix
Harnack inequality may be proved by a maximum principle argument. The
trace Harnack has a generalization to a Harnack inequality for nonnega-
tive definite symmetric 2-tensors satisfying the Lichnerowicz Laplacian heat
equation coupled to the Ricci flow (§7). This Harnack generalizes the trace
Harnack. Using this we give a simplified proof of Hamilton’s result that an-
cient solutions with nonnegative bounded curvature operator which attain
the supremum of their scalar curvatures are steady gradient Ricci solitons.
Further investigating the linearized Ricci flow (§8), we give a pinching es-
timate for solutions to the linearized Ricci flow on closed 3-manifolds. An
open problem is to find applications of this general estimate, perhaps in
conjunction with the linear trace Harnack or other new estimates. In the
notes and commentary (§9) we briefly discuss the matrix Harnack for the
heat equation, the Harnack for the mean curvature flow, and some tools for
calculating evolution equations associated to Ricci flow.

Chapter 9. We discuss various space-time geometries which are rather
similar culminating in Perelman’s metric on space-time product with large
dimensional and large radius spheres. We begin with Hamilton’s notion
of the Ricci flow for degenerate metrics and the space-time connection of
Chu and one of the authors (§1). This connection is compatible with the
degenerate space-time metric and as a pair they satisfy the Ricci flow for de-
generate metrics. We state the formulas for the Riemann and Ricci tensors
of the space-time connection and observe curvature identities which suggest
that the metric-connection pair is a Ricci soliton. We observe (§2) that the
space-time Riemann curvature tensor is the matrix Harnack quadratic and
the space-time Ricci tensor is the trace Harnack quadratic. Next we take
the product of space-time with Einstein metric solutions of the Ricci flow
(§3). We also introduce a scalar parameter into the definition of the poten-
tially infinite space-time metric. We calculate the Levi-Civita connections
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of these metrics and observe that they essentially tend to the space-time
connection defined in §1. It is particularly interesting that the space-time
Laplacians tend to the heat (forward or backward) operator (depending on
the sign the scalar parameter.) This fact depends on the dimension tending
to infinity. Next we compute the Riemann and Ricci curvature tensors of
the potentially infinite metrics. We observe that when the scalar parameter
is —1, the metric tends to Ricci flat (this is due to Perelman). This is related
to the developments on the ¢-function discussed in a later chapter. We also
recall the observation, again due to Perelman, that the metrics are essen-
tially potentially Ricci soliton (at least he observed this when the parameter
is either —1 or 1.) Renormalizing the space-time length functional, we ob-
tain the ¢-function (§4). Not only is the space-time metric and connection
related to the matrix Harnack, it is also related to the linear trace Harnack
(85). Here we need to make some modifications to describe the relation. An
auxiliary function f is introduced and its definition is related to Perelman’s
idea of fixing the measure which he introduced when defining his energy
and entropy. In the notes and commentary we discuss a space-time formu-
lation of flows of hypersurfaces (§6) and its relation with Andrews’ Harnack
inequalities.






Notation

Here we list some of the notation which we use throughout the book.

1) Area area of a surface or volume of a hypersurface

2) dA area form (volume form in dimension 2)
3) ASCR asymptotic scalar curvature ratio
4) AVR asymptotic volume ratio
5) B (p,r) ball of radius r centered at p
6) bounded curvature = bounded sectional curvature
7) const constant

8) Cut (p) cut locus of p
9) Fk Christoffel symbols
0) V covariant derivative
1) = defined to be equal to
2) d distance

3) div divergence
4) - either dot product or multiplication, depending on the context
5) int interior

6) A, Ar, Ay Laplacian, Lichnerowicz and Hodge Laplacians
7) L length

8) H mean curvature
9) Hess (f) or VV f Hessian of f

0) ¢(X,Y) = (X,Y) metric or inner product

1) log natural logarithm

2) F, W Perelman’s energy, entropy functional
3) I a time interval for the Ricci flow

4) J a time interval for the backward Ricci flow
5) ¢ reduced distance or ¢-function

6)
7)
8)
9)
0)
1)
2)
3)
1)
5)
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26) L Lie derivative or L-length, depending on the context
27) v unit outward normal

28) ODE / oDI1 ordinary differential equation / inequality

29) PDE partial differential equation

30) RHS right-hand side

31) R, Rc, Rm scalar, Ricci and Riemann curvature tensors
32) II or A second fundamental form

33) S (p,r) distance sphere

34) tr or Trace trace

35) Vol volume of a manifold

S N N~~~ =~
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NOTATION

) dp volume form

) do volume form on the boundary or on a hypersurface
) wy, volume of the unit euclidean n-ball

) nwy, volume of the unit euclidean (n — 1)-sphere

) W12 Sobolev space of first derivatives in L?

) X dual 1-form to the vector field X

) af dual vector field to the 1-form a



CHAPTER 1
Basic Riemannian geometry
Wake up, Neo... The Matrix has you... Follow the white rabbit.

In this first chapter we present some basic Riemannian geometry with an
emphasis on the materials which are related to the techniques encountered
in the study of the Ricci flow. The work of Hamilton has emphasized the
Bochner formulas, maximum principles, and pointwise monotonicity formu-
las. The recent work of Perelman brings into this picture of the Ricci flow:
space-time and comparison geometry, and integral and pointwise monotonic-
ity formulas. The reader familiar with basic Riemannian geometry may skip
the following sections and proceed directly to Chapter 2.

Sections 2-6 discuss the basic definitions of metric, connection, curva-
ture, covariant differentiation, geodesics, Jacobi fields, exponential map,
Hessian, Laplacian, volume, Jacobian, and their properties. We empha-
size local coordinate calculations and review Bochner formulas, integration
by parts, and comparison theory such as the Laplacian and Hessian compar-
ison theorems, the volume and Rauch comparison theorems and Toponogov
comparison theorem. Sections 7-12 review some aspects of the laplace and
heat equations including their fundamental solutions (Green’s function and
heat kernel), spectral theory, and harmonic functions and maps. The rest
of the chapter considers some miscellaneous topics such as Lie groups, the
Bieberbach theorem and a compendium of some of the basic inequalities
that we use later in the book.

1. Introduction

In Riemannian geometry one often asks the following question. Given
a restriction on the curvature of a Riemannian manifold, what topological
conditions follow? Myers’ theorem is a good example of this. It says that
a complete n-dimensional manifold with Ricci curvature! bounded below by
a positive constant (n — 1) k has diameter at most 7/+/k. Topological conse-
quences of this are that the manifold is compact and has finite fundamental
group. Another nice example is the Cartan-Hadamard theorem which

I¥or the definition of Ricci curvature and other basic concepts in Riemannian geom-
etry, see section 2 below.
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says that a simply connected, complete Riemannian manifold with nonposi-
tive sectional curvature is diffeomorphic to R™ and each exponential map is
a diffeomorphism.

In the subject of Ricci flow one starts with a Riemannian manifold and
deforms the metric in the direction of minus the Ricci tensor. The underlying
differentiable manifold stays the same. Here one hopes to prove that the
geometry of the metric improves as it evolves. The first success, in fact the
main theorem of the seminal paper [255] by Richard Hamilton in 1982, has
the following topological consequence.

THEOREM 1.1 (Hamilton 1982 - 3-manifolds with positive Ricci curva-
ture). If (M3, g) 15 a closed 3-manifold with positive Ricci curvature, then it
is diffeomorphic to a spherical space form. That is, M3 admits a metric
with constant positive sectional curvature.

Here and throughout this book, closed means compact without bound-
ary. More ambitiously, one would like to use Ricci flow to prove the following
Geometrization Conjecture .

CONJECTURE 1.2 (Thurston Geometrization). Every closed 3-manifold
admits a geometric decomposition.

A corollary of the Geometrization Conjecture is the Poincaré Conjec-
ture, which says that every simply connected closed topological 3-manifold
is homeomorphic to the 3-sphere and which is one of the Millennium prize
problems. We refer to the survey papers of Thurston [487] and Scott [450]
for background on the Geometrization Conjecture. For more recent surveys
of the geometrization conjecture, see the notes and commentary at the end
of this chapter.

2. Basic conventions and formulas in Riemannian geometry

Let (M™,g) be a Riemannian manifold.  That is, M™ is an n-
dimensional differentiable manifold and ¢ is a Riemannian metric. A
Riemannian metric g (also denoted by ( , }) is a smoothly varying inner
product on the tangent spaces (Riemann 1854.) Equivalently, we may
think of g either as a positive-definite section of the bundle of symmet-
ric (covariant) 2-tensors T*"M ®g T* M or as positive-definite bilinear maps
g(z) : T,M xT,M — R, for all x € M. Here, T*"M ®gT* M is the subspace
of T*"M ® T*M generated by elements of the form X ® Y + Y ® X. The
metric g defines an infinitesimal notion of length and angle. The length of
a tangent vector X is defined by:

1X| = g(X, X)'/?

and the angle between two nonzero tangent vectors X and Y is defined by:

£(X,Y) = cos™! (Igf |5;>‘>.
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Let {azz} be local coordinates in a neighborhood U of some point of M. In U
the vector fields {0/82'} form a local basis for TM and the 1-forms {dz"}
form a dual basis for T*M, that is, dz*(0/02’) = &;. The metric may be
then written in local coordinates as

g= gijdxi ® da?
where g;; = g(0/0x",8/027) and we have used, as we will throughout the
book, the Einstein summation convention. We shall often denote the metric
g (and tensors in general) by its components g;;.

Given a smooth immersion ¢ : N™ — M™ and a metric g on M"™ we can
pull back g to a metric on N

(¥"g) (V. W) = g (p:V, 0 W)
Note that if {y*} and {:ﬁ’} are local coordinates on N and M respectively,
then o
w09 oY
(¢ g)aﬁ = gz’j@a—yﬁ
where (¢*g),5 = (¢¥"9) (0/0y*,0/9y") and ¢' = z' o . More generally,
given any covariant p-tensor o on M" and a smooth map ¢ : N™ — M™",
we define the pull back of a to NV by

(0 ) (X1,..., Xp) = a (X1, ..., 0 Xp)
for all Xq,...,X, € TyN. If ¢ is a diffecomorphism, then the pull back of

contravariant tensors is defined as the push forward by 1.

Recall the Levi-Civita connection (or covariant derivative) V :
TM x C®(T'M) — C*(T'M) is the unique connection on T'M that is
compatible with the metric and torsion free:

(1.1) X(g(Y,2))=9(VxY,Z)+g(Y,VxZ)
(1.2) VxY -VyX =[X)Y],
where it is customary to write VxY for (VY) (X) = V(X,Y) (note VY is
a (1,1)-tensor) and

(X, Y] f =XV f)-Y (X))
defines the Lie bracket acting on functions. From this one can show by
taking a linear combination of the above equations with permutations of the
vector fields X, Y and Z that
(1.3) 29 (VxY,2) = X (g (Y, 2)) +Y (9(X, Z)) = Z (9 (X,Y))
The differentiable structure on M™ enables us to define the directional
derivatives of functions which, besides the linearity properties, satisfy the
product rule X (fh) = hX (f)+ fX (h). Covariant differentiation, which is

defined by using the Riemannian metric, tells us how to differentiate vector
fields. Equation (1.1) is the product rule (compatibility with the metric) and
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(1.2) is a compatibility condition with the differentiable structure (torsion-
free).

EXERCISE 1.3. Let V9 denote the Levi-Civita connection of the metric
g. Show that for any constant ¢ > 0 and metric g, V9 = V9.

Let {:c } be a local coordinate system defined in an open set U
in M".2 The Chrlstoffel symbols are defined in U by Va/axza/aﬂ =

F%@/(‘)xk. Here and throughout the book, we follow the Einstein sum-
mation convention of summing over repeated indices. By (1.3) and

| 8?51" %] = 0 we see that they are given by

1 0 0 0
k ke
(1.4) L' =59 (amigjz + 9z 9~ w%;’) .
EXERCISE 1.4. Let {:1:} and {y®} be coordinate functions on a common
open set. Using gog = Gij 7, 8y gi; show that

, OxF  Oxt Oxd 02x®
Lopm s =1 + :
8y7 Oy OyP 8y0‘6yﬂ

SOLUTION. (See also §1.7 of [198].) Let &%, = 3 - so that gag = gi; P, <I>

and ¢7° = gk (@fl)z (@fl)g. We compute

. 1 0 o s 0\
— & @Jrk+2g (waa ﬁ+gma—y5¢>a—gij<(¢ )3—‘5)‘1’%)

1 Ll 1\90 8 8 8
+§g ((I> ) <gjmq>ga a r) +gzm(1)aa Bq) QZJ(I)aa 5(I)Jg

S 9%k
At wxI Tk
= QLY+ 5

where we used

0 . 0 . 0% 9 . 9, 9 0

oy BT oyl T T ayeayB  aye 0 oyt Y ayP 0T 9yl

EXERCISE 1.5. Verify that if (M",g) is a Riemannian manifold, ¢
N™ — M"™ is an immersion, and {y*} and {:c’} are local coordinates on N
and M respectively, then

J
(I)ﬁ'

a(pk a(pi a(pj 8%’“
[ (0*q) , 22— = (Tk
(#"9)as oy ( ij © ) Ay« yP ~ Oy~oyP

where @' = 2" o .

2The reason we often carry out computations in local coordinates, as compared to
moving frames, is that under the Ricci flow the metric is time-dependent. However, in
some cases using an evolving moving frame simplifies computations.
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The covariant derivative defines the notion of parallel translation along a
path. In particular a vector field X along a path ~ : (a,b) — M™ is parallel
if

Vs X =0
along . We say that a path v is a geodesic if the unit tangent vector field

is parallel along ~:
,’7
BNl

A geodesic has constant speed if |¥| is constant along ; in this case V453 = 0.
As we shall see in section 5, the shortest path between two points is a
geodesic and locally geodesics minimize length.

EXERCISE 1.6. Show that if X is parallel along a path v, then | X|? is
constant along .

SOLUTION.
Vs | X)? =2(V4X, X) = 0.
The Riemann curvature (3, 1)-tensor Rm is defined by
(1.5) Rm(X,Y)Z =VxVyZ - VyVxZ -V ixy|Z.
One easily checks that for any function f
(1.6) Rm(fX,Y)Z=Rm (X, fY)Z=Rm (X,Y)(fZ) = fRm (X,Y) Z.
Thus Rm is indeed a tensor. It is also nice to define

ViyZ =VxVyZ—Vy,vZ

so that

(1.7) Rm (X,Y)Z =V%yZ - Vi.xZ,
(1.8) VixyZ =ViyZ = ViyZ,
and

(1.9)

Viy (F2) = [V yZ+Y (f) VxZ+X (f) VyZ-((VxY) f) Z+X (Y (f)) Z
for any function f. Note that from (1.8), (1.9) and (1.7) we can immediately
derive (1.6).

REMARK 1.7. The bracket measures the noncommutativity of the direc-
tional derivative acting on functions, whereas Rm measures the noncommu-
tativity of covariant differentiation acting on vector fields.

The components of the (3,1)-tensor Rm are defined by

o o\ o . ., 0
o <% %) B+ ikt
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and Rjjre = gng;?k ; note

o o0 0 0\ . g o0\ a9 09
RWPRm@ﬁaﬁa%aﬂ*<M%aa%ﬁa®%ﬁ

are the components of Rm as a (4, 0)-tensor. Some basic symmetries of the
Riemann curvature tensor are

(1.10) Rijke = —Rjike = —Rijex = Rrei-
If PCT,M"is a 2-plane, then the sectional curvature of P is defined by
K (P) = (Rm(e1, e2) e2,€1)

where {e1,e2} is an orthonormal basis of P ; this definition is independent
of the choice of such a basis.

EXERCISE 1.8. Show that if X and Y are any two vectors spanning P,

then
K (P) = (Rm (X,Y)Y, X)

PP - o)
EXERCISE 1.9. Using (1.5) and (1.4) show that

l 14 14 4 14
(1.11) Ry =0, — oL + T0 Ty, — T T,

(3

The Ricci tensor Rc is the trace of the Riemann curvature tensor:
Re (Y, Z) = trace (X — Rm (X,Y) Z).

In terms of an orthonormal frame {e,},_; , i.e., a frame with g (eq, €p) = dap,
we have Re (Y, Z) = >0 Rm(e,,Y) Z - eq. Its components, defined by
R;; = Rc (i 0 ) , are given by

Oxt’ OxJ
n
_ 7
Ry, = E :Rijlc'
=1

The Ricci curvature of a line L C T, M™ is defined by
Rc (L) = Rc (61, 61)

where e; € T, M™ is a unit vector spanning L.

The scalar curvature is the trace of the Ricci tensor: R = """ | Rc (eq, €q) -
In local coordinates, R = g R;; ; here gy = (g_l)l.j is the inverse matrix.
1

Note that we can globally define a metric ¢~' on the cotangent bundle
-1 . ij_0

byg =g 357 @ % in any local coordinate system.

EXERCISE 1.10. Show that g~' is well-defined.

EXERCISE 1.11 (Scaling properties of the curvatures). Given a metric g
and a positive constant C, show that Rm(s 1) (Cg) = Rms 1) (9) (as a (3,1)-
tensor), Ry (Cg) = CRmgug) (), Re(Cg) = Relg), and R(Cg) =
C7'R(g).

Hint: use Exercise 1.35.
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EXERCISE 1.12 (Geometric interpretation of tracing). Show that the
trace of a symmetric 2-tensor « is given by the following formula:

Trace, (o) = S /Snl a(V,V)do (V)

Wn

where S™~! is the unit (n — 1)-sphere, nw,, its volume, and do its volume
form. From this show for any unit vector U, that ﬁ Rec (U, U) is the aver-
age of the sectional curvatures of planes containing the vector U. Similarly,
LR (p) is the average of R (U,U) over all unit vectors U € S"~ C T,M™.

SOLUTION. There exists an orthonormal basis {e;};—; such that o =
Yo Aief ® ef. Furthermore, Trace 4 (o) = > 1" ; A; and
1
— (Viei)? do (V) = 1.

wn Snfl

See also [218].

REMARK 1.13. As discussed in the introduction, a basic problem is to
understand the effect curvature conditions (such as the curvature having a
given sign) have on the topology and geometry of a manifold. The sectional
curvature tells us the most, the scalar curvature the least, and the Ricci
curvature is somewhere in between.

Just as important as differentiating functions and vector fields is differ-
entiating tensors. By requiring that the covariant differentiation commutes
with contractions and that the product (Leibnitz) rule holds, one defines
covariant differentiation acting on tensors. In particular, acting on (0, s)-
tensors, we define covariant differentiation by

Vx : C®(@°TM) — C®(Q°TM),
where

S
Vx(Z1®-®Z) %Y 210 0VxZi®- - ® Z.
=1

The covariant derivative of an (r, s)-tensor « is then defined by:
(1.12)

r

Vxa(Y,....Y;) =Vx (aY1,....Y;) =Y _a(,...,VxY,....Y,),
i=1
where each term is an element of C*°(®*TM). Let @M = (" TM*) ®
(®°TM) . The covariant derivative may be considered as:
AV Coo(®r,sM) N COO(®T+1,SM)7
where
Va(X,Zy,...,2y) =Vxa(Zi,...,Z),
or equivalently,
n
Va = Z Via ® dz'.

i=1
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In this way we may square the covariant derivative operator:
V2:C%®(@" M) — C®(@"T25M),
which is given by
V3a(X,Y,Z1,...,2,) =Vx (Vo) (Y, Z1,...,Z,)
= [Vx (Va(Y)) = Va(VxY)|(Z1,.... Z;)
=VxVva(Zi,....Z,) = Vvywval(Zy,...,Z,).
Using the notation
Viva(Zi,...,2) =V2a(X,Y, Z,...,2,),
we may rewrite this as
Viya=VxVya—Vy,ya.
We now have (1.1) is equivalent to
(1.13) Vg=0

(i.e., the metric is parallel).> As a matter of notation, we let Vx /3 denote
the covariant derivative of a tensor § with respect to a vector X. We shall
usually use local coordinates to express the components of tensors and follow
the classical index notation (Ricci calculus). If 3 is an (r, s)-tensor, then we

k- k:' of the covariant derivative V3 of 3 by

9 d o o
K1k N '
v 5]11 ]T amkl ®--~® 8ajks - (va/al‘zlg) (%7...7%> .

We then have

define the components V; [3

kl ks _ kl ks Z kl ks
(114) vﬁjl i ]1 Jr z : 'LJm J1 - Jm— 1€3m+1 “Jr
m=1 (=1
kp qk1-kp_1qkpi1- ks
)BT
p=1q=1

For example

ViR, = (VRe) <i 9 i)

Ozt Oz’ Oxk
o 9 P , ,
= (V2 ) (a— a_> = gyt 'k~ Dt = Ll
and
. o o0 o0 0
ViRjkem = (Vosoe Rm) <@7 9 D _8a;m>

0
P _ TP p. _ TP p.
8 i Rijpom — F Rpkl’m L Rjpem — Uiy Rjkpm — T Rijkep.

3In general we say that a tensor is parallel if its covariant derivative is zero.
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EXERCISE 1.14. Show that

ViV;f = (VV/) <

0 9N_ &  wof
Oxt’ OxJ Ox'OxI Y dxk
and more generally for a 1-form X
9 .
Besides (1.10) there are additional symmetries the Riemann curvature
tensor satisfies. The first and second Bianchi identities are:

(1.15) Rijke + Rjkie + Riije = 0
(1.16) ViRjkem + VjRiitm + ViRijom = 0.

The (twice) contracted second Bianchi identity is

(1.17) 29ijviRjk = VkR.

This is equivalent to the Einstein tensor Rc —%Rg being divergence-free:
1
div (Rc —§Rg> =0

(see (1.58) below for the definition of divergence). Formula (1.17) follows
from multiplying the second Bianchi identity (1.16) by ¢g*™g’*.

EXERCISE 1.15 (Once contracted 2nd Bianchi identity). Show that by
multiplying (1.16) by ¢ and summing (that is, contracting once), we have

(1.18) 9""ViRjkem = VR — Vi Rje.

That is, the divergence of Rm is the exterior covariant derivative of Rc
considered as a 1-form with values in the tangent bundle.

As we shall see in the next section, the Bianchi identities are related to
the diffeomorphism invariance of the curvature.

A Riemannian manifold (M", g) has constant sectional curvature if
the sectional curvature of every 2-plane is the same. That is, there exists
k € R such that for every z € M and 2-plane P C T,M, K (P) = k.
Similarly we say that a metric has constant Ricci curvature if the Ricci
curvature of every line is the same.

EXERCISE 1.16 (Schur).

(1) Using (1.17), show that if g is an Einstein metric: R;; = 1 Rg;; and
n > 3, then R is a constant. Note that the condition R;; = %Rgij
says that the Ricci curvatures depend only on the point and not on
the line at the point. The result of this exercise says that in this
case, if n > 3, then the Ricci curvatures also do not depend on the
point.
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(2) Using the second Bianchi identity (1.16), show that if n > 3 and the
sectional curvatures at each point are independent of the 2-plane,
that is, if

Rijke = Py P (9iegjx — girgje) »

then R is a constant.

2.1. Lie derivative. Let a be a tensor and X a complete vector field
generating a global 1-parameter group of diffeomorphisms ¢; (the following
definition extends to the case where X is not complete and only defines
local 1-parameter groups of diffeomorphisms). The Lie derivative of «
with respect to X is defined by

1
(1.19) Cxaiginéz(oz— (p1), ).

Here (p¢), @ TyM"™ — T, M™ is the differential of ¢;. It acts on the
cotangent bundle by (¢:), = (cpt_l)* P Ty M — T;t@)M". We can then

naturally extend the action of (¢;), to the tensor bundles of M", which is
used in (1.19).

=

REMARK 1.17. If ¢ : M™ — N™ is a map and « is an (r,0) tensor on
N™, then

(W) (Y1, ) = a (WY1, ., 0.Y0)

The Lie derivative, which measures the infinitesimal lack of diffeomor-
phism invariance of a tensor with respect to a 1-parameter group of diffeo-
morphisms generated by a vector field, has the following properties:

(1) If f is a function, then Lx f = X f.

(2) If Y is a vector field, then LxY = [X,Y].

(3) If aw and 3 are tensors, then Lx (a ® ) = (Lxa)RB+a® (LxF).
(4) If « is an (r,0)-tensor, then for any vector fields X, Y7,...,Y,

(Lxa)(Yi,....Y) =X (a(Y1,...,Y}))
—Za(yl,...,m,l,[x,m Yiet, ..., Y)
1=1
(1.20) = (Vxa)(Y1,...,Y,)

+Y oM, Y, Vy X, Y, Y.
=1

For example, if « is a 2-tensor, then
(Lxa);; = Vxaij + g (ViXpae + Vi Xpai) .

EXERCISE 1.18. Given a diffeomorphism @ : M™ — M™, we have ©* :
T;(p)M" — Ty M™. The pull back acts on the tangent bundle by ¢* =
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(gp‘l)* t TopyM"™ — Tp,M™. These actions extend to the tensor bundles
of M™. Show that definition (1.19) is equivalent to

: 1 * *
Lxa=lim - (pja—a)= pr o

dt| g

Recall that the gradient of a function f with respect to the metric g is
defined by g (gradg 7/, X) = Xf = df (X). In other words, grad, f is the
metric dual of the 1-form df. Throughout this book we shall also use the
notation V f to denote both df and grad, f.

EXERCISE 1.19 (Lie derivative of the metric). Using (1.20), show that
the Lie derivative of the metric is given by

(1.21) (Lxg) (Y1,Y2) = g (Vy, X, Y2) + g (Y1, Vy, X)

and that in local coordinates this implies

(‘CXg)ij = ViX; +V;Xi.

In particular, if f is a function, then

(1.22) (Lerea, 19) =2Vl

REMARK 1.20. Formula (1.22) is useful when considering gradient Ricci
solitons.

EXERCISE 1.21. Show that for any diffeomorphism ¢ : M™ — M™, ten-
sor a, and vector field X,

(1.23) " (Lxa) = Lox (),
and if f: M"™ — R, then
(1.24) o* (grad, f) = grad ., (f o).

SOLUTION. Let 1 (t) denote the 1-parameter group of diffeomorphisms
generated by X:

o (Lxa) = o (nm

iy (P () 00) vt —pta
— 20 t

¥ (t)*ta - a>

= Ly (¢")

where Y is the vector field generating the 1-parameter group of diffeomor-

phisms ¢~ 01 (t) o . Now

d _ _

7| v @=(), o
t=0

= (¢7), (X (¢ (@) = (¢"X) ().

Y (z) =
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For any z € M™ and X € T,,(,) M™ we have
(" (grady f) 9" X) . (2) = (grad, f, X) (¢ ())
= (X[f)(p@) = (¢"X)(fop)(z).

REMARK 1.22. If p(t) : M™ — M™ is the 1-parameter family of diffeo-
morphisms and « is a tensor, then

(1.25) (et @)= Lxpe(t)a
where
.0 -1 -1 0
X(w)= 5| (et op®) = (e007) 5| 0.

Here we have not assumed that ¢ (t) is a group.

We say that a diffeomorphism ¢ : (M",g) — (N", h) is an isometry
if 9p*h = g. Two metrics are said to be isometric if there is an isometry
between them. Geometrically such metrics are indistinguishable. We say
that a vector field X on (M",g) is Killing if Lxg = 0. Recall that a
vector field X is complete if there is 1-parameter group of diffeomorphisms
{¢t}iecr generated by X. If M™ is closed, then any smooth vector field is
complete. If X is a complete Killing vector field, then the 1-parameter group
of diffeomorphisms ; that it generates is a 1-parameter group of isometries

of (M",g).
EXERCISE 1.23 (2nd Bianchi identity from diffeomorphism invariance of
curvature).

(1) Prove the Jacobi identity
[X7 [K ZH + [Yv [Z7 XH + [Z’ [X7 Y]] =0

for vector fields X, Y, Z as follows. Let oy : M™ — M™ be the one-
parameter group of diffeomorphisms generated by X and take the
time derivative at t = 0 of the ‘“invariance of the Lie bracket under
diffeomorphism’ equation:

oi [V, Z] = oY, i Z] .

(2) (Hilbert, Kazdan [311]) Similarly, prove the (contracted) second
Bianchi identities by considering the diffeomorphism invariance of
the scalar curvature and Riemannian curvature tensor.

(a) More precisely, to obtain the contracted second Bianchi iden-
tity (1.17) apply (2.4) to the equation:
(1.26) DR, (Lxg) = LxR = V;RX"

where DR, (Lxg) denotes the linearization of Ry in the direc-
tion Lxg ;
(b) to prove the second Bianchi identity (1.16) apply (3.13) to:

(1.27) DRmg(Lxg) =LxRm.
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SOLUTION. 2a) From (2.4) and (1.26) we have
(1.28) VR-X = DR, (Lxg) = —2Adiv(X) + div (div Lxg) — (Lxg,Re) .
Now
(div Lxg); = V; (V;X; + V; Xj)
= AX; + V;div (X) + Rt Xk
and
div (div Lxg) = div (AX) + Adiv (X) 4+ div (Re (X)) .
The first term on the LHS may be rewritten as
div (AX) = V;V,;V, X,
=V, ViV X;
= Adiv (X) 4 div (Re (X))
(check the second equality). Hence
div (div Lxg) = 2A div (X) + 2div (Re (X))
Substituting this in (1.28) we obtain
VR X = 2div(Re (X)) — (Lxg, Re)
= 2div (Re) - X.
Since X is arbitrary, we conclude that VR = 2div (Rc) .
2b) From (3.14) we deduce

0 1
&Rz’jké =3 (ViVivje — ViVov — V;Vivie + Vi Vug)

1
+ 5 (Rz’jkqvqf + Rijqﬂ)qk)

(note the slight change in the formula due to the lowering of an index in
Rm.) Thus (1.27) implies

l V.V (Vng + Vng) —V,;Vy (Vij + Vka)
2 -V,;Vy (ViXe+ VieXi) + ViV (ViXyk + Vi X5)
1
t3 (Rijiem (Vi Xe + VX)) + Rijme (Vi Xi + Vi X))
(1.29)
= Dng (ﬁxg) = ﬁX Rm
= X"V Rijre + RinjueViX™ + RimkeViX™ + RijmeVieX™ + Rijem Ve X™

First we recognize V,,R;ji¢ as a potential second Bianchi identity term.
Next we look at the terms on the first two lines of the above equation. For
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example the first terms on the top two lines are
ViViV;i Xy — V;V VX, =V;V,; Vi Xy — V,; ViV Xy
— Vi (RijemXm) + Vj (RriemXm)
= —RijkmVmXe — Rijem Vi Xm
— Vi (RijemXm) + Vi (Riiem Xom)
Similarly (switch & and ¢ in the above)
—ViViV; X+ V;ViViXi = Rijem Vi Xk + RijemVeXm
+ Vi (RejkmXm) = Vi (ReikmXm) -
Next we look at
ViViViX; = ViViViX; = =Vi (RiejmXm)
and
—VjkagXi + VngVkXi = Vj (kaime) .
Substituting the above into (1.29), we get
— RijkmVmXe — RijtmViXm — Vi (RijemXm) + Vi (RiiemXm)
+ Rijem Vm Xk + RijimVieXm + Vi (RejemXm) — Vi (ReikmXm)
— Vi (RkejmXm) + Vi (RieimXm)
+ Rijiem (Vi Xe + VX)) + Rijme (Vi Xi + Vi Xin)
=2X"ViRijke + 2R jieViX™ 4+ 2Rine Vi X™ + 2Rijme Vi X™ + 2Rjjm Ve X™.
Simplifying this yields
0 = Vi [(Rjkem + Rejem + Rigjm) Xm] + Vi [(Riem + Riokm + Rekim) Xm]
—2(ViRjmie + VimRijie + ViRmike) Xom.
Now we choose X so that at a point X =0 and V;X; = d;;. Then
0 = (Rjkei + Rejri + Rieji) + (Rriej + Riews + Rorij)
= 2 (Rjkei + Rejri + Rieji)

which implies the first Bianchi identity. Hence the first line vanishes and we
conclude

(ViRjmke + Vi Rijre + Vi Rinike) Xm = 0.

Since X is arbitrary, we obtain the second Bianchi identity.

Since the commutation of covariant derivatives acting on vector fields
defines the Riemann curvature tensor, the commutation of covariant deriva-
tives acting on tensors may be expressed in terms of the curvature. We
shall find particularly useful the standard commutation formulas (Ricci
identities):

T
(1.30) (VZVJ - VJVZ) ALy ok = — Z Rz?kgakl“‘ké—lmk£+l“‘kr'
/=1
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In particular, if « is a 1-form, then
(VZ-Vj - Vjvi) . — —Rfjkag.
If B is a (2,0)-tensor, then:
(1.31) ViViBe — ViViBre = =Ry Bpe — Risy Bp-

Throughout most of this book we shall find it convenient to compute in
local coordinates rather than in an orthonormal (moving) frame. The reason
for this is that under the Ricci flow the metric is evolving and we can choose a
fixed (time-independent) coordinate system whereas an orthonormal frame,

in order to stay orthonormal with respect to g (t) must evolve. An exception
to this is Uhlenbeck’s trick, which we discuss right after Lemma 3.11.

EXERCISE 1.24. Show directly using the Killing vector field equation that
the vector space of Killing vector fields is a Lie algebra.

SOLUTION. Using V,;X; = —V;X; and V;Y; = —V,;Y}, we compute
Vi (XeViY; = YV X;) + Vi (X VY — Vi Ve Xs)
= Xi (ViViY; + V;VY)) = Y, (ViVeX; + Vi Ve Xs)
= =X Ye (Rigje + Rjgie) + Y Xe (Rikje + Rjrie) = 0.
REMARK 1.25. The Bianchi identities and the commutation formulas for

covariant differentiation are often used in the calculations of the equations
governing the evolution of geometric quantities under the Ricci flow.

EXERCISE 1.26.

. A1ls o oo Hls 010
ViV "n — ViViay T = E : E :Rz]khakl kp_1 phkp 41 -kr
h= 1p 1

£y--0 Y -l
<1‘32) +ZZRWP kll o 1ph+l :

h=1p=1

2.2. Decomposition of the curvature tensor. The Riemann cur-
vature (4,0)-tensor is a section of the bundle A?M"™ ®g A2M™. Moreover,
by the first Bianchi identity, Rm is a section of the subbundle ker (b), the
kernel of the linear map:

b: NPM" @5 AP M"™ — N3 M™ @5 T*M"
defined by
1
We shall call CM = ker(b) the bundle of curvature tensors. For every
x € M", the fiber C, M has the structure of an O (7} M)-module, given by
X:O(T;M)xCy M —Cy M

where

AXx (a®@BR7R0)=Aa® AB® Ay ® Ad
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for Ac O(T;M)and o, 3,7,6 € T M. As an O (T} M ) representation space,
C, M has a natural decomposition into its irreducible components. This
yields a corresponding decomposition of the Riemann curvature tensor. To
describe this, it will be convenient to consider the Kulkarni-Nomizu product

®:S°M x S*M — CM

defined by
(@ ® B)ijre = ieBik + juBic — qarBie — jeBik.

Here S?M = T*M ®g T*M is the bundle of symmetric 2-tensors. The
irreducible decomposition of C, M as an O (T M )-module is given by:
(1.33) CM=Rgogd (SSMog)oWM
where SZM is the bundle of symmetric, trace-free 2-tensors and

W M = ker (b) N ker (c)
is the bundle of Weyl curvature tensors. Here

c: NPM™ @g NPM™ — S2M
is the contraction map defined by
c()(X,Y) = iQ(ei,X,Y,ei).
i=1

The irreducible decomposition of C M yields the following irreducible de-
composition of the Riemann curvature tensor:

Rm=fgogd(hog) oW

where f € C® (M), h € C*(S3M), and W € C~ (W M). Taking the
contraction ¢ of this equation implies

Rjk :2(n—1)fgjk+(n—2)hjk.
On the other hand, taking two contractions, we find that
R=2n(n—-1)f.

Therefore we have

R 1
1.34 = — 1
(1.34) Rm (n_1)<n_2)g®gn_2Rc®g+Wey
R 1 o
(1.35) 2n(n_Dg@g—l-n_2Rc®g+VVey

where Rc = Rc—%g is the traceless Ricci tensor and Weyl is the Weyl
tensor, which is defined by (1.34). The Weyl tensor has the same algebraic
symmetries as the Riemann curvature tensor and in addition the Weyl tensor
is totally trace-free, all of its traces are zero, including;:

9 Wijke =0
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and conformally invariant:
(1.36) Weyl (ug) = u Weyl (g)

for any positive smooth function u on M.
If n < 3, then the Weyl tensor vanishes. In particular, if n = 2 we have

1
(1.37) Rijee = 5 R (9iegjk — gingie)

and R;; = %Rgij. When n = 3 we have

1
(1.38)  Rijke = Riegjk + Rikgie — Rikgje — Rjegir — SR (9iegjx — gikgje) -

One way of seeing (1.37) is that the bundle A2M? ®5 A2M? has rank one
and both sides of formula (1.37) are sections of this bundle and have the
same double trace R. Equation (1.38) follows from (1.34) and the vanishing
of the Weyl tensor.

EXERCISE 1.27. Show that the Weyl tensor vanishes when n = 3.

SOLUTION. There are only two possible types of nonzero components of
W. Either there are 3 distinct indices such as Wi231 or there are two distinct
indices such as Wias1. First we compute, using the trace-free property,

Wias1 = —Wagga — Wiags = 0.

Next, we have

Wiga1 = —Wagoa — Wiges = —Wia3 = Wiz = —Waiia = —Wiaa
which implies W1991 = 0.

EXERCISE 1.28. Show that if § = e*f g for some function f, then
Riji, = Rijy, — digjk — ajid; + aind; + ajgi
where

iy = ViV = Vif Vi + 5 Vi gy
That is, as (4,0)-tensors,
e 2 Rm = Rm —a ©g.

From this deduce (1.36).

HinT. First show that

Rij = Rij + Vidly, — VAL + AJLAL, — ATLAS,,
where
Al =T, —Tf, = Vif 6§ +V,;f 6f —V*f gij.

EXERCISE 1.29. From (1.33) we have the (reducible) decomposition:

(1.39) CM = (S°M ©g) ® W M.
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(1) Show that
1
Rm=—-50g+ Weyl
n—2

where
. R
1s the Schouten tensor.
(2) Show that if n > 3, then
Vi n — 3
V Wiike = mBz’jk
where
Biji = ViSjr — V;Sik
= Vz'Rjk - VjRik - m (vijok - ijQik:)

is the Bach tensor.

From the above exercise we see that for n > 4, if the Weyl tensor of
(M™,g) vanishes, then the Bach tensor vanishes. We also see that when
n = 3, the Weyl tensor always vanishes.

EXERCISE 1.30. Show that when n = 3, if g = ug, then

Biji, = u**Byjp..

A Riemannian manifold (M™, g) is said to be locally conformally flat
if for every point p € M™, there exists a local coordinate system {:c’} in a
neighborhood U of p such that

o 0
95 =9\ 55 557 ) =V %
for some function v defined on U. When n = 2, every Riemannian manifold
is locally conformally flat.

PrROPOSITION 1.31 (Weyl 1918, Schouten 1921). A Riemannian mani-
fold (M™, g) is locally conformally flat if and only if

(1) forn >4 the Weyl tensor vanishes,
(2) for n =3 the Bach tensor vanishes.

ProoF. By the conformal invariance of the Weyl tensor, it is clear
that if (M™,g) is locally conformally flat, then the Weyl tensor vanishes.
Conversely, if the Weyl tensor vanishes, then the equation that the metric
g = e g is flat:

Rm =0
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is equivalent to

O:e’2f§n/1:Rm—a®g

(1.40) _ (n ! - <RC—ﬁRg> - a) og.

Since the map

®:8°M —-CM
defined by
©h)=hog
is injective, (1.40) is equivalent to

1 1
— (RC‘ng> =

that is,
1
(1.41) ViVif =bij +VifV;f — 3 IV f1? gij,
where
1 1
1.42 bij=——(Rij— ———Rgi ).
( ) J n_2<RJ Q(n_l)RQJ>

Proposition 1.31 is now a consequence of the following, which gives the
condition for when the flat metric equation for g is locally solvable.

LEMMA 1.32. Equation (1.41) is locally solvable if and only if the fol-
lowing integrability condition is satisfied:
(1.43) Vibij = Vb,
that is, if and only if

ViRij — ViRgij = ViRy; — ViRgg;.

1
2(n—1)

PROOF. To solve (1.41) it is necessary and sufficient to find a 1-form X
such that locally

1
2(n—1)

1
(144) szj = bij + XZX] — 5 ’X’292J
This is because by the symmetry of the RHS of (1.44),
ViX; =V;X;,

which implies that locally X is the exterior derivative of a some function f.
We rewrite (1.44) as

where )
Cij = FZX]C + bij + XzX] — 5 ‘X‘Q Gij-
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The integrability condition for (1.45) is Opc;j = Ojcj. This can be seen as
follows. For each index j consider equation (1.45) as
(1.46) Ad(X;) = ¢;
where, for each 7, ¢; is the 1-form defined by ¢; = >_"_ | ¢;;dz’. The necessary
and sufficient conditions to solve (1.46) locally are
0 = (dcj),), = Oickj — Oxcij.
Finally, (1.45) is equivalent to
Vicij — Vickj = —Rzinp
which is equivalent to (1.43). O

COROLLARY 1.33. If (M™, g) has constant sectional curvature, then (M™, g)
is locally conformally flat.

The proposition above and the decomposition (1.39) enables one to easily
verify certain examples are locally conformally flat. In particular, we have:
COROLLARY 1.34.
(1) If (N, g") and (P,g") are Riemannian manifolds such that

sect (gN) =C and sect (gP) =-—C,

where C € R, then their Riemannian product (N x P,gN*P) is

locally conformally flat.
(2) If (N, g") has sect (¢") = C, then the Riemannian product (N x
R, gV + dt?) is locally conformally flat.

PRrROOF. 1) The Riemann curvature tensor of the product is:

1 1
RmeP:RmN+RmP:§gN®gN7§gP®gP

1
:§(gN_gP)®(gN+gP)'
Since gV*F = ¢V 4 g%, by the uniqueness of the decomposition (1.39), we
have: WN*P =,
2) The Riemann curvature tensor of the product is:

Rme]R _ %gN @gN = % (gN — dt2) ®© (gN +dt2) )

where we used the fact that: dt?2 ® dt? = 0. Therefore WN*R = (. O

Finally, we state a couple of important theorems concerning locally con-
formally flat manifolds.

THEOREM 1.35 (Kuiper 1949). If (M", g) is a simply connected, locally
conformally flat, closed Riemannian manifold, then (M™, g) is conformal to
the standard sphere S™.
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THEOREM 1.36 (Schoen-Yau). If (M™,g) is a simply connected, locally
conformally flat, complete Riemannian manifold, then there exists a one-to-
one conformal map of (M™, g) into the standard sphere S™.

When M™ is not simply connected, it is useful to apply the above results

to the universal cover (M " g).

EXERCISE 1.37. Show that if (Mi,g1) and (Ma,g2) are Riemannian
manifolds, then the product Riemannian manifold (M; x Ma, g1 X g2) satis-

fies:
(1)
Rm g, x4, (X,Y, Z, W) =Rm g, (X1,Y1,Z1,W1) + Rm g, (X2, Y2, Zo, Wa)
where X = (X1, Xg) € T (M x Ms), ete.
(2)
(1.47) Re g, xgo (X,Y) = Rey, (X1, Y1) + Reg, (X2, V2).

2.3. Cartan structure equations. We shall often find it convenient
to compute curvatures in a moving (orthonormal) frame. The method of
moving frames, which we describe below, was primarily developed first by
Elie Cartan and then by S.-S. Chern. Let {e;};-; be a local orthonormal
frame field in an open set U C M™. The dual orthonormal basis (or coframe
field) {wi}?zl of T*M™ is defined by w'’ (e;) = 5} foralli,j=1,...,n. We
may write the metric as

n
g = Z W ® w.
i=1

The connection 1-forms w; are the components of the Levi-Civita con-

nection with respect to {e;};; :

n
(1.48) Vxei = Zwi (X) €,
j=1
for all 4,5 = 1,...,n and all vector fields X on U. The connection 1-forms

are antisymmetric:
J i
i J

since for all X
0= X (e, €j> = (Vxe;, €j> + (es, Vxej> .

From w'’ (ej) = (5;- and the product rule we see that

(1.49) Vxw' = —w;- (X)W

The curvature 2-forms ng on U are defined by:

Rm (X,Y)e; =Y Rm? (X,Y)e;
j=1
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so that ng (X,Y)=(Rm (X,Y)ej,ej) .

THEOREM 1.38 (Cartan structure equations). The first and second
Cartan structure equations are:

(1.50) dw' = wl A w§
(1.51) ng = dwg —whA wi.
Proor. We compute
dw’ (X,)Y) = (wai) (Y) - (Vywi) (X)
= —wj (X) o’ (V) +wj (V) & (X)
and (1.50) follows. From (1.7) and

Vie; = (wa) er +whVey

we have

Rm? (X,¥)
= (Viyei — Vi xei €j)
= ((Vawt) (V) g+ wf (V) Vicep = (Vyok) (X) ex = wl (X) Vyey, ;)
= dof (X,Y) (e e5) + (wF (V) wf (X) = wf (X)wf (V) (earey)

and (1.51) follows. O

For a surface M2, we have
dol = W? AWl dw? = Wl AW,
Rm 3 = dws.
In particular, the Gauss curvature is given by
K = (R(e1,e3) ea,e1) = Rm 3} (e1, e2) = dws (e, e3).
EXERCISE 1.39 (Formula for connection 1-forms). Show that

dw® (e, €5) = wf (ej) — wh (e;).

Using this and the first structure equation (1.50) derive the formula for the
connection 1-forms:

1 . .
(1.52) wk(e)) =5 (dwl (e, ex) + dw (es, ex) — dw® (e;, ei)> .

Note the similarity between this and the formula for the Christoffel symbols

(1.4).
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SOLUTION. We compute
o’ (ej, ex) + dw? (i, ex) — dw” (e, €;)
= (w A w@) ej,er) (we AW@) (e, er) — (wﬁ /\wf) (ej,€i)
= wj (ex) = w (e) + ] (ex) — wf (e) = wf (e) + wf (¢))
= 2%‘ CIE

EXERCISE 1.40 (2nd Bianchi). Prove

(dva)z = dRmz —uwF /\Rmi +wi ARm? =0.

Here dy ng is the exterior covariant derivative of Rm considered as
a 2-form with values in T*M"™ @ TM™. This is an equivalent formulation of
the second Bianchi identity.

SoLUTION. Using the second structure equations, we compute

dRm? — wi ARm7, + wj A Rm;

= —dwf/\wi—i—wf/\dwi —whA (dwi —wﬁ /\wg) +wi A (dwf —wf/\wf)
:wf/\wi/\wz —wi/\cuf/\wéC =0

after switching k£ and £ in one of the terms in the last line.

2.4. Moving frame adapted to a hypersurface. The study of hy-
persurfaces in Riemannian manifolds is useful in probing the geometry of
these manifolds. For example, minimal surfaces in 3-manifolds are useful
in understanding the topology of the ambient 3-manifold. Let (P™, gp) be
a Riemannian manifold and D denote the associated covariant derivative

(Levi-Civita connection). Given a hypersurface M"~! C P™, let {e;},
be a moving frame in a neighborhood U C P™ of a point in M" . The

3 n
connection 1-forms {wzj} ~of (P",gp) satisfy

1,7=1

n
Dxe; = wa (X)e
j=1

Now assume the frame is adapted to M™ !, that is, e, = v is normal to
M"™ ! The second fundamental form is:

(1.53) h(X,Y) = (Dxv,Y) = w) (X) (Y, ;)

for X and Y tangent to M"™~!. The second fundamental form measures the
extrinsic geometry of the hypersurface - e.g., how non-parallel the normal
is. Let hij = h(e;,e;) = wi, (e;) so that

n—1
J — ot
wy, = E hijw".
i=1
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The mean curvature is the trace of the second fundamental form:
n
H = Zh(ei,ei).
i=1

Let gjs denote the induced Riemannian metric on M™~!. The induced
Levi-Civita connection V of gp; satisfies

n—1
Vxei = (Dxe)) =Y w! (X)e;.
j=1
yn—1
where T denotes the tangent component of a vector. Thus {wf } - are
’]

the connection 1-forms of (M n—l gM) . The second structure equation gives
us the formula for the curvatures of both the ambient manifold and the
hypersurface:

(Rmp Zw /\wk, i,j=1,...,n,
) ] n—1 '
(RmM)fzdwf—wa/\wi, i,j=1,...,n—1.
k=1
Thus, for i, =1,...,n— 1, we have

(Rm p)! = (Rm p)! 4 w? Awi
= (Rm p)? — hiphje® AWt
Applying this to (ex, e;) we obtain the Gauss equations
(1.54) (Bar)igee = (Rp)ygus + hichii — hachse

For j=1,...,n—1, we have
(Rm p)!, = dwl — Zw /\wk

The (1,1)-tensor W = 377~ ! wne] is the Weingarten map. Considering
W as a 1-form with values in TM™ ', we have
n—1 ‘
dyW =" (Rmp) ¢
j=1
which is a 2-form with values in 7M™~ L.

EXERCISE 1.41 (Codazzi equations). Show that for X,Y,Z tangent to
Mn—l
(Vxh)(Y,Z)— (Vyh)(X,Z)=(Rmp(X,Y)Z,v).
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REMARK 1.42. Moving frames are often useful in computing the connec-
tions and curvatures of metrics which possess symmetries, such as rotation-
ally symmetric metrics and homogeneous metrics.

2.5. The Laplacian. Let A denote the Laplacian (or Laplace-Beltrami
operator) acting on functions, which is globally defined as the diver-
gence® of the gradient and given in local coordinates by:

g g 02 0
—~ — AU . . — Y _ k—
(155) A = leV =g VfLVJ =4 (axzaq}j FZ] 8$k> '
There are other equivalent ways to define A such as
(1.56) Af = Z ea (eaf) — (Ve,e€a) f,
a=1

where {e,},_, is an orthonormal frame.

REMARK 1.43. In euclidean space A =", o ;2 and the heat equation
a

18 (E A) u = 0. Especially since the Ricci flow is like a heat equation, we
shall often encounter the Laplacian and heat operator.
EXERCISE 1.44.

(1) Show that the above two definitions of A are the same. HINT: show
that for any function f and vectors X and Y at a point p we have
the following formula for the Hessian VV f :

VVIX,Y) =X [) - (VxY)f

at p independent of how one extends X and Y to a neighborhood of
p. The Laplacian is the trace of the Hessian.

(2) Also show that
( alg” f)
OxJ

(1.57) Z
2] 1
We take this opportunity to define the divergence of a (p,0)-tensor as
(1.58) div ()
In particular if X is a 1-form, then
div (X) = ¢¥V, X;.
The last equality in (1.58) reflects the convention that we take throughout
this book, which is not to bother to raise indices and to sum over repeated

indices. The reader may think of this as computing in local coordinates at
a point where g;; = d;;. For instance, R;jxe = Rfjk. The Laplacian acting

where |g| = det g;;.

- gk ... — 7 ... .
ieip_1 = 9 VjiQpiyip_y = VjQiy iy -

on functions may be written as Af = div(Vf) for any function f. More

4See (1.58).
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generally, the (rough) Laplacian operator acting on tensors is given
by

(1.59) A =divV = trace, V? = ¢¥V,;V,; = V,V,.

More explicitly, given an (r, s)-tensor #, VV3 is an (r + 2, s)-tensor, which
we contract to get

AB(X1,.... X)) = VVB(eara, X1,...,X;) € °TM

a=1
for all vectors Xy, ..., X,.
A particularly useful identity is the following.

LEMMA 1.45 (Commutator of A and V on functions). For any function

/
(1.60) AV,f =V, Af+Ri;V; f.
ProoOF. This follows from
AV f =V;ViV,;f =V;V;V,f — R;ijkVif.
O

EXERCISE 1.46 (Bochner formula for [Vf[?). Suppose M™ is closed.
Show that for any C3 function f

(1.61) AVFP =2|ViVifI? + 2R VifVif +2Vif Vi (Af).

Conclude from this that if Re > 0, Af = 0 and |Vf| = 1, then V[ is
parallel, i.e., VV f =0, and Re (Vf,Vf) =0. As we shall see, the distance

and Busemann functions satisfy |V f| =1 a.e. (see Exercise 1.73).
SOLUTION. We compute
AV =ViVi Vi f* = 2V: (ViV; [V ])
=2|V,V;f]> + 24V, fV;f
and obtain (1.61) from (1.60). If Rc > 0 and Af = 0, then (1.61) implies
AVF? > 2|VVF?+2Re(Vf,Vf) > 2|VVf[.

Integrating this over M we have

02/ [yVVf|2+Rc(Vf,Vf) dps.
M

Since |[VVf]* > 0 and Re(Vf,Vf) > 0, we conclude VVf = 0, and
Re(Vf,Vf)=0.
EXERCISE 1.47. Show that
vf 2)

AlVS| = ﬁ (Vf~V(Af)+Rc(Vf,Vf)+\VVf|2— ‘<VW’W>
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wherever |V f| # 0, and conclude that if Rc > 0, then

i
AV 2 G- V(A

In particular, if Af =0, then
(1.62) AV > 0.

EXERCISE 1.48. Show that if %gij = —2R;; (Ricci flow), then

0 2 _o1v.v. |2 Vi s
(A—Eiwvﬂ-—ﬂmvﬂ1+ﬂvﬁm<<A an>.

2.6. Integration by parts. Besides pointwise formulas, such as (1.61),
we shall find integral identities useful. A basic tool is integration by parts.
Recall that Stokes’ theorem says that

THEOREM 1.49. If o is an (n — 1)-form on a compact differentiable
manifold M™ with (possibly empty) boundary OM, then

/ da:/ Q.
M oM

The divergence theorem says

THEOREM 1.50. Let (M, g) be a compact Riemannian manifold. If X is
a 1-form, then

(1.63) /ndiv(X) du_/8Mn (X,v)do.

Here v is the unit outward normal, dy denotes the volume form of g (see
(2.12) for its formula in local coordinates), and do = v, (dp) is the volume
form of the boundary OM™ with respect to the induced metric.

PROOF. Define the (n — 1)-form « by
a = x(dup).
Using d? = 0 we compute
do=doux(du) = (dotx +tx od)(du) = Lx (du) = div(X)dp,
where to obtain the last equality, we may compute in an orthonormal frame

€ly...,€n

Lx (dp) (e1,...,en) :Zdu(el,...,veiX,...,en)
i=1

=div(X)dp (e1,...,en).

Now Stokes’ theorem implies

/Mdiv(X)dM:/Mdoz:/aMa:/aMLX(d,u): [ X()do,

and the theorem is proved. O
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EXERCISE 1.51. Derive the following consequences of the divergence the-
orem.

(1) On a closed manifold, [, Audu = 0.
(2) (Green) On a compact manifold,

ov ou
/ § (uAv — vAu) dp = /6Mn <u$ - v$> do.

In particular, on a closed manifold

/ uAvdu:/ vAudp.

(3) Show that if f is a function and X is a 1-form, then
| ravdu=- [ 95Xyt [ Fx)de,

COROLLARY 1.52. Let (M™,g) be a closed Riemannian manifold. If «
is an (r,s)-tensor and (3 is an (r — 1, s)-tensor, then

M

ZQ¢%v5>dvzi/ (div (), B) dV.

Proor. Let X; = aliks ﬁkl"'ks. We compute that

giz-wip Vg iy
div X = (div (a), ) + (o, V) ,
and the result follows from the divergence theorem. O

EXERCISE 1.53. Show that on a closed manifold
oy [ 9Vt [ ReVLVNd= [ anan
Mn Mn n

Since |VV f|* > 1 (Af)?, this implies

(1.65) Re(Vf,Vf)dy< "2
Mn

| @i

EXERCISE 1.54 (Lichnerowicz). Suppose f is an eigenfunction of the
Laplacian with eigenvalue A:

Af+Af=0.
Use (1.65) to show that if Re > (n — 1) Kg, where K > 0 is a constant, then
(1.66) A > nkK.

Equality is obtained by linear functions on the sphere of radius 1/\/?
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SoLUTION. If f is an eigenfunction with eigenvalue A, then by (1.65) we
have

(n-0K [ Vifans [ Re(vVp
/n(Af)Qdu
n—1

n—1
= N[ P
n Mn

IN

n

and (1.66) follows from

/ IV fI? dp = )\/ f2du > 0.
M™ M™

3. Laplacian and Hessian comparison theorems

Two fundamental results in Riemannian geometry are the Laplacian
and Hessian comparison theorems for the distance function. They
are directly related to the volume comparison theorem and a special case of
the Rauch comparison theorem. The Hessian comparison theorem may also
be used to prove the Toponogov triangle comparison theorem (see §6.6.1).
The ideas behind these elementary results have a profound influence on
geometric analysis and Ricci flow (see especially Volume 2.) Given a point
p € M", the exponential map exp,, : T, M"™ — M" is defined by

exp, (V) = yv (1)
where vy : [0,00) — M™ is the geodesic emanating from p with 4y (0) = V.
Note that vy (r) = exp,, (rV). The distance function is defined by

dp (z) = d(z,p).

From the triangle inequality, it is easy to see that d, is a Lipschitz function
with Lipschitz constant equal to 1:

|dp (x) = dp (y)] < d(z,y).
Recall also that a Jacobi field J is a variation of geodesics and satisfies
the Jacobi equation:

VsVsJ + R(J,8)S =0

which is derived immediately from the geodesic equation Vg5 = 0 since
0=V;VsS=VsV;S+R(J,S)S

and [J,S] = 0. Given p € M™ and V,W € T, M, define a 1-parameter family
of geodesics
Vs 1 [0,00) — M™
by
¥s (1) = exp, (r (V + sW)) = ywisw () .
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We may define a Jacobi field Jy along v9 = vy by

Jw )= e ().

Given a point p € M™ and a unit speed geodesic v : [0,00) — M"
with v (0) = p, either v is a ray (i.e., minimal on each finite subinterval) or
there exists a unique r, € (0,00) such that d(vy(r),p) = r for r < r, and
d(v(r),p) <r for r >r,. We say that v (r,) is a cut point to p along ~.
The cut locus Cut (p) of p in M™ is the set of all cut points of p. Now let

(1.67) Dy ={V e T,M" : d (exp, (V),p) = vV},

which is a closed subset of T,M"™. We define C, = 0D, to be the cut locus
of p in the tangent space. We have Cut (p) = exp, (Cp). We have exp, :
int (D)) — M"™ — Cut (p) is a diffeomorphism. (We call int (D,)) the interior
to the cut locus in the tangent space T),M.)

DEFINITION 1.55. A point x € M is a conjugate point of p € M™ if
x 15 a singular value of exp,, : T,M — M. That is, * = exp, (V), for some
V € T,M, where (expp)* Ty (TyM) — Toy, (vyM is singular.

exp,,

Equivalently, 7 (r) is a conjugate point to p along « if there is a nontrivial
Jacobi field along ~ vanishing at the endpoints. Note that it follows that
T2 Ty

LEMMA 1.56. A point 7 (r) is a cut point to p along v if and only if v is
the smallest positive number such that either v (r) is a conjugate point to p
along 7y or there exist two distinct minimal geodesics joining p and 7y (r) .

Given V' € T,M", let vy : [0,00) — M™ denote the constant speed
geodesic with 4y (0) = V, i.e., yv (r) = exp, (rV). For each unit vector
V € T,M™ there exists at most a unique ry € (0, 00) such that vy (ry) is a
cut point of p along ~y . Furthermore, if we set ryy = oo when ~y is a ray,
then the map from the unit tangent space at p to (0,00] given by V +— ry
is a continuous function (see §11.6 of [50] for example). Hence we have

Cp=0D, ={ryV:V eT,M", |V|=1, vy is not a ray}

has measure zero with respect to the euclidean measure on (T, M", g (p)).
Since exp,, is a smooth function, we conclude that

5

LeEMMA 1.57. Cut (p) = exp,, (Cy) has measure zero with respect to the
Riemannian measure on (M",g) .5

Now if z ¢ Cut (p), then d), is smooth at x and |Vd, ()| = 1 by (1.76).
Since Cut (p) has measure zero, we have |Vdpy| =1 a.e. on M".

An alternate proof of Lemma 1.57 can be given as follows. Since d,
is locally Lipschitz, we have d, is C' a.e. On the other hand it is easy

5For C, is the radial graph of a continuous function.
6See [438], section 2.5 for a discussion of Riemannian measure.
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to see that d, is not C! at those points z in Cut (p) for which there are
two distinct minimal geodesics joining p to x. Thus, this set of points in
Cut (p) has measure zero. We also know that by Sard’s theorem, the points
in Cut (p) which are conjugate points form a measure zero set (since these
points are singular values of exp,). We conclude that Cut (p) has measure
Zero.

DEFINITION 1.58. The injectivity radius inj (p) of a point p € M™ is
defined to be the supremum of all r > 0 such that exp,, is an embedding when

restricted to B (6, 7‘) . Equivalently,

(1) inj (p) is the distance from O to C,, with respect to g (p),
(2) inj (p) is the Riemannian distance from p to Cut (p).

The injectivity radius of a Riemannian manifold is defined to be
inj (M",g) = inf {inj (p) : p € M"}.
When M" is compact, the injectivity radius is always positive.

3.1. Laplacian comparison theorem. The idea of comparison the-
orems is to compare a geometric quantity on a Riemannian manifold with
the corresponding quantity on a model space. Typically, in Riemannian
geometry, model spaces have constant sectional curvature. As we shall see
later, model spaces for Ricci flow are gradient Ricci solitons.

THEOREM 1.59 (Laplacian Comparison). If (M™,g) is a complete Rie-
mannian manifold with Re > —(n—1) H, where H > 0, and if p € M™,
then for any x € M™ where dy, () is smooth, we have

(1.68) Ad, (z) < (n — 1) VH coth (\/ﬁdp (x)) .

On the whole manifold, the Laplacian comparison theorem (1.68) holds in
the sense of distributions. That is, for any nonnegative C'*° function ¢
on M™ with compact support, we have

/Mn dpApdp < / . (n — 1) V/H coth (\/Edp> od.

See section 4 for the proof. From Theorem 1.59 we can derive the fol-
lowing.

COROLLARY 1.60. If H > 0, then

n—1

(1.69) Ad, < +(n—1)VH

P

in the sense of distributions. That is, for any nonnegative p € C*° (M™)
with compact support,

/ndpA@d,ug/n<nd_1+(n—1)\/ﬁ> wd.

P
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In particular, if (M™,g) is a complete Riemannian manifold with Rc > 0,
then for any p € M"

1
(1.70) Ad, <"
dp

in the sense of distributions.

REMARK 1.61. A statement analogous to (1.68) holds when the Ricci
curvature is bounded from below by a positive constant. Estimate (1.68) is
sharp as can be seen from considering space forms of constant curvature
—H. If H=0, then (1.70) is sharp since on euclidean space A |x| = n|T_\1

A consequence of the Laplacian comparison theorem is (see the next
section for the proof):

THEOREM 1.62 (Bishop Volume Comparison). If (M™,g) is a complete
Riemannian manifold with Rc > (n — 1) K, then for any p € M™, the volume
ratio

Vol(B(p, 7))
Volk (B(pk, 7))

is a nonincreasing function of r, where px is a point in the n-dimensional
simply connected space form of constant curvature K and Volg denotes the
volume in the space form. In particular

(1.71) Vol(B(p,r)) < Volg(B(pk,r))

for all ¥ > 0. Given p and r > 0, equality holds in (1.71) if and only if
B(p,r) is isometric to B(pg,T).

In the case of nonnegative Ricci curvature we have the following.

COROLLARY 1.63. If (M",g) is a complete Riemannian manifold with
Rec > 0, then for any p € M", the volume ratio MTW 1S a nonincreasing

function of r. Since lim,_, W = wp, we have W < wy, for all

r > 0, where wy, is the volume of the euclidean unit n-ball.

One of the many useful consequences of this is the following characteri-
zation of euclidean space.

COROLLARY 1.64 (Volume characterization of R™). If (M", g) is a com-
plete noncompact Riemannian manifold with Rc > 0 and if for somep € M™
Vol (B
L Vol(B(pr)

li =
r—00 rn ™

then (M™, g) is isometric to euclidean space.

PRrROOF. By the Bishop volume comparison theorem, we have W =

wy, for all r > 0. The result now follows from the equality case. O
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The Bishop Volume Comparison Theorem has been generalized to the
Bishop-Gromov relative volume comparison theorem (we follow the presen-
tation given by S. Zhu on pp. 226-8 of [538], see also [340]). Let (M", g) be
a complete Riemannian manifold and p € M™. Given a measurable subset
I" of the unit sphere S{,‘_l CT,M and 0 < r < R < oo, define the annular
type region:

AL () = e r <d(x,p) < R & there exists a unit speed minimal
n R " geodesic v from v (0) = p to z satisfying 7/(0) € T

C B(p, R)\B(p,r).

Note that if ' = S7~!, then A}:,R(p) = B(p, R)\B(p,r). Given H € R and
a point py in the n-dimensional simply connected space form of constant
curvature H, let AE r(pm) denote the corresponding set in the space form.

THEOREM 1.65. Let (M",g) be a complete Riemannian manifold with
Re(g) > (n—1)Hg. If0<r < R< S, r<s< Sand if T C 517;71 s a
measurable subset, then

Vol (AL g(p)) G (4L 2))
Voll (AL (pir)) ~ VoIt (AL p(our))
where Vol denotes the volume in the space form.

Takingr=s=0and I' = Sg_l yields:

COROLLARY 1.66 (Bishop-Gromov relative volume comparison theo-
rem). If 0 < R < S, then

Vol(B(p, 5)) < Vol(B(p, R))
Vol (B(py, S)) ~ Vol (B(pg, R))
Then taking the limit as R — 0 gives:
COROLLARY 1.67. If S > 0, then
Vol(B(p, S)) < Vol (B(pg, 9)).

As a consequence, we have the following result about the volume growth
of a complete noncompact manifold with nonnegative Ricci curvature.

COROLLARY 1.68 (Yau - Rc > 0 has at least linear volume growth). Let
(M™, g) be a complete noncompact Riemannian manifold with nonnegative
Ricci curvature. For any point p € M™, there exists a constant C' > 0 such
that for any r > 1

Vol (B (p,r)) > C'r.

PROOF. Let z € M™ be a point with d (z,p) = r > 2. By the Bishop-
Gromov relative volume comparison theorem, we have
(1.72)

Vol (B (z,r + 1)) — Vol (B (x,r — 1))

(r+1)"—(r-1" < C (n)
Vol (B (z,r — 1)) '

(r—1)" - r

<
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Since B (p,1) C B(x,r+ 1)\B (xz,r — 1) and B (z,r — 1) C B (p,2r — 1) by
(1.72) we have
Vol (B (p, 1))

CION
We have proved the corollary for » > 3. Clearly it is then true for any r > 1
(or any other positive constant). O

Vol (B (p,2r — 1)) > Vol (B (z,r — 1)) >

EXAMPLE 1.69. A simple example of a complete manifold with nonneg-
ative sectional curvature and linear volume growth is S"~! x R (we may
replace S~ by any closed manifold with nonnegative sectional curvature).
If we want M™ to also have positive sectional curvature at least at one point,
then we may take a cylinder S"~1 x [0, 00), attach a hemispherical cap, and
then smooth out the metric (see also Ezample 5.16)

3.2. Cheeger-Gromoll splitting theorem and manifolds of non-
negative curvature. In the study of manifolds with nonnegative curva-
ture, often (especially when the curvature is not strictly positive) the mani-
folds split as the product of a lower dimensional manifold with a line. Recall
that a geodesic line is a unit speed geodesic v : (—o0,00) — M™ such that
the distance between any points on < is the length of the arc of v between
those two points; that is, for any s1,s9 € (—o00,00), d(vy(s1),7(s2)) =
|sg — s1|. Similarly, a unit speed geodesic 3 : [0,00) — M"™ is a geodesic
ray if satisfies the same condition as above. Given a ray [ : [0,00) — M",
the Busemann function

bg: M" — R
associated to (3 is defined by
(1.73) ba (@) = Jim (s —d (3 (s) ).
In euclidean space the Busemann function is linear:

EXERCISE 1.70. Let (M",g) be euclidean space. Show that for any unit
vector V€ R", the Busemann function b, associated to the geodesic ray
v [0,00) — R™ defined by vy (s) = sV is the linear function given by

va (:L') = <x7 V>
for all x € R™.

The Busemann function is well-defined and finite because of the follow-
ing.

EXERCISE 1.71. Show that given x € M", the function s — s—d (83 (s),x)
is nondecreasing and bounded above by d (x, 3 (0)) .

Just like the distance function to a point, we have:

EXERCISE 1.72 (Busemann function is Lipschitz). Show that for any
Riemannian manifold (M™, g) and geodesic ray 3, the Busemann function
bg satisfies

|bg (x) = bs (y)| < d(x,y)
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for all x,y € M". Le., bg is Lipschitz with Lipschitz constant 1. Note that
by Rademacher’s theorem, bg is C! a.e.

EXERCISE 1.73. Show that |Vbg| = 1 at points where it is C'.

More generally, a Lipschitz function f is called a distance function
if [Vf| = 1 where it is C1; e.g., [Vf| = 1 a.e. The Busemann function
associated to a ray § may be thought of as the renormalized distance function
to the point at infinity determined by the ray.

EXERCISE 1.74 (Rc > 0 implies Busemann function is subharmonic).
Use Corollary 1.60 to show that if B is a geodesic ray in a Riemannian
manifold with Rc > 0, then Abg > 0 in the sense of distributions.

For the proof of the following, see section 4.5.

PROPOSITION 1.75 (Mean Value Inequality for Rc > 0). If (M", g) is a
complete Riemannian manifold with Rec > 0 and if f is a Lipschitz function
bounded from above and with Af > 0 in the sense of distributions (subhar-
momnic), then for any v € M™ and 0 < r < inj ()

fla)< — /B( S

wpr™

where wy 1s the volume of the unit euclidean n-ball.

In the case where the sectional curvature is bounded from above we have
the following (see p. 75 of [447]).

PROPOSITION 1.76 (Mean Value Inequality for sect < H). Suppose that
(M™,g) is a complete Riemannian manifold with sect (¢) < H in a ball
B (z,7) where r <inj(g). If f € C*° (M") is subharmonic: Af > 0 and if
f is bounded from below on M™, then

1
f@) < g /B L

where Vi (r) is the volume of a ball of radius r in the complete simply
connected manifold of constant sectional curvature H.

Another fundamental consequence of Corollary 1.60 is the following (see
[104], [105]).

THEOREM 1.77 (Cheeger-Gromoll 1971). Suppose (M™, g) is a complete
Riemannian manifold with Rc > 0 and suppose there is a geodesic line in
M™. Then (M™,g) is isometric to R x (N"fl,h) with the product metric,

where (N"_l, h) s a Riemannian manifold.

The proof goes follows (we leave it to the reader to fill in any missing
details; see also [447]). Given a geodesic line v, consider the two Busemann
functions b,, associated to the geodesic rays v+ : [0,00) — M™ defined by
Y+ (8) = v(&s) for s > 0. We have Ab,, > 0 in the sense of distributions
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and hence A (b,yJr + by_) > 0. It is also easy to see that (bﬂ,+ + bw-) () =0
for x € v, and from d (v (s),v(—s)) = 2s that by, +b,_ <0 on M". Hence
we may apply the Mean Value Inequality on small balls centered at points
on 7y to conclude that b, +b,_ = 0 in a neighborhood of v. By applying
the Mean Value Inequality again, we see that the set of points in M"™ where
by, +b,_ = 0is open. Since the set is also closed and nonempty, we have
by, +by_ =0 on M" and hence also A (b7+ + b%) = 0. Since Ab,, > 0,
this implies Ab,, = 0 in the sense of distributions. Standard regularity
theory now implies b,, is smooth. Hence |Vb,y i‘ = 1. But now Exercise
1.46 implies Vb, is a nonzero parallel gradient vector field on M™. By the
deRham theorem, this implies (M", g) is isometric to R x (N n—1 h) , where
(N" 1 h) ={z e M":by, (z)=0}.

REMARK 1.78. In the study of the Ricci flow on 3-manifolds one of the
primary singularity models is the round cylinder S? x R. This singularity
model corresponds to neck pinching.

A submanifold S C M" is totally convex if for every x,y € S and any
geodesic v (not necessarily minimal) joining = and y we have v C S. We
say that S is totally geodesic if its second fundamental form is zero. In
particular, a path in S is a geodesic in S if and only if it is a geodesic in
M™.

Given a noncompact manifold (M™,g) we say that a submanifold is a
soul if it is a closed, totally convex, totally geodesic submanifold such that
M™ is diffeomorphic to its normal bundle.

Generalizing earlier work of Gromoll-Meyer 1969 [240], Cheeger-Gromoll
1972 [105] (see also Poor 1974 [429]) proved the following.

THEOREM 1.79 (Soul). Let (M",g) be a complete Riemannian mani-
fold with nonnegative sectional curvature. Then there exists a soul. If the
sectional curvature is positive, then the soul is a point (e.g., M™ is diffeo-
morphic to R™.)

Furthermore, Sharafutdinov [459] proved that any two souls are isomet-
ric. In 1994 Perelman [414] proved the following result.

THEOREM 1.80 (Soul Conjecture). If (M™,g) is a complete Riemann-
ian manifold with nonnegative sectional curvature everywhere and positive
sectional curvature at some point, then the soul is a point.

EXERCISE 1.81. Show that if (M™, g) is a complete Riemannian manifold
with nonnegative sectional curvature and B is a ray, then the Busemann
function bg associated to 3 is convex.

SOLUTION. Given s > 0, let 7 (z) = d (B (s),z). By (1.110), we have
ViV,r < %gij in the C? sense wherever r is smooth and in the sense of
support functions where r is not C*°. From taking the limit as s — oo in
the definition (1.73), we would guess V;V;bg > 0. To prove this rigorously,
see [234] for example.
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An important tool in the study of manifolds with nonnegative curvature
is the Sharafutdinov retraction (see the above references).

3.3. Hessian comparison theorem. The following roughly says that
the larger the curvature, the smaller the Hessian of the distance function.

PROPOSITION 1.82 (Hessian comparison theorem). Let i = 1,2. Let
(M, g;) be complete Riemannian n-manifolds, let v; : [0,L] — M be

7
geodesics parametrized by arc length such that ~; does not intersect the cut

locus of v; (0), and let d; = d (-,~; (0)). If for all t € [0, L] we have
Ko (Vi A (1) = Kg, (Va A2 (1))
for all unit vectors V; € T, sy M]* perpendicular to 7; (t) , then
VVd; (X1, X1) < VVds (Xg, X2)
for all X; € T,y M]* perpendicular to 7; (t) and t € (0, L].

See (1.110) at the end of section 4 for the proof of a special case of this.

4. Geodesic polar coordinates

4.1. Exponential map and geodesic coordinate expansion of the
metric and volume form. In this section we give the proofs of the Lapla-
cian and Hessian comparison theorems for the distance function and the
corresponding volume and Rauch comparison theorems. The comparison ge-
ometry viewpoint we take here is foundational for our exposition in Volume 2
of Perelman’s L-function for the Ricci flow. Recall that the exponential map
exp,, : T,M"™ — M" is defined by exp,, (V) = v (1) where yy : [0,00) — M"
is the geodesic emanating from p with 4y (0) = V. Given an orthonormal
frame {e;};" ;| at p, let {X i}?zl denote the standard euclidean coordinates
on T,M defined by V =377, Vie;. Geodesic coordinates are defined by

xZ#Xioexpgle”—Cut(p)HR

In geodesic coordinates, we have (see Lemma 3.4 on p. 210 of [447])

1 1
9ij = 67;]' — gRiquxpxq - geriquxpﬂjq:UT

20
so that g;; = 0;; + O (r2) , and
(1.74)

1 2
+ ( V., VeRipgi + 4—5Ripqujrsm) 2Pziz" 2% 4+ O (7"5)

1 1 o
detgi; =1— gRiszaﬂ - EVkRiszx]xk

1 1 1 i i
— <2_0V€kaz‘j + %Rpiququ — ER@‘Rw) il kot + 0 (7’5) .
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This formula exhibits how the curvature and its derivatives affects the vol-

ume form
dp = +/det g;; det Ao Adz"

where {xl} is a positively oriented local coordinate system. In particular we
see that the leading order term on the RHS of (1.74) is expressed in terms
of the Ricci curvature and that positive Ricci curvature yields a negative
contribution. Next we shall see the more precise effect of a lower bound on
the Ricci curvature.

EXERCISE 1.83 (Expansion for volumes of balls). Show that

Vol (B (p, 7)) = wpr" <1 — G(IZ—(f)Z)TQ +0 (7“3)) '

(Compare with [218].)
HINT. Show that (1.74) implies

SRy () 10 (1),

where |z| = d (x,p) and we abused notation by letting z, 2* denote both the
point and the coordinates and Exercise 1.12.

det 9ij (l’) =1-

EXERCISE 1.84. Show that in geodesic coordinates centered at a point
p € M, we have g;j (p) = d;j and %gjk (p) =0.

HINT. One method is as follows. Show that Ffj (p) ViVI = 0 for all
V € T, M and then use the identity

0
ik = % gok + Tige;-

4.2. Geodesic polar coordinates and the Jacobian. Typically we
say that the geometry is controlled if there is a curvature bound and an
injectivity radius lower bound. Since in the presence of a curvature bound,
a lower bound on the volume gives a lower bound on the injectivity radius
(see Exercise ?7), we are interested in the volume of balls. To understand
the volumes of balls and their boundary spheres, it convenient to consider
geodesic polar coordinates. Given a point p € M™, let {xi}?zl be local polar
coordinates on T, M"™ — {p}. That is,

v

z" (v) =r(v) = |v|, andxi(v)—9i< > for1<i<n-—1,

[l

where {91}?:—11 are local coordinates on S)~! = {v € T,M™ : |v| = 1}. Let
exp, : TpM"™ — M" be the exponential map. We call the coordinate system

v ={aioexp,'} : B (p,inj (p) — {p} — "
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a geodesic polar coordinate system.” Abusing notation we let
r=z" oexpzjl, and 0° = ' oeXp;1
fori=1,...,n—1, so that

o 4, 0 o 4 0
5—@ )*@, andﬁ—(ﬂf )*axﬁ

which form a basis of vector fields on B (p,inj (p))—{p} . The Gauss Lemma
says that

(1.75) gradr = %

at all points outside the cut locus of p, so that

2

(1.76) grad r|? = '% = <gradr, %> = % =1
and

IR A

In=9\or 06 ) ~ 967 —

fori=1,...,n— 1. We may then write the metric as

g =dr®dr+ g;jdd" @ do’,
where g;; = ¢ ( 8?9“ %) . Along each geodesic ray emanating from p,
(1.77) is a Jacobi field

06
before the first conjugate point for each i <n — 1. We call

(1.78) J=/detgij = \/m

the Jacobian of the exponential map. The Jacobian of the exponential
map is the volume density in polar coordinates. The volume form of g is:

dp = +/det g;jd0* A--- ANdO" "t Adr =T dO A dr
in a positively oriented polar coordinate system, where

(1.79) dO =do' A--- Ade™L

Note that by the Gauss Lemma, we have ¢g,, = 1 and ¢;, =0 for i <n —1,
so that det (g;;);',_; = det (gw)?;:ll . If v (7) is a conjugate point to p along
v, then J (r) — 0 as r — 7.

EXERCISE 1.85. Suppose along a geodesic ray emanating from p we have

5, (1O . n
(1.80) Vo oo (0) = lim (F80i> = E; e T,M

"Such coordinates are also called geodesic spherical coordinates.
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exists and is orthonormal (we shall often assume this in the sequel). Show
that

(1.81) =1.

11mn
r—0 rn—1

Note that in this case dO = dogn—1 is the volume form of the unit (n —1)-
sphere. It is convenient to assume the normalization (1.81) when consider-
ing the Jacobian. We shall explicitly say this when we do this.

One way to convince oneself of (1.81) is note that (M™, cg,p) converges
as ¢ — oo in the pointed limit (R", 6) , so that the limit in (1.81) should
equal the euclidean value.

EXERCISE 1.86. Show that the Gauss Lemma is equivalent to the follow-

ing statement. If p e M,V € T,M, and W € Ty (T, M) = T,M are such
that (W, V) =0, then

((exp,), (Wav), (exp,), (Viv) ) = 0.

4.3. The second fundamental form of the distance spheres and
the Ricatti equation. Now consider the distance spheres

S(p,r)={xeM":d(z,p)=r}.
Let h denote the second fundamental form of S (p,r) as defined in (1.53).

We have
(0 9N o 0
hij = h (aez" aej) - <V—a‘31 or’ aw‘>

0 0 10
1.82 = (= — V=T ==—g.,
(182) <ar’v%aw> = 99,94
since % is the unit normal to S (p, ) and gi, = g;jn = 0. The mean curvature
H of S(p,r)is

y 1 ,.0 0 0
(1.83) H=—g"T'; = 59”5%3- =3 log y/det g;; = o log J.
Note that there was no need to normalize J (such as to satisfy (1.81)) to ob-
tain this formula since the normalization only changes J by a multiplicative

constant along a geodesic emanating from p which does not affect % log J.

EXERCISE 1.87. One may think of the distance spheres S (p,r) as evolv-
ing under the hypersurface flow % = v, where v = % is the unit out-
ward normal. Show that more generally, if the hypersurfaces are evolv-
ing by % = [v for some function 3, then %da = [BHdo, where do =
V/det gi;dOt A -+ AdO"Y is the volume element of the hypersurface ((1.83)

corresponds to the case 3 =1). Show also that

0
(1.84) 9.9 = 20h;j,
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which generalizes (1.82).

EXERCISE 1.88. Show that for r small enough:

1
(1.85) hij = ~gi; + O (r)
(1.86) H=""1100).

In polar coordinates, the Laplacian is

0? 0
_ qab _Te, =
A=y (81:“8:1:1’ Lay 8:1:C>

0? 0 82
(1.87) 8 aa T ]J8 + AS(p r) = or aa T log \/det g + AS(p )
since ' = 0 for a = 1,...,n, and where As(p’r) is the Lapla01an with

respect to the induced metric on S (p,r).
EXERCISE 1.89. Show that one can also derive (1.87) directly from (1.57).

We compute

0 0 0
8rh <8 aivaia >

\Y
0 0 0
<m<a_ >aw >_<a_v—v—%>
Since
0 0 0 0 0
<§ aﬂa—> aaz< %> <V32@V%%>

= —hirg" he
(for <%, V% %> =0andV o ar V% %), we obtain the Ricatti equa-

80°%

tion

0
(1.88) 5y his = ~Bnign + hikg"h;
where Ruijn = (Rm (57, 55) 57 57) - Since §.H = g9 S-hij — 5935+ hij and
%gzj = 2h;j, tracing this equation yields
1.89 O H = —Re(Z,2)— b
(189 S H = —Re (. &) = hP.

EXERCISE 1.90 (Evolution of mean curvature for a hypersurface flow).
The above formula is a special case (where 3 = 1) of the fact that under the
hypersurface flow % = Bv, we have the equation

0
oyl = A8 =W B = Re(v,v) 8
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where the Laplacian is with respect to the induced metric on the hypersurface.
Prove this. Note that when 3 = —H (the mean curvature flow), we have a
heat-type equation for H:

§H = AH +|h|* H +Re(v,v) H.
"

In particular, if Re > (n — 1) Kg, then since |h|2 > ﬁHQ we have

(1.90) 0_H <K< il )2.

orn—1" n—1

Note that by Exercise 1.88, we have

H
lim — =1,
r—0r n—1

REMARK 1.91. Since
0 k k
(V1) ;= o = D = i

and TX, = —hk¥, we deduce from (1.88) that

7

(V%h> i —Rnijn — hikg™ he.

Invariantly, we write this as

0 0 9
(1.91) (V%h) (X,Y) = — <Rm <§,X) Y, E> —R2(X,Y)
for XY € TS (p,r).

4.4. Comparison with space forms and Bishop volume compar-
ison theorem. It is useful to compare with the space forms (M}, gk ). In
this case the metric is given by

(1.92) gr = dr® + s (r)? ggn
where

#sin(ﬁr) it K>0
(1.93) sg(r)=4q T it K=0

A sinh <\/|K\r) it K <0
Recall that more generally, if

g=dr* +¢ (7")2 ggn—1
for some function ¢, which is a rotationally symmetric metric, then the
sectional curvatures are

" (12
(1.94) Kong = —%, and Ky, = %
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where Kpaq or Kgpp is the sectional curvature of planes containing (rad for
radial) or perpendicular (sph for spherical) to the radial vector, respectively.
Moreover, if ¢ : [0,p) — [0,00), with ¢ (r) > 0 for > 0, then the metric
g extends smoothly over the origin if and only if ¢ (0) = 0 and ¢’ (0) = 1.
We easily check that for any K € R, if we take ¢ (r) = sx (r), then g = gx
is a constant sectional curvature K metric. If K < 0, then g is defined

on R" ; and if K > 0, then the metric gx defined on B (0, ﬂ/\/?) extends
smoothly to a metric on S™ by taking the 1-point compactification.

EXERCISE 1.92 (Curvatures of a rotationally symmetric metric). Use
moving frames and the Cartan structure equations to derive (1.94) for g =

dr? + ¢ (r)* ggn-1.
HINT: Let {ni}?:_ll be alocal orthonormal coframe field for (S”_l, gSnfl)

and let nf be the corresponding connection 1-forms which satisfy
dn' =1’ A
d17§- —nf A 77% = Rm (g5n—1)] = 0" An’
Use the orthonormal frame for g defined by w™ = dr and w' = ¢ (r)n" for

i =1,...,n— 1. For the solution of this exercise, see §16.
Note that one way of deriving (1.94) is to consider the distance spheres.

From (1.82) we have h;; = % gij- That is, the spheres are totally umbillic

with principal curvatures k equal to kK = % The intrinsic curvature of the

hypersurface S (p,r) is

1
Kintrinsic = ?

From the Gauss equations, we have Ky, = Kintrinsic — k2. Note that the
mean curvature H of S(p,r)is H = (n—1) % In particular for the con-

stant curvature K metric given by (1.92), the mean curvature Hg (r) of the
distance sphere Sk (p, ) is

(n—l)\/?cot(\/fr) ifK >0
Hy (r) =< - if K=0

(n — 1) /K] coth <\/Wr) it K <0

Since Hg (1) is a solution to the equality case of (1.90), that is,

d Hg Hg \?
1.95 — =K -
(1.95) orn—1 (n - 1) ’
and lim, o, TT}{ = 1. An easy calculus exercise shows: Hyx = ”;1 + O (r);

in fact, (1.86) is more general.
By the ODE comparison theorem, we have:
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LEMMA 1.93 (Mean curvature of distance spheres comparison). If the
Ricci curvature of (M™,g) satisfies the lower bound Re > (n—1)Kg for
some K € R, then the mean curvatures of the distance spheres S (p,r) satisfy

(1.96) H (r,0) < Hg (r).

PRrROOF. To see (1.96) more clearly we compute from (1.90) and (1.95)
that
9 (Hk + H)

(1.97) I (H—-Hg) < -

Note from (1.86) that (H — Hg) (r) = O (r) . Integrating (1.97), we get that
for any r > ¢ > 0,

(H — Hg).

n—1

(198)  (H - Hy) (r) < (H — Hy) <e>-exp{— [ ds}.

Clearly for all » > 0 we have

lim ((H—HK) (g)-exp{—/:w (s)ds}> _

e—0 n—1

Hence (1.98) implies (H — Hg) (r) < 0 for all » > 0. O

Given a point px € Mp, let vy, : T, Mp — {6} — Sggl be the

standard projection 1, (v) = |Z—| The volume element of the space form

satisfies

dpr = \/det (gi);;d0" A+ AdO" ' Adr = sk ()" dog Adr,

where do is the pull back by ¢, cexp,, ; of the standard volume form on the
unit sphere Sg}:l. If {Gi}?:_ll are coordinates on Sg;l with d@'A---AdO™ 1 =

dog, then
Vet (g = sic ("

When K < 0, the above formula holds for all » > 0 and when K > 0 we

need to assume r € (0,7T/\/F> :

Now consider a Riemannian manifold (M",g) with Rc > (n—1) Kg.
From (1.83) and (1.96) we obtain

Jdet g,
(1.99) 0 1og VAU

or B ()T

Assume the coordinates { Gi}?:_ll on Sg_l satisfy lim, o, % 0 = ¢ T pM™
are orthonormal. Then we have

00°
. \/ det gij
m == =5
=0+ sp (1)
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from which we conclude

(1.100) J=/detgij < sk (r)"".

Without making any normalizing assumption on the coordinates {9’} this
says

J(0,7)dO (0) < s ()" ' dogn-1 (6).

In other words, if du and dug (for the purpose of this discussion) denote the
pull backs of the volume forms of g and gx to T, M™ and T}, My, which we
identify with each other via choices of orthonormal frames, then independent
of these frames we have

dp < dug.

Integrating this proves the Bishop Volume Comparison Theorem 1.62, at
least within the cut locus. To see this result holds on the whole manifold,
we argue as follows (see Peter Li’s book [340]). Let

C(r)={V eT,M:|V|=1and vy (s) = exp, (sV), s € [0,r], is minimizing} .

It is easy to see that if 71 < 79, then C (r2) C C (1) . Since the cut locus of
p has measure zero and exp,, (du) = JdO A dr inside the cut locus of p, for
any integrable function ¢ on a geodesic ball B (p,7) we have

[ e@dn- | ( [ o exn, 0.0)) 3 0.0 d0 <9>> dr
B(p,7) 0 C(r)
where d© is defined by (1.79). In particular, by (1.100)

Vol(B(p,r)):/or </C( )J(G,r)d@(@)) dr

< /Or </C(r) sk (r)" " dogna (9)> dr
< /OF (/SM sk (1) ' dogn (0)) dr = Volg (B(pk,T)).

This completes the proof of (1.71).

EXERCISE 1.94. Complete the proof of Theorem 1.62 by proving that
Vol(B(p, 7))
Volg (B(pk, 7))

is a nonincreasing function of r.

We also leave it as an exercise that the Bishop-Gromov relative volume
comparison theorem may also be proved along these lines; see Corollary 1.66
for the statement.
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4.5. Mean value inequality, Laplacian and Hessian comparison
theorems. Now we are ready to give the proof of the Mean Value Inequality.

PROOF OF PROPOSITION 1.75. Let (M™, g) be a complete Riemannian
manifold with Rc > 0 and f < 0 be a Lipschitz function with Af > 0 in the
sense of distributions. (By adding a constant to f if necessary, we obtain the
general case where f is bounded from above.) By the divergence theorem,

we have
\/det g;
0< 1/ Afdu:/ 0f VAt Gij 4
B(z,r) OB(

- pnl o) or gyl

where df = df* A --- A dO™ L. Since 2V det g:; <0 and f <0, we have

or  yn—1
0</ 8f\/detg” 0 +/det g;; 40
= JoB(ar) or -l or -l

d 1
~dr (7’"‘1 /E)B(:c,r) fdg)

since do = y/det g;;df. Since lim,_,g 7""%1 faB(x ") fdo = nwy,f (x), where
nwy, is the volume of the unit (n — 1)-sphere, integrating the above inequality
over [0, s] yields

L (1) < —— fdo.
NWn JAB(x,s)

Integrating this again, now over [0, 7], implies

@< — n/B< s

nwpT

EXERCISE 1.95. Prove Proposition 1.76.

REMARK 1.96 (Laplacian of a rotationally symmetric metric). From

(1.87) the Laplacian of the metric g = dr® + ¢ (7“)2 ggn—1 18
62 ¢/

1.101 A=—
(1.101) st =055

In general, if 7 (z) = d (x, p) is the distance function to p, then since r is
constant on each sphere Ag, ., then from (1.87) we have the Laplacian of
the distance function is the radial derivative of the logarithm of the Jacobian
(and is the mean curvature of the distance spheres)

+ AS(zo )

0
1.102 Ar=H = —1 .
(1.102) r 8rogJ

Hence, if Rc > (n — 1) Kg, then
(1.103) Ar < Hg.
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This proves the Laplacian Comparison Theorem 1.59, again, assuming we are
within the cut locus. To prove that (1.103) holds in the sense of distributions
on all of M"™, we argue as follows (see [340], p. 26). For any nonnegative
p € C* (M™) with compact support

/ (@) H (dy ( / / ¢ (exp, (0,7)) Hg (r)J (0,7)dO (0) dr.

Given a unit vector § € T,M", let 7y be the largest value of r such that
s + 7 (s) = exp,, (s)) minimizes up to s = r. By the Fubini Theorem, we
have

/n (x) Hi (dp ( /S" 1/ expp (0 r))HK( )J(6,r)drd© (0).
Now for 0 < r < rg, by (1.96) and (1.102)
HK(T)J(G,T)ZH(T,Q)J(O,T):%J(Q,T).

Hence
/nga(x)HK (d, ( /S / o (exp, (0 r))g 3(0,r) drdo (0)
_ / / "9 (poexp,) (6.r)(8.7) drd6 (6)
sn—1 Jo aT

+ /nl ® (expp (0,7"9)) J(0,79)dO (6)

where we integrated by parts and used lim,_,g J (6,7) = 0. Since the last line
is nonnegative, we have by the Gauss Lemma (1.75)

| e Heldy@)dn@) = - [ (T Vridu= [ rapd

n

where the last equality follows from the fact that r is Lipschitz on M™. This
completes the proof of Theorem 1.59.

We take this opportunity to make some further remarks about the vol-
ume comparison theorem. If Rc(g) > 0, then by (1.96) we have H (r,0) <
2=1 Hence the area A (r) of the distance sphere S (p,r) satisfies

_ /S o < (r).

Integrating this we see that for s > r

Snfl

A(s) < A(r)

rnfl'

Combining this with

(1.104) VolB(p,r):/OTA(p)dp>/0rA(r)p dp="A(),
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we obtain, on a Riemannian manifold with nonnegative Ricci curvature, for
s>r

1B
nVO (pa T) Snfl.

(1.105) A(s) < -
Let
(1.106) AVR (g) = lim Vol (B (p,7))

T—00 wpr™

be the asymptotic volume ratio.

EXERCISE 1.97. Show that for s <r

Vol B (p, r)

n—
r?’L

Al(s) >

s"1 > nw, AVR (g) s" L.

Now we consider the Hessian in polar coordinates. We have

2 0 o
VnVn = g2 ~ g = o2

0> . 0 2 .0
VaVi= graer ~ igee = aroen " o6

P e D _gegs 9
ViVa = Ggiggr g — ViV T,

where V¥ is the intrinsic covariant derivative of the hypersurface S (p,7).
In particular, if f = f (r) is a radial function, then

o2 f
vnvnf - W
VaVif =0
of

Note that the Hessian of the distance function is the second fundamental
form of the distance sphere, which in turn is the radial derivative of the
metric, telling us the about the inner products of the Jacobi fields -2 :

00t -
(1.107) V,er:h L 9 L 9 < 0 0 > .
g

9 2509 = 250 \ 0 080
More invariantly, if J; and Jo are Jacobi fields along a geodesic v : [0, L] —
M™ without conjugate points and if J; (0) = 0 and (Vx.J; (0),% (0)) = 0 for
i = 1,2, then we have
10 (
2 0r
Note that in a manifold with constant sectional curvature K, if J is a

Jacobi field along a unit speed geodesic v with J (0) = 0 and (V.J, %) (0)
0, then

(1.108) J1, ) =V Vr =h(Jh, Ja).

[T (v () = V51 (0) sk (7)
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where sk (r) is defined in (1.93). In general we have the expansion (see
[103], p.16)

TP (1) = 72 = 5 (R(5,5)3, V37) (0) -+ + 00,
Now suppose sect (g) > K. From (1.91) we have
Voh<-Kg- h.
Since along a geodesic ray v : [0, L) — M"™ emanating from p we have

lim 7h (X)), Yom) = 9 (Xp, Yp)

0 ()

for parallel vector fields X and Y along ~, we obtain

(1.109) h(r,0) < hg (r) g (r,0)

where

VK cot (\/f?") ifK >0
hK(T’)i 1 ifK=0 = HK(’F).

:/Wcoth<\/7|r> if K <0 nl
Hence if f (r) = r is the distance function, then we get
(1.110) ViVr = hij < hg (1) gij
fori,j =1,...,n—1 inside the cut locus when sect (g) > K. This is a special

case of the Hessian Comparison Theorem 1.82. We also obtain:

COROLLARY 1.98. Let (M™,g) be Riemannian manifold with sect (g) >
K and ~ :[0,L] — M™ be a unit speed geodesic. If J is a Jacobi field along
v with J (0) =0 and (Vs.J (0),%(0)) = 0, then

[T ()] < V5T (0)] - sk (7) -

PRrROOF. By our hypotheses, (J (), (r)) = 0 for all . From (1.108) and
(1.109) we have for all r > 0,

()= (5 5) 0

since &) — hi (r) (recall sk (r) is defined by (1.93).) The result now

s(r)

follows from lim,_ L& = |VsJ (0)]. O

sk (r)

More generally, applying standard ODE comparison theory to the Jacobi
equation, one has the following.
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THEOREM 1.99 (Rauch Comparison). Let (M",g) and (M{, go) be Rie-
mannian manifolds and v : [0, L] — M™ and 7o : [0, L] — M be unit speed
geodesics. Suppose that vy has no conjugate points and for any r € [0, L]
and any X € T, M"™, Xo € T, M we have

sect (X A5 (r)) <sect (XoAjo(r)).

If J and Jy are Jacobi fields along v and ~o with J (0) and Jo (0) tangent to
v and vy, and

7 (0) = |0 (0)],
(V57 (0),7(0)) = (V4040 (0) , 30 (0)),
V5T (0)] = [Vis0J0 ()],

then
(1.111) |J(r)] > |Jo (7)].
For the proof of this see Chapter 1 of [103].

EXERCISE 1.100. Show that the Rauch Comparison Theorem may be used
to prove the Hessian Comparison Theorem. Similarly, show that the Bishop
Volume Comparison Theorem implies the Laplacian Comparison Theorem.

EXERCISE 1.101. Show that if sect (g) < K, then V;Vr > hg (1) gij-

EXERCISE 1.102. Under the assumption of sect (g) > K prove the fol-
lowing Hessian comparisons:

(1.112) V'V cos (\/Er> > —K cos (\/Er) gif K>0
(1.113) VV (r?) <29 if K =0
(1.114) V'V cosh (\/\K]r) < |K| cosh <\/ ]K\r) g if K<O.

Here the comparisons are the same in any direction, not just the spherical
directions as in the case of the distance function. Note that

2 2
2 . ] /Fr . ] / Fy ]
" 7‘10+ Tlo | ‘ | ’

The reason the sign in the equality is reversed when K > 0 s because

d o
Tocosr = —sinzr < 0.

5. First and second variation of arc length and energy formulas

5.1. Arc length. We recall the first and second variation of arc length
formulas. Let ~, : [a,b] — M™ r € J C R, be a l-parameter family of
paths. From this we may define the map I' : [a,b] X J — M™ by

L(s,r) =" (s).



5. FIRST AND SECOND VARIATION OF ARC LENGTH AND ENERGY FORMULAS51

We define the vector fields R and S along v, by R = I', (0/0r) and S =
I, (0/0s) . We call R the variation vector field and S the tangent vector
field. The length of ~, is given by

b
L) = [ 18 0r (5D ds:
a
The first variation of arc length formula is given by

LEMMA 1.103 (1st variation of arc length). Suppose 0 € J. If vo is
parametrized by arc length, that is, |S (o (s))| = 1, then

a
dr

b
(1.115) L) = [ (RVsS)ds+ (RS
r=0 a

Proor. We compute

1 b b
%‘L(%)zi/ |S\1R<S,S>ds:/ 1S|71(S, V) ds
b

(1.116) :/ (S/|S],VsR) ds
since VRS — VgR = [R,S] = T« ([9/0r,0/0s]) = 0. Using |S| = 1 and
integrating by parts yields the desired formula. O

COROLLARY 1.104. If 7, : [0,b] — M™, r € J C R, is a I-parameter
family of paths emanating from a fixed point p € M™ (i.e., v, (0) = p) and
Yo 1S a geodesic parametrized by arc length, then
d 0 (9’)/0
— L(v)= (= » (D), ——(b) ).

T Lea=(5 wm.50m)

Observe that at a point where the distance function r (z) = d(z,p)
is smooth (i.e., outside the cut locus), the first variation formula (1.117)
implies

(1.117)

(1.118) Vr (z) = % (b)

where g : [0,b] — M™ is the unique unit speed minimal geodesic from p to
x. This is because if 7y is a minimal geodesic, then L (v,) > d (p,~, (b)) with

L (y0) = d(p,v0 (b)) . Hence
9 = d — 9 9o
<VT, E T:O"Yr (b)> = % TZOL(%“) = <E TZO’}’T (b) , E (b)> .

This is an alternative way to view a formula we already knew from the Gauss
Lemma.

REMARK 1.105. If we do not assume 7y is parametrized by arc length,

then we have
b S S
Ly :_/ <R,V <—>>ds+<R,—>
o= ARV (g 5]

d b

dr

a
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Hence, among all paths fixing two endpoints, the critical points of the length
functional are the geodesics vy, which satisfy

“ (3)-

Now suppose we have a 2-parameter family of paths v, : [a,b] — M",
geZCRandr e J CR. Define ®: [a,b] xZ x J — M" by

P (s,q,7) =7, (5)
and Q = ®.(0/9q), R = ®,(0/0r) and S = &, (0/Js) . The second vari-
ation of arc length formula is given by

LEMMA 1.106 (2nd variation of arc length). Suppose 0 € Z and 0 € J.
If v0,0 is parametrized by arc length, then
62

(1.119) o

L ('Yq,r)
(Q7T):(070)

b
- / (VsQ,VsR) — (VsQ,S) (VsR,S) — (Rm (Q. 5) S, R)) ds

b
- [ (Vo VsS)ds+ (VoR. S)L.

Proor. Differentiating (1.116), we compute that
82

dqor

9

dq

L (Vq,r)
(g,7)=(0,0)

b b
/ (S/ 15|, VsR) ds = / Q(S/|S|.VsR) ds

(¢,7)=(0,0)

b

:/ ((S/|S|,VoVsR) + (Vg (S/|S]), VsR)) ds
b

:/ ((Rm (Q, ) B, 5/ |S]) + (S/15], VsVQR)) ds

b b
+ / 15171 (VoS, VsR) ds — / 15173 (VS, S) (S, Vs R) ds
and the result follows from an integration by parts. O

COROLLARY 1.107. If v, is a I-parameter family of paths with fixed end
points and such that gy is a geodesic parametrized by arc length, then

3722 LOn= /ab <’(VSR)L’2 ~ (Rm(R,S) 5, R)) ds.

where (VSR)J‘ is the projection of VR onto St i.e., (VSR)J‘ = VgR —
(VsR,S) S.

(1.120)

In particular, we have
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COROLLARY 1.108. Ifin addition, (M™, g) has nonpositive sectional cur-
vature and the paths 7, are smooth and closed, then g—; . L (yy) > 0. That
r=

18, any smooth closed geodesic vy is stable.

With the idea of minimizing in a homotopy class of an element of w1 (M™)
and some simple linear algebra, one also obtains:

THEOREM 1.109 (Synge). If (M™, g) is an even-dimensional, orientable,
closed Riemannian manifold with positive sectional curvature, then M™ is
stmply connected.

PROOF. Suppose O is a nontrivial free homotopy class of loops. Then
since M™ is compact, there exists a smooth closed geodesic ~ representing ©
with minimal length among all such loops (see p. 99 of [103] for the proof.)
Fix a point p € v and consider parallel translation around + to obtain a
linear isometry of an even-dimensional vector space: ¢ : T, M — T,,M. Now
1 (%) = 4 because v is a geodesic. Since M™ is orientable, ¢ : ¥+ — 41 is an
orthogonal transformation with determinant 1 of an odd-dimensional vector
space with an inner product. Now the eigenvalues of an orthogonal matrix
are complex numbers with length 1 coming in conjugate pairs. Since the
dimension of 4 is odd and the determinant of ¢ is 1, we conclude that 1 is
an eigenvalue. Hence there exists a smooth parallel unit vector field R along
v normal to 7. The second variation formula (1.120) implies that

82

b
57 L('yr):—/ (Rm (R, S)S,R)ds <0

r=0

since the sectional curvatures are positive. This contradicts the fact that
~ has minimal length in its free homotopy class. Hence M™ is simply con-
nected. O

If 74 : [0,7] — M™ is one-parameter family of paths, ¢ € (—¢,¢), 70 is a
unit speed geodesic, and @ (0) = 0, then
(1.121)
82

0q? =0

T 2
L)~ (900.8) ) = [ (|vs@r [ - R @.)5.0) as
In particular, given V' € T, ;) M, we extend V along 7o by defining

Q (0 () = 2V (30 (s))

where V' (79 (s)) is the parallel translation of V' along . We then have

2

(1.122) L)~ (VeQ.8) () = [V = [ (Rm(@.5)5.0)as

9% | ,—o
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where V4 =V — (V,S) S. Now let §: (—¢,&) — M"™ where (3 (q) =74 (r) so
that 3 (¢) = Q and in particular 3 (0) = V. We have

d(B(q),p) <L ()

d(6(0),p) =L ()

That, is the function ¢ — d(5(q),p) is a lower support function for the
function g — L () at ¢ = 0.

DEFINITION 1.110. Suppose that u € C°(M™) and V € T,M. Let By :
(—e,e) — M™ be the constant speed geodesic with 3 (0) =p and 3 (0) =V €.
Ifv:(—¢e,e) — Ris a C? function such that u (3 (q)) < v (q) for q¢ € (—¢,¢)
and u (3 (0)) = v (0), then we say that

Vv Vyu <" (0)

in the sense of support functions.

EXERCISE 1.111. Show that if u : M™ — R satisfies VyVyu < 0 for
every V. € T M in the sense of support functions, then u is concave; that is,
for every unit speed geodesic 3 : [a,b] — M™ we have

u(B((1=s)a+sb)) = (1=s)u(B(a))+su(B(b)
for all s € [0,1].

Now continuing our discussion above, assume 3 is a geodesic so that
V@@ = 0. In particular, if the sectional curvatures are nonnegative and
r(z) = d (z,p) is the distance function, then (compare (1.110))

2

0
(1.123) VyVyr < 34 eyl

L (7q) < )VJ"
in the sense of support functions. Note that this inequality holds in the
usual C? sense outside the cut locus of p.
EXERCISE 1.112. Generalize (1.123) to the case sect > K, where K € R.
EXERCISE 1.113. Show that equation (1.123) implies (compare (1.113))

(1.124) VyVy (r?) <2|V].
HINT: assuming (8 is a geodesic, we have

o2 . B ?
(1.125) o q:oL(% < Q‘V ‘ +2 <aq B OL(vq)>

If v : [a,b] — M™ is a path and @ and R are vector fields along ~, we
define the index form by

b
1(Q.R) = / (VsQ,VsR) — (VsQ,S) (VsR.S) — (Rm (Q. 5) S, R)) ds.



5. FIRST AND SECOND VARIATION OF ARC LENGTH AND ENERGY FORMULAS55

Note that if either (@, S) =0 on v or (R,S) =0 on +, then

b
1(Q.R) = / ((VsQ.VsR) — (Rm (Q. 5) S, R)) ds.

If 4, is a 1-parameter family of paths with fixed endpoints and if vg is a
unit speed geodesic, then

82
dqor

L(gr) =1(Q, R).
(4.1)=(0.0)

5.2. Energy. Analogous to the length functional is the energy func-
tional of a path:

2

& (s)| ds.

b
S—y
Given a l-parameter family of paths v, : [a,b] — M™, r € J C R, the first
variation formula is given by (R and S defined the same as above)
(1.126)
1 d

b b
3| Brermy ()= [(VeRS)ds =~ [(R.VsS)ds+ (RS
r=0 a a

Note we have not assumed that 7 is parameterized by arc length. Hence the
critical points of the energy functional, among all paths fixing two endpoints,
are the constant speed geodesics v, which satisfy

Vi = 0.
The speed of 7 is constant since 4 |4|? = 2 (V+9,%) = 0.
Now let vq, : [a,b] = M"™, g€ Z CR and r € J C R, be a 2-parameter

family of paths. A similar computation as in the proof of Lemma 1.106
shows that the second variation is given by

82
9901 | (4.)=(0.0)

b
Energy (vq,r) = / Q(S,VsR)ds
= /b ((S,VgoVsR) + (VgS,VsR)) ds
b
(1.127) _ / ((VsQ, VsR) + (Rm (Q, S) R, 5)) ds

b
—/ (VoR,VsS)ds + (VoR,S)[”

5.3. Jacobi fields. Recall that a Jacobi field J is a variation of geodesics
and satisfies the Jacobi equation:

VsVsJ + R(J,8)S =0

Given a geodesic v : [0,L] — M™ without conjugate points and vectors
A €Ty yM" and B € T,y M" with (A, S) = 0 and (B, S) = 0, there exists
a unique Jacobi field J with J (0) = A and J (L) = B.



56 1. BASIC RIEMANNIAN GEOMETRY

Moreover,

LEMMA 1.114. In the space Z4 g of vector fields X along vy with X (0) =
A and X (L) = B, the Jacobi field minimizes the index form:

L
T(X)=I(X,X)= / (|VSX|2 — (Rm (X, S) S,X)) ds.
0
REMARK 1.115. The idea is that geodesic variations should minimize the
second variation among all variations with given endpoint values.

ProOOF. Note that if X and Y are vector fields along -, then

1d

L
5 7 I(X+tY)=—/O (VsVsX + Rm (X, 5)S5),Y)ds.

=0
Hence the critical points of Z on Z4 p are the Jacobi fields. We also see that
if v has no conjugate points, then

1 d?
2 dt?|,_,

when Y (0) =0, Y (L) =0 and Y # 0, so that the index form 7 is convex.
(Note that the tangent space T'x=4 p is the space of all vector fields along
which vanish at its endpoints.) Hence the Jacobi fields minimize Z in =4 p
(see Lemma 1.169).

We now give a variational proof of inequality (1.128). Given a unit speed
geodesic v : [0, L] — M™ without conjugate points and a vector field Y along
v, define

L
(1.128) T(X+tY)= / (|VSY\2 — (Rm (Y, S) S, Y)) ds >0
0

nw =+ | (VY- (R (1,8 5.1)) ds

for t € [0, L] . Normalize the index by defining

Note that limy_o, ¢ (t) = co. This is because
d

and
2

. . 0
lim Ay ([0,¢]) = lim -5 = o0

where \; is the first eigenvalue of d? /ds? with Dirichlet boundary conditions.
For t € (0, L] where 7|y, is minimizing (e.g., for ¢ > 0 small enough),
we have ¢ (t) > 0 since Z; (Z) is a second variation of 7|y, vanishing at

the endpoints 0 and ¢. Now if for some ¢y € (0, L] we have ¢ (¢g) = 0, then
Ty, (Zo) = 0 for some Zy with Zo (0) = 0, Zo(t) = 0, and Zy # 0. By



5. FIRST AND SECOND VARIATION OF ARC LENGTH AND ENERGY FORMULAS7

considering the Euler-Lagrange equation for F (Z) = Z;, (Z)/ fgo 1Z (s)|? ds
at Zy, we have for all W vanishing at 0 and g

1 d

u=0

1 t
T (FTs+ B (0, 5)5), W e
0

since Ty, (Zo) = 0. Thus Zp is a nontrivial Jacobi field along v[j,, with
Zp (0) = 0 and Zj (tp) = 0. This contradicts the assumption that there are
no conjugate points along . Hence ¢ (¢) > 0 for all ¢ € (0, L]. O

REMARK 1.116. Since in the of ¢ (t) we make take Z to be piecewise
smooth, we see that ¢ (t) is nonincreasing in t.

We briefly return to the Laplacian and Hessian comparison theorems,
now from the point of view of Jacobi fields. (See Exercise 2.16 in [98].) Let
p € M™ ~ be a unit speed geodesic emanating from p, and r (z) = d (x, p) .
Let J be a Jacobi field along 7 perpendicular to 4 and with J (p) = 0. Then
for any s such that « is minimizing past v (s), we have

(1120) 1 (Tl Ilg) = (Vigawr) (1) = k(I ()7 (s)

where h is the second fundamental form of the distance sphere S (p,s). In

particular, given any orthonormal basis {ei}?:_ll for 4+ at v (s), let .J; denote
the Jacobi fields along v with J; (0) = 0 and J; (s) = e;. We have

n—1

Ar=>"T(Ji,Ji).

i=1
Since Jacobi fields minimize the index form, we have for z ¢ Cut (p)

n—1
(1.130) Ar () <Y T (YY) (@)

i=1
for any vector fields Y; along the minimal geodesic v joining p to x with
Y; (0) = 0 and {Y; (r ()} orthonormal.

We now prove (1.129). Let 5 : [0,e] — M"™ be a geodesic with 5 (0) =

v (s) and B(0) = J(s). Since «y is minimizing and 7 (s) ¢ Cut (p), there
exists a unique smooth 1-parameter family of geodesics

Yu i [0, 8] — M"

with 7, (0) = p and 7, (s) = §(u) for u € [0,¢]. We have %‘u:ﬂ Yu () =
J(t) € TyyyM™ for t € [0,s]. Now we apply the second variation formula
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(1.119) to obtain

2
(V?](s),J(S)T> (v(s)) = % L (vu)

u=0

u=0
:/O (|VTJ|2 —(Rm (J,T)T, J>) dt = Tl Tl

where we used V4% =0, (J,4) =0 and VBB =0.

REMARK 1.117. Perelman has defined a new space-time geometry for so-
lutions of the Ricci flow (see Volume 2.) There we shall carry out analogous
calculations for the first and second variation of the L-length.

6. Geometric applications of second variation

6.1. Toponogov comparison theorem. As a consequence of our dis-
cussion in §5, we have the following (see also [308] and pp. 105-106 of [234]).

LEMMA 1.118. Let (M™,g) be a complete Riemannian manifold with
nonnegative sectional curvature and p € M™. If B : (a,b) — M"™ is a unit
speed geodesic, then the function

¢:(a,b) = R
defined by
¢ (r) =1 —d(B(r),p)*

1S convex.

Proor. This is essentially contained in the arguments leading up to
Exercise 1.113; for completeness we repeat part of the arguments. Given
ro € (a,b), let v, : [0, L] — M™ be a l-parameter family of paths from p to
B (r) with 7, : [0, L] = M™ a unit speed minimal geodesic from p to [ (ro)
and 5

— )= 2V (7(s ,

B r:m%( )=V (r(s)
where V is the parallel translation of 3 (rg) € TyyM along v. By (1.125)
we have

d2
a

r=ro
since |V|* = 1. Since
r?=d(B(r),p)* 2 1* =L(v)*, 15 —d(B(ro),p)* = 7§ =L ()",

we conclude that ¢ (r) is convex. O

REMARK 1.119. In general, if ¢ : (a,b) — R is a Lipschitz function such
that for all ro € (a,b) there exists a C? function 1y, (r) defined in a neigh-
borhood of ro with ¥, (r) < ¢ (), PYr, (ro) = ¢ (r0) and % Yr, (1) >0,

r=T0

then ¢ is convex.
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Using Lemma 1.118 one can give an elementary proof ([234]) of the
Toponogov comparison theorem [492], [3] (see [103] for a different proof of
the more general version).

THEOREM 1.120 (Toponogov - sect > 0). Let (M",g) be a complete
Riemannian manifold with nonnegative sectional curvature and « : [0, A] —
M™ be a unit speed minimal geodesic joining p to q. If 5: [0, B] — M™ is a
unit speed geodesic with 3 (0) = q and if 6 € [0, 7] is the angle between B (0)
and —c (A) (so that cos = <ﬁ 0),—a (A)>), then

d(B(r),p)? <r?+ A% — 2Arcosf
for all r > 0. In particular of course,
(1.131) d(B(B),p)* < A%+ B? — 2AB cos¥.

By the law of cosines, equality is attained for euclidean space. That is, the
RHS of (1.131) is the length squared of the side in the corresponding euclidean
triangle with the same A, B and 0.

Proor. For € > 0, let
fe (r )—7" —d(ﬁ(r),p)2_|_A2 — 2Arcos@ +er.

By the previous lemma, f. is convex. We also have f. (0) = 0 and by a first
variation argument, f. (r) > 0 for » > 0 and small enough, depending on e.
Note that at a point where the distance function to p is smooth, we actually
have

71(0) = ~24(5(0),p) (5 (0),&(4)) ~ 2Acosf + e == > 0.

Since f. is convex, we conclude that f. (r) > 0 for all » > 0. In particular,
lim._,g f- (r) > 0 for all » > 0, which proves the theorem. O

EXERCISE 1.121. Show that given € > 0, indeed f- (r) > 0 forr >0 and
small enough.

SOLUTION. Let . : [0, A] — M"™, r € [0,79], be a 1-parameter family
of paths with a, (0) = p, a, (A) = B(r) and oy = «a. Consider the smooth
barrier function

he (r) = 1% — L(ay)* + A2 — 2Ar cos 0 + er-.
Clearly f. (r) > he (r) and h. (0) = 0 since « is minimal. We compute

d
h. (0) = —2Acosf — 2A o

L(ay)+e=e>0
r=0

since di‘ L(a,) = <ﬁ (0),a(A )> = —cosf by the first variation formula
(1.117). Thus fe (r) > he (r) > 0 for r > 0 sufficiently small.
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6.2. Long geodesics. Let vy : [0,5] — M"™ be a unit speed geodesic in a
Riemannian n-manifold with Re < (n — 1) K in B (y(0),r) and B (v (s),r)
where K > 0 and 2r < §. Let {Ei}:-";ll be a parallel orthonormal frame along
~ perpendicular to 4. By the second variation of arc length formula (1.120)
we have:

0< ”21/05 (‘(Vﬁ (‘PEZ'))J_F — (Rm (pE;, %) 7, SOE¢>> ds

i=1
- <<n—1> (fj—f)z—&acw,v)) s

for any function ¢ : [0, 5] — R. Now consider the piecewise smooth function

3 Hfo<s<r
T

p(s)=<{ 1 ifr<s<s—r
§— 8

ifs—r<s<s
r

We then have ‘Z—f(s)‘ =1 forse[0,r] and s € [s—r, 5], and

2(n—1)

/Rc("y,"y)dsg +/T(1—¢2)Rc(‘y,’y)+ds
¥ 0

where Rc (¥,%), = max {Rc(¥,7),0}.

A fundamental result about noncompact manifolds with positive sec-
tional curvature is the following [240] (see also p. 312 of [153] for an expo-
sition).

THEOREM 1.122 (Gromoll-Meyer). If (M", g) is a complete Riemannian
manifold with positive sectional curvature bounded above by K, then

inj (M",g) > n/VK.

The Gromoll-Meyer Theorem is important in the study of singularity
formulation of solutions to the Ricci flow in dimension 3. The reason is
because singularity models of finite time singular solutions have nonnegative
sectional curvature (see §3.3.2 of Chapter 5).



7. GREEN’S FUNCTION 61

7. Green’s function

In euclidean space the Green’s function, or fundamental solution of the
Laplace equation, is given by:

1
. n{n — Wn
G([E,y): ’

1
——log |z — y| ifn=2
27
where wy, is the volume of the unit euclidean n-ball. Note that G (z,y) > 0

for n > 3 and G (z,y) changes sign for n = 2. One calculates that for any
function ¢ with compact support in R™ we have (see p. 17-18 of [227])

¢ (r) =— . G (z,y) Ap (y) dy.
Let

12
h(w,y,t) = (4mt) "% exp <— . 4ty‘ )

be the euclidean heat kernel. Recall that the Gamma function is defined by
I'(x) = / t*le~tat
0

for z > 0, and satisfies I' (z + 1) = «I" (x) . The volume of the unit n-ball is
given by

7.(_71/2

L(241)

lz—y
It

o 1 [e.9]
/ h(z,y,t)dt = -7 2|z — y|2_”/ w2y
0 4 0

1 i
=y = C(my).

Wn =

| 2

Hence making the change of variables u = , we have for n > 3

Given a complete, noncompact Riemannian manifold (M",g), a non-
negative Green’s function is a smooth function

G:M"x M"— A (M) — R,
where A (M) = {(z,z) : x € M"}, such that

(1) G(z,y) =G (y,z) 20
(2) Given any y € M™,

A,G (z,y) =0 forallz e M" —{y}.
(3) Given y € M", for x close to y we have

(1+o0(1)d(z,y)*™ ifn>2

G($’y):{ —(1+o0(1)logd(z,y) ifn=2
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On a complete Riemannian manifolds there always exists a Green’s func-
tion. There is also a characterization of when there exists a positive Green’s
function.

THEOREM 1.123 (Li-Tam [342]). For any complete Riemannian man-
ifold (M™,g) there exists a Green’s function G (x,y) which is smooth on
M x M — D, where D is the diagonal. G (x,y) can be taken to be positive
if and only if there exists a positive superharmonic function f on M — €,
where Q) is some compact domain, satisfying

lim inf inf .
iminf f (z) < inf f(z)

If (M",g) is a complete Riemannian manifold, then we can define a
Green’s function Gg (z,y) in terms of the heat kernel by:

o0
Go (z,y) = / H (z,y,t)dt
0
whenever the RHS converges.

LEMMA 1.124. Go (z,y) > 0 and
A:Go (l’, y) = _5y (l’) :

8. Comparison theory for the heat kernel

The fundamental solution of the heat equation (or heat kernel)
on R" is

o2
(1.132) h(z,y,t) = (4mt) "% exp {—%} .

The heat kernel is symmetric in x and y and it is easy to see that

(% — Az) h(-y,-)=0.

We also have lim;_.g h(-,y,t) = d,, that is,

lim [ h(z,y,0) f () de = f(y)
20 Jan

for all f € C°(R™) N L* (R"). Analogous to the Laplacian and volume
comparison theorem, we have the following [110].

THEOREM 1.125 (Cheeger-Yau). If (M",g) is a complete Riemannian
manifold with Re > —(n—1)H for some H € R, then the fundamental
solution h (x,y,t) of the heat equation, that is, the minimum positive heat
kernel on M™ satisfies

h (-f,y,t) > hn,H (dg (xvy) 7t)

where hy, i is the heat kernel of the simply connected, complete, n-dimensional
manifold of constant sectional curvature H.
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Here we have used the fact that at each time h,, g is a radial function.
Taking H = 0, we have the following.

COROLLARY 1.126. If (M™, g) is a complete Riemannian manifold with
nonnegative Ricci curvature, then the fundamental solution h (xz,y,t) of the
heat equation on M"™ satisfies

(1133) h (CC, Y, t) > (47‘(’25)7”/2 e—d(x,y)2/4t'

In fact, Cheeger and Yau prove comparison theorems for fundamental so-
lutions on geodesic balls with Dirichlet and Neumann boundary conditions.
Inequality (1.133) is also a consequence of the Li-Yau differential Harnack
inequality for positive solutions of the heat equation (see (8.8)).

For the hyperbolic plane H? (the complete surface with constant curva-
ture —1), we have (see p. 246 of [97])

V2et/4 oo se—s /4t
ho,—1(z,y,t) = —=5 ds
(47t)*? Ja(zy) \/coshs — coshd (z,y)

for z,4 € H? and t > 0. More generally, we have the following explicit
formulas (see Grigor’yan and Noguchi [239].)

THEOREM 1.127. The heat kernel of hyperbolic space H™ is given in even
dimensions by:

h2(m+1),—1 (.ZE, Y, t)

1 m \/56—(2771—4—1)215/4 1 o m 00 56_82/4t ]
=\ 5- A S
( 2 > (47rt)3/2 <Siﬂh T (97“) r Vcoshs —coshr
and n odd dimensions by:

_1\™ e—mzt 1 o\™ —r2/ay
hom+1,-1 (2,y,1) = (g) (47rt)1/2 (Sinhf,,g) (e )

where r = d (x,y) .

EXERCISE 1.128. Using the fact that A = g—; + coth r% acting on radial
functions on H? (see (1.101)), show that ho 1 (x,y,t) is a solution of the
heat equation on H2. Furthermore, show that it is a fundamental solution.

Li and Yau [346] have proved the following lower bound for the heat
kernel (see also p. 333 of [97] for this statement).

THEOREM 1.129. If (M™,g) is a complete Riemannian manifold with
Rc > — (n— 1) H where H <0, then for any € € (0,4) there exists ¢ (n,e) >
0 and C (n) < oo such that

h(x,y,t) > C<1n’€) - exp{—M+C(n)sHt}.
Vol (B (2, v/£)) Vol (B (y, V) ® (4—e)t

As one might expect, lim._,gc(n,e) = 0.
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REMARK 1.130. See §8.1 for a related discussion of positive solutions of
the heat equation. Chavel’s book [97] is a good source for the material on the
heat equation (see especially Chapters 6-8). See §12.4 of [97] for a heuristic
derivation of (1.132) as the euclidean heat kernel.

Comparison theory for the heat kernel is related to volume comparison
theory (§4) and also Perelman’s comparison theory for the Ricci flow (see
Volume 2.)

9. Parametrix for the heat equation

We now consider the heat kernel associated to a 1-parameter family of
metrics g (t) , ¢ € [0,7), on a manifold M™. In this section we sketch the ideas
behind obtaining an asymptotic expansion for the heat kernel associated to
an evolving metric. The idea we follow is to modify the techniques in the
fixed metric case. Our main interest will be to apply this to the case where
the metrics are evolving by the Ricci flow. We hope the interested reader
will pursue these ideas since we are not aware of the variable metric case
being considered in the literature.

. —n/2 d2(0)(‘r1y)
Let u(z,y,t) = (4mt) ™2 exp — 2

, which in the case of eu-

clidean space is the heat kernel. For each N € N we shall construct a
function of the form:

N
hN (‘T’y7t) = U(I,y,t)quk (x7y) tk

where ¢y (7,y), to be defined for all z,y € M"™ such that dyq (z,y) <
inj (¢ (0)), will be chosen so that

0
<Ag(t> 8t> hy = O (tY)
t—04

Here O (tN ) means that there exists C < oo such that

0
‘<Ag(t) 8t> hy (z,y, )’ <otV

for all z,y € M™ with dg) (7,y) < inj(g(0)) and ¢ < 1. For each (z,y) €

. . h ¢ . .
M™ x M™, we are writing the ratio % as a finite power series in t and

we want hy to be a fundamental solution to the heat equation up to order
N in time.

Recall that the Laplacian of a radial function f = f (r) is given inside
the cut locus Cut (z) by (1.87):

Af—d—f log\/det f
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where 7 = d, (z,y) . Since (59_; 4+ n=10 _ %) u = 0, we have

r

0
0 0dlog a (0) du r dlog a (0)
(Agm) - —> L e YA S

where a (0) = y/det g (0)/ 7"~ Note that a (0) is bounded if 7 is bounded
and

(1.134) 81%;)4(0) = %log Vdetg (0) — = . Lo

for r small.

REMARK 1.131. In the following we will exhibit in our notation the de-
pendence on time of the metric and its associated quantities and operators
when necessary for clarity.

We assume the metric at time ¢ may be written as
N
g(t)=g(0)+ Y hmt™+0 (V1)

m=1
where

. 19"y

m = gm0

which are symmetric 2-tensors. For example, if g () is a solution of the Ricci
flow, then h; = —2Rc (g (0)). Let

N
g(®)7 =g(0)7 + > witm+0 (N,

m=1

N
det g (¢
log a (t) = log :1—_91“ =loga (0) + Z 2tk + 0 (tN+1)
k=1
and
N
k . k k
()5 =T (0)5 + > (A5 7+ 0 (V)
p=1

where w,, are (0,2)-tensors, zj; are functions, and A, are (2, 1)-tensors. We
have (see (2.14))

w = —g(0)* (h1)g g (0)7, 2 = %g (0 ()
and (see (2.18))

(Al = 5 (Vi )} + 9, ()t = 9 (), )

where the covariant derivatives and raising of indices are with respect to
g (0). Note that for a solution of the Ricci flow

wi =2¢"Ryyg, 21=-R
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and

ko k k kp

(Al)ij = —ViRj — VjRi +V Ri]

where all of the quantities on the RHS are with respect to g = ¢ (0).
The Laplacian at time ¢ is:

Ay =gty (=L _pp 2
g(t)_g() 8xi8xj_ ()UW

N
— (g 07+ > t"wil + 0 (tN+1)>

m=1

2
o A U+th Lo (V)

ox*ox) ok

N
=A+ Z MWV — Z tPgi (Ap)F
= p=1
—Z > tq( )Vk+0(tN+1)

=2 m-+p=q

N
S AL Z m (w%vivj + vfnvk> +0 (tN+1) ’

where again the RHS is with respect to g (0) and last equality defines the
vector fields v, = vk 8 . In particular

Agy = A+t (wVi0; — g7 (A1)} Vi) + 0 ().

Let ¥y = Z]kvzo ér (z,y) t* so that hy = uy. We compute

0 0 0
(Ag(t) 8t> hn =N ( ) — E) u+u (Ag(t) - E) UN+2 (du, dPN) o)
Since (du, dyn), = g% g; %wT’}’ we have

i m@u OYN
{du, dpn) o) = (du, dipn), +Z o

B @% k@u aqbk . 8u a¢>k
-~ Or Or +kz or Or +mz:1kzot m(‘)aﬂ OxJ
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since u is a radial function at ¢ = 0. From this we obtain

o frwrd Ozt OxJ
N r [(1dloga 0do
= uyon (57 S+ G2
N
u r dlog 0oy,
+?;<Ag(t)¢kl_<k 279 > - 8—>t
N N
T m+tk, ij Or Doy

Now we apply the expansion for Ay and « to get

0 r (10loga(0) a¢0 kazk
(Agm 8t> hy = —u <§T¢° or Z T %
N
U m 17
+- ;tk <A¢k1 + th (wrglv,-vj + vang) ¢k1>

u < r dlog a (0) 0\ &
TEC L)

CI I WIS D ST Rt

m=1 k=0
+O(tN).
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We write this as

i
<Ag(t> 3t> hy

r (10loga(0) 0o
<§ or do+ W)

U
t

09 rdloga (0) roz
L Ztk (_ IOk _ <k+§T> ok + A1 — 53—:%)

+ - Z Z <(w%V¢Vj + Uane) Pp-1 — g%@sp) t*

k 2 m+p=k,
m,p=>1
2N
_ C k, ij 87" %
ut Z Z tw m&x’ ori
k=1 m+p=k
m>1, p>0
+0 ().
When k£ =0 we require ¢ to be a solution of the ODE
1 8loga
o ¢ (0) dloga(0) . ©_
so that

¢0 (x7y) = (0>_1/2 (x7y) :
When k£ = 1 we impose the ODE

01 ( r@loga( ))¢1 Ado — rw' Or oo r@zlgé'

1) 5\ o Ui a0 2 0r

For 2 < k < N, define ¢}, inductively by the following ODE along rays
emanating from x

8¢k N (k:—i— rdloga (0 )) b

"or 2 or
- P, — 1Oz ij Or O¢o
= Pk = Adk 2 Or %o — rwy Ozt OxJ
o _rzm o O Ody
(1.136) + m;k ((wmvzvj + vmw) bp1 = 5y —ul )
m,z?z_l
for k=0,...,N where ¢_1 =0 and ¢g (z,z) = 1. Then

<A—%)hN:O(tN).

Now (1.136) implies for k > 1

0 _
- (Tka1/2¢k> — h 1120,
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so that .
ok (z,y) = r_ka_l/Q/ 1 2d,dr.
0

where the integration is along the unit speed minimal geodesic emanating
from x and and ending at y.

We have

2 /det gi; — —
o lo &ZG_H_F” 1:—Rc 272 _|h’2+n 1_
or? rn—1 or r2 or’ or r2

Since lim, o, (— ”_21) = 0, for any unit vector V' € T, M", by taking

limit along the geodesic vy : [0, L) — M™ emanating from p with 4y (0) =V,
we have

2 /det i
(VyVy loga(0)) (p) = lim 6—10 VR Tis

T‘H0+ar2 Tnil
0o 0
= —Rec <6 a>——RC(V,V).

Hence

(Alogr (0)) (p) = =R (p) -

From taking the limit as » — 04 in (1. 134) we have

Vloga (0)* (p) =
Since « (0) (p) = 1, we conclude that

(A (0)) (p) = =R (p)

and )
Ao (p) = §R(P)~
The parametrix is defined by

PN (‘Ta y7t) =1 (dg((]) (l’,y)) hn ('Ia Y, t)
where n : M™ — [0,1] is a smooth radial cutoff function with n(y) = 1 if
dy(o) (2, y) < 5inj (g (0)) and 1 (y) = 0 if dy() (z,y) > inj (g (0)) .
The asymptotics of the heat kernel on Riemannian manifolds are re-
lated to the determinant of the Laplacian (see §11) and index theorems.
For time-dependent metrics, the asymptotics of the heat kernel are related

to Perelman’s Harnack type inequality for the adjoint heat equation (see
Volume 2.)

10. Eigenvalues and eigenfunctions of the Laplacian

Let (M™, g) be a complete Riemannian manifold. Let L? (M™, g) denote
the Hilbert space of measurable square integrable functions with the L?-
inner product:

(= [
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As usual, by a measurable function we mean an equivalence class of
measurable functions under the equivalence relation of differing on a set of
measure zero. When we say that a measurable function satisfies a pointwise
property such as being in C*° or having L> (sup) norm bounded by some
constant, we mean that some function in the equivalence class satisfies the
property. Given C* functions f and h, let

(fih) iz = (f )2+ /Mn (df,dh) dp.

Let W12 denote the Hilbert space completion of C*° (M™) with respect to

the inner product ( -, - )12
The eigenfunction equation is
(1.137) Ap+Xp=0

where ¢ : M™ — R is called the eigenfunction and A € R is called the
eigenvalue. If M" is closed, then assuming ¢ #Z 0 we have

Jor VO dps
an ¢2d)u ’

which is obtained from multiplying (1.137) by ¢ and integrating by parts.
On a closed manifold, the set of eigenvalues

A:

0=X <A <A< <A<

is discrete. This may be seen as follows. The operator —A + 1 is invert-
ible and its inverse (—A+1)"' : L2(M™) — W22(M") — L2(M") is a
compact operator by elliptic regularity. Thus the eigenvalues

o Spp <o <po=1
of (A + 1)_1 are discrete and limy_, o i = 0. From A\, = % we see that
limg_,o0 A = 0. The Weyl asymptotic formula says that

(1.138) A ~ cn Vol (g)~2/m /7

where ¢,, = 472w, 2/n and wy, is the volume of the unit euclidean n-ball (~
means the ratio of the RHS to the LHS approaches 1 as k — o00.) See §11.1 for a
sketch of the proof of (1.138). For each Ay we may choose the corresponding
eigenfunction ¢, so that {¢y},-, is orthonormal. Then {¢;},~, is a basis
for L? (M™) . For any function f € L? (M™) we have

[e.e]

f=2 {fi0r) 12 Pk

k=1

and
o0

17122 = 37 (F o2

k=1
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The Rayleigh principle says that
o e (VI dp
fLlHg 1 an de/L
where Hj,_1 = span {¢o, ..., ¢r_1} C L? (M™). In particular

LIV ftd
S fRdp

A =

cfeLl? (M), /

n

fduzO}.

10.1. Lower bound for the first eigenvalue of the Laplacian. A
beautiful eigenvalue lower bound, depending on a gradient estimate is the
following.

THEOREM 1.132 (Li-Yau). Let (M™, g) be a closed Riemannian manifold
with nonnegative Ricci curvature. Then

71.2

NS
"= 4diam (9)?

where diam (g) is the diameter of (M",g).
PROOF. Suppose Au + Au = 0 and define f by
f=Vul> + (A +e)u?

where € > 0. We compute

1

SAf = (uij)? + wiuig; + O\ + €) ubu + (A + €) [ Vul?.
Now

Ujjj = Ujij = Ujj; — Rjijkuk = —Au; + Rjpuy.

Therefore, using the eigenvalue equation, we have

1
§Af = (uij)® = XA+ &) u? + ¢ |[Vul* + Re (Vu, Vu) .

By the maximum principle, at a point x where f attains its maximum,

Vf(z)=0and Af(x) <0. We have
%fl = ujuj; + (A +e)u-u;.
Choose special coordinates so that at x, u; = 0 for i = 2,...,n. Then
0= %fl () = uy (U1 + (A +¢e)u) (x).

Therefore, if Vu (z) # 0, then

—_

0> SAf>un @) =AM+ &) u (@) + ¢ |Vu? (z)
>e(A+e) u(x)2 +e \Vu|2 (x),
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which is a contradiction. Hence Vu (z) = 0 at a point x where f attains its
maximum. Let p = maxyepr |u (y)|. Then

F)<f@) =0+ u@)?<(A+e)p’
for all y € M. Thus, for all y € M

Vul® () < (0 +e) (12 = u(y)?).
Since the above inequality is true for all € > 0, we have
|Vu? < A (1 —u?).

Now wu is zero somewhere since

0:/ (Au+)\u)d,u:)\/ udp.
M M

Let v be a geodesic joining points x and y, where u (z) = 0 and |u (y)| = p.
Then by the inequality above,

. [Vl
diam (g) VA > / VAds > | ———ds
gl vV —u?

S / K du T
“Jo Jpt—u? 2 .
The theorem follows. O

The above result extends to manifolds with boundary.

THEOREM 1.133 (Li-Yau). Suppose that (M™,qg) is compact with Re >
0 and boundary OM. Let Ap and Ay denote the first eigenvalues of the
Laplacian with Dirichlet and Neumann boundary conditions, respectively.

(1) If the mean curvature H of OM is nonnegative, then

71.2

Ap > ——.
Y= 4diam (9)?
(2) If OM is convez, that is, II;; > 0, then

2

>
A= 4diam (g)*

PROOF. Let f = |Vul? + (A +¢)u? as before. If the maximum of f
is attained in the interior of M, then we can apply the arguments of the
previous theorem to obtain the desired estimates. Therefore we suppose the
maximum of f is attained on the boundary, say at x € 0M, and derive a
contradiction. Choose an orthonormal frame field {e;};"; in a neighborhood
of z in OM so that e,, = v is the outward unit normal. The strong maximum
principle implies

fula) = L@y >0
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We claim that
1 n—1
2
(1.139) 5= —Huj - > hjrugug.
4. k=1

Assuming (1.139), for the Dirichlet problem we have at
n

1
0 < ifn = —HU2

which is impossible. Similarly, for the Neumann problem, at x

1 n—1
0< ifn = — Z hjkujuk

J,k=1

which is also impossible by our convexity assumption.
Now we prove (1.139). We have at a point on the boundary

1 n
§fn :Zujujn+()\+s)u~un

J=1
n—1
= UpUnpn + g UjUjn
Jj=1

in either the case of the Dirichlet problem (u = 0) or the Neumann problem
(u, = 0). Now for the Dirichlet problem u = u; = 0 for i # n. Thus

n—1 n—1
Upn = Au — Z Ui = — AU — Z (eieiu — (Ve,€) u)
i=1 i=1

n—1

Z (Ve,€i,v) up = —Huy,.

i=1
For the Neumann problem, u,, = 0. So in either case
UpUnn = —H ui
We are left to compute Z’;:_ll Ujuj,. For j #n

Ujn = Upj = ejenu — (Ve]. en) U

k
=e; (un) E wy, (e5) u
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Therefore

n—1 n—1 n—1
E Ujljy = Zujej (up) — Z 1L, wjug
j=1 j=1

Jk=1

n—1
= — Z II]k ujuk
j7k:1
since either u; = 0 (Dirichlet) or e; (u,) = 0 (Neumann). The claim follows.
O

Next we consider an elementary example. Let M" C R"™! be an em-
bedded hypersurface and f a function defined in a neighborhood of M™. We
can compute the Hessian of f with respect to both the induced connection
V on M"™ and the ambient flat connection D on R™*!'. Comparing, we get

of
2]5
where v is the unit normal to M"™ used to define the second fundamental
form II. In particular, if M™ = S™ (1) is the unit sphere and if ¢ is a linear
function on R**!, then II = g, % = /(¢ and DD/{ = 0 so that

ViVl = —gijL.

V.V;f—DiD;f = —1I

Tracing this, we see that

Al =—nl
so that ¢ is an eigenfunction of the Laplacian on S™ (1). In fact, the corre-
sponding eigenvalue n is the first eigenvalue.

In the case where the Ricci curvature is bounded from below by a pos-
itive constant we have the following. In contrast to the pointwise gradient
estimate of Li-Yau, Lichnerowicz’ Theorem below uses an integral identity
obtained by integration by parts (i.e., the divergence theorem). However,
the estimates are related in that they both rely on computing the Laplacian
of a gradient quantity.

THEOREM 1.134 (Lichnerowicz). If (M™, g) is a closed Riemannian man-
ifold with Rc > K > 0, then
n
AL >

n—1
REMARK 1.135. Note that this estimate is sharp on constant curvature
spheres.

PRrOOF. If Au + Au = 0, then
1
54 IVul? = |[VVul? + (VAu, Vu) 4+ Re (Vu, Vi)

v

1
— (Au)® = \|Vu)? + K |Vul?
n

1
= 222 4 (K — \) |[Vul®.
n
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Integrating this, we have

1
0> —)\2/ u2du—|—(K—)\)/ |Vul? dp.
n M M

Dividing by [, u?dp and using the fact that A = [, \Vul? dp /[y vPdu
implies

1
OZEA2+(K—)\))\.

The theorem follows. O

To understand the case where M™ has boundary, we need an identity
which follows from integration by parts.

LEMMA 1.136 (Reilly’s Formula). If (M™,g) is a compact Riemannian
manifold with boundary OM, then for any function f on M"

ov ) ov

- (— <vaf, Vs (%» (Y, vaf>) do

where Ay and Vg denote the Laplacian and gradient on OM with its induced
metric.

/M (an? = vvsp) du—/MRc(Vf,Vf)dqu/aM (ABHHQ) of .

PROOF. We compute (summing on both ¢ and j and setting e,, = v)
/M (Af)?dp = /M fiifjjdp = /M ((fiifj)j - fiijfj) dp
= / fiifjvjdo — / (fiji — Rjkfr) fidp
oM M
— [ @npdos [ (5?4 Re(VEVS)) du
oM M

—/ fij fivido
oM

so that
/M (A2 ~ 19V f1) du = /M Re (V/, V1) dp

+ /8M ; (fiifn — frifi) do

since in the last term when 7 = n we have a cancellation.
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Now

S fi= Y ViVif =3 (ViVif = VIVIS) + Aof

i#n i#n i#n
=3 (~Veer+V0e) £+ Dof
i#n
= an + Aaf

where V9 is the covariant derivative of M. We also have

fm’ = Vzvnf = eienf - (veien) f =€ (fn) — I, fk:
so that
; frifi = <Vaf, Vo (%» — i fifi-
Therefore

| S it fut)do = | (Hfu+ Bof) fudo

+ /E)M (— <Vaf, Vs (%» +11(Vaf, Vaf)> do

and the lemma follows. O

The analogue of Lichnerowicz’ Theorem for manifolds with boundary is
the following.

THEOREM 1.137 (Reilly). Let (M™, g) be a compact manifold with bound-
ary OM and Re > K > 0.

(1) (Dirichlet problem) If H (OM) > 0, then

Proor. Using Reilly’s formula and

1 1
IVVu]? > = (Au)? = =222,
n n
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we compute

—1
n )\2/ u?dp 2/ ((Au)2 - ]VVU|2) du
M M

n
:/ Re (Vu, V) d/ﬁ—/ <A3u+ H@) O
M OM 8u 81/

+ / <— <Vau, Va <@> > + 11 (Vau, Vau)) do
OM aV
2 ou 2
> / K |Vul”dp + / H(—) +11(Vau,Vou) | do
M oM ov

where we integrated by parts on M. The theorem follows. (]

Another beautiful application of Reilly’s formula is the following eigen-
value estimate for minimal hypersurfaces.

THEOREM 1.138 (Choi-Wang). Let (M™,g) be a closed orientable man-
ifold with Re > K > 0 and let P"~1 C M"™ be an embedded minimal hyper-
surface dividing M™ into two submanifolds M{* and M3. Then

_ K
)\1 (P’I’L 1) Z 3
Proor. Taking into account orientations, we may assume QM = —0Msy =
P. Suppose
Apu +Au=0

on P. Choose i € {1,2} so that
/ 1I (Vpu, Vp’u,) do > 0.
OM;

We can do this since the sign of IT depends on the orientation of 0M;. Define
f on M; so that
Af=0on M; and f=wuon JdM,.

By Reilly’s formula

] . or .
/Mirvv,f\ dyi = /MZ_ Re (Vf, V) dyi+ /8 (B G

0
—I—/ (— <Vpu, Vp <—f>> + 11 (Vpu, Vpu)> do.
OM; ov
Thus, by our curvature assumption on (M",g), we have
0> K/ IV f|? dp — )\/ 2L do —/ <vpu,vp <g>>da
M; om; Ov oM; ov

:K/ ’Vf‘Qd,U,—QA/ w2 4o,
M; o

M; (91/
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However

2/8M u%daz/aM > (f2)da—/MiA(f2)du:2/Mi|Vf]2du

since Af = 0. Therefore
0> (K — 2)\)/ IV £|? du.
M;
Since [y, IVf|?dp > 0, the theorem follows. O

11. The determinant of the Laplacian
11.1. The trace of the heat operator. Let (M", g) be a closed Rie-
mannian manifold. We define the heat operator
et® LA (M) — L*(M)
by
@D = [ ha 0 f@dua),

for f € L?(M), and where h(-,y,t) is the heat kernel. The heat operator is
self-adjoint and takes a function f to the solution to the heat equation at
time ¢ with initial value f. (See Chapter VI of Chavel [97] for example.) The
reason for the notation e'® is that we may also express the heat operator
formally as

‘A & tkAk
e —

N k!
k=0

where AF = Ao---0 A . Indeed, we formally compute that
\,_/

k times
O in = tFTIAK A
—_ = — =A
at’ ; k—1l - —°°

and

lim ' =id.
t—0

Let {¢r}re denote the eigenfunctions of the Laplacian A with corre-
sponding eigenvalues {\;} where
O=X <A<l <IN

and A\ — o0 as k — oo from Weyl’s asymptotic formula (1.138). Then
{or}es, are also the eigenfunctions of the heat operator e/“, where the
corresponding eigenvalues are {e_t’\k} where

1= e—t)\o > 6—t)\1 2 6—t>\2 2 Z e—t)\k Z
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In terms of these eigenfunctions and eigenvalues, we may write the heat
kernel as

h(w,y,t) Z e Mo (x)r(y)-

The trace of the heat operator is defined by
o0

tr <etA) = Z e Mt
k=0

From (1.138): A; ~ ¢, Vol (g)fQ/n k2/™ the series on the RHS converges for
all ¢ > 0.

EXERCISE 1.139. To see that the series does indeed converge, show that
for any a > 1 and ¢ > 0, the series y - a™* converges by making a
comparison with a series to which one can apply the integral test.

Since [}, pr(z)?du(z) = 1, we have

tr (em> = /M hz,x,t)dp(x).

The heat kernel along the diagonal has an asymptotic expansion of the form

h(x,z,t) = mnﬂ Zt z) +OtF ) b

where the functions ¢; depend only on the Riemann curvature tensor and
its covariant derivatives. The first two terms of this expansion are given by

(47;)”/2 {1 + Réx)t + O(t2)}

R(z)
6

(1.140) h(z,z,t) =

so that co(z) =1 and ¢; (z) = . For more terms in this expansion the
reader may refer to Gilkey’s book [228]. Hence the trace of the heat operator
has the expansion

k

oo
(1141) Y e =t (em) = (4nt) "2 | Y a; -t + O
k=0 j=0

»

(1.142) Vol(M) + E R(z)du(z) -t + O(tQ)}

1
as t — 0, where {aj} °, are constants. In particular, ag = Vol(M) and

ar =g an r)dp(x).

EXERCISE 1.140. Show that tr(e'®)—1 = Y2, e is an exponentially
decreasing function of t as t — oo.
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Let N () denote the number of eigenvalues less than equal to A counting
multiplicity. Equation (1.142) implies, using the Karamata theorem (see p.
446 of [208]),

wp, Vol (g)

n/2
Cor

(1.143) N (\)

as A\ — oo. This implies the Weyl asymptotic formula (1.138) by taking
A= )\kl

wnp, Vol (g)

k=N Ow) ~ P

()\k)n/Q
as k — o0o. (See also [97], p. 155.)

11.2. The zeta function and its regularization. Recall that the
Riemann zeta function

CRm: {s€C:Re(s) >1} - C
is defined by

CRm(S) = Z ks,

k=1

Since
Z }k—sl — z:k,—Re(s)7
k=1 k=1

the series on the RHS converges absolutely if and only if Re(s) > 1. It is
well-known that one can extend (gry, meromorphically to all of C. We shall
prove this in more generality later.

Again let (M™, g) be a closed Riemannian manifold. The Laplacian —A
acting on functions is a nonnegative operator and has a discrete spectrum.
We define the zeta function using the eigenvalues of the Laplacian instead
of the positive integers by

C(s) =D A"

k=1

By Weyl’s asymptotic formula, we see that the series on the RHS converges
absolutely if and only if Re(s) > 5. Note that when the Riemannian manifold
(M", g) is the unit circle S', the zeta function ¢ is, up to a constant, the
Riemann zeta function (ry,.

To meromorphically continue the zeta function ((s) we recall the impor-
tant relationship between the heat kernel !, the Gamma function I'(s),
and the zeta function ((s). First recall that the Gamma function is given by
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L(s) = [,° tse_t%. We compute

((s)-T'(s) = i)\lzs _ /Oootset%
LG R

00 0 d
= / Z eiT)\k TS_T,
0 k=1 T

where to obtain the last line we made the substitution 7 = ¢/\;. Since

o0

tr(em) = Z e A,

k=0

we have the formula

1 o0 ‘A dt
= — 1)
) =15 /0 <tr(e ) )t t
REMARK 1.141. The Mellin transform of a function f is defined by
&0 Jdt
MpE = [T rae

So up to the Gamma function, the zeta function is the Mellin transform of
the trace of the heat kernel.

We now write the zeta function as

((5) = s /O () -1) plty o)

I'(s)
b(s) = /1 b (@) - 1) ts%

tA)

where

is an entire function (this is because tr(e*~) — 1 is exponentially decreasing
)

as t — 00.) Hence we have from (1.141

k
(1.144) C(S)Zi/l(zm)—% D ait! + O pdt | 60s)
0

I(s) pard t I(s)
We compute that
(1.145)
1
o, dt 1 o |] 1
/ tj75+s— B —— tj7§+s = T fOI' Re(s) > ﬁ —]
0 t ) +s 0 ) +s 2

Substituting (1.145) into (1.144), we obtain

B (4m)—/? a;
¢(s) = ) ]Z_; ._%]Jrs + ak(s),
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where az,(s) is a meromorphic function on Re(s) > § — k — 1. Since ﬁ is
a meromorphic function and k € N is arbitrary, by taking k — oo we have
meromorphically extended ((s) to all of C.

11.3. The determinant of the Laplacian. Formally, the determi-
nant of the Laplacian is given by

oo
det A = J] M.
k=1
Of course, since limy_, o, A = 00, the product on the RHS diverges. However,
we can use the zeta function to define the determinant of the Laplacian as
follows. We compute

() ==Y log Ak - A%,
k=1
for s € C such that Re(s) > §. Formally, we have

¢'(0) = =) log A,
k=1

which implies that formally,

00
e ¢ 0 = H Ak
k=1

Now ((s) is defined for all s € C by meromorphic extension. We shall show
that ((s) is regular at s = 0. The determinant of the Laplacian is then
defined by
det A = 75",
In particular, ¢’(0) = —log det A.
We now consider the determinant of the Laplacian on a closed Riemann-
ian surface. In this case, by (1.142) and the Gauss-Bonnet formula

tr(es) = = (Area(M) + 2—Wx(M) “t+ O(t2)> .
47t 3

Although it is not possible to compute the determinant of the Laplacian of
a given metric, one can compute the difference of the determinant of the
Laplacian of two conformally equivalent metrics on a surface.

We first compute the conformal variation of the determinant of the
Laplacian. Let g be a metric on a surface and g(u) a family of metrics
with

B
g(0) = g and ag(o) =g,

where 1 is a C*° function on M. The variation of the Laplacian is then given
by (2.21):
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We compute that the variation of the zeta function is

ctr ] (e =) e

tr(eSom) - 57 1dt

d d
% o Cg(u)(s) - %

where % denotes f — % Jos fdpwand A = Area (g) . Thus we need to compute

r (e = S oo ),
:i/ ¢(y)/ h(z,y, ) ok (x)dA(z) - i (y)dA(y)
_Z / P(y) - e Mory) - er(y)dA(y)

/1/1 hy,y,t)dA(y).

Hence the variation of the zeta function is given by

o) = F(SS) /Ooo (/Mw(:c) (h(x,xjt) - %) dA(x)> .

The integrand has an expansion of the form

4
du

(1.146) / W(z) <h(x,x,t) A> dA(z Z dit! + O(th+1),
M

k=-—1

where d; are real constants.
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The variation of the logarithm of the determinant of the Laplacian is
given by

d /
—u o log det Ag(u) = — @ o gg(u) (0)
d

B [% OOO ( /Mzb(x) <h(m,x,t) - %) dA(x)) ts_ldt} .

Since I'(s) = 1 + O (1), we have

— log det Ay
d u=0 )
k
d & - .

=l o) [T X e o | et

S i j=—1

[ k

__d 2 d;
__E 3 S ZS—F_]_‘_ﬁ(S) 9

s=0 i j=—1

where (3(s) is analytic on {s € C: Re(s) > —k — 1} . Hence

u

log det Ag(u) = —dp.

u=0

Substituting (1.140) with n = 2 into (1.146), we obtain

do = /M v(z) (l;é(jr) a Arei (g)) dA(@).

Thus

LEMMA 1.142. The variation in a conformal class of the determinant of
the Laplacian on a Riemannian surface is given by if

0
g(0) =g and —g(0)=1v-g,

ou
then
d Ry () 1
— log det /A =— 9 dA .
du|,_q 08 ACt Sg(w) /M¢(x) < 247 Area(M, g)> o(7)
Now let h and g be two metrics on M? conformally related by
g=e’h
where 1 : M? — R. Define
g(u) = e"h
for u € [0,1]. We have
0
>-9(u) = v - g(u)
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The difference of the logarithms of the determinants of the Laplacians of g
and h is:

log det Ay — logdet Ay,

/ —logdetA g(u)du

/ / < 2475$) ~ Area( ]\;2’ g(u))> dA g () du.

Using the formulas

o) =€ " (—u Ly )+ Ry)

and

0
u log (Area (M?, g(u))) = Aron (A;Q,g(u)) /Mw(x)dAg(u) () du,

we compute that

logdet A, logdetAh——ﬂ//d) —u AR+ Rp) dAy du
T

/ —log Area( ,g(u))) du

1

_ - - 2
(1.147) = o /., (2 IVl +¢Rh> dAy,

+ log (Area (M27 g)) — log (Area (M27 h)) ,

where we integrated by parts in space to obtain the last line. Hence we have
(see also [433], [428], [412]):

PROPOSITION 1.143. If h and g are two metrics on M? with the same
area and conformally related by g = eV h, then the difference of the determi-
nants of the Laplacian is

1
log det 23 —~log et A, = o | (|w|§ n sz) dA;,
where Ry, is the scalar curvature of h. In particular, this difference is the

same as the relative energy defined by (77 ).

The determinant of the Laplacian on a surface is the energy functional
for the Ricci flow; see Volume 2.

12. Monotonicity for harmonic functions and maps

For comparison with other monotonicity formulas in this book, we recall
a fundamental monotonicity formula used in the study of harmonic functions
and maps.
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LEMMA 1.144. If u is a harmonic function in a ball B (p,r) C R™, then

2
(1.148) (n— 2)/ \Vul? dp = 7"/ (]Vu|2 -2 <@> ) do.
B(pr) OB () or

ProoF. We derive the more general identity
(1.149)

/ (61 [Vul® = 2ViuVju) ViVidu = / (615 [Vul® = 2ViuVju) viVide
B(p.r) 9B(p,r)
for any V € C* (B (p,r)) and where v = % is the unit outward normal.

Taking V (z) =2z —p = r% in (1.149), we have V;V; = §;; and therefore
obtain (1.148). Now since Au = 0, two integrations by parts yield

2/ (Vu-V)-(Vu-u)da:Q/ V(Vu-V)-Vudu
9B(pyr) B(p,r)
_ / (V5 IVul? V; + 29:V;Viu¥;u) dp
B(p.r)

:/ (= IVl V,V; + 2933 ViuVu) dp
B(p,r)

+/ \Vul? v,V do,
OB(p,r)

which is (1.149). A more geometric way to derive (1.149) is to consider the
1-parameter family of functions

us () = u(x+ sV (x)),
where V € C5° (B (p,r)) , which satisfy

4
ds

us () = Vu - V.
5=0

Since u is a stationary point of the energy F (u) = fB(p v |Vu|? dp under
variations with us = u on 9B (p,r), we have

d
0= 2| E(u) :/ (— Vul2V,V; +2vivjv,~uvju) dp
dS s=0 B(p,?")
for Ve C§° (B (p,r)) . From this one can derive (1.149). O

A direct consequence of Lemma 1.144 is the following monotonicity for-
mula.

THEOREM 1.145. If u is a harmonic in B (p,r) C R", then

) 9 ou\?
— 7‘2”/ |Vu|"dp | = 2r2”/ (—) do >0
or B(p,r) 9B(p.r) or
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and

2
RQ"/ |Vu]2d,u—7'2"/ \Vu|? dy = 2/ x> (?) dy.
B(sz) B(p,T’) B(p,R)*B(p,T’) r

Proor. This follows from

g TQ”/ |Vu|2 du :T2"/ \Vu|2da
or B(pr) oB(pr)

+(2—n) rl_”/ |Vu|® du
B(p,r)
and the lemma. O

See §2.8 for more about harmonic maps and their relation to DeTurck’s
trick (where one couples the Ricci flow with the harmonic map flow to pro-
duce a strictly parabolic system in order to prove short time existence for
the Ricci flow). Harmonic maps also provide good parametrizations. There
are a number of sources for the study of harmonic maps, including [195],
[254], [277], [350], and [448].

13. Lie groups and left invariant metrics

Recall that a Lie group is a C'°° manifold G with the structure of a
group, such that the map p : G x G — G, defined by u(o,7) = o - 771 is
C®. Given o € (G, we define left multiplication by o, o7, : G — G where

or (1) = o7 and right multiplication by o, o : G — G where or(7) = 7-0.

DEFINITION 1.146. A Riemannian metric g on G is left-invariant if
for any o € G, o, is an isometry of (G,q): (op) g =g.

The connection and curvature of a left-invariant metric may be computed
algebraically (and metrically) using the following.

LEMMA 1.147. Let g be a left-invariant metric on G. If X, Y, Z, W are
left-invariant vector fields, then

(1) the Levi-Civita connection is given by:

1
(1150)  (VaY.Z) = S ([X.Y].2) (X, 2].Y) - (¥, 2], X)),
(2) the Riemann curvature tensor is given by:
(1.151)

(Rm(X,Y)Z,W) = (VxZ,VyW) = (VyZ,VxW) = (Vixy|Z, W),
so that in particular
(1.152) (Rm(X,Y)Y,X) = (VxY,VyX) — (VyY,VxX) - (Vixy)Y, X).

PRrOOF. 1). The formula for the Levi-Civita connection follows from
(1.3) and the fact that X (Y, Z) = 0, etc.
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2). By the definition of the Riemann curvature tensor
(Rm(X,Y)Z,W) = (VxVyZ,W) = (VyVxZ, W) = (Vixy|Z, W)
=X (VyZ W) —-(VyZ,VxW)

—Y(VxZ, W)+ (VxZ,VyW) = (Vixy)Z,W).

The formula for the Riemann curvature tensor now follows from this and
the fact that (VxZ, W) is a constant function. O

On a general manifold, the covariant derivative with respect to Killing
vector fields can be expressed in terms of the Lie brackets.

LEMMA 1.148. If (M, g) is a Riemannian manifold and X,Y, and Y are
Killing vector fields, then

1
PROOF. Since Y is a Killing vector field, we have by (1.21)
0= (VxY,Z)+ (V2Y,X).

We have two more similar formulas following from the fact that X and Z
are Killing vector fields. These three formulas imply:

(VXY Z) = — (VY. X) = (I, Z].X) - (Vy Z,X) = ([Y, 2], X) + (VxZ,Y)
— ([V.2],X) + ([X.2],Y) + (V2X.Y)
— (IV.2],X) + ([X.2],Y) - (VyX.2)
— (v, 2),X) + (X, 2],Y) + (X,Y],Z) — (VxY.2),

and the lemma follows. O

(1.153) (VxY,Z) =

A left-invariant metric is bi-invariant if it is also invariant under right
multiplication.

EXERCISE 1.149. Show that if (G, g) is bi-invariant and if X is a left-
invariant vector field, then X is a Killing vector field.

LEMMA 1.150. Let g be a bi-invariant metric on G. If X, Y, Z, W are
left-invariant vector fields, then

(1) the Levi-Civita connection is given by:
1
VxY = 3 [(X,Y],
(2) the Riemann curvature tensor is given by:

1
PROOF. 1) Since in this case, X,Y and Z are Killing vector fields, we
have both (1.150) and (1.153). Adding these two equations together implies:

2(VxY,Z)=(X,Y],Z).

(1.154)  (Rm(X,Y)Z, W) =

O
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2) From (1.151) and part 1), we have
(1.155)

(Ri(X,Y)2,W) = 1 (X, 2], [¥, W) =5 (¥ Z), [X, W)—3 (X, Y], 2), W)

On the other hand, by the Jacobi identity
(X, Y], 2],w) = = ([lY, 2], X], W) = ([[2, X], Y], W)
=2(Vx[Y,Z],W)+2(Vy [Z, X], W)
=-2([Y,Z],VxW) —2([Z, X],VyW)
=— (v, 2], [X, W]) = ([2, X], [Y, W]),,
and the result follows from substituting this into (1.155).

COROLLARY 1.151. A bi-invariant metric on a Lie group G has nonneg-
ative sectional curvature.

PRrROOF. From (1.154) we have

X Y]2 >0

(Rm(X, Y)Y, X) = ([X,Y],[Y,X]):i > 0.

1

4
O

Left-invariant metrics on Lie groups (and more generally, homogeneous

metrics) provide nice examples to study the behavior of the Ricci flow. See
§4.10.

14. Bieberbach Theorem

In this section we present the Bieberbach Theorem classifying closed flat
manifolds. The ideas of the proof are based on Gromov’s proof of his almost
flat manifolds theorem [241], [66]. The main reference we follow for this
section is Buser’s expository paper [65]. First we give some definitions.

DEFINITION 1.152. Let G be a Hausdorff topological group.

(1) A discrete subgroup of G is a subgroup which is a discrete subset,
that is, each element g of the subset is contained in a neighborhood
whose intersection with the subset is g.

(2) A closed subgroup H C G is uniform if the left coset space G/H =
{gH : g € G} is a compact space.

DEFINITION 1.153. An n-dimensional crystallographic group is a
discrete, uniform group of isometries (rigid motions) of R™.

If G is an n-dimensional crystallographic group, then R"/G with the
quotient metric induced by the euclidean metric is a closed flat Riemannian
manifold. Conversely, a closed flat Riemannian n-manifold is the quotient
of R™ by an n-dimensional crystallographic group. The main result on the
classification of flat manifolds is the following.
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THEOREM 1.154 (Bieberbach). If G is an n-dimensional crystallographic
group, then G contains a subgroup generated by n linearly independent trans-
lations. This subgroup is normal and of finite index.

In particular, if M™ is a closed flat Riemannian n-manifold, then a fi-
nite cover of M™ is a flat torus, which is the quotient of R" by n linearly
independent translations. The rest of this section is devoted to a sketch of
the proof of the above theorem.

Let AO (n) denote the group of isometries of R™. An isometry may be
written uniquely in the form

a(z)=Az+a

where A = rot () € O (n) is called the rotational part and a = trans («) €
R is called the translational part. Let [a, 3] = afBa~!371 denote the
bracket of a and 3. One easily computes that the rotational and transla-
tional parts of the bracket are give by

vot ([a, B) = (4, B]
trans ([o, 3]) = (A—I)b+ (I — [A,B])b+ A(I — B) A La.
We also define the distance function on the orthogonal group O (n)

by

}AB_la: - z‘ 1
d(A,B)= sup — = max |AB x—x‘.
c€R™— {0} || wesn=1
EXERCISE 1.155. Show that d (A, B) =d(B,A).

We define the norm of an orthogonal matrix by

Al = d(A,T) = max Az — 2],
rxesn—1

which is the operator norm of A — 1.

The following result implies that the group commutator of two orthog-
onal matrices which are close to the identity is much closer to the identity
than the two matrices.

LEMMA 1.156 (Estimate for the norm of the commutator). If A, B €
O (n), then

I[A, B]|| < 2[|A[| - | BI| -

In particular, if | Al , || Bl < e, then ||[A, B]|| < 22

REMARK 1.157. On the other hand, if || A|| < 1/2, then ||[A, B]|| < ||B]|.
Thus, taking a commutator with an element of norm less than 1/2 decreases
the norm.

PRrROOF. We have the identity
[A,Bl—-I={(A-)(B-I)—(B-1)(A-I)}A™'B™%.
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Thus
A, Bl = max, {(A-D)(B-I)-(B-I)(A-1)} A"'B 'z
= max {(A=1)(B-1)=(B=1)(A=D}al
<2|Af-|B].

O

The follow establishes the existence of almost translations in almost any
direction in a crystallographic group.

LEMMA 1.158 (Existence of almost translations in almost any direction).
Let G be an n-dimensional crystallographic group. For every v € S"~! and
g,0 > 0, there exists an element v € G, where v (x) = Cx + ¢, such that

(1) the translational part points almost in the direction of v: ¢ # 0 and
£(c,v) <o
(2) the rotational part is small: |C|| < e.

The following is the main lemma used to prove the existence of n lin-
early independent translations. Roughly speaking, it says that an almost
translation is a pure translation. So it goes well with the previous lemma.

LEMMA 1.159 (Elements with small rotational parts are translations).
Let G be an n-dimensional crystallographic group. If a € G, where a(x) =
Az + a, is such that ||A|| < 1/2, then A = I; that is, a is a pure translation.

The Bieberbach Theorem is a consequence of the following.

PropoOSITION 1.160. If G is an n-dimensional crystallographic group,
then G contains a subgroup generated by n linearly independent translations.

PROOF OF THE PROPOSITION FROM THE LEMMA. Choose any linearly
independent set of n vectors vi,...,v, in R™ such as the standard basis.
Since the vectors are linearly independent, there exists § > 0 such that
(1.156) £ (vi,vj) > 26 for all i # j.

By Lemma 1.158, taking ¢ = 1/2, § as above and v = v;/ |v;|, there exist n
elements 71, ..., € G, where ~; () = C;jz + ¢;, such that ¢; # 0,
(1.157) £ (Ci, Ui) < 0,

and ||C;]] < 1/2. Inequalities (1.156) and (1.157) imply that ci,...,¢, are
linearly independent. Furthermore, Lemma 1.159 implies C; = I for all 7.
Hence 71, ...,7, € G are linearly independent pure translations. ([

Now we give in a number of steps the

PROOF OF LEMMA 1.159. STEP 1. Among the elements of G with
nonzero small rotational part, choose one, which we call o, with the smallest
translational part. In particular, let

S={yeG:0<|C| <1/2}.
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If the lemma is not true, then the set is nonempty. Since G is discrete and
O (n) is compact, there exists an element « € S such that
|a] = |trans ()| = min |trans ()] .
YES
STEP 2. A =rot («) yields an orthogonal decomposition of R™ into the

subspace of mazximal rotation directions and its orthogonal complement. In
particular, let a € G be an element as given by Step 1 and define

Eq=span{zx € R": |[Az —z| = || A - ||} .

E 4 is a nonempty and we claim that it is also an A-invariant subspace.
Indeed, if x € E4, then

|A(Az) — Az| = [A(Az — z)| = Az — | = [|A]| - [z = [[A] - [Az].
Clearly, if x € E4 and ¢ € R, then cx € E4. Since A is orthogonal,
(BA): ={z eR": (z,y) =0forally € E,}
is also A-invariant. We define the norm of A restricted to (E4)* by
Ap —
A= max 2T

ve(Ea)-—{0} |7l

if (E4)" #0, and ||A|* = 0if (E4)" = 0. In any case, we have
JA|I* < ||A|  whenever A # I.

Corresponding to the decomposition R = F4 @ (EA)L, for any vector

x € R", we write

x:xEGBwJ‘.

STEP 3. By Lemma 1.158, for any unit vector v € F4, § < 7/4 with
e=1 <||AH - ||AHJ‘> , there exists an element 3 € G, where 3 (z) = Bz +0b,
such that

1
b0, [vH| <[p7]. and B <5 (14l - 14]").

Since||B| < & || Al < {5 < 3, if 3 is not a pure translation, then 8 € S, so
that

[b] > |al.
Let

T= {’y cGic#0, )CL] <|e®], e < % (HA|| - HA\H)}.

We may assume that § € T is chosen so that
(1.158) |b| = min |trans ()| > 0.
~yeT

STEP 4. Lemma 1.159 follows from:
(1.159) [a, ] € T and |trans ([, 5])] < |b]
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since this is a contradiction to (1.158) and hence to our assumption that S
is nonempty. The rest of the section is devoted to the proof of (1.159).
Since ||A]| < %, we have

ot (fe DI = 114, BIIl < 2141 - 1B]l < 1B < (4] - 4]1*)

| =

Now consider

trans ([0, B]) = (A—I)b+ (I —[A,B]))b+ A(I — B) A la
(A-DbE+(A-T)bt +r

where
r=(I—-[AB)b+A(I -B)A 'a.
If 8 is not a translation, then 8 € S and |b| > |a|. This implies that
7| < (ITA, Bll + |1 B|) [b] -
Since |[[A, B]|| < [|BI[,; we have
r| < 2[|B] - [b].
Since ‘bL‘ < ‘bE} , we have

1
(1.160) rl < 4Bl - o] < 5 (1Al - ) [bP)

The above inequality also holds when [ is a translation since then B = I,
which implies r = 0 (and the RHS of (1.160) is positive). We conclude that

trans([a,ﬁ])L’ = ‘(A— bt —i—’rL’
< Al ot + 5 (14l - 141+ |67

1 L\ 1E
<5 (14l + 1ar-) o7

and
trans ([a,ﬂ])E‘ = (A= 1)b7 +1F|
> || A - [b"] — |r*]
> 14l 157] — 2 (141 - A1) 7]
=2 (14l + 141+ |67
Therefore

‘trans ([ex, B])J“ < ‘trans ([ev, 5])E

)
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so that [a, 3] € T. Finally
trans ([o, B])] = (A~ )b+ 1]

< J1A]L- o] + ]
1 1 L\ |pE

< 511+ 5 (Al = A1) 57
3

< - .

< 16l < Jo

Thus we have (1.159) and the proof is complete. O

15. Compendium of inequalities

In this section we list a few of the inequalities that are used somewhere
in the book.
Forallz e R, e* > 1+ x.

Arithmetic-geometric mean inequality: If x1,zs,..., 2, > 0, then
T+ a2+t
1 2 n > (xle_“xn)l/n
n
with equality if and only 1 = 29 = - - - = ).

The LP-norm of a measurable function is defined by

1/p
1, = ( /le!pdu> .

Holder’s inequality: If p,q € [1,00] are such that % —l—% =1 and if
feLP(M)and h e LY(M), then

/lehldu < I£1L 1Al

and equality holds if and only if a |f|” = b|h|? a.e. for some constants a and
b not both zero.
Jensen’s inequality: If ¢ : R — R is convex and f € L' (M"), then

it . #of 2 ¢ (a L))

EXERCISE 1.161. Prove that if{fi}le and {pz-}f:1 are sequences of non-
negative numbers with py +---+ pr = 1, then

Ve < mfi 4+ F ord

where 0° = 1. Derive Jensen’s inequality from this.®

EXERCISE 1.162. Work out the statement of Jensen’s inequality when
() =xlogz.

8See also §25 of [178].
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L? Sobolev inequality: If [, ¢?du =1, where n > 2, then

n—2
2n n
Cs (9) U soﬁdu] < /M V| du + Vol (9) /"
where C;s (g) > 0 depends only on g.

REMARK 1.163. If we consider a power function of the distance function

to a point (such as the origin): ¢ (x) = |z|", then the borderline exponent for

VVJJCQ isp= Q_T" This is also the borderline exponent for ¢ € Lf:c/(n_m.

Logarithmic Sobolev inequality: For any a > 0, there exists a con-
stant C' (a, g) such that if ¢ > 0 satisfies [}, p?>dp = 1, then

/ ? log pdp < a/M IVol* du+ C (a, g).

REMARK 1.164. Note that if ¢ (x) = e~1el*/2 then IVo|? = ||? elel® =
—2¢%log .

16. Notes and commentary

81. Additional references on the geometry and topology of 3-manifolds
include the books by Benedetti-Petronio [43], Hatcher [278], Hempel [280],
Jaco [304], Kapovich [307], Morgan-Bass [387], and Thurston [488].

82. There are several good books on Riemannian geometry including
Chavel [98], Cheeger-Ebin [103], do Carmo [183], Eisenhart [198], Gallot-
Hulin-Lafontaine [218], Gromov [242], Hicks [282], Kobayashi-Nomizu [327],
O’Neill [410], Petersen [423], and for bigger game, the five volume Spivak
[478].

The notion of connection extends to arbitrary vector bundles as follows.

DEFINITION 1.165. A linear connection D on a vector bundle E over
a differentiable manifold M™ is an R-linear map:

D:C®EQRTM)— C>®(E),
satisfying the product rule:

Dx(f-s)=f -Dxs+ Xf-s,
where we used the notation: Dx s = D(s ® X).

If (M™,g) is a Riemannian manifold, the connection D induces linear
connections, also denoted by D, on the bundles of E-valued differential
forms APT*M ® E. Let QP(E) = C*° (APT*M ® E) . The exterior covariant
derivative d” acting on E-valued differential forms is then defined as follows:

dP QP (E) - PTY(E),

where

p
dDOz(Xo, Z ']DXaXO,...,Xj717Xj+1,...7Xp).
7=0



96 1. BASIC RIEMANNIAN GEOMETRY

In local coordinates, we write this as:

p
(dD a). L= (—1)] Dijaio...ijilijJrl...ip.
The Riemann curvature tensor is a section of the bundle A2M QT*M @ T M,

or equivalently, Rm € Q?(T*M ® TM). Hence the second Bianchi identity
may be rephrased as:

0=dYRme Q3(T*M @ TM),

where dV denotes exterior covariant derivative using the connection on
T*M ® T'M induced by the Levi-Civita connection.

83. There are many references for the Laplacian and Hessian comparison
theorems. We note in particular the books by Schoen-Yau [447], P. Li [340]
and the lectures of Schoen [443]. Most of the presentation in this section
follows [447].

The fact that a locally Lipschitz function is a.e. C' is a special case of
the following more general result (see Theorem 3 on p. 250 of [479]). Let
(M™, g) be a Riemannian manifold and let f be a function on a open set
U C M"™. Then fis C' a.e. in U if and only if for a.e. x € U

fl)—f@)=0(d(=y) asd(zy) —0.
84. Exercise 1.92 is equivalent to:

EXERCISE 1.166. Use the Cartan structure equations to compute the
connection 1-forms and curvatures for the metric

g=nh (7‘)2 dr® + f (1")2 ggn—1.

REMARK 1.167. By making the substitution ds = h(r)dr we see that
this is equivalent to Fxercise 1.92.

SoLuTION. Let {&}/~ and {@i}?:_ll be local orthonormal frame and

coframe fields for (S”_l, gsn_1) and let G;g be the corresponding connection
1-forms which satisfy the first and second structure equations:
d' = &) A &)
=i

Rm

I
;= dw; — ;i Ay,

For g define the orthonormal frame e, = h(lr)%, e = ﬁéi and the or-

thonormal coframe w" = h(r)dr, w' = f(r)&' for i = 1,...,n — 1. By

Exercise 1.39 we have

1 . .
Wl (e;) = 5 (dwz (e, er) + dw? (ei, ex) — dw® (e;, ei)) .

Using this and dw™ = 0 we compute for i,k <n —1

(1.161) wF =oF

3 3
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(1.162) k= o
f
Now by the second structure equation we have
Rm (g)] = dw] — wa/\wi —w Aw),
k=1
1 2 .
= 7(62”'}0) w! AW
and
n—1
j k
Rm(g)), =dw) — > wy Awj,
k=1
enf) enf j k j
() rere 5 k
_ _ennf joon

§5. [103] is an excellent reference for the first and second variation
formulas and more generally, comparison geometry.

§5.3. We say that a C° function ¢ : M — R is convex if for every
constant speed geodesic 7 : [0,1] — M, we have

¢ (v(s) < (1 =5) o (v(0) + 50 (v (1))
for all s € [0,1].

EXERCISE 1.168. Show that if ¢ is a C? function, then ViV > 0 if
and only if ¢ is convez.

LEMMA 1.169. Let (M™,g) be a complete Riemannian manifold and let
¢: M — R be a C? conver function. Then a point is critical point of ¢ if
and only if it is a global minimum of ¢.

PROOF. Suppose that p € M is a critical point of ¢. Given any point
x € M, let v :[0,1] — M be a geodesic joining p to x (since (M",g) is
complete a minimal such geodesic exists). We have

d

d? .
2501 () = o (V6,9)

=(VVg,7®@%) >0

(we used V44 = 0.) Since %‘uzo (V¢,5) =0, we have

d :

for all w € [0,1]. Hence ¢ () > ¢ (p) . O
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In our study of Ricci flow, we shall find it useful to make comparisons
with the mean curvature flow of hypersurfaces and other geometric flows.
For this reason we recall here some basic facts about hypersurfaces. Let
X : M"™ — R"*! be a smooth immersed hypersurface and N a choice of unit
normal vector to X (M™) (actually N is a vector field with values in R"+!
along M™.) When X (M") is embedded closed we shall usually take N to
be the outward unit normal. The first fundamental form is defined by

g(V,W) =(V,W)

for VV\W € T,X (M"™), where (, ) denotes the euclidean inner product.
More correctly (the distinction should be made in the immersed and nonem-
bedded case)

g(V, W) = (X.V, X. W)

for VW € T,M™. Recall that the second fundamental form is defined by
(1.53):
h(V,W) = (DyN,W) = — (Dy W, N)

or VW € T, X (M™), where D is the euclidean covariant derivative, i.e.,
the directional derivative. To get the second equality in the line above,
we extend W to a tangent vector field in a neighborhood of x and used
(N,W) = 0. The second fundamental form measures the extrinsic curvature
of the the hypersurface X (M™), i.e., how the normal is changing. We have
the Gauss equations (1.54)

and the Codazzi equations (see Exercise 1.41)
(1.163) (Vuh) (V.W) = (Vvh) (UW).
The mean curvature is the trace of the second fundamental form:
H = Z h (el-, 62') = gijhij
i=1

where in the first expression {e;} is an orthonormal frame on X (M") and
in the second expression in terms of a local coordinate system {w’} in M",
which gives local coordinates {2’ o X1} on X (M™),

' 0 0 - 9 0
gij = g <X*%’X*@> hig =1 <X*3xi’X*3$j>

and g% = (gfl)ij . The Ricci curvature of g may be expressed as

Re(U,V)=Hh(U,V) — zn:h(U, ei)h(V,e;)
i=1
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or in shorthand notation, Rc = Hh — h%. The scalar curvature is R =
H? — |n|*. The Gauss curvature is defined by

det h
K==
det g
The principal curvatures k1, ..., kK, are the eigenvalues of h with respect
to g. We have
H=kr14+ 4 Kp, R:Z/ﬁmj, K=Ky - K-
i#]

Analogous formulas hold for the mth mean curvatures, which may be
defined as mth elementary symmetric function of the principal curvatures.

EXERCISE 1.170. Using the Codazzi equations, show that if a hypersur-
face M™ C R n > 2, is totally umbillic, that is, h = pg for some function
¢ (tracing we see that ¢ = %H), then the mean curvature is constant.

EXERCISE 1.171 (Weyl’s Estimate). Let M? C R? be a convex surface,
that is, h > 0. Show that

OH = Alog K + [Vih|2 , , + H? — 4K
where O = (hfl)ij ViV, and |aijk‘52;hh = g’ (hfl)jq (hil)kr Q;jkGpgr- Note
that by the arithmetic-geometric mean inequality, H> — 4K > 0. Applying

the mazximum principle at a point x where H attains its maximum, we have
OH (z) <0 so that

H (z)? < 4K (z) — Alog K ().
Note that the RHS depends only on the intrinsic geometry of the surface:
H? <
max H* < C(g)

where C (g) depends only on the first fundamental form g. Since |h|> =
H? — 2K < H?, we also obtain a bound for |h| .

811. A couple of more recent references on the determinant of elliptic
operators such as the Laplacian are [89], [90].






CHAPTER 2

Elementary aspects of the Ricci flow equation

1. Some geometric flows predating Ricci flow

Geometric flows have been around at least since Mullins paper [393] in
1956 proposing the curve shortening flow to model the motion of idealized
grain boundaries. In 1964 the seminal paper of Eells and Sampson [196]
introduced the harmonic map heat flow and used it prove the existence of
harmonic maps into targets with nonpositive sectional curvature. In 1974
Firey [210] proposed the Gauss curvature flow to model the shapes of worn
stones and considered the case where the surface is invariant under minus
the identity. In 1975 Hamilton [254] continued the study of the harmonic
map heat flow by considering manifolds with boundary. In 1978 Brakke [55]
studied the mean curvature flow and proved regularity properties for it.

We begin by giving a baby introduction to how Ricci flow may be used
to approach the geometrization conjecture. The intent of this section is only
to give the reader some preliminary intuition about what type of results one
would like to prove about Ricci flow in dimension 3. Next we describe some
of the evolution equations for the curvatures of solutions to Ricci flow. Since
the scalar curvature satisfies a particularly simple equation, we start with its
evolution. This leads to the heat equation, for which a principal tool is the
maximum principle, which we discuss both when the manifold is compact
and noncompact. Although the Ricci flow is not exactly variational in the
usual sense, we consider the Einstein-Hilbert functional and see that Ricci
flow is similar to a gradient flow. In Volume 2 we shall see a precise way
in which Ricci flow is a gradient flow, due to Perelman. We then discuss
some local coordinate calculations which lead to variation formulas for the
curvatures. Applying this to the Ricci tensor and its modification, we obtain
DeTurck’s trick, which is used to prove the short time existence of solutions
of Ricci flow on closed manifolds.

2. Ricci flow and geometrization: a short preview

In this section we give a very rough and intuitive description of Hamil-
ton’s idea for using Ricci flow to approach Thurston’s Geometrization Con-
jecture. In the following discussion all 3-manifolds will be closed and ori-
entable. Start with a closed Riemannian manifold (Mf’, go) . We want to
infer the existence of a geometric decomposition for M3 by studying the
properties of a solution (M3 (t),g(t)) of the Ricci flow with surgeries

101
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with M?(0) = M} and ¢ (0) = go. By Ricci flow with surgeries we mean
a sequence of solutions (Mi?’,g@- (t)) , t € [1iz1, 7], with 7,1 < 7, < o0 and

70 = 0, of Ricci flow where (Mf+1,g,-+1 (TZ)) is obtained from (Mi?’,gi (Tz))
by a geometric-topological surgery. M?3(t) = M? and g(t) = g;(t) for
t € [ri—1,7;] so that the manifold and metric are doubly defined at the
surgery times 7;.

The short and long time existence theorems imply that there exists a
unique maximal solution to the Ricci flow (M7, g1 (t)), t € [0,T1), where
either

sup  [Rm (g1)[ = o0
M3x[0,T1)

or 17 = oo. If T1 < oo, then we want to prove that in high curvature regions
(near the singularity time) the metric looks like part of an S? x R cylinder
(this is not quite true, but for the sake of simplicity let’s assume this for
now). At some appropriate time 71 < 7} right before the singularity forms
we perform a geometric-topological surgery by cutting out an S? x B! from
the cylindrical region, which has two disjoint 2-spheres as its boundary:
0 (5’2 X Bl) =62 x50=9 (33 X SO) , and replacing it by two balls: B> x
591 We call the new manifold (M3, g1) . Let (M3, g2 (t)) , t € [r1,T), be the
unique maximal solution to the Ricci flow with go (71) = g1. Topologically,
M3 and M3 are related as follows. If M3 = M23’71 L M23’72 is the disjoint
union of two connected manifolds, then M; = M%l#MS’Q. On the other
hand, if M3 is connected, then M7 = M3# (S? x S1). The reason for this
is reversing the surgery process we see that M7 is obtained from M; by
attaching a handlebody. Isotopying this handlebody so that it is attached
to two 2-spheres inside a 3-ball in M3 we see that M5 is the connected sum
of M3 with an orientable S? bundle over S' which must be S? x S.

Now repeat the process so that if Th < 0o, then we perform a geometric-
topological surgery at some time 75 < T3 to get (M:f, 92) , etc. As long as
T; < oo for all ¢, we have surgery times 7; < 7;. Hence, we either obtain a
finite sequence of solutions (M2, g; (t)), t € [r;—1,7], where 1 <i < T < o0
where the last solution (M3}, g; (t)) is defined for ¢ € [r7_1,00), or we obtain
an infinite sequence of solutions. In the latter case it is conceivable that
the sequence of surgery times {7;} accumulates to a finite time. This is a
major case which needs to be ruled out. Barring this, we obtain a solution
of the Ricci flow with surgeries, consisting of a countable (infinite or finite)
sequence of solutions of the Ricci flow, which is defined for all time ¢ € [0, 00).
Next we want to infer the existence of a geometric structure on M3 for i
large enough via a sufficient understanding of the geometric properties of a
metric g; (t;) where t; € [1,_1,7;]. In particular, we want to show that the
manifold may be decomposed into pieces with incompressible tori boundary

n Perelman’s approach, the surgery is performed at the singularity time on the
singular manifold limit.
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whose interiors either admit complete, finite volume hyperbolic metrics or
are collapsed with bounded curvature in the sense of Cheeger-Gromov.

3. Ricci flow and the evolution of scalar curvature

Given a 1-parameter family of metrics ¢ (¢) on a Riemannian manifold
M™, defined on a time interval Z C R, Hamilton’s Ricci flow equation is
0
5790 = —2R;;.
For any C'* metric go on a closed manifold M", there exists a unique solution
g(t), t € [0,¢), to the Ricci flow equation for some € > 0, with g (0) = go.
This was proved in [255] and shortly thereafter a much simpler proof was
given by DeTurck [180] (see [181] for an improved version). We shall briefly
discuss short time existence in section 8. For any C*° complete metric g
with bounded sectional curvature on a noncompact manifold M™, such a

short time existence result for solutions to the Ricci flow was proved by
W.-X. Shi [462].

DEFINITION 2.1 (Complete solution). A solution g (t), t € I, of the
Ricci flow is said to be complete if for each t € I, the Riemannian metric
g (t) is complete.

DEFINITION 2.2 (Bounded curvature solution). We say that a solution
g(t), t €L, of the Ricci flow has bounded curvature if on every compact
subinterval [a,b] C T the Riemann curvature tensor is bounded. In particu-
lar, we do not assume the curvature bound is uniform in time on noncompact
time intervals.

PROBLEM 2.3 (Uniqueness of Ricci flow on noncompact manifolds). Un-
der what conditions does uniqueness hold for complete solutions to the Ricci
flow on noncompact manifolds? A reasonable assumption may be bounded
curvature.

Given that we have short time existence, we are interested in the long
time behavior of the solution. Toward this end we want to derive the evo-
lution equations for the Riemann, Ricci and scalar curvatures

0 0 0
&Rijk& asz? En

as well as other geometric quantities.
First we look at some simple examples. Let M™ = S™ and ggrn denote
the standard metric on the unit n-sphere in euclidean space. If gy = 73ggn

for some 9 > 0 (79 is the radius), then

(2.1) g(t)=(r§ —2(n—1)t) ggn

is a solution to the Ricci flow with g (0) = go defined on the maximal time
interval (—oo, T'), where T' = r2/2 (n — 1) . That is, under the Ricci flow, the
sphere stays round and shrinks at a steady rate.

R
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EXERCISE 2.4 (Standard shrinking sphere). Show that the metrics de-
fined by (2.1) is a solution to the Ricci flow. HINT: Use the scale-invariance
of Ricci (Ezercise 1.11) and Re(gsn) = (n— 1) ggn. Show that the scalar
curvature of the solution is given by
n(n—1)

R(g(t) = —5—"+——.
(9®)) 2 —2(mn—1)t

In particular, the solution with r} = n (n — 1), which is defined on (—oo,n/2),
has scalar curvature R (g (t)) = ﬁ

EXERCISE 2.5 (Homothetic Einstein solutions). Suppose that go is an
FEinstein metric, i.e., Rc(go) = cgo for some ¢ € R. Derive the explicit
formula for the solution g (t) of the Ricci flow with g (0) = go. Observe that
g (t) is homothetic to the initial metric go and shrinks, is stationary, or
expands depending on whether c is positive, zero, or negative, respectively.

EXERCISE 2.6 (Product solutions). Suppose that (M7, g1 (t)) and (Ma, g2 (t))
are solutions of the Ricci flow on a common time interval Z. Show that
(M1 x Ma, g1 (t) x g2 (t)) is a solution of the Ricci flow. Hint: see Exercise
1.87. In particular, if (M™, g (t)) is a solution of the Ricci flow, then so is
(M” xR, g(t) + drz) (we can replace (R, drz) by any static flat manifold.)

PROBLEM 2.7. What explicit solutions of the Ricci flow are there? Of
course we have the constant sectional curvature solutions, products and quo-
tients thereof. Some other solutions are the cigar and Rosenau solutions
on R? and S?, respectively (see Chapter 4). It would be interesting to find
explicit solutions in dimensions > 3.

We now begin with the evolution equation for the scalar curvature
since this is the easiest:

0
(2.2) —R=AR+2|Rc|*.
ot
When n = 2, since then Rc = %Rg, we have
0
2.3 —R=AR+ R
(2.3) oy +

Note the similarity to the heat equation % = Au. To derive formula (2.2)

we recall the variation of scalar curvature.
LEMMA 2.8 (Variation of scalar curvature). If %gzj = vjj, then

(2.4) 32]% = —AV +div (divv) — (v,Re),
s

where V = gv;; = trace (v) is the trace of v.

For the derivation of this formula see (2.25) below. Note that div (divv) =
VpVqvpe. Plugging in v = —2 Rc and using the contracted second Bianchi
identity 2V Ry, = V, R, we obtain (2.2).
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4. The maximum principle for heat-type equations

When we have heat-type equations, we can apply a powerful tool, the
maximum principle. The maximum principle is basically the first and
second derivative tests in calculus. For elliptic equations on a manifold, the
facts we use are that if a function f : M — R attains its minimum at a
point xg € M, then

Vf(zog) =0and Af (z9) > 0.
For equations of parabolic type, a simple version says the following.

PROPOSITION 2.9 (Weak maximum principle for supersolutions of the
heat equation). Let g (t) be a family of metrics on a closed manifold M™
and let uw: M™ x [0,T) — R satisfy

0
au > Ag(t)u.

Then if u > c att =0 for some c € R, then u > ¢ for allt > 0.

PRrROOF. The idea is simply that given a time ty > 0, if the spatial
minimum of u is attained at a point xg € M, then

ou
E (xo,to) > (Ag(t)u) (:L‘o,to) >0,

so that the minimum should be nondecreasing. Note that at (zg,ty) we
actually have (V;V, u) > 0 (this is simply the second derivative test from
calculus). Here and throughout this book, when we write (4;;) > 0 for some
matrix A we mean that it is nonnegative definite.

More rigorously, we proceed as follows. Given any € > 0, define u. :
M x[0,T) — R

ue=u-+e(l+t).

Since u > ¢ at t = 0, we have u. > c at ¢ = 0. Now suppose for some ¢ > 0
we have u. < ¢ somewhere in M x (0,7). Then since M is closed, there
exists (r1,t1) € M x (0,T) such that u. (z1,t1) = ¢ and u, (z,t) > ¢ for all
x € M and t € [0,t1). We then have at (z1,¢1)

ou,
0> 8; > Ag(t)U,g +e>0,
which is a contradiction. Hence u; > ¢ on M x [0,T') for all € > 0 and by
taking the limit as ¢ — 0 we get uw > con M x [0,T). O

Applying the maximum principle to the equation for the scalar curvature
(2.2) yields:

COROLLARY 2.10 (Lower bound of scalar curvature is preserved under
RF). Ifg(t), t €]0,T), is a solution to the Ricci flow on a closed manifold
with R > ¢ at t = 0 for some ¢ € R, then R > ¢ for all t € [0,T). In
particular, nonnegative (positive) scalar curvature is preserved under the

Ricci flow.
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A simple extension of Proposition 2.9 that we shall find convenient to
use is the following (for the proof, see [153], Theorem 4.4 on p. 96).

LEMMA 2.11 (Weak minimum principle - comparing with the ODE).

Suppose g (t) is a family of metrics on a closed manifold M™ and u : M™ x
[0,T) — R satisfies

0
au < Ag(t)u + <X (t) ,VU) +F ('LL) )

where X (t) is a time-dependent vector field and F' is a Lipschitz continuous
function. If u < ¢ at t = 0 for some ¢ € R, then u(z,t) < U (t) for all
x € M™ and t > 0, where U (t) is the solution to the ODE ‘é—lt] = F (U) with
U(0)=c.
EXERCISE 2.12. Prove Lemma 2.11. Hint: Use

0

5 (W= U) S By (u=U) +(X (1), V(u=-V)) + F(u) - F(U)
and the Lipschitz property of F.

REMARK 2.13. In the statement of Lemma 2.11 we may reverse the signs
on all of the inequalities (except t > 0) to obtain that a supersolution to a
semi-linear heat equation is bounded below by any solution to the correspond-
ing ODE with initial value less than or equal to the infimum of the initial
value of the supersolution of the PDE.

Since |Rc|* > 1 R? (more generally, ]a|f7 > 1 Trace, (a)? for any 2-tensor
a ; see Exercise 2.15 below), equation (2.2) implies
0

2 2
. —R > —R-.
(2.5) SR> AR+ R

Since the solutions to the ODE % = %pQ are p (t) = the lemma

n
np(0)~1—2¢’
implies that whenever the maximum principle applies, one has

n
n (inf—g R) ™' — 2t

(2.6) R(z,t) >

forall x € M™ and t > 0. It p(0) > 0, then p(¢) tends to infinity in finite
time. Hence

COROLLARY 2.14 (Finite singularity time for positive scalar curvature).
If (M™, go) is a closed Riemannian manifold with positive scalar curvature,
then for any solution g (t), t € [0,T) to the Ricci flow with g (0) = go we
have n

T'< —— < .
2Rmin (0)

EXERCISE 2.15 (Norm of 2-tensor dominates trace). By choosing coor-

dinates where g;; = 0;; at a point, show that for any 2-tensor a;;

1, .
|aij|§ z - (g”aij)2.
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EXERCISE 2.16. Let u be a solution to the heat equation with respect to
a metric g (t) evolving by the Ricci flow.

(1) (a) Show that
% IVul* = A|Vul* = 2|VVul?.

(b) From this deduce

0 s 1 4
- _ - < 0.
(8t A> (t\Vu| +2u)_0

(¢) Apply the mazimum principle to conclude that if M™ is closed,

then
U

\/§t1/2

Vu| <
where U = maxy—o |u] .

EXERCISE 2.17. Let u be a solution to the heat equation on a Riemannian
manifold (M™, g). Show that

0
5 IVul® = A|Vul* = 2|VVul> - 2R;VuV ju.

What estimate for |Vu| do you get assuming Rc > 07 When Rc > —H for
some constant H? Which curvature condition do you need to get decay of
|Vu| ast — oco?

5. The maximum principle on noncompact manifolds

It is well-known that on a complete noncompact manifold (even Eu-
clidean space) the solution to the heat equation (% — A) u(z,t) = 0 is not
unique in general (see (2.46).) This is due to the failure of the maximum
principle on noncompact manifolds. However, the maximum principle still
holds for solutions satisfying certain growth conditions. We start with the
following general result of Karp-Li [309]. In Ni-Tam [404], a version for
metrics evolving by Ricci flow is presented.

Let (M", g) be a complete Riemannian manifold.

DEFINITION 2.18. We say that u € HL_ (M" x [0,T)) is a weak subso-
lution of the heat equation if for every nonnegative C* function ¢ with
compact support in M™ x (0,T) we have

T 9
[ ] (e soase

Note that if u is C2, then since ¢ has compact support, we can integrate

by parts to get
T 0
/ / ¢<Au——u> dp (x) dt >0,
0 n ot
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which implies 24 5t < Au. Let uy = max{0,u} and d(z, O) denote the distance
function of z to a fixed point O € M".

THEOREM 2.19. Ifu is a weak subsolution of the heat equation on M™ X
[0,T] with u(-,0) <0 and if

T
(2.7) /0 / § exp(—ad?(z,0))u? (z,t) du (v) dt < oo
for some a > 0, then w <0 on M™ x [0,T].
Applying the volume comparison theorem we have the following.

COROLLARY 2.20. If Re(z) > —d?(x,0), and u(z,t) is a bounded subso-
lution, then u(z,t) < 0 provided u(x,0) < 0. In particular, bounded solutions
are unique.

PRrROOF. A direct application of the volume comparison theorem shows
that
Vol (B (O, r)) < exp ((M"Q)

for some a = a (n) > 0. It is then easy to see that the assumption of Theorem
2.19 holds for some suitably chosen . ([l

PROOF OF THEOREM. Let h(z,t) = —Z?Q(f;ot%, which is a Lipschitz func-

tion defined on M™x[0,27), and where 7 > 0 is to be later chosen sufficiently
small. Since |Vd (-,0)| =1 it follows that

oh
2 —_— =
(2.8) VhI? + 55 =0

in the weak sense. Let 0 < ¢ (x) <1 be a cut-off function which is 1 inside
B(0, s) and compactly supported in B(O, s + 1) with |Vy,| < 2. We have

that u, also satisfies
0

in the weak sense. Multiplying the above differential inequality by ¢? eluy
and integrating by parts, we have that

0>/ / gose Uy (——A)u+dpdt
_ h( 2 2 2
—/ / " (2| Vuy|® 4+ 2 (Vos, Vuy ) psuy + piuy (Vh, Vuy)) dudt
v [ () e
1 1
2/ / el (—2|Vc,052uJr - —@su+]Vh\2> dpdt + —/ preu
. 2 2 Ju
— —/ / gogehui 5 dudt

T

0
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Here we used the Cauchy-Schwarz inequality. Applying the equality (2.8)

satisfied by h, we have
-
/ gpgehui < 4/ / ehui|V<ps|2du dt.
Mn r 0 Jmn
d?(z,0)

Since h(z,t) = _P@0) o

4(2T7—t) — 8T
/ preut| < 8/ / exp (—ad®(z, 0)) v dp dt.
n T 0 JB(0,s+1)\B(0,s)

By our assumption (2.7), the right hand side tends to zero as s — oo, and we
conclude that uy =0 a.e. on N x [0,7]. The result follows from iterating
the above argument. O

, if we chose 7 < %, then we have

REMARK 2.21. In [346], Li- Yau proved the uniqueness of solutions bounded
from below under a certain lower bound assumption on the Ricci curvature.
The key idea is that one can obtain growth control of positive solutions to the
heat equation by their gradient estimates (also called Li-Yau inequalities).

LEMMA 2.22. Assume that the curvatures and their first derivatives of
(M™,g(t)), t €10,T), are uniformly bounded. For any a > 0 and A > 0,
there exists a positive function ¢(x,t) and b > 0 such that

0

2.9 — —A > A
(29) (5-2) 0240
on M™ x [0,T) and

exp(a ’ d(O7 .Z')) < Qb(fl?, t) < exp(b ’ d(07 Hf))

PRrROOF. Recall from Theorem 3.6 of [464] that there exists a smooth
function f(z) and a constant C; > 0 satisfying
Oy (14 dy() (0, 2)) < f(ar) < Ci(1+ dy(0) (0, 7))
and
IV flg0) + V)V Flg0) < Cr-

Since the Ricci tensor is assumed to be uniformly bounded, we have g (t) >
cg (0) and

Cdg(o) (x, O) S dg(t) (x, O) S C_ldg(o) (ac, O)
for some ¢ > 0. By the first derivative of curvature bound, we also have
Ffj (t) — I‘fj (0)) < (5. Hence there exists C' < oo such that

IV flgwy +IVey Viflgwy < C

on M"™ x [0,T).
Let ¢(z,t) = exp(Bt + a.f(x)), for some suitable B and a. We compute

(%—A)¢:¢(B+aAf+a2\Vf|2)
> ¢ (B —aynC +a?C?) .
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First choose « big enough so that ¢ (x,t) has the desired lower bound as
claimed. Then we choose B large enough so that B — ay/nC + o?C? > A
to obtain (2.9). O

Using ¢ as a barrier we may obtain the following.

COROLLARY 2.23. If (M™, g (t)) is a complete solution of the Ricci flow
with bounded curvature and if p > 0 satisfies

0
— <
815('0 < Ap+Coyp

v(0)=0
and if o (z,t) < eAU=P)H) for some A < oo, then ¢ (t) =0 for all t > 0.

We should point out that, by modifying the proof of Theorem 1.2 in
[404], one in fact has the following more general version of the maximum
principle.

THEOREM 2.24. Assume that the curvatures of (M"™, g (t)), t € [0,T),
are uniformly bounded. If u is a weak subsolution of the heat equation on

M™ x [0,T] with u(-,0) <0 and if

T
/0 / exp <_0‘d52;(0) (x, O)) u? (w,t) dige () dt < 0o
for some a > 0, then v <0 on M™ x [0,T].

Again notice that we can replace dgg) (z,0) by dyq) (x,0) due to the
fact that they are equivalent under our uniform curvature bound assumption.

LEMMA 2.25. Let (M™,g(t)), t € [0,T), be a complete solution to the
Ricci flow with bounded curvature and let ag be a (p, q)-tensor with

| (x)’g(o) < eAld(z,p)+1)

for some A < co. Let EPY = (QPT*M) @ (RIT'M) and suppose that
F,: BP9 — [Pa
s a fiber-wise linear map with
N LA CLC
Byekra  1B(@)]g

Then there exists B < oo and a solution « (t), t € [0,T), of

0

Py
with a (0) = ag and [afyq) < eBd@P)+) | This solution is unique among all
solutions with |y < eCl@)+1) for all C' < oo.

= Ag(t)a —+ Ft (a)
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PRrROOF. It is not difficult to adapt the proof of Proposition in [402] to
our case. Note that to prove uniqueness we may apply Corollary 2.23 to:

0
e a* < Alaf* =2|Val]* + 2(F (a) ;) + 2 (p + ) [Re| |/
< Alal*+Claf?.
O

COROLLARY 2.26. Let (M",g(t)), t € [0,T), be a complete solution
to the Ricci flow with bounded curvature. Under the above hypotheses on
the initial data we have the existence and uniqueness of solutions with the
corresponding growth conditions for the following equations:

(2.10) %X’ = AX'+ Ri X"

and

o
Th=A
it = ALt

6. The Einstein-Hilbert functional

The game of Ricci flow, so to speak, is to control geometric quantities
associated to the metric as it evolves. The above corollary is a nice
example of this. Let’s now move onto the volume form du (we assume that
M is oriented). In general, if %gij = v;j, then

) 1
2.11 Zdu = =Vdu.
(2.11) 5s = 5Vdn

This is easily seen from the local coordinate formula

(2.12) dp = \/det gjdz* A - A da™

in a positively oriented local coordinate system {a:l} and the formula for the

evolution of a determinant of a matrix A (s)

ij d
ds

where log denotes the natural logarithm. We can see this from the standard

definition

(2.13) dilog det A= (A1) Aij,
s
det A = Z Slgn Ala’( 1) Ana(n)

where the summation is over all permutations o of {1,2,...,n}. Differenti-
ating this formula, we get

- det A= Z Az] Z Slgn Ala(l) Aia(i) T Ana(n)

1,j= 1 o:0(i)=j
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where A/w(\z) means to omit this factor and the second summation is over
all permutations o such that o (i) = j. Equation (2.13) now follows from
Cramer’s rule:

1 —
-1 .
(A7), = ot A z(): 4Slgn(0) Aoy Aoy Ano(n)-
o:0(i)=j

EXERCISE 2.27 (Variation of the inverse of g). By differentiating the
formula g gji, = 0, show that
9 i it e O

2.14 g = — = s
(2.14) 559 99" 5 9kt

Of course, the global formula (2.11) is independent of the coordinates we
choose to derive the formula. The above formulas give a quick derivation of
the first variation formula for the Einstein-Hilbert (total scalar curvature)
functional

E (9) i/ Rdypu.
M
Namely, if %gij = vj;, then
d

1
—F = / (—AV + V,Vvp, — (v,Re) + —RV> du
ds M 2

1
:/ <v,—Rg—Rc> d.
M 2

Note that (twice) the gradient flow of E is

0
(2.15) 55011 =2 (VE(9));; = Rgij — 2Ri;.
This looks sort of like Ricci flow, but this equation in fact is not parabolic,
and as such, short time existence is not expected to hold. Dropping the Rg
term on the RHS of (2.15) yields the Ricci flow.

EXERCISE 2.28. Given a metric gg, let
C ={ugo : u >0 and Vol (ugyg) = 1}

be the space of unit volume metrics conformal to go. Show that subject to the
constraint of lying in C, the critical points E have constant scalar curvature.

7. Evolution of geometric quantities - local coordinate
calculations

We now proceed to discuss the variation of the Ricci tensor. Before we
can do this, we need to recall the variation of the Christoffel symbols.

LEMMA 2.29 (Variation of Christoffel symbols). If g (s) is a one-parameter
family of metrics with %gij = vjj5, then
0

1
(2.16) %FZ = §gk€ (Vﬂ)ﬂ + Vj’l)ig — ngij) .
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PRrROOF. The derivation of this formula illustrates a nice trick in com-
puting evolutions of various tensor quantities such as the connection and
the curvatures. We compute at an arbitrarily chosen point p € M in normal
coordinates centered at p so that Ffj (p) = 0. Note that % gjk (p) = 0. In
such coordinates, Vyall 7 (p) = %aﬁfj (p) for any (r,q)-tensor a. Thus,
at p we have

Ok L pfoo 090 00
os Y 2 9zt 0597t T 9w 957 T 9 sV

and (2.16) follows since V;vj¢ (p) = %vﬂ (p) . Finally we note that since
both sides of (2.16) are the components of tensors, equation (2.16) in fact

holds as a tensor equation, that is, it is true for any coordinate system, not
just normal coordinates. ([

REMARK 2.30. In coordinate free notation, (2.16) is
(2.17)

<(%V> (X,Y) ,Z> = % (Vxv) (Y, Z)+ (Vyv) (X, Z) — (Vzv) (X,Y)).

This formula may derived directly from differentiating (1.3).

COROLLARY 2.31 (Evolution of Christoffel symbols under RF). Under
the Ricci flow %gij = —2R;j, we have
d

(2.18) affj = —g" (ViRjo + VR — ViR;;).

A nice consequence of this is the evolution of the Laplacian operator
acting on functions.

LEMMA 2.32 (Evolution of laplacian under RF). If (M", g (t)) is a so-

lution to the Ricci flow, then
0

ot (L) = 2B - ViV,
where Ay 1s the Laplacian acting on functions. In particular, when n = 2,
9 (A) = RA.

Proor. We compute

0 0 , i 0 i [0

51 (Do) = 5; (97ViV)) = —5.95 - ViV = g” <5T¢j> Vi

and the result follows from

[ g
(2.19) 9" <§Ff}) = —g" (2" V;R;j, — V(R) =0,
where we used the contracted second Bianchi identity. O

EXERCISE 2.33. Given %gij = vjj, compute % (Ag(s)) .
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SOLUTION.

0

(220)

1 ..
(Ag(s)) = —vij - ViV — 597 9" (Vivje + Vjvie — Vevij) Vi
In particular if v;; = ¢g;; for some function ¢, then

9
0s

n —

2
5 V- V.

@21) (Byg) = ~on+

Now we recall how to get the components of the curvature tensors from
the Christoffel symbols. Recall that the components of the Riemann curva-

ture (3, 1)-tensor defined by R (aii, %) a%k = Rfjk% are given by (1.11):

¢ ¢ ¢ ¢ ¢
(2.22) Rijp = 0L, — O3 + T Iy, — T T,

and the Ricci tensor is R;; = Rgij. From this we calculate the variation of
Ricci in terms of the variation of the connection

Op —v (2 _v (2
(2.23) 5. R =Y <asriﬂ‘> Y (asrm)'

Just as in the proof of Lemma 2.29, this follows from computing at the
center in normal coordinates. This is a nice formula and we shall use this
later again. For now we just substitute (2.16) into this to obtain that if
%gi]’ = Vij, then

0 1

1
(2.24) %Ri]‘ = §Vg (V,‘Ujg + ijuig — ngij) — iviVjV.

Recall (divv), = g¥V,v,j,. Taking the trace, we obtain the variation formula

(2.4) for R

Js Js
= ngivig — AV — Uij . Rz’j-

d s d
(2.25) —R = g J <—RU> - %gi]‘ . Rij

Commuting derivatives in (2.24) yields the variation of Ricci formula:

(226) | o-Rij =~ 1 (Apvy + ViV,;V = Vi (div), - V; (dive),)

Here Ay denotes the Lichnerowicz Laplacian, which is defined by

(2.27) Apvij = Avij + 2Rpij0vr0 — Rigvje — Rjpvik
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acting on symmetric 2-tensors. Recall that Ry;;¢ = gngZij. We obtain (2.26)
from (2.24) by the computation:
Ve (Vivje + Vjvie) = ViVivje — ReijmUme — ReiemVjm
+ V;iVvir — RpjimVme — RejemVim
=V, (div U)j +V; (div U)i — 2R jmvem
+ Rimvjm + RjmVim,

where we used the commutator formula (1.30). Note that (2.26) may be
rewritten as

0
% (*QRZ']') = ALvij + Vin + Vin

where X = %VV — divv. This is related to DeTurck’s trick in proving short
time existence (see (2.40).)

The Lichnerowicz Laplacian is a fundamental operator; when acting on
symmetric 2-tensors in the context of Ricci flow it is perhaps more natural
than the rough Laplacian A = ¢“V,;V,. Examples of this naturality are
the appearance of Ay, in the linearized Ricci flow equation (formula (2.37)
below is an example of this) and the following identity, which we will use in
Chapter ?7.

LEMMA 2.34 (Hessian and Lichnerowicz heat operator commutator for-
mula). Under the Ricci flow, the Hessian and the Lichnerowicz Laplacian
heat operator commute. That is, for any function f of space and time we
have

(2.28) ViV (5 - A1) = (4 - A1) ViVif.

ProoF. Using (1.30) we compute

ViViViVif =ViViViVif = Vi(RjiVf)
= ViViViiVif = RigjeVeVi f — RiV;iVof
= ViRjNof — RjyyViVy f
= ViViViV;f = Vi (RikjeVef) — RinjeViVif — RuV;Vof
—ViRjVof — Rjy ViV f
= AV,;V;f 4+ (VjRit — ViRij — ViRjo) Vif — 2Ri1jeV Vi f
— RyV;Vuf — Rjy ViV f
=ALViVif + (VjRiy — ViRij — ViRj) Vi f

where we used Vi Riije = VjRy — VR;; (from the second Bianchi identity)
to get the last equality. Second, using (2.18), we compute

0 0
(2.29) EVZV]f = viv]'a—{ + (VjRZ'g — VgRZ'j — viRjz) Vef.

Formula (2.28) now follows from combining the above two calculations. [J



116 2. ELEMENTARY ASPECTS OF THE RICCI FLOW EQUATION

COROLLARY 2.35. If g (t) satisfies the Ricci flow and f (t) satisfies the
heat equation % = Af, then the Hessian satisfies the Lichnerowicz Lapla-
ctan heat equation:

0
E(va) =AL(VVf).

EXERCISE 2.36 (Commutator of % + Ay and VV). Using the formulas
derived in the proof of Lemma 2.34, establish under Ricci flow we have the
identity

of

0
VNj <E + Af) = <& + AL> Viij -2 (ViRjg + VjRig — V@RZ’]’) Vef.

Recall the exterior derivative of a p-form w may be expressed in terms
of covariant derivatives as

P
(dw)ioilmip = Z (—1) Vijwioil...{;-...ip'
§=0
The adjoint ¢ is given by
(5a)i1-~~ip—1 = _gjkvjakil'“ipfl'

Indeed, one easily verifies that for any (p — 1)-form ( and p-form «

/ {dB, ) dp = / {8, 0a) dp.

The Hodge Laplacian acting on p-forms is defined by Ay = — (dd + 0d)
(we have adopted the opposite of the usual sign convention). If 3 is a 2-form,
then

(2.30) (AaB);; = ABij + 2Rikej Bre — RikBrj — RjnBik-

So the Hodge Laplacian acts on 2-forms formally in the same way as the
Lichnerowicz Laplacian acts on symmetric 2-tensors.

EXERCISE 2.37 (Bochner [51], [52]). Show that if X is a 1-form, then
(2.31) AX; — Rij X = Ag X,

In particular, if the Ricci curvature of a closed manifold is positive, then
there are no nontrivial harmonic 1-forms. By the Hodge theorem, this im-
plies that the first Betti number by (M) is zero. This is a consequence of
Myers’ Theorem that the fundamental group of M 1is finite.

SOLUTION. Recall Ay = — (dd + 0d) . We compute
(dX),; = ViX; - VX,
(8dX); = —Vi (dX),; = —V; (ViXj - V,;X;)
and
0X = -V; X;
(d6X); = —V,;ViX;
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so that
(AgX), = Vi (ViX; —V;X;)+ V,;V,X;
= (AX); + (V;Vi = ViVj) X,
= (AX); — RjxXy.
EXERCISE 2.38. Verify (2.30). HINT: using
(dB);j5 = ViBjk — ViBik + Vi (68)), = — Vi,
show that
(AaB)jp = ABjk + (V;Vi = ViVj) Bik + (ViVi — Vi Vi) By
and apply the commutator formulas for covariant differentiation.

EXERCISE 2.39. Show that under the Ricci flow, for any 1-form X

0
Z_A _ .
<8t L) ('Cth) E[(%—Ad)X]hg ;
that 1is,
0
(2.32) <§ — AL> (VZ'X]' + VjX,;) = V,Y; + VY,
where Y = (% — Ag) X. Note that by taking X = df, we obtain (2.28) since
(5 — Aa)df =d (5 — D) f.
SOLUTION. From
0 0
5 (ViX;) =V, (EXJ) + (ViR + VjRy, — Vi Ri;) Xy
and
Vi (AXj — Rijk) =A (VZXJ) + ZRkijgkag - Rikkaj — RjkViXk
— (ViRjk + VjRik — VkRij) X

we conclude

0 0
Vi (aX] — (AX]' — Rijk)> + Vj (EXz — (AXZ‘ — Rszk)>

0
= (a — AL) (VZXJ + V]Xz) .
A useful consequence of the above exercise is the following.
LEMMA 2.40. If (M™, g (t)) is a solution to the Ricci flow and if X is a
vector field evolving by

(2.33) %Xi = AX'+ Ri X%,
then hij = V;X; + V;X; = (Lxg);; evolves by

0

(2.34) Ehij = ALhij = Ahij + 2Rkijehkg — Rikhkj — Rjkhik-



118 2. ELEMENTARY ASPECTS OF THE RICCI FLOW EQUATION

PrROOF. The dual 1-form evolves by
0
aXZ = AXZ — Ri]’X]’ = AXm

where Ay = — (dd + dd) . The result now follows from Exercise 2.39. g

REMARK 2.41. A special case of (2.32) is formula (2.28), which implies
that if L = Af, then & (df) = A (df) and

0
g (ViV;f) == (ALVV),;.
EXERCISE 2.42. Show that if X is o Killing vector field, then
(2.35) ViV X + Ryji Xo = 0.

SOLUTION ([231], p. 108). We compute
0=Vi(V;Xi+ViX;)+V; (ViXy + Vi X;) + Vi (VX + Vi X;)
= (VijXi + VinXj) + (VjVZ»Xk + VkVZ‘Xj) + (VijXZ‘ + VZ'Vij)
= (ViVieX; — Vi ViX;) — (V;VeXi + Vi Vi X5) + (ViV; Xy, — Vi ViXy)
= RpijeXe — 2V VX + Rjgie Xe + RjipeXe
= =2V V;X; + 2Rj0 Xy
where we used the first Bianchi identity to get the last equality.
Tracing (2.35) we have
(2.36) AX; + RuX, = 0.
Hence, if M™ is closed and the Ricci curvature is negative, then there are
no nontrivial Killing vector fields. For a generalization of this to conformal

Killing vector vector fields, see Proposition 6.4.
Since, by the contracted second Bianchi identity,

ViV;R —V; (divRe); — V; (divRc); = 0,
equation (2.26) implies the following.

LEMMA 2.43 (Evolution of the Ricci tensor under RF). Under the Ricci
flow,

(2.37) %Rij‘ = ALRij = ARZ‘]‘ + 2Rkingkg — 2RikRjk.

Now, just like the evolution equation for the scalar curvature, we have
a heat-type equation. However, there is an important difference: R is a
scalar function whereas R;; is a tensor. It is nice to know that we can still
apply the maximum principle (see [153], Theorem 4.6 on p. 97). This (the
maximum principle for tensors) is the subject of the first section of the next
chapter.

EXERCISE 2.44. Calculate the evolution equation for R;; — aRg;;, where
a e R.
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EXERCISE 2.45. Using (2.22) show that
1
Rijkg = B (@'&gh]’z — @'aghjk — 8j8khiz + 8jaghik) +Q (97 09)
where @ is quadratic in 0g. (For a related formula, see (3.14).)

EXERCISE 2.46. Show that in normal coordinates

1
0i0jgre = 8 (Rikej + Rigjk) -

8. DeTurck’s trick and short time existence

Using (2.26) we can now give a rough description of how DeTurck’s proof
(or DeTurck’s trick) of short time existence works. First note that the
principal symbol of the nonlinear partial differential operator —2Rc (g) of
the metric g is nonnegative and has a nontrivial kernel which is due exactly
to the diffecomorphism invariance of the Ricci tensor (see [153], §2.3 for
details). For this reason the Ricci flow equation is only weakly parabolic.
We search for an equivalent flow which is strictly parabolic. Motivated by
formula (2.26), given a fixed background connection I, which for convenience
we assume to be the Levi-Civita connection of a metric g, we define the
Ricci—DeTurck flow by

(2.38) %gij = —2Ry; + ViW; + V; W,
9(0) = go,
where the time-dependent 1-form W = W (g) is defined by
(2.39) W; = girg™ (Thy — Thy)
Note that if g (s) is a one-parameter family of metrics with g (s) = g and
il
then
% . W (g (s)); = —Xj + zeroth order terms in v.

where X = %VV — divv as above. We compute

(—QRZ‘J' + Vz‘Wj + V]Wz) = ALUZ‘J‘ + first order terms in v.
s=0

EXERCISE 2.47. Verify formula (2.40) by using (2.26), (2.16).

From (2.40) it follows that the Ricci-DeTurck flow is strictly parabolic
and that given any smooth initial metric gy on a closed manifold, there exists
a unique solution g (t) to the Ricci-DeTurck flow with g (0) = go. Note we
may also rewrite the Ricci-DeTurck flow (2.38) as (see also Volume 2)

0
2.4 —
(240) o

9 g = 7 N ngii + g Lk gx G Lk Rm+gxg 3k (V ’
atgz]—g tVmdiz — g gxg m-g*g gl
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which also exhibits the strict parabolicity of the flow. Now given a solution
of the Ricci-DeTurck flow, we can solve the following ODE at each point in
M

0
2.41 —pp = —W*
( ) ot Pt

¢o = id,

where W* (t) is the vector field dual to W (¢) with respect to ¢ (¢). Pulling
back g (t) by the diffeomorphisms ¢;, we obtain a solution

(2.42) g(t) = (p) g (t)
to the Ricci flow with g (0) = go (see p.81 of [153] for instance). One can
also show that this solution is unique (p. 90 of [153]).

THEOREM 2.48 (Hamilton, DeTurck - Short time existence). If M™ is
a closed Riemannian manifold and if go is a C*° Riemannian metric, then
there exists a unique smooth solution g (t) to the Ricci flow define on some
time interval [0,0), § > 0, with g (0) = go.

Recall that given a map f : (M"™, g) — (N™, h), the map Laplacian of
f is defined by

(243)  (Agaf)" =8, (F) + g7 (D (W50 )
:gu( Oy O of° afﬂ)

afe afs

ozt OxI

dxidxi Vg + (F (h)z‘ﬁ ° f) dat Oxd
where f7 = y7o f, and {xz} and {y®} are coordinates on M and N, respec-
tively. Note that Ay f € C® (f*T'N), where f* (I'N) — M is the pullback
vector bundle of TN by f. In (2.43) A, (f7) denotes the Laplacian with
respect to g of the function f7. As a special case, if M = N and f is the
identity map and we choose the  and y coordinates to be the same, then

(Agnid)* = g7 (-T ()} + T (W)}

REMARK 2.49. The derivative df of a map f: M™ — N™ is a section
of the vector bundle E = T*M ® f*T'N. On E is a natural metric and
compatible connection V9" defined by the (dual of the) Riemannian metric
g and associated Levi-Civita connection on T*M and the pullback by f of
the metric h and its associated Levi-Civita connection on TN. So V9" df is
a section of the bundle T*M ®g T*M & f*T'N. The map Laplacian is the
trace with respect to g of VIdf

Agnf =try (VOdf).

A map f:(M", g) — (N™,h) is called a harmonic map if Ay, f = 0.
In the case where N = R a harmonic map is the same as a harmonic function.
If M is 1-dimensional, then a harmonic map is the same as a constant speed
geodesic.
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REMARK 2.50. Given a diffeomorphism f : (M™, g) — (N™, h), the map
Laplacian satisfies the following identity:

(2.44) (Bgnf) (@) = (Agg-1ygaidy ) (f (@)) € C (f'TN)
This corresponds to considering f as
(M7 g) L (N, (F71)" g) = (N".h)

where the map on the left f is an isometry. More generally, if (P, k) and
(N™ h) are Riemannian manifolds, F : P" — N™ is a map and ¢ : M™ —
P" is a diffeomorphism, then

(2.45) (ApnF) (0 () = (Aprn (F o)) (v) -
which corresponds to
(M™,o*k) 5 (P, k) & (N™, h).

Formula (2.44) is the special case of (2.45) where n = m, P* = N™ F =
idy, o= f and k = (f_l)*g. To prove (2.45) we compute

3(Fog0)i8(Fogp)j

(Appp (Fo 0))’ = A, (xz oFo 90) + (" k)P (F (h)fj oFo ‘:0) Dy dyP

= (Ak (xZoF)>ogo+<k:abocp> <F(h)fjoFo<p) <g§:ogp> (aa—ibjo

= (Ak’hF)e o .
where @' = pox’, k% is the inverse of kqy, = k (82@ %) and since Agy+g (uo ) =
Agu for a function u.

If T is the Levi-Civita connection of a metric §, then equation (2.41) is
equivalent to

8 k "k 8 .
ot~ g (_qu + qu) ok Aggid = Az g

In other words, if g (¢) is a solution to the Ricci flow and ¢; : M™ — M" is
a solution to the harmonic map heat flow

0
a‘ﬂt = Ag(t),gﬁpta

then the metrics g (t) = g (t) satisfy the Ricci-DeTurck flow. See Chapter
3, §4 of [153] for more details.

Finally we make some remarks on the uniqueness problem for complete
solutions on noncompact manifolds; the idea is the same as in compact case
(see Step 4 on p. 90 of [153]). Let g1 (t) and g2 (t) be two complete solutions
of the Ricci flow with g1 (0) = g2 (0) = go on a noncompact manifold M".

‘)
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Suppose that we can show that there exist solutions ¢1 (¢), 2 (t) : M"™ —
M™ to the harmonic map heat flow

0
E‘pi (t) = Agi(t)vgo ¥i (t)

Y23 (0) = id M

on some short time interval [0,¢). Then the metrics
G =ei0.00=(p0") 5@

are solutions of the Ricci-DeTurck flow with ¢; (0) = g2 (0) = go. By the
uniqueness theorem for the Ricci-DeTurck flow we have

g1(t)=92() =g(t)
for t € [0,e). We also have that o1 (t) and s (t) are solutions of the ODE
(2.41)

|
&
g

@i (0) =1
where
WO =0 (T 06k, T (w)fy).

Hence ¢; (t) = @2 (t) for t € [0,e). We conclude that g (t) = g2 (t) for
t € [0,e). Thus the uniqueness problem on noncompact manifolds reduces
to the short time existence problem for the harmonic map heat flow with
respect to a time-dependent domain metric. For some further developments
see [117], [118] and [357].

9. Notes and commentary

85. Without growth assumptions, solutions to the heat equation on R”
with a given initial data are not unique. A classic example (see Cannon [70)]
or Widder [513]) in dimension 1 is given by the solution

x2n

u(x :OO ()
(2.46) 0= 310

where

ro={ g 20

This series converges and can be differentiated term by term to get

ou  O%u > x2n
Ou _ Pu G~ gy gy 2
ot~ 022 T; IO G

So in fact u is a C*° solution to the heat equation on R x (—o00, 00) which
is identically zero at ¢ = 0. Note u (0,t) = f (¢) > 0 for ¢t # 0.
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87. We recall the deRham Theorem, some basic formulas, and the
Hodge Decomposition theorem. The exterior derivative forms a com-
plex

0— QM) S al(vm) & .o Loty L ar (i) — o,
where d? = d o d = 0. Hence image(d) C ker(d) and we can define the rth
deRham cohomology group:
ker(d|m(M))
image(d|qor-1(ar))

ngR(M) =
We have

THEOREM 2.51 (deRham). The rth deRham cohomology group is iso-
morphic to the rth singular real cohomology group:

Hier (M) = H"(M;R).

Recall that the exterior derivative d acting on r-forms may be expressed

in terms of covariant derivatives as follows:
'

da(Xo,..., Xp) =Y (-1) Vx,o(Xo, ..., Xjo1, X1, .., X),
j=0
or in local coordinates,

T
o L RVA v )
dog ...q, = (=1) Vi, Qig iy yijpq i
Jj=0

The L2-inner product on the space of r-forms is given by:
(o, B) :/ gr e g i, By g, .
M

The adjoint § of d with respect to the L2-inner product is defined by the
relation:

(da, B) = (e, 60),
where a € Q"(M) and 3 € Q"1 (M). In terms of d and the Hodge star
operator * : QP (M) — Q" P(M), it is given by the formula:
68 = (—1)" s dx 3.

In terms of covariant derivatives, it may be written as:

55(){17 7X7") == _Zveiﬂ(thl?' . '7X7“)7
=1

where {e;};; is an local orthonormal frame field. In local coordinates, we
write:

0By iy = —9" Vi iy i
The Hodge Laplacian /\; acting on differential forms is defined by:

Ag = —(d6 + 8d).
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Acting on functions, it is the same as the Laplace-Beltrami operator. In
local coordinates we may write the Hodge Laplacian as:

(Ada)il iy = (—1)j+1gkgvij Vk Qiq ST FERRy + gMVk Vg Qjq gy
+ (—1)jgkka Vi Qi iy yijpq i
A differential form « is called harmonic if (Kodaira 1949)

Ada =0.

/ (Agov, o) dp = —/ <\da!2 + \5a|2> du,
M M

we have « is harmonic if and only if (Hodge 1952)

Since

da =0 and da = 0.
The space of harmonic r-forms is denoted by:
H ={aecQ"(M): Aja=0}.

The essence of the Hodge theorem is understanding when, given v € Q" (M),
the equation:

Nga =7y
has a solution a € Q"(M). If § € H" is a harmonic r-form, then
(1:5) = (DaB) = (@ Baf) = 0.
We have following, which is known as the Hodge Decomposition Theorem.
THEOREM 2.52 (Hodge 1952). Given v € Q"(M), the equation:
Nga =7y
has a solution o € Q" (M) if and only if

(v,8) =0,
for all B € H". Consequently, we have the following decomposition of the
space of r-forms:
QM) = Lq (2 (M)) ® H”
=dé(Q"(M))®dd(Q"(M))® H".

Moreover, the space H" s finite-dimensional.

COROLLARY 2.53. In each deRham cohomology class, there is a unique
harmonic form representing the cohomology class. In particular, the rth

deRham cohomology group s isomorphic to the space of harmonic r-forms
H".
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An important property of the Hodge Laplacian is that it commutes with
the star operator:
Ad* = % Ad .

Thus, if & € H" is a harmonic r-form, then *« is a harmonic (n — r)-form,
ie.,
x cH — H" "
is an isomorphism. The corollary then implies:
ngR(M) = ng}{<M)7

which is known as the Poincaré duality theorem for deRham cohomology
(and by the deRham theorem this is also true for singular real cohomology.)

88. For a discussion of the relation between DeTurck’s trick and the

harmonic map heat flow, see [441] and §6 of [267] (there is also an exposition
in Chapter 3, §4 of [153]). Let

o =0D(—2Rc)(¢): S?°T*M™ — S*T*M"

denote the symbol of the linearization of the Ricci tensor as a function of
the metric. Assuming that (; = 1 and ¢; = 0 for ¢ # 1, one computes (see
[255]) that

U(T)ij:Tij ifi,j#1
(2.47) U(T)lj =0 ifj£1

n
o (1) =Y Tin-
k=2

One checks that o is given by a nonnegative N x N matrix, where N =
n(n+ 1) /2, and its kernel is the n-dimensional subspace given by

keroD (—2Rc) (¢) = {T :T;j =0 fori,5 # 1 and ZTkk = O}.
k=2

This kernel is due exactly to the diffeomorphism invariance of the operator
g — —2Rc which we see as follows. Define the linear Bianchi operator

By : C® (S*T*M™) — C*° (T*M™)
by
By (h), = g7 (vihjk - %vkhij>
so that By (—2Rc) = 0. One finds that
K = keroB, (¢) = imageoD (—2Rc) (¢) € S*T*M™
are equal to

n
K:{T:le:Oforj;élandTH:ZTkk}.
k=2
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From (2.47) we see that
2
olg (1) =[CI°T
for any ¢ € T*M™". For comparison with the cross curvature flow, we note
that when n = 3, 0 = 0D (—2Rc) (¢) is given by

T 0001710 Ti
Ty 000000 Ti
T f_|oo0o0o0o00 Ti3
T 000100 Ty
T3 000010 T3
T3 000001 T3



CHAPTER 3

Closed 3-manifolds with positive Ricci curvature

In this chapter we discuss some of the ingredients that appear in the
proof of Hamilton’s 1982 classification of closed 3-manifolds with positive
Ricci curvature. We begin by considering the maximum principle for 2-
tensors, which we shall apply to the Ricci tensor to get pointwise estimates
for its pinching. We then give a sketch of the derivation of the formula for the
evolution of the Riemann curvature tensor under Ricci flow. In dimension
3, the associated ODE is particularly simple. The maximum principle for
systems enables us to estimate the curvatures by a suitable analysis of this
ODE system, which we carry out in §4. Then we discuss the gradient of
scalar curvature estimate, which unlike the pointwise pinching estimates for
curvature, allows us to compare curvatures at different points. Finally we
state the exponential convergence results for closed 3-manifolds with positive
Ricci curvature and sketch their proof.

1. The maximum principle for tensors

Since the Ricci and Riemann curvature tensors satisfy heat-type equa-
tions, just as the scalar curvature does, one can apply the maximum principle
to derive estimates. Given that a symmetric 2-tensor satisfies a heat-type
equation, we would like to know when the nonnegativity of the 2-tensor is
preserved as time evolves. A result in this direction is provided by Hamil-
ton’s maximum principle for tensors. A word about notation: if o is a
symmetric 2-tensor, then o > 0 means that « is nonnegative definite.

THEOREM 3.1 (Maximum principle for symmetric 2-tensors). Let g (t)
be a smooth 1-parameter family of Riemannian metrics on a closed manifold
M". Let a(t) be a symmetric 2-tensor satisfying

0
aa > Ag(t)a + ﬂ,

where ((x,t) = [(a(z,t),g(x,t)) is a symmetric (2,0)-tensor which is
locally Lipschitz in all its arguments and satisfies the null eigenvector
assumption that if A;; is a nonnegative symmetric 2-tensor at a point

(z,t) and if V is such that A;;V7 =0, then
Bij (A, g) V'VI > 0.
If «(0) > 0, then a(t) > 0 for all t > 0 as long as the solution exists.

127
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PROOF. (Idea.) Suppose that (z1,t1) is a point where there exists a vec-
tor V such that (a;;V7) (x1,¢1) = 0 for the first time (so that (og; W'W7) (z,t) >
0 for all W, x € M, and t < t;.) Choose V' to be constant in time. We then
have at (z1,¢1)

9 o 9 o o o
g (o V'V7) = (aaij) V'VI > (Aay;) VIV 4 B VIVY

Z (Aaij) V’LV]
To handle the last term we extend V in a neighborhood of z; by parallel
translating it along geodesics (with respect to the metric g (¢1)) emanating
from x;. It is easy to see that VV (x1,¢1) = 0 and it can also be shown that
AV (x1,t1) = 0. Thus we have

o . o o
a (al-jV"VJ) Z (Aaij) VZV] =A (aijV"VJ) Z 0.
This shows that when « attains a zero eigenvalue for the first time, it wants
to increase in the direction of any corresponding zero eigenvector. Although
this does not quite complete the proof, we can make the argument rigorous

by adding in an £ > 0 just like for the scalar maximum principle. ([

EXERCISE 3.2. Give a rigorous proof of Theorem 3.1. First show that
there exists § > 0 such that o > 0 on [0,6] by applying the above argument
to the symmetric 2-tensor

Ac(t) =a(t)+e(0+1t)g(t)
for e > 0 sufficiently small and then letting ¢ — 0.

So in order to prove that the nonnegativity of the Ricci tensor is
preserved under the Ricci flow, all we need to do is to show that at any
point and time where RijWin > 0 for all W and RijVj = 0 for some V,
we have

(RrijeRike — RipRjr) V'V? > 0.
Unfortunately, when n > 4 this is not possible in general. The main reason
for this is that the Riemann curvature tensor cannot be recovered solely
from the Ricci tensor (indeed, this is why the Weyl tensor does not vanish
in general when n > 4). The exception to this is when n = 3, in which case
we have

R
Rijre = Rigjr + Rjkgie — Rixgje — Rjegix — B (9iegjx — 9ixgje) -

Substituting this into (2.37), we obtain the following.

LEMMA 3.3 (3d evolution of Ricci). If n = 3, then under the Ricci flow
we have
(3.1)

)
i Rij = ARy + 8RRy — 6Riy Ry + (21Rel” - R?) gy (n=3)
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This is a reaction-diffusion equation. In particular, the Laplacian
term is the diffusion term whereas the rest forms the reaction term. Note
that the reaction term on the RHS is essentially a quadratic in the Ricci tensor
(we are also using the metric to perform contractions). By the maximum
principle for tensors we have:

COROLLARY 3.4 (Hamilton 1982 - Nonnegative Ricci is preserved). If
n =3 and if (M?’,g (t)) is a solution to the Ricci flow on a closed manifold
with Re (g (0)) > 0, then Re (g (t)) > 0 for allt > 0 as long as the solution
exists.

Proor. We easily check that the tensor
ﬁij = 3RRU — 6Ripij + (2 |RC‘2 — R2> gij

satisfies the null eigenvector assumption with respect to «;; = R;;. In par-
ticular, if at a point and time Rc has a null-eigenvector V' (we do not need
Rec > 0 here), then 2|Re|? — R? > 0 and

B ViVi = (2 IRe|? — RQ) V2> 0.
0

EXERCISE 3.5 (Preservation of Ricci pinching).

(1) Show that nonnegative sectional curvature %Rgij — R;; > 0 1s pre-
served under the Ricci flow on a closed 3-manifold.

(2) Show that if R > 0, then the inequality R;; > Rg;; is preserved for
any € > 0 (of course, ¢ <1/3.)

2. Hamilton’s 1982 theorem

Now we return to the theorem which started Ricci flow. First note that
by (2.11) the evolution of the volume form is given by

0
2 —dp = —Rd
(3.2) o Rdp
and Vol (g) = [}, diu evolves by
(3.3) iVol (g(t) = / Rdp.
dt M

Since this is not zero in general, we modify (normalize) the Ricci flow equa-
tion to make the volume constant. In particular, we define the normalized
Ricci flow by

o . ~ 2.
(3.4) agij = —2Rij + Ergij

where 7 = Vol (§) ' - Jam Rdji is the average scalar curvature. We then
have (again use (2.11))

(3.5) %Vol G(®) =0
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under the normalized Ricci flow. Given a solution ¢ (t), t € [0,7), of the
Ricci flow, the metrics § () = ¢ (t) g (), where

¢(t) = exp (%/Otr(f)m), i(t)#/otc(f)df

are a solution of the normalized Ricci flow with ¢ (0) = ¢ (0) . Hence solutions
of the normalized Ricci flow differ from solutions of the Ricci flow only by
rescalings in space and time.

THEOREM 3.6 (Hamilton 1982 - 3-manifolds with positive Ricci curva-
ture). Let (M3, go) be a closed Riemannian 3-manifold with positive Ricci
curvature. Then there exists a unique solution g (t) of the normalized Ricci
flow with g (0) = go for all t > 0. Furthermore, as t — oo, the metrics
g(t) converge exponentially fast in every C™-norm to a C™° metric goo with
constant positive sectional curvature.

3. Evolution of curvature

The idea of the proof is to get estimates for various geometric quantities
associated to the evolving metric, such as the curvature and its derivatives,
which will show the metric limits to a constant positive sectional curvature
metric. We now describe some of these estimates. In order to do so, we take
a more general view point.

LEMMA 3.7 (Evolution of Rm). The evolution of the Riemann cur-
vature tensor is given by:

0
(3.6) ERijkﬁ = ARjjie + 2 (Bijie — Bijor + Birje — Bigjk)
— (RipRpjke + RjpRipke + RipRijpe + RepRijip)

where
(3.7) Bijie = — 9" 9% RipjqRierts = — RpijqRytkp-

The reason that there are four like terms for both the B and Rc* Rm
terms is that Rm satisfies the basic symmetry properties R;jre = —Rjire =

Ryyij, ete. Although the formula looks complicated, the derivation is actually
straightforward. We briefly sketch how it goes.

PROOF. (Sketch.) From (2.22) we see that

9 9 1 9 1
(3.8) aRijk = Vz <Erjk> - Vj (arzk :
Then substituting (2.16) into this yields
0 0 0
o7 Rigne = 5 Rigy, + (ag@ Rijy
(3.9) = —V;VjRy — V;ViRjy + V;ViRj + V;V;Ryy

+ VijRM — vjvaz’k - QprRijkp‘



3. EVOLUTION OF CURVATURE 131

This doesn’t look anything like a heat-type equation. Fortunately the sec-
ond Bianchi identity enables us to convert this into the desired heat-type
equation (3.6). In particular, we start out by

ARijk@ = vpvaiij = _vpviijk€ - vpijpikf-
Next we commute the p index closer to Rm
(3.10) ARijie = —ViVpRjpre — ViV Rpike + Rmx Rm,

where Rm * Rm denotes a 4-tensor quadratic in Rm. Next we apply the
second Bianchi identity again to get

ARjjie = ViV Ripyp + ViV Rjppr + Vi Vi Rpiep

(3.11) + V;ViR,ipr + Rm+* Rm
= —vikajZ + ViVERjk + vjkaié
(3.12) — V;VyR;; + Rm* Rm

Comparing this with (3.9) yields a formula of the form

0
aRZ‘jM = ARZ']'M + Rm*Rm+ Rc*Rm.

A detailed version of this calculation yields (3.6). See for example [153],
§6.1.3, p. 177ff. We also compute a more general version of equation (3.6)
in detail in Chapter 9 when we consider the evolution of the space-time
Riemann curvature tensor. (]

EXERCISE 3.8. Give a complete proof of (3.6). In particular, show that
Rmx*Rm in (3.10), (3.11) and (3.12) are given by

Rm s« Rm = RpijqRopre — RiqRjqre + RpikgRjpge + RpitgRjpq
- Rpjiqqukf + quRiqkf - Rm’quiqu - Rm’quipkq'

Then use the definition of B;jre and the first Bianchi identities in a suitable
way together with the fact that two terms in (3.9):

—VZ‘V]‘RM + VjviRké
yield a quadratic curvature term.
EXERCISE 3.9 (Variation of Rm). Show that if %gij = v;j, then

ViVjUkp + Vivkvjp — Vvajk

0 1
(3.13) &Rfjk = 59@
—V;Vivgy — V;iViviy, + ViVyu
1
(3.14) = 59@ (ViVivjp = ViVpujk — V;Vivip + V;Vyvir)
1

B 59@ (RijkqVap + RijpgUiq) -
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The Riemann curvature tensor may be considered as an operator
Rm : A2M™ — AZM™
defined by
(3.15) Rm ();; = Rijkecver-

DEFINITION 3.10. We call Rm the Riemann curvature operator (or
simply curvature operator). We say that (M"™,g) has positive (non-
negative) curvature operator if the eigenvalues of Rm are positive (non-
negative), and we denote this by Rm >0 (Rm > 0).

We can define the square of Rm by Rm? = RmoRm : A2M" — AZM™. Tt
is interesting that there is another quadratic, like a square, which is relevant
to the evolution of Rm . To describe this, we recall the Lie algebra structure

on A2M™ defined by [U, V]ij = ght (Ui Vij — ViUy;) for U,V € A2M™. Then
AZM™ = s0(n). Choose a basis {¢®} of A2M™ and let C’ffﬂ denote the
structure constants defined by [cpa,goﬁ] = Z,Y Cﬁﬁ ©7. We define the Lie
algebra square Rm? : A2M"™ — A2M™ by
(Rm#),5 = Cg‘SC’;C Rm . Rm 5¢.
Note that if we choose {p®} so that Rm is diagonal, then for any 2-form
2
n, we have (Rm#),5m%n° = (C’;f%"‘) Rm - Rm s5. Hence, we see that if

Rm > 0, then Rm# > 0.
We have the following nice form for the evolution equation for Rm.

LEMMA 3.11 (Evolution of the curvature operator).

0
(3.16) aRm:ARm—FRmQ—FRm#.

Actually we have cheated a little bit; the actual equations include ad-
ditional terms of the form Rc*Rm. By using what is known as Uhlen-
beck’s trick, one obtains (3.16). The idea is to choose a vector bundle
E — M isomorphic to the tangent bundle TM — M and a bundle isomor-
phism ¢g : E — T M. Pulling back the initial metric we get a bundle metric
h = (g0) on E. By using the metric g to identify TM and T*M, we may
consider the Ricci tensor as a bundle map Rc : TM — T M. We define a one
parameter family of bundle isomorphisms ¢ (t) : E — T'M by the ODE

(3.17) %L =Rco
¢ (0) = v.

An easy computation shows that $ [t (t)* g (t)] = 0. Hence h = ¢(t)* g (t)
is independent of ¢. Using the bundle isomorphisms ¢ (t) we can pull back
tensors on M. In particular, we consider ¢ (¢)* Rm [g (¢)] , which is a section
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of A2E* ®g A2E*. Tt is this tensor which satisfies (3.16), which is equivalent
to:

0
(318) (a - A) Rabcd = 2(Babcd - Babdc + Bacbd - Badbc)

where Rgpeq are the components of ¢ ()" Rm [g ()], and
(3'19) Babcd = _Raebecedf~

See [257] or [153], p. 180ff for the proof.

Now we get to what is nice about dimension 3. Here, the Lie algebra
structure of so (3) = R? is very simple, namely [U,V] = U x V is the cross
product. This implies Rm* is the adjoint of Rm . If we diagonalize:

A0 0
Rm=1| 0 pu 0 |,
0 0 v

then Rm? + Rm# is also diagonal and

N2+ pv 0 0
(3.20) Rm? +Rm™ = 0 p? + v 0
0 0 V2 + A\

So we understand the evolution equation for Rm in dimension 3 pretty well.
EXERCISE 3.12. Derive (3.20) from (5.16).

EXERCISE 3.13 (n = 3 - principal sectional curvatures). When dim M =
3, show that at each point there exists an orthonormal frame {e1,ea, €3} such
that the 2-forms o1 = e5 A ej, w2 = e3 A e], Y3 = €] A e; are eigenvectors
of Rm. In this case A = 2(Rm (ez,e3)es,e2), p = 2(Rm (e, e3)es,er),
v =2(Rm (e, ez) ez, e1) are twice the sectional curvatures.

EXERCISE 3.14. Show that if g has constant sectional curvature, then

_ 2R
Rm = m Id A2

EXERCISE 3.15. By examining the evolution of the Finstein tensor %Rgij—
R;; (whose eigenvalues are the principal sectional curvatures), verify (3.16)
where Rm? 4+ Rm ¥ is given by (3.20) when n = 3. (Compare with Exer-
cise 3.5.) Note that one needs to apply Uhlenbeck’s trick to the evolution
equation for %Rg — Rc to get the exact correspondence.

In dimension 4 we can orthogonally decompose A = A% @ A% into its
self-dual and anti-self-dual subspaces, which are the eigenspaces of the
Hodge star operator with eigenvalues 1 and —1, respectively. This gives a
block decomposition of Rm as

A B
Rm:<tBC>,
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where A : Ai — Ai, C:A — A% and B: A2 — Ai (essentially A, B,C
are 3 X 3 matrices) and A, C are self-adjoint (symmetric). We can compute

# A¥  B#%

where A% B# C# are the adjoints of the 3 x 3 matrices, i.e.,

a b c\?* ek — fh fg—dk dh—eg
d e f =| ch—bk ak—cg bg—ah
g h k bf —ce cd—af ae—bd

This can also be seen from the splitting of the Lie algebra so(4) as the direct
sum of two copies of 50(3), which is why dimension four can is more tractable
than dimensions 5 and higher. The evolution of the curvature breaks up into
the three systems of equations:

%A:AA+A2+2A#+BBt
(3.21) %B = AB + AB + BC +2B*
B,

50 =AC+ C%?+20% + B'B,

where B’ : A7 — AZ is the transpose (i.e., (Bz,y) = (x, B'y).) Note that

the Bianchi identity implies the following equality of traces: tr A = tr C.
Primarily by performing a suitable analysis of the system of ODE (3.21)

Hamilton used Ricci flow to classify closed 4-manifolds with positive curva-

ture operator [257].

THEOREM 3.16 (Hamilton 1986 - 4-manifolds with positive curvature op-
erator). If (M™,go) is a closed 4-manifold with positive curvature operator,
then there exists a smooth solution g (t) to the normalized Ricci flow with
g (0) = go and defined for all t € [0,00). As t — oo, the solution converges
exponentially in every C* norm to a constant positive sectional metric. In
particular, M™ is diffeomorphic to either S* or RP.

4. The maximum principle for systems

Now that we know that the nonnegativity of the Ricci tensor is preserved
under the Ricci flow on closed 3-manifolds, we are interested in a more
precise understanding of the Ricci tensor as the metric evolves. A very
useful tool is the maximum principle for tensors as discussed in the previous
section. This principle has been abstracted to the following setting.

Recall that Rm is a section of the bundle 7 : £ — M, where E =
AN2M"™ ®@g A2M™. This bundle has a natural bundle metric and connection
induced by the Riemannian metric and connection on TM. Let E, = 7~ ()
be the fiber over x. For each x € M, consider the system of ODE on E,
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corresponding to the PDE (3.16) obtained by dropping the Laplacian term:

(3.22) %M M? + M#

n(nfl)

where M € FE, is a symmetric N x N matrix, where N =
dimso (n). The maximum principle for systems (for the proof of a
more general version which applies to sections of vector bundles satisfying
heat-type equations, see section 4 of [257] or [143]) says the following. A
set K in a vector space is said to be convex if for any XY € K, we
have sX 4+ (1 —s)Y € K for all s € [0,1]. A subset K of the vector bun-
dle F is said to be invariant under parallel translation if for every
path v : [a,b] — M and vector X € K N E,(,), the unique parallel section
X (8) € Eys), s € [a,b], along 7 (s) with X (a) = X is contained in K.

THEOREM 3.17 (Maximum principle systems applied to the curvature
operator). Let g(t), t € [0,T), be a solution to the Ricci flow on a closed
manifold M™. Let K C E be a subset which is invariant under parallel
translation and whose intersection K, = KNE, with each fiber is closed and
convex. Suppose the ODE (8.22) has the property that for any M (0) € K,
we have M (t) € K for allt € [0,T). If Rm (0) € K, then Rm (t) € K for
allt €10,7T).

Since if Rm > 0, then Rm? > 0 and Rm# > 0, by (3.16) and the above
theorem, we have the following.

COROLLARY 3.18 (Rm > 0 is preserved). If (M",g(t)), t € [0,T), is
a solution to the Ricci flow on a closed manifold with Rm (g (0)) > 0, then
Rm (g (t)) >0 for allt € [0,T).

In dimension 3, if M (0) is diagonal, then M (¢) remains diagonal. Let
A1 (M) < A2 (M) < A3(M) be the eigenvalues of M. Under the ODE the
ordering of the eigenvalues is preserved and we have

dA
—dtl = AT+ A2
d\

(3.23) d—; = A2+ Mg
dA
d—tg - )\g + )\]_)\2.

With this setup, we can come up with a number of closed, fiberwise convex
sets K, invariant under parallel translation, which are preserved by the ODE.
Each such set corresponds to an a priori estimate for the curvature Rm.

The following sets K C E are invariant under parallel translation and
for each x € M, K, is closed, convex and preserved by the ODE (3.23).

(1) Given Cyp € R, let K = {M: A1 (M) + A2 (M) + A3 (M) > Cp}.
The trace \; + Ao + A3 : B, — R is a linear function, which implies
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that K is closed and convex. That K is preserved by the ODE (3.23)
follows from
d 1 2 2 2
7 (AL +A2+A3) = 3 [()\1 +A2)" + (A1 +A3)" 4+ (A2 + A3)
2
(3.24) > (M + A+ A3)2 > 0.
(We interjected the first inequality since we will find it useful later.)
Hence:
(Lower bound of scalar is preserved) if R > Cy at t = 0 for
some Cp € R, then
(3.25) R > Cy
for all ¢ > 0. This is something we have already seen in Corollary
2.10.
(2) Let K ={M: \; (M) > 0} . Each K is closed and convex since A; :
E; — Ris a concave function. Indeed, A\; (M) = minjy—; M (V, V)
so that
)\1 (SMl + (1 — 8) MQ) Z S)\l (Ml) + (1 — 8) )\1 (MQ)
for all s € [0,1]. We see that K is preserved by the ODE since
d)\l 2
— = A1+ A2A3 >
Q- T2 0
whenever A\; > 0. That is, if M (¢) is a solution of the ODE (3.23)
with A; (M (0)) > 0, then A; (M (¢)) > 0 for all ¢ > 0. This implies
(this is a special case of Corollary 3.18):
(Nonnegative sectional curvature is preserved) The condi-
tion
(3.26) Rm > 0

is preserved under the Ricci flow. Since any 2-form on a 3-manifold
is the wedge product of two 1-forms, this is equivalent to the sec-
tional curvature being nonnegative.

(3) Let K ={M : A1 (M) + A2 (M) > 0}. Since A\; + A2 is concave:
(A1 + A2) (M) = min{M (V1, V1) + M (Va, V3) : {V1,Va} orthonormal},

(3.27)

we have K is closed and convex. We compute

d
E(A1+)‘2):)\%+)\3+()\1+)‘2))\3ZO

whenever A1 + Ay > 0. From this we see that:
(Nonnegative Ricci is preserved)
Rec>0

is preserved under the Ricci flow since the smallest eigenvalue of
Rc is A\; (Rm) 4+ A2 (Rm) .



(3.28)

(3.29)

K

dt
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(4) Given C > 1/2, let

K={M:X3(M) < C(\(M)+A;(M))}.

Since A3 is convex (A3 (M) = max|y—; M(V,V)) and A; + g is
concave, we have K, is convex for all x € M. That each K, is
preserved by the ODE follows from the calculation:

d 1
M3 —C A +2)]=X3A3—=C (A + X)) —C (A% — EMAQ + A§> .
In particular, if A3 — C' (A1 + A\2) =0 and C' > 1/2, then
d
E [)\3 — C()q + /\2)] <0.

Suppose Rc (g (0)) > 0. Since M3 is compact, there exists C' > 1/2
such that at t =0

A3 (Rm) <C ()\1 (Rm) + Ao (Rm)) .

That is, Rm (g (0)) C K. By the maximum principle for tensors,
Rm (g (t)) € K and inequality (3.28) is true for all ¢ > 0. Now
(3.28) implies Rc > C~'A3 (Rm) g > 1C~'Rg. Thus:

(Ricci pinching is preserved) there exists a constant € > 0 such
that

Rc>eRg. (n=23)

In particular, when M3 is compact, we have that Rc > 0 is pre-
served. (Compare with Exercise 3.5.)

Remark. Note that if (A; (Rm) + A2 (Rm)) (zo,t0) < 0 for some
(wo,t0) € M3 x [0,T), then since C > 1/2, we have A3 (Rm) =
A1 (Rm) = A2 (Rm) at (zo,tp). Since A1 + A2 < 0 holds on a con-
nected neighborhood U of x( at time g, we have A\{ = Ao = A3 = %
in U (recall that \; are twice the sectional curvatures). By the con-
tracted Bianchi identity, we then have R is constant on U. Since
M3 is connected, it is easy to conclude that \j = Xy = A3 = %
on all of M, where the scalar curvature R is a negative constant.
Thus, if Rm (g (tp)) C K for some ty and if ¢ (¢p) does not have

constant negative sectional curvature, then Rc > 0.

(5) Given Cp >0, Cy >1/2, Cy < oo and 6§ > 0, let

A3 (M) — A1 (M) — Cy (A1 (M) + Aa (M) 4+ A3 (M))' ™ <0

M : A3 (M) < C1 (M (M) + A2 (M)

A1 (M) + A2 (M) + A3 (M) > G

K is a convex set since Az — A\ — Co (A1 + A2 + )\3)176 is a convex

function for Cy > 0. Observe that if M € K, then A\; (M) +
A2 (M) > 0 by the last two inequalities in the definition of K. We
have already seen that the inequalities A\ + Ay + A3 > Cp and
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A3 < Cp (A + \2) are preserved under the ODE. Since Cy > 0, we
can compute

i log A3 — A
dt (AL + Ao+ Ag)t 0

:5()\14-)\3—)\2)—(1—(5)(

)\1+)\2)>\2+()\2*)\1))\3+)\%
AL+ Ao+ A3
A
AL+ A2+ A3

<6 (A1 +A3—A2) = (1-9)
Note that
2
)\2 >1()\1+)\2))\2> 1
AM+Ad+A3 6 A3 - 6C4
since Ao + A3 < 2XA3 < 2C (A1 + A2), and we also have
AM A A3 = A2 < A3 <O (M1 + A2) <201 .

Hence, choosing § > 0 small enough so that %5 <

iIog As = A1 — | <0.
dt (A1 4+ A2+ A3)

Since Az — A\ > ‘Rc —%Rg} , this implies:
(Ricci pinching improves) there exist constants C' < oo and
0 > 0 such that

A2

_1
2c7> We have

1
(3.30) ‘RC —gRg‘ < CRY™°. (n=3)

EXERCISE 3.19 (3d trace-free part of Rc and Rm). Show that when
n =3,
2

1_|? 1
Rc—gRg :’Rm—gRIdAz

In summary, the main estimates we have proved for the curvatures are
(3.25), (3.29) and (3.30).

Let [0,7T) denote the maximum time interval of existence of our solution.
Recall that from applying the maximum principle to the evolution equation
for scalar curvature % > AR+ %RQ and our assumption that Ry, (0) > 0,

we have
1

Rupin (0)7" = 2¢°
Hence T < %Rmin (())_1 < 00. In the next section we shall prove that

(3.31) sup |Rm| = oc.
Mx[0,T)

Rmin (t) Z

Intuitively speaking, we are in good shape now. Since the Ricci curvature
is positive, the metric is shrinking: %g = —2Rc < 0. If we can show
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an appropriate gradient estimate for the scalar curvature, then we could
conclude lim;_,7 Ruin (t) = 00. Assuming this, we then would have

Re 1

— ——g|<CR7?

R 37 ‘ = ’
which tends to 0 as ¢ — T'. To the finish the proof of Theorem 3.6 we need to
further show that the solution ¢ (f) to the corresponding normalized Ricci

flow exists for all time and the scale invariant quantity ‘% — % g‘ decays

exponentially to zero as £ — oo. We refer the reader to [255] or [153],
p. 194ff, for details (see the next section for the statements of the higher
derivative estimates which are useful for general solutions to the Ricci flow).

REMARK 3.20 (S? x S example). It is instructive to keep in mind the
example of the round product S? x S' which has nonnegative Ricci curvature
but not positive Ricci curvature. Under the Ricci flow the metric remains a
round product. If the initial S* has radius ro, then the radius at time t is
r(t) = \/r¢ — t. The radius of the circle S1 remains constant since the Ricci
curvature in the circle direction is zero. Note that at any point and time the
curvature operator takes the form

R 0 0
Rm={| 0 0 O
0 0 0
In particular,
1 2
‘Rm—gRIdAz = gRQ.

5. Gradient of scalar curvature estimate

A fundamental estimate used in combination with the ‘Ricci pinching
improves’ estimate is the gradient estimate for the scalar curvature.
By the ‘Ricci pinching improves’ estimate, we can apply the following re-
sult to solutions of the Ricci flow on closed 3-manifolds with positive Ricci
curvature.

PROPOSITION 3.21 (VR estimate). Let (M™,g(t)), n > 3, be a solu-
tion to the Ricci flow on a closed n-manifold with positive scalar curvature.
Suppose that the solution satisfies the estimate:

2R 1
3.32 Rm———1Id 2| < KR ™°
(3:32) n(n—1) N2 =
for some constants K < oo and € > 0. Then for every n > 0 and 6 > 0,
there ezists a constant C' = C'(go,n,0) < oo such that at any point and time
(Z,t) where the scalar curvature

(1) (is large enough) R (z,t) > C, and
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(2) (comparable to its prior maximum) R (Z,t) > nmaxys .o R,
we have
IV Rm| (z,%) < O0R%? (z,1).

REMARK 3.22.

(1) As is usual for a priori estimates, it is important to note the scal-
ing properties of the quantities considered. In particular, scale-
invariant estimates are easier to prove. For example, the ‘Ricci
pinching is preserved’ estimate is scale-invariant whereas the ‘Ricci
pinching improves’ estimate is not scale-invariant. Here, |V Rm)|
scales like g=%/? and R scales like g=', so that |V Rm| and R/
scale the same.

(2) The original proof in [255] (see also section 4 of [287]) is based on
a maximum principle estimate. The following proof is taken from
notes by M.-T. Wang of Hamilton’s lectures at Harvard University
during 1996-1997.

(3) The first proof below is a modification of Hamilton’s proof which,
in the absence of Perelman’s no local collapsing theorem, used the
exponential map to locally pull back the dilated solutions to obtain
a local constant curvature limait.

PROOF. By (3.32) and the positive scalar curvature assumption, |Rm| <
CR for some constant C' < co. Now suppose the proposition is false. Then
there exist n > 0 and 6 > 0 such that for any sequence C; — oo, there exist
points and times (z;,t;) with

3.33 R (x4, t;) > Ci, R
(3.33) (@i, ti) maX{ m, e }
and

(3.34) IV Rm| (3, t;) > OR%? (x4, t;) .

By (3.33), Perelman’s no local collapsing theorem, and the compactness the-
orem (see Theorem 5.19), there exists a subsequence such that the dilated

solutions g¢; (t) = R (x4,ti)g (ti + R (x4, ;)" t) converge in C*° on com-
pact sets to a complete ancient solution (M, g (t)) to the Ricci flow with

bounded curvature. go (t) has positive scalar curvature and is defined on
an interval (—oo,w), where w > 0. By (3.32), we have

2R (9o (1))

(3.35) Rm (oo (1)) = = T

Id A2

on M2 x (—oo,w). By Exercise 1.16 (Schur’s lemma), since n > 3, we have
R (goo (t)) = const (t) and hence |V Rm (g (t))| = 0. However (3.34) implies

[V R (g00)| (%00, 0) > R (goo)*'? (2200, 0) > 0,

which is a contradiction. O



5. GRADIENT OF SCALAR CURVATURE ESTIMATE 141

We remark that the original proof in [255] of the estimate for the gra-
dient of the scalar curvature used the contracted Bianchi identity in the
following way. Decomposing the 3-tensor V;Rj; into its irreducible compo-
nents, we let

ViR, = Eiji + Fijk

where

o1 3
(3.36) Eijk = = (VjRgz‘k + Vi Rgij) + TOVijok-
Then < ij?Ejk> = O ‘Ez]k| 20 |V R| and

(3.37) IViRji> = | Eijil” + | Fiil > % ViR[>.

This estimate is better than the more elementary |ViRjk|2 > 1 |V;R|? which

follows from the general estimate |a;j|* > 1 (gijaij)2 and n = 3 (see [287]
for its generalization to higher dimensions).

EXERCISE 3.23 (Quicker proof with a worse constant). By using the

inequality
1 1
> 3 div <RC —gRg>

and the contracted second Bianchi identity, show that

2 2

1
Viltjr = 3Viltgjk

ViRji|* > IV R,

- 108
which is weaker than (3.37).

To get the gradient of scalar curvature estimate we first compute that
(see [255], Lemma 11.3)

) IVR|? 2 5
S N Nl H ViR -V, ,
<at > ( - ) 3 |RViV;R — ViRV, R|

IRC\

+ % <VR,V \Rcy2>
\RC!

IVR|®

(3.38) < 16|V Re|* — VR

where we used |[Rc| < R and |[VR| < v/3|V Re| < 2|V Re|. Since

<%—A) (R?) = —2|VR|* + 4R [Rc,

and |Re|? > $R?, this implies that for any £ < 1/3, we have

0 ’ ;R|2 2 2 4 3
- ' < . . - .
< ; A) ( R eR 16 ‘ szﬂc| 3€R
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To handle the bad (positive) |V¢Rjk\2 term on the RHS we bring in the
equation (see Lemma 11.7 in [255])

0 2 1 9 _ 2 1 2
(5 A) (yRc| 3R ) = -2 <|VZRJ,€| 3 |ViR)|
3, 26 2 3
— 2R’ + ?R [Rc|® — 8 Trace 4 (Rc?)
2 1
(3.39) <-o7 ViRl + 4R (]Rc]Q - §R2>

which has a good \VZ-R]-;CIQ term on the RHS. Note that (3.37) was used to
obtain the last inequality. Combining the above formulas yields

9 |CR‘2 2 2 1.9
——A — +1 - - <
( r ) ( A eR 68 | |Rc| 3R C (e)

where we use the fact that there exist 6 > 0 and C' < oo such that |Rc|2 —
%RZ < CR?>79 (3.30). Since the solution exists only for a finite time, we
have F' < C' and hence the following

PROPOSITION 3.24 (Gradient of scalar curvature estimate). Let (M3, g (0))
be a closed 3-manifold with positive Ricci curvature. For any € > 0, there
exists C () depending only on € and g (0) such that

IVR|? (z,t) < eR (2,t)> + C (¢)

as long as the solution exists.

REMARK 3.25. Note how the contracted second Bianchi identity enters
in both proofs of the ‘gradient of scalar curvature’ estimate.

EXERCISE 3.26 (VR estimate again). Let (M?®,g(0)) be a closed 3-
manifold with positive Ricci curvature. Prove the following variant of the
gradient of scalar curvature estimate. There exist constants By > 0 and
d > 0 depending only on g (0) such that for all B € [0, Bo]

VR
R3
where C' < oo depends only on 3 and g (0). HINT (see section 6.6 of [153]

for more details): Let

_|VR]* 37 2 1o,
= - —_— 1 _ —
Vet D (8v3+1) (IRel SR

(3.40) <BR°+CR3

and show that
4 2 1
QVSAV—’VRC‘Q—FMR |Re|? — =R?
ot 3 3
< AV — |VRc|* + CR*™%
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where we used (3.30) to get the last inequality. Then use the equation
0

SR = A (RH) —(2-06)(1—8) RO VR[> +2(2— ) R |Re|?

to derive

% (v-sr) <a(v-pR) +C

where C' depends only on 3 and g (0). Estimate (3.40) follows from this.

6. Curvature tends to constant

LEMMA 3.27 (Global scalar curvature pinching). We have

(3.41) lim Bomax (1)

= 1.
t—T Rmin (t)

In fact, there exist constants C' < oo and v > 0 depending only on g (0) such
that

(3.42)

for allt €[0,T).
REMARK 3.28. Since limy_,p Rax (t) = 00, (3.42) implies (3.41) and
}anl“ Rpin () = o0.
PrOOF. By (3.40), infys. o) R > 0, and limy_7 Rimax (t) = oo, there
exist a constant C' < oo and § > 0 such that
IVR (2,1)] < CRuax (t)*/*7°

for all # € M3 and t € [0,T). Given t € [0,7), there exists x; € M? such
that Rmax (t) = R (x¢,t) . Given nn > 0, to be chosen sufficiently small later,

for any point x € B | x, Wﬁ we have
1 c 1-6
Rpax (t) — R (2,t) < ———=max|VR (t)| < —Rmax (t)
Ny Rax (t) M? n
so that
c -5

for all x € B (ﬂ:‘t, > . We claim that this ball is all of M3, from

S S
v Rmax(t)
which (3.42) follows. The argument goes like this. Since lim;_7 Rpyax (t) =
00, by (3.43), there exists 7 < T such that for t € [7,T) we have

R (x,t) > Ruax (t) (1 —n)
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for all x € B (a;t, ) . Now the pinching estimate Rc > e Rg where

7Y/ Rmax(t)

e > 0, shows that for > 0 sufficiently small M? = B <xt, O

1
n/ Rmax(t)) '
LEMMA 3.29 (Global sectional curvature pinching). For every e € (0,1)
there exists T < T such that for allt € [1,T) the sectional curvatures of g (t
are positive and

)

PRrROOF. By (3.30), there exists C' < oo and ¢ > 0 such that

A1 (Rm) R0 5

——(2,t) > 1 - C+—=— (2,t) > 1 = 3CRuin (¢

i (1) 2 1 O3 oy (.0) 2 (t
for all x € M3 and t € [0,T). We leave it as an exercise to the reader to
show that this implies that for any £ > 0, there exists 7 < T such that for
any x,y € M3 and t € [r,T) we have

(3.44) A1 (Rm) (z,t) > (1 —€) A3 (Rm) (y, t) .

The idea for deriving the comparison (3.44) is to make an intermediate
comparison with the scalar curvature of the point in question, whether it be
T or y. O

7. Exponential convergence to constant curvature of the
normalized flow

Now we revert back to the normalized flow
0 2
¢ % = —2R;; + 379

This flow is equivalent to the original Ricci flow by rescaling time and space
(the metrics). See §3 of [255] or §6.9 of [153] for details. It is useful to
know how evolution equations change upon normalizing the Ricci flow. We
say that a tensor quantity X depending on the metric ¢ has degree k in g
if X (cg) = X (g) for any ¢ > 0.

EXERCISE 3.30 (Degrees of tensors). Show that Rm has degree 1, Rc has
degree 0, R has degree —1, du has degree n/2 (if dim M =n.)

The following is not hard to prove (see Lemma 17.1 of [255]).

LEMMA 3.31 (Going from unnormalized to normalized RF). If an ex-
pression X = X (g) formed algebraically from the metric and the Riemann
curvature tensor by contractions has degree k and if under the Ricci flow

0X
A4 — =AX+Y,
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then the degree of Y is k — 1 and the evolution under the normalized Ricci
flow %gij = —2R;; + 27G;; of X = X (§) is given by
0X <~ - 2 .
3.46 — =AX+Y +k—7X.
( ) ot +Y + nr
REMARK 3.32. The above lemma also holds when the equalities in (3.45)
and (3.46) are replaced by inequalities going the same way.

EXERCISE 3.33. Show that if [0,T) is the maximal time interval of exis-
tence of the normalized Ricci flow, then fOTf (ﬂ dt = 0.

Each of the following estimates represents in some way the fact that
under the normalized Ricci flow the metrics converge to constant curvature
exponentially fast. The order in which they are stated reflects a natural
order in which they are proved.

LEMMA 3.34 (Estimates for the normalized RF). If (M3, ¢(0)) is a
closed 3-manifold with positive Ricci curvature, then under the normalized
Ricci flow we have the following estimates. Let [O,T) denote the mazimal
time interval of existence of the normalized Ricci flow. There exist constants
C < oo and § > 0 such that

(1)

Runas (¢
lim — (~) =1
£—>T Rmin (E)
(2) -
Re > 0Rg
(3) i
Rmax (E) <C
(4) i
T =00
(5)
— -2
Re — 1 Rg
lim | max = (:Z‘, f) =0
f—oo | ZEM3 R?
(6) X
Rmm t) > =
) =5
and hence diam (g (t)) < C
(7)
‘ﬁé — %Rg‘ < Qe 0t
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(3.47) Rec — éfg < Ce
(10)
(3.48) ’?’“ﬁé’ < Ce %

for all k € N.

PROOF. (Sketch.) Parts (1), (2) and (5) follow from the corresponding
estimates for the unnormalized Ricci flow since the inequalities are scale-
invariant.

Part (3): Since Rij > 0, we have const = Vol (g (f)) < Cdiam (g (f))3
for a universal constant C. Now since Rc > 5Rmaxg for some € > 0 (combine
(1) and (2)), by Myers’ Theorem, we have
(3.49) diam (§ (f)) < CRuax ()
and we conclude ]:Zmax (ﬂ <.

Part (4) we leave as an exercise using f(;[ 7 (t) dt = oc.
Part (6): By Klingenberg’s injectivity radius estimate, replacing (M 3.5 (f))

—1/2

by their universal covering Riemannian manifolds (M 3 ?]: (ﬂ) , we have
in (5(7)) > &Rmas () /*

for some universal constant ¢ > 0. Since sect (5 (ﬂ) < CRmaX (ﬂ, this

implies Vol (5’ (ﬂ) > sRmaX (ﬂ —3/2 for some other constant € > 0. Hence
we have

const = Vol (7 (£)) > 6 Runax (£)

where § > 0 depends also on }m (M3)‘ < o0. Hence Rmax (t~) > % and
the same estimate holds for R, (t) by (1). Now by (3.49) we also have a
uniform upper bound for the diameter of g (f) .
Part (7): Let
P2
- (Rc ~1Rg
f= T

f satisfies the same equation as for its counterpart f = ‘RC —%Rg}2 / R? for

the unnormalized flow. This equation is the following (see Lemma 10.5 of
[255])
of

2
5= Af+2(VIogR,Vf) — 2 |RViRj), — ViRR;i|* + 4P,
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where
P = ! < R? |Re|* — 2R Trace g (Re?) — 1R4 - \RC]4>
"R 2
This is actually the same P as in (8.74), where now v;; = R;; and p = 0. Note
that when Rc = %Rg, we have P = 0. One can show that if R;; > eRg;;,
where R > 0 and € > 0, then

2
9 |Rc|? [Rc — 1 Ry
€ 73 ;
see Lemma 10.7 of [255] for details (caveat: our P differs from Hamilton’s
P by a sign and a factor of R3.) Hence we have

P<-—

~ 12— ~ 2
of [Re| " [Re - 472
ot R3
(3.50) <Af+2 <@1og R, @f> 5 (Rmm) 7.

Wl

< Af—|—2<VlogR Vf> _4e2

The desired exponential decay estimate for f now follows from the maximum
principle to (3.50) using Ruyin > % > 0.

Part (8): We go back to (3.38) and (3.39). Adding these two equations
implies that
VR 1
= IVEP + 168 <|Rc|2 - §R2>

satisfies, under the unnormalized Ricci flow:

0 2 1 2
- _ < _Z .
(875 A) Y < 672R <|RC 3R )

Hence, for the normalized Ricci flow, the corresponding quantity z; satisfies

5zt
where we used 672R <‘Rc - % > —8_ Since 7 > 0 for some § > 0,
we can conclude that

(57-3) (- <o

and hence ¢ < Ceot (1 + ﬂ . This gives us the gradient estimate ‘@R‘ <

Ce~%. Since the diameters of § (t) are uniformly bounded, we obtain (8) by
integrating the gradient estimate along minimal geodesics.

Part (9) follows from (7) and (8).

We refer the reader to [255], Theorem 17.6, for the proof of part (10).
This requires some interpolation estimates for the LP-norms of the deriva-
tives of the Ricci tensor. (]
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From the above lemma and the fact that we can estimate the derivatives
of the metrics in terms of the estimates for the derivatives of the Ricci
tensor, one can complete the proof of Theorem 3.6; see [143] for details. In
particular, by (3.47) and Lemma 5.9, there exists a constant C' < oo such
that

1. _ -
590 <3(f) <C5(0)
for all £ € [0,00), and the metrics § (ﬂ converge uniformly on compact sets

to a continuous metric §(co) as ¢ — oo. The estimates (3.48) imply the
exponential convergence in each C*-norm of § (ﬂ to g (oc0).

8. Notes and commentary

For the details of those details of the proof of Theorem 3.6 which we
do not present, we refer the reader to the original paper [255] or the book
[153].

§3. A Riemannian manifold has 2-positive curvature operator if

A1 (Rm) + A (Rm) > 0.
That is, the sum of the lowest two eigenvalues of Rm is positive at every
point. H. Chen [119] has shown that if (M™, ¢ (0)) is a closed Riemannian
manifold with 2-positive curvature operator, then under the Ricci flow g (¢)

has 2-positive curvature operator for all ¢ > 0.
§4. An interesting question related to (3.29).

PROBLEM 3.35. Suppose that (M3, g) is a complete 3-manifold with pos-
itive Ricci curvature and Re > eRg for some € > 0. Must M?> be compact?
If we replace positive by nonnegative above, must M3 be flat?

If (M 3, g) has bounded nonnegative sectional curvature and Rc > eRyg
for some & > 0, then Chen and Zhu [113] proved that M3 must be flat.
A related question is the following (see Chapter 8 for more on differential
Harnack inequalities).

ProBLEM 3.36. If (Mg,g(t)) is a complete solution to the Ricci flow
on a 3-manifold with bounded nonnegative Ricci curvature at each time, can
one prove a trace differential Harnack inequality? One could hope for an
inequality similar to (8.47).

Note that a result related to the first problem above, due to Hamilton
[265], is the following.

THEOREM 3.37. If M™ C R™ is a C™ complete, strictly convex hyper-
surface with h;j > eHg;; for some € > 0, then M"™ is compact.

Analogous to the second problem posed above is the following.

PROBLEM 3.38. Does there exist a Harnack inequality for solutions to
the mean curvature flow with nonnegative mean curvature and bounded sec-
ond fundamental form at each time, can one prove a differential Harnack
inequality? Here one hopes for an inequality similar to (8.78).
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810. There is a nice presentation of the Ricci flow on homogeneous
manifolds in [319], which we have partially followed.

Comparison with mean curvature flow (MCF). It is interesting
to compare the Ricci flow with the MCF; scattered throughout the rest of
the book we shall see analogies and relations between the two flows. Let
X;: M™ ' — R" t €[0,T), be a solution to the mean curvature flow:

(3.51) %—f (p,t) = —H (p,t)v(p,t), pe M tcl0,T),

where H is the mean curvature and v is the unit outward normal. This is
the gradient flow for the volume functional.

LEMMA 3.39 (Basic evolutions under MCF, [286]). We have the follow-
ing evolution equations for the induced metric g;;, second fundamental form
hz'j, and H :

0
5% = —2H hij

9
ol = Ahij — 2Hhikhy; + \h|? hij
0 2
—H=AH H.
5 + |h]

PROOF. We leave this as an exercise using the formulas H = g% hij,

/ox ox
919 =\ 9z D

Lo [9X o\ ) PX
Y\ ogt O | oxioxi’ /-

While carrying out the computation, keep in mind that the inner product
of a tangential vector with a normal vector is zero. ([

EXERCISE 3.40. Suppose that we have the flow % = —0v, where 3 is

some function. Compute the evolution equations for g;;, hi; and H.

From Lemma 3.39 one can show (see [286]) using the maximum principle
for tensors that if H > 0, then the inequalities

aHg;; < hij < BHg;;
are preserved under the MCF. Compare this with the ‘Ricci pinching is
preserved’ estimate (3.29). Hamilton [265] proved that if a complete hyper-
surface in euclidean space satisfies h;; > €H g;;, where e > 0 and H > 0, then
the hypersurface is compact. Analogously, Chen and Zhu [113] proved that
if (M 3, g) is a complete Riemannian 3-manifold with bounded nonnegative

sectional curvature and Rc > eR with € > 0, then M?3 is either compact or
flat.

CONJECTURE 3.41 (Hamilton). If (M3,g) is a complete Riemannian
3-manifold with Rc > R, where R > 0 and € > 0, then M3 is compact.
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The Codazzi equations V;hj, = V;h;, imply that one can improve the
estimate |V;hjx|* > L IViH|? to

3
52 ihjr> > —— |V;H|?
(3.52) Vitgil? 2~ [V
(this is an improvement only when n > 3); see [286] for details. Compare
this with (3.37).

REMARK 3.42. If the hypersurface M™ ' is totally umbillic, so that h =
%g, then from (3.52) we have — |VH|? > niﬂ |VH|?. When n > 3 this
implies |VH| = 0. (Compare with Ezercise 1.170.)

Huisken’s pinching theorem says that

1
(3.53) hij — —Hg;;j| < CH'™.
n

Compare with the ‘Ricci pinching improves’ estimate (3.30). Pointwise es-
timates are not sufficient to obtain this since, under the ODE corresponding
to the PDE for h;;, the pinching is preserved but not improved. In [286] an
iteration argument is used to obtain (3.53).



CHAPTER 4

Ricci solitons and other special solutions

In the study of the singularities which exist or form for solutions of
partial differential equations including those which arise in geometry, a fun-
damental notion is that of rescaling and applying monotonicity formula to
obtain self-similar solutions which model the solutions near the singularities.
Such techniques have been successfully applied to the study of minimal sur-
faces, harmonic maps, Yang-Mills connections, and solutions of nonlinear
heat and Schrodinger equations to name a few. In the field of geometric
evolution equations, the singularity models which arise are usually ancient
solutions, where the solution exists all the way back to time minus infinity.
Among such long existing solutions are the self-similar solutions, which in
Ricci flow are called Ricci solitons. In this chapter we shall study some prop-
erties and examples of such solutions with a special emphasis on dimension
two where the solutions are explicit. We also study other long existing solu-
tions such as the Rosenau solution in §6 and homogeneous solutions in §10.
The examples in this chapter are very useful to keep in mind when studying
singularity formation of solutions of the Ricci flow.

1. Types of long existing solutions

From taking limits of dilations of singularities we shall obtain long exist-
ing solutions. Recall that a solution (M™, g (t)) to the Ricci flow is called an
ancient solution if it is defined on an interval of the form (—oo,w), where
w € RT U {oo}. We say that a solution (M", g (t)) to the Ricci flow is an
immortal solution if it is defined on a time interval @ < ¢t < co. Finally,
if (M™,g(t)) is defined for all —oo < ¢t < oo, then we call it an eternal
solution.

2. Gradient Ricci solitons

We say that a quadruple (M", go, fo,€) , where (M™, go) is a Riemannian
manifold, fo : M™ — R is a function and € € R, is a gradient Ricci soliton
if

€
(1) Re (go) + V9% fo + Sgo = 0.

For reasons we shall see below, we say that gy is expanding, shrinking,
or steady, if € > 0, ¢ < 0, or € = 0, respectively. We say that the gradient

soliton is complete if (M", g9) is complete and the vector field grad ¢, fo is
complete.

151
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The following result gives a canonical form for the associated time-
dependent version of a gradient Ricci soliton.

THEOREM 4.1 (Gradient Ricci solitons). If (M™, go, fo,€) is a complete
gradient Ricci soliton, then there exists a solution g (t) of the Ricci flow
with g (0) = go, diffeomorphisms ¢ (t) with ¢ (0) = idym, functions f(t)
with f(0) = fo defined for all t with

(4.2) T(t)=et+1>0,
such that

(1) p(t) : M™ — M™ is the 1-parameter family of diffeomorphisms

generated by X (t) = % grad g, fo. That is:

579 (0)(2) = —= (erad g o) (5 (1) (@)
(2) g(t) is the pull back by ¢ (t) of go up to the scale factor T (t)
(4.3) g9(t) =7 (t) ¥ (t)" 90,
(3) f(t) is the pull back by ¢ (t) of fo :
(4.4) f (&) = fooe(t) =et) (fo),
Moreover,
(4.5) Re (g (8)) + VIOVIO £ () + —g (£) = 0
and
9 2
(4.6) ()= [erady £ O

Caveat: Unless € = 0, i.e., 7 (t) = 1, the 1-parameter family ¢ (¢) is
not a group.

PROOF. Define 7 (t) = et+1. Since the vector field grad 4, fo is complete,
there exists a parameter family of diffeomorphisms ¢(t) : M™ — M™ gener-
ated by the vector fields % grad ¢, fo defined for all ¢ such that 7 () > 0.

Then define f (t) = fo o ¢(t) and g(t) = 7 (t) p(t)*go. We compute

d 0 .
= 1) = to) + 7 (t0) = t .
ot t:tog( ) T(to)g( 0) + 7 (to) 0t |, (¢ (t)" 90)
Using Remark 1.22 we have
0 X %
7 (to) ot —te (¢ ()" g0) = 7 (to) ﬁ(cp(to)*l)* %|t:t0¢(t)gp (to)” g0

= 'Cgradg(to)f(to)g (tﬂ)
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which holds since

0 1
ot s p(t) = i ) grad ¢, fo = ¢ (to), (gradg(to)f (to)) )

Hence (evaluating at ¢ instead of )

0 €
Erid (t) = mg (t) + Larad ) 119 (£) -

Now using Exercise 1.21 we find that
~2Re (g (1) = ¢ (1) (~2Re (90)) = @ (" (290 + Larad,, 1090 )
€
= mg (t) + ﬁgradg(t>f(t)g (t) .

Hence

@) D) = S0 (0) + Lumaayy 509 (1) = ~2Re(g (1),

Finally we calculate

G @)= (0 0) o) (@) = 5 larad g fof (0 () (2)

2
arady f (1) (@).

0

Note that, as advertised above, g (t) is expanding, shrinking, or steady,
ife >0,e <0, or e =0, respectively. In local coordinates we may write
(4.7) as

0
(483) agij = —QRZ']‘

(4.8D) S5 = Rij + ViVif + 59 =0.

REMARK 4.2. If ¢ = 0, then g (t) is defined for all t € (—o0,00) ; if
e > 0, then g(t) is defined for t € (—1/e,00) ; and if € < 0, then g (t)
is defined for t € (—oo,1/ |e]). For this reason we say that the solution is
eternal, immortal or ancient, respectively.

By dilating the solution, except when g () is steady, we can choose |¢]
to be any positive real number. The above theorem, by requiring (4.2), puts
the gradient Ricci soliton in canonical form. In a class of solutions where
uniqueness of the initial value problem holds, by adjusting the diffeomor-
phisms, this is always possible (see Chapter 1 of [143]).
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3. Gaussian soliton

Euclidean space R™ with the standard flat metric g (t) = gcan may seem
like an uninteresting solution to the Ricci flow since it is stationary. How-
ever, one of the reasons it is interesting is that the metrics are invariant
under scaling: for any constant ¢ > 0, cgcan is isometric to gean. In partic-
ular, ¢gean = ©*gean, where ¢ = /cidgn . Because of this, we may think of
(R™, gean) not only as a steady gradient Ricci soliton but also as either an
expanding or a shrinking gradient Ricci soliton.

Let 7 : T — (0,00) be a smooth function on an interval and define

p(t) = T(t)_1/2 idgn for t € Z. Then
(4.9) g(t) = gean =7 () ()" 9 (0).

When viewed this way, we call the stationary flat solution g..n the Gaussian
soliton. Choose 7 (t) = et + 1 where € € R, as in (4.2), so that

o) =7 Y idgn

is a 1-parameter family of diffeomorphisms. If we define

2
(4.10) flat) = —iT'x(L),
then f (t) = f(0) o p(t), grad 4y f (0) = —5z and
Ge 0 @) = =5 (720 = = (zrad 0. (0)) (0 (1) (2)

-
At time t we calculate (Re (g (t)) = 0)

g e g
2Rc (g (t))"i_mg (t)+£gradg(t>f(t)g (t) = - (t) .gcan_47_ (t) ‘Cgrad gcan|$|290an =0

which agrees with what we know from the proof of Theorem 4.1.

REMARK 4.3. Considering R™ as a shrinking soliton, so that ¢ = —1,
we have
(411) Fla = 2L
. r,t) = —.
’ AT

For a further discussion of the Gaussian soliton and its relation to Perel-
man’s entropy and Harnack, see Volume 2.

4. Cylinder shrinking soliton

Consider the product of the shrinking sphere with a line: (S”‘l xR, g (t)) ’
t € (=00,0), n > 3, where
g(t) =2(n—2)[t| ggn—r + dr*,

Its Ricci tensor is given by

Re (g (£) = (n —2) ggn 1 = 519 (t) — 5-dr?.

21019 T 2
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If we let

(4.12) fO,rt)=—, S reR, t<0,

we then have

Re (g (1) + V1 (1) + .0 (1) =0,

Hence g (t) is a shrinking gradient Ricci soliton. Since the shrinking cylinder
models neck pinches, it is a very important example.

EXERCISE 4.4. Show that (S” x RF ¢ (t)) ,t € (—00,0), n > 2, where

g () =2(n—1)t|gsn—1 + ggr,
is a shrinking gradient soliton with
LR
0,z,t) = —
f ( Y -’E, ) 4 |t| )
In a sense, the steady (stationary) euclidean metric is turned into a shrinking

soliton by taking the product with a shrinking sphere.

eSSl zeR, t<0.

Note that in the above example

2
€ > |zl
Vf=—, VI =—.
In particular, V f is radial and pointing outward. In contrast, by (4.16), for
the cigar soliton V f = —2z is pointing inward.

The cylinder soliton is important since in dimension 3 it models neck-
pinching. Note the form of the potential function in (4.12) motivates some
of the estimates in the proof in Volume 2 on the nonexistence of noncompact
3-dimensional shrinking solitons with positive sectional curvature.

5. Cigar steady soliton

Hamilton’s cigar soliton is the complete Riemannian surface (]RQ, gg),
where
dz? + dy?
1+22+y
where dz? = dx ® dx. As a solution to the Ricci flow, its time-dependent
version is:

dx? + dy?
4.14 )= ——.
( ) gz() e4t+x2—|—y2

To see that gy (¢) is a solution to the Ricci flow, we leave it to the reader
to check that u(z,y,t) = —log (e* + 2% 4+ y?) satisfies equation (?7?) with
h = dx? + dy*: % = Alogu, where A = 88—;2 + % is the euclidean Lapla-

cian. From the change of variables & = e %z and § = e %y, we see

that gx (t) = ff;ri%z is isometric to gy = ¢gx (0). That is, if we define
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the 1-parameter group of (conformal) diffeomorphisms ¢; : R?> — R? by
i (2,y) = (e*'z,e7y) , then

9= (t) = ¢; g5 (0).
Hence gx (t) is a steady Ricci soliton. Geometrically a domain Q C R2
with respect to the metric gs (0) corresponds to the domain ;' (Q) =
e?!Q) ¢ R? with respect to the metric gs (). That is, (2, gs (0)) is isometric
to (thQ, gs (t)) The vector field generating the 1-parameter group ¢; is
(=22, —2y) = grad,, f, where

(4.15) f(zy)=—log (1+ ? +y?).
Note that
(416) gradgz(t) f (t) = (_2$7 _2y)

is independent of time, where

fzy,t) = —log (L+e ™ («? +4°) = (f o) (z,9).
This manifold is also known in the physics literature as Witten’s black
hole. As we shall see below, this is a Ricci soliton metric. In polar coordi-
nates, we may rewrite the cigar metric as

dr? + 12 do?
4.1 =
(4.17) gs 5.2

If we define the new radial distance variable:
s = arcsinhr = log (7« +V1+ 7«2) :

then we may rewrite gy as

(4.18) gs = ds?® + tanh? s d6?.
In general, if a metric takes the form g = ds? + ¢ (s)2 df?, then its scalar
curvature is R (s,0) = _2(@5((38))' We can see this from the following moving

frames calculation (see [282] for a nice exposition of this technique). Let
wh=ds, w?=¢(s)db.
The connection 1-forms w{ , defined by Vxe; = wf (X) ej, and the curvature
2-forms Qf, defined by Rm (X,Y)e; = Q! (X,Y)e;, satisfy the Cartan
structure equations (using n = 2 in the equation for Q)
do® =W Nwj, Q) = dw]

From this we compute

/!
2 / o 9" (s) 4 2
wi = (Z) S d@, Q = wNAw )
1 ( ) 1 (b (S)
and K = Q2 (eg,e1) = _¢¢;/((58))‘ Thus the scalar curvature of gy, is
4
Ry, = 4sech?s =

1472
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From (4.15) we have

f(s) =—2log(coshs).
We then have
(4.19) R;j + Viij =0

which is the infinitesimal version of the steady Ricci soliton equation for
gx (t) . We can also verify this directly as follows. The Hessian of f is given
by:

(4.20) Ve Ve, f = ei(ej () = wj (en) ex ().
The first term on the RHS is nonzero only if ¢ = j = 1 whereas the second

term on the RHS is nonzero only if i = j = 2. Since wi (e2) = _(i((;)) =

1 _
—siseons and e (f) = —2tanh s, we have

e1(e1 (f)) = —wi (e2) e1 (f) = —2sech %s = _g
and (4.19) follows.

EXERCISE 4.5 (Cigar form). By making the change of variables r =
M cosh? s, show that the following is another form of the cigar metric:

M M\ ! dr?
4.21 =(1-= do? 1— — —
( ) g ( r) +< 7’> 4r2”°

where r > M.

Now consider the cylinder RxS! (1), where S* (1) denotes the circle of
radius 1, and let * € R and § € S* (1) = R/27Z be the standard coordinates.
Let h be the flat metric h = dx? + df?. The cigar metric on the cylinder
(punctured plane) may be written as

(4.22) gs2_o = (e72 + 1) (da® + d6?).

Defining =z = %log (ﬁ — 1) > 0 so that 1 — % = (6_2‘” + 1)_1 and dx =
ﬁ, we see that (4.21) implies (4.22). We can also see (4.22) by solving
for F' and z in the equation

F (2)? (dz* + d6?) = ds® + tanh? s d§?

where we get F (x)dx = ds and F (z) = tanhs so that x = log (sinhs),

s> 0, and F (z)* = % = (e72* + 1)_1 as desired.

REMARK 4.6. The metric gs2_q s incomplete; however, by taking the 1-
point compactification of Rx St (1) at the end where x — —oo, we obtain the

complete metric cigar metric on R?. Note that u (z) = (e72* + 1)_1 satisfies
lim, oo u (z) =1 so at that end the metric is asymptotically cylindrical as
we know.

For the proof of the following classification result, see [143].
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LEMMA 4.7 (Positively curved 2-d gradient steady soliton is a cigar). If
(RQ, g (t)) is a steady gradient Ricci soliton conformal to the standard metric
on R?, then (RQ,g (t)) is either the cigar soliton or the flat metric.

If (M 2, g) is a complete noncompact Riemannian surface with positive

curvature, then (M Q,g) is conformal to the standard metric on R? (see
Huber [285]).

COROLLARY 4.8 (Uniqueness of the cigar). If (M?,g(t)) is a complete
steady gradient Ricci soliton with positive curvature, then (M2,g (t)) 1s the
citgar soliton.

In Hamilton’s program for the Ricci flow on 3-manifolds, via dimension
reduction, the cigar soliton is a potential singularity model. Perelman’s
monotonicity formula(s) rule out this possibility (see Volume 2.)

6. Rosenau solution

Let (RxS'(2),h) denote the flat cylinder, where h = da? 4+ df* and
0 € S'(2) = R/4nZ. The Rosenau solution [434] is the solution g () =
u (t) - h to the Ricci flow defined for ¢ < 0 by
sinh (—t)
4.2 =
(423) u (@) coshx + cosht

One computes that its curvature is

Aplogu cosht-coshx + 1
v sinh(—t) (coshx 4 cosht)’

Rlg(t)] =

From this we easily check that
0

au =—Ru

so that g (¢) is a solution to the Ricci flow. The metrics g (¢) defined on
Rx St (2) extend to smooth metrics, which we also call g(t), on the 2-
sphere S?, which is obtained by compactifying RxS! (2) by adding two
points (we call these two points the north and south poles). We can see this
as follows. For x large and negative (similarly when positive), g (¢) is as-
ymptotic to a constant multiple (2sinh (—t)) of the metric e® (dz? + d6?) =
4 (dz? + 2%d6?) , where T = ¢*/2 and 6 = 6/2 ; note 0 € S* (1) = R/27Z,
and when x is large and negative Z is positive and near 0 (see [153], p. 33
for more details).

EXERCISE 4.9. Show that

sup R [g (t)] = coth (—t).
SQ

In particular limy_, _ o supgz R[g (t)] = 1.
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EXERCISE 4.10 (Rosenau tends to round at singularity time). Show that
since limy_,g sinh (—t) u (z,t) = m, the limit of sinh (—t) g (t) ast —
0 is the round 2-sphere with scalar curvature 1 (radius \/5) HINT: wse
formula ?7.

We now take a limit of the Rosenau solution as ¢ — —oo to see that we
can get the cigar soliton as a (backward) limit (we can also get the cylinder).
Note that the Cheeger-Gromov type compactness theorem (see Theorem
5.19) yields convergence only after pulling back by diffeomorphisms. Fortu-
nately, in the case of the Rosenau solution, the diffeomorphisms sufficient
to obtain convergence are translations. In particular, consider

w(z +t,t) = (= coshz cotht — sinh z — cotht) ™',
so that
lim w(x +tt) = (cosha —sinhaz +1)"" = (e™ + 1)_1 .

t——o0
Let ¢; : RxS!(2) — RxS!(2) be defined by ¢; (z,0) = (z +t,60). Then
(¢7g) (x,t) = u(x +t,t) h. Hence

(4.24) im (¢7g) (w,6) = (7" +1) " h(a).

Similarly, for the diffeomorphisms v (x,0) = (z — t,0) we have

(4.25) i () (@.8) = (" + 1) h(a).

Making the change of variables # = /2 and 6 = 6/2 in (4.24), we have
(4.26) (e ™+1) " h(@)=4(e2+1)"" (dﬁcQ + d§2) ,

where Z € R and § € S'(1). Similarly, we could do the same with (4.25).
Thus we obtain the cigar soliton (compare (4.26) with (4.22)) as a backward
limit in two essentially different ways, corresponding to dilating about points
close enough to either the north or south pole. It is interesting that we did
not need to rescale (dilate) to obtain the cigar. Note that we can also obtain
the cylinder as a backward limit since lim;—, o u (z,t) = 1, so that

tlir_n g (z,t) =h(z)

for all z € R. This corresponds to dilating about points close enough to
the center circle (equator) {(z,0) : x = 0}, and in particular, dilating about
points on the center circle as above.

REMARK 4.11. In the above we are taking the limit of a I1-parameter
family of metrics (ast — —o0) to a single Ricci soliton metric. We leave
it as an exercise for the reader to take the analogous limit of a 1-parameter
family of solutions of Ricci flow to a soliton solution of the Ricci flow. In
the Cheeger-Gromov compactness theorem one takes a limit of a sequence
of solutions.



160 4. RICCI SOLITONS AND OTHER SPECIAL SOLUTIONS

In the dimension reduction of a 3-dimensional singularity model, one
obtains an ancient solution on a surface. For singularity models arising from
finite time singularities, Perelman’s no local collapsing theorem rules out the
Rosenau solution. However, for singularity models arising from infinite time
singularities, the Rosenau solution has not been ruled out.

7. An expanding soliton

We say that a solution (M",¢(t)) to the Ricci flow is an immortal
solution if it is defined on a time interval o < ¢t < co. In dimension 3 there
are a number of immortal solutions which are locally homogeneous and
whose curvatures decay like 1/t ; these have been studied by Isenberg and
Jackson [297] (see also Chapter 1 of [153]; for the study of 4-dimensional ho-
mogeneous solutions, see Isenberg-Jackson-Lu [298]). Further investigations
in this direction, concerning quasi-convergence, have been undertaken by
Knopf and McLeod [320], [324].

In dimension 2, there are nontrivial (that is, nonconstant curvature)
examples of expanding Ricci solitons (see Appendix A of Gutperle, Head-
rick, Minwalla and Schomerus [252]). In particular, consider rotationally
symmetric metrics g (t) on R? of the form:

(4.27) g (t) =t (F(r)?dr* + r* d¢?),

where F': [0,00) — (0,00) is a positive function to be determined by the ex-
panding Ricci soliton condition, and where r € (0,00) and § € R/ (27 F (0)) .
That is, each metric g () is first defined on (0,00) x S (F (0)) = R? — {0} .
We define 6 in this range to ensure that the cone angle at the origin is 27 so
that g (t) indeed define smooth metrics on R? by extending smoothly over
the origin (r — 0). Note that these metrics g (f) = tg (1) are homothetically

expanding for ¢ > 0. One can compute that the Gauss curvatures (1/2 the
scalar curvature) are given by

1 F'(r)
4.28 Klgt)]=- .
(1.28) 901= s
Indeed, an orthonormal coframe is given by

wh = VIF (r)dr w? = Vtrdd,

and one has

1
2
= do
STED
1 F’
02 = dwi == (T)Bwl A w?
trF(r)
Let X (t) be the vector fields on R? defined by
r o0 1
4.29 X(t)= —=-X(1).
(4:29) ()'tF(r)81" t )
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Strictly speaking, X (t) is defined on R? — {0} ; however, it will extend
smoothly to R2. Note that for a radial function f(r), its gradient with
respect to g (t) is given by grad j f = L (r) %. Hence

tF(r)?
(4.30) X (t) = grad gy f where f'(r) =rF (r).
We look for F' such that g (t) is a solution to the modified Ricci flow
0
(4.31) 57 (t) = —Rg)g (t) + Lx )9 (1) -

The dual 1-forms to X (¢) are X (t)b =rF(r)dr = %wl, which is time-
independent. Recall that, in general, from the first structure equations:

(Vvw?) (e1) = = (Vve) = —w] (V)

i

for any vector V, so that Vw/ = —wg ® w'. Hence, using this and wi =

—mcﬂ, we find that

Lx g (t) =2Sym (VX (t)b) _ 2 Sym (dr ® wh 4 ?”le) = ig (t).
Vi tF (1)

Thus (4.31) is equivalent to the equation

(4.32) F'(r) =rF (r)? (1 - @) .

(Note that F (r) = 2 is the flat euclidean solution, but this is not the one
we are interested in.) Now from (4.30) and (4.32)

F'(r)
Fr)(1-52)

Integrating this we have

(4.33) F(r) = —log (% - 1> .

REMARK 4.12.
(1) Equation (4.31) is equivalent to the static equation

g(1) = —Ry1yg (1) + Lx1)g (1).

(2) The metrics ¢ (t)* g (t) satisfy Ricci flow if the 1-parameter family
of diffeomorphisms 1 (t) satisfy

d

= (@M ouT () = 0 (t)" X (t).

t=to

Solving the separable ODE (4.32) we obtain
(4.34) h(r)+logh(r) = —r? + C.
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where h (r) = % — 1. Here we have made the assumption that 0 < F' < 2
so that h > 0. Note that by (4.28) and (4.32) we have

(4.35) Klg(t)] = % <ﬁ - %) > 0.

Recall that the product log (or Lambert-W) function W : Rt —
R is the inverse of the function w (z) = ze®. Hence, taking the exponential
of both sides of (4.34), we have

2

h(r)eM™) = h(0) Ve,
so that ,
hr)=W (h (0) et ) .
In terms of F, this equation says:
2

W((%—l)exp(%—l—ﬂ)) F1
The cone angle of g (t) at infinity (which is independent of t) is
27 F (0)
lim, o F (1)

(4.36) F(r) =

ConeAngle = =7F(0).

Hence the range of possible cone angles at infinity is (0,27) since F'(0) €
(0,2). Now (4.35) and (4.36) imply

Klg(t) = %W <<% 1) exp <% 17«2)).

Finally we note from (4.33) that we have
f(r)=—logh(r)=—logW <h (0) eh(o)e_r2> .

EXERCISE 4.13 (Exponential curvature decay of expanding 2d Ricci soli-
ton). Show that each of the metrics g (t) is asymptotic at infinity to a flat

cone and the curvature decays exponentially as a function of the distance to
W(z) =1

xT

the origin. HINT: limg .o,

In higher dimensions there are expanding Kahler—Ricci solitons on
C™ due to Cao [73] (compare also Feldman, Ilmanen and Knopf [206].)

Expanding gradient solitons motivate the definition of the matrix Har-
nack quadratic (see §8.5).

8. Bryant soliton

Let ggn—1 denote the standard metric on the unit (n — 1)-sphere. We
search for warped product Ricci solitons on (0,00) x S™~! which extend
to Ricci solitons on R™ by a 1-point compactification of one end. We call
the compactifying point the origin O. In particular, consider metrics of the
form

(4.37) g =dr® + ¢(r)ggn-1.
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From Rc(ggn-1) = (n — 2) ggn—1 and a standard formula for the Ricci tensor
of a warped product metric (see [48], Prop. 9.106), we have

1

Re(g) = — (n—1) —dr® + ((n— 2) (1 = (¢)*) — ¢¢") ggn-1.

¢
One can also see this from the formulas for the sectional curvatures. The
sectional curvature of a plane passing through the radial vector % is
o (1)

4.38 Kipg = —
(459 T o)
and the sectional curvature of a plane Py, perpendicular to % is

1— ¢/ r 2
(4.39) Kepnh = 4(2)

¢ (r)

We can also calculate that the Hessian of a function f is given by

VVf = ["(r)dr® + ¢¢ fggn-1.
The Ricci soliton equation Re(g) + VV f = 0 becomes the following system
of two second order ODE

"=(n-1 % 90 = —(n = 2)(1 = (¢)°) + ¢¢".
Making the substitutions
d
p=d, y=of +(n-1¢, d=",

we obtain the following system of first order ODE

B eremtn-2  Yery-(-1a).

The constant solutions are (1,n —1) and (—1,—(n—1)). For g and f to
extend smoothly over the origin, we need ¢ (0) =0, ¢/ (0) = 1 and f' (0) =
0. Since then lim, ot = —oo, we have lim;, o (z (t),y(t)) = (I,n—1).
Linearizing (4.40) at (1,n — 1), we have

(4.40)

dX
—=3-n)X-Y
il Al
dy
—=—-(n-1)X+Y.
— (n—1)X +

. . 3—n -1

The eigenvalues of the matrix | (n—1) 1 are 2 and 2 — n, so

we have a saddle point at (1,n —1). Hence there are two solutions with
limy, o (z(t),y(t)) = (1,n — 1) . For one of these solutions we have

(z (), y (1)) — (0,00)
as t increases. It can be shown (see Chapter 1 of [143]) that this solution

defines a complete Ricci soliton g on R™ of the form (4.37) with positive
curvature operator, called the Bryant soliton [57], [299]. Let Ky, and
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K,aq denote the sectional curvatures of planes tangent to the spheres and
tangent to the radial direction, respectively. From the formulas for the
sectional curvatures (4.38), (4.39), and C~171/2 < ¢(r) < Cr'/2, ¢/ (r) =
0] (r*1/2) and ¢" (r) =0 (7“*3/2) , we have

Kiaqa =0 (7‘72) ,  Kepn = O (T‘fl) .
That is, we have the following.

THEOREM 4.14 (Bryant soliton). For all n > 3, there exists a unique
(up to homothety) complete, steady, gradient Ricci soliton metric on R™
with positive curvature operator. The eigenspaces of the curvature operator
consist of 2-forms that are the wedge product of two 1-forms. The corre-
sponding planes are either tangent to the spheres, in which case the sectional
curvatures decay inverse linearly in distance to the origin, or pass through
the radial direction, in which case the sectional curvatures decay inverse
quadratically.

The volume of the ball of radius s centered at the origin is

Vol (B (0, s)) = nwy, /08 B(r)" " Ldr.

For s > 1 we have

n+1

Vol (B (0, s)) = / P dr o~ st
0

For example, if n = 3, then the volume of balls grows quadratically in the
radius.

In [301], Ivey constructed Ricci solitons on doubly warped products
which generalize the Bryant soliton.

The Bryant soliton should appear as a singularity model corresponding
to a degenerate neckpinch (see §7.3).

9. Geometry at spatial infinity of ancient solutions

In general, we are interested in the geometry at spatial infinity of limit
solutions to the Ricci flow, such as the Bryant soliton (see Chapter 7 for a
further discussion of singularities and their limit solutions). To this end, we
define the following invariants of the geometry at infinity.

The asymptotic scalar curvature ratio (or ASCR) of a complete
noncompact Riemannian manifold (M", g) is defined by

ASCR.(g) = limsup R (z)d(z,0)?,
d(z,0)—o0

where O € M" is any choice of origin. We leave it as an exercise to show
that this definition is independent of the choice of O. The asymptotic
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volume ratio of a complete noncompact Riemannian manifold (M™,g)
with nonnegative Ricci curvature is defined by

AVR (g) = lim Y2LBLO:))

r—00 rh
Again, this definition is independent of the choice of O (see Theorem 19.1
of [267]).
From the evolution equation for the lengths of paths (6.22), which tells
us for any fixed path

d
T logL 9(t)Y

the most obvious bound on how spatial distances change in time is given by
the following. If |Rc (x,t)| < ¢ (t), then for any times ¢; < t2 and points x
and y

<sup|Re (g (),
iy

t t
e i 0Oy (@) < dy, (2,y) < el OO%dy, (2, y).
Hamilton improved this estimate to'

(4.41) iy (@.9) = dy (a.) — C NZIOLD

Assume all solutions in the following lemmas are complete and noncom-
pact.

THEOREM 4.15 (Asymptotic scalar curvature ratio is independent of
time). If (M™, g (t)) is an ancient solution with bounded nonnegative curva-
ture operator, then ASCR (g (t)) is independent of t.

PROOF. See Theorem 19.1 in [267]. O

THEOREM 4.16 (Asymptotic scalar curvature ratio is infinite on steady
solitons, n > 3). Let (M™, go, fo) be a complete steady gradient Ricci soliton:

Re (go) + Hess g, (fo) =0

such that sect (go) > 0 and R attains its mazimum at some point O € M
(which we call the origin). If n > 3, then ASCR (go) = 0.

PrOOF. Recall by Theorem 4.1 we can put steady Ricci gradient soli-
tons in canonical form. In particular, there exists a 1-parameter group of
diffeomorphisms ¢; : M — M such that

9(t) = ¢i90
is a solution of Ricci flow, for all ¢ € (—o0, 00)
Re (g (t)) + Hessy f(t) =0
where f (t) = f oy,
0

agpt (x) = (grad ¢, fo) (¢¢ (x)) ,

Unequality 4.41 is a trivial generalization of Theorem 17.1 in [267].
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and
of
ot
We shall prove the theorem by contradiction: suppose

ASCR (g (t)) = ASCR (go) < oo for all ¢.

VI =Af.

(Note g (t) is isometric to go for all ¢.) We shall show that there exists a
pointwise backward limit
= lim g(x,t)

t——o00
for all z € M —{O} and that (M — {O}, goo) is a complete flat Riemannian
manifold (although each g (¢) is incomplete on M —{O} .) Since sect (go) > 0
implies M" is diffeomorphic to R", M — {O} is diffeomorphic to S"~! x R,
we obtain a contradiction when n > 3.2

Recall that since R attains its maximum at O,

R+ |VfF=R(0).

Joo (T, 1)

Since ASCR (g (t)) < oo,

4.42 lim R(xz,t) =0.
Hence

lim Vfl(z,t)=+R(O)>0.
o fm VA0 = VE(O)

Using ASCR (g (t)) < oo again, there exists C' < oo such that for all x € M

d
< _— g 2
0 59 (z,t) Re (z,t)

<2R(z,t) g (z,t)
C
< 59 (7,1)
1+ dg(t) (z,0)
C

1 +dg, (1 (), 0)

(g (t) are all isometric to each other by isometries fixing O, so C' is indepen-

59 (2,1)

dent of ¢.)
For any € > 0, there exists ¢ > 0 such that
(4.43) dgo (1 (), 0) = clt]

for all x € M — By, (O,¢) . Let ¢g = — fy so that
Re (go) = Hess 4, (¢0) -

2Ac‘cually Rc(go) > 0 implies f is convex, proper, and M™ = R"™.
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Note that for any ¢y > ¢p (O) there exists g > 0 such that if ¢ () > co,
then [Veo|? (z) > dp. Given any & > 0, there exists ¢; > ¢ (O) such that
{reM: f(x) <c1} C By (0,e). lf v € M — By, (O,¢), then

d
— 5% (e (2)) = Vol (g1 (z)) = 0
so that ¢y (x) € M — By, (O, ¢) for all t <0 and

D o o ) 2 0y

for all t < 0. From this we conclude (4.43).
The estimate (4.43) implies for any ¢ > 0 there exists C' < co such that
for all x € M — By, (O, ¢)

0 C
< —— ) < — t).
0 — g9 (@:0) < 0 (@0

Hence for any € > 0, there exists C' > 0 such that
Cg (1’,0) > g(x7t1) > g(l‘,tg) > g (1’,0)

for all z € M — By, (O,¢) and —oo < t; < ta < 0. Hence the pointwise limit
limy—_ o g (z,t) = goo exists on M — {O}. Since we have uniform bounds
on all derivatives of curvature, g, is smooth. One way to see this is to take
a sequence of times t; — —oo and apply Shi’s estimates (steady solitons are
ancient so the estimates apply to each metric g (¢;) to get derivative of cur-
vature bounds) and the Arzela-Ascoli theorem to get pointwise convergence
of a subsequence g (t;) t0 goo. The Riemannian manifold (M™ — {0}, goo) is
complete. This is because for any point x € M — {O} and r < dgy) (,0),

the submanifold (Bg(t) (x,7),9 (t)) is complete, and for any z € M — {O},

lim dg(t) (LE, O) = tl}l—noo dgo (Sot (l’) aO) = C0C.

t——o00

Furthermore, by (4.42)
R, (z) = tlir_n R(z,t) = . lim Ry, (¢ (2)) =0

for all z € M — {O}. Since sect (g (t)) > 0 we have sect (goo) > 0 and we
conclude sect (goo) = 0 on M —{O}, from which we obtain our contradiction
to the assumption ASCR (go) < co. O

LEMMA 4.17 (Curvature decay to zero is preserved). If (M", g (t)), t €
[0,T), is a solution to Ricci flow with bounded curvature and

lim  |Rm(x,0)] =0,
do(z,0)—00

then limg, (; 0)—oo |[RM (2,1)] = 0 all t > 0.
PROOF. See Theorem 18.2 in [267]. O
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PROPOSITION 4.18 (Asymptotic volume ratio is constant). If (M™, g (t))
s a solution with bounded nonnegative Ricci curvature and

d(g{/yl(i)r)n_}C>o |Rm (x,t)| = 0 for all t,

then AVR (g (t)) is independent of t.
PROOF. See Theorem 18.3 in [267]. O

For historical reasons, we note the following proposition (see Theorem
19.2 of [267].) In Volume 2 we shall see that any ancient solution has
AVR (g) = 0. Thus the hypothesis in the following proposition is vacuous.
That is, a Type I ancient solution with bounded positive curvature operator
has ASCR (g) = oc.

PROPOSITION 4.19. If (M™, g (t)) is a Type I ancient solution with bounded
positive curvature operator and ASCR (g) < oo, then

(1) (Positive asymptotic volume ratio)
AVR (g) > 0.

(2) (At most quadratic decay of curvature) For any choice of O € M™,
there exists ¢ = ¢(O,t) > 0 such that

R (z,t) dygry (2,0)* > ¢
for allx € M™.

It is easy to see that for the cigar soliton ¥? we have ASCR (22) =0
and AVR (22) = 0. In particular, the cigar is asymptotic to a cylinder
without rescaling (blowing down) and its curvature decays exponentially as
a function of distance to the origin.

For the Bryant soliton B*, we have ASCR (B?) = oo (since the norm
of curvature decays inversely proportional to the distance to the origin)
and AVR (B3) = 0. Blow down limits of the Bryant soliton (dimension
reduction) are cylinders S? x R.

Blowing down a parabola to a line. A rather trivial but apt ana-
logue of this is the following. Consider the parabola P = {(a:, 3:2) tx € R}
in the plane. Take a sequence of points {z;} with z; — oco. Translate the
parabola vertically so that the line y = CL‘ZQ becomes the z-axis and then
homothetically rescale the translated parabola so that the distance x; from
(z4,0) to the y-axis becomes 1. That is, consider the sequence of parabolas:

2 42
PZ:{<£’x xl):xER}.
s I,

We can rewrite P; as

From this we see that P; limits to the two lines {x = +£1} = S°xR as i — oo
(since z; — 00).
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10. Homogeneous solutions

We say that a Riemannian manifold (M", g) is (globally) homogeneous
if for every z,y € M™ there exists an isometry ¢ : M™ — M™ with ¢ (z) = y.
A nice class of homogeneous manifolds are Lie groups with left-invariant
metrics. Suppose G is a 3-dimensional unimodular (i.e., its volume form
is bi-invariant) Lie group with a left invariant metric g. Then there exists a
left-invariant frame field { fi}?zl with dual coframe field {ni}?zl such that
there are positive constants A, B, C' such that metric is diagonal:

g=An'@n' + B 9> + Cn® @ n®
and the Lie brackets are of the form:

(4.44) [fir £5] = b f

where ci-“j € {1,0,—1} and ci?j = 0 unless 4, j, k are distinct. Let A = cis,

=3y, v=cly. The frame field {¢;}7_, defined by
ez ATV, e =BT e =0TV,

is orthonormal.
Formula (4.44) implies

= 1726k
(AidjAe) Y
where \y = A, Ay = B and A3 = C. By (1.150) the components of the
Levi-Civita connection are

leis €5] =

1
(Ve,ej,er) = 3 (([eis ej] s ex) — ([eiser] s e5) — ([ej, ex] s €i))
_ 1 Eo_ oy J o\
2 ()2 (A’“%’ — N Mﬂc) '

Substituting this into (1.152) and since V. e; = 0, we have

<Rm(€i7 ej)eja 67;> = <ve¢€j, vej€i> - <Vejej7 vei€i> - <v[e¢,e]‘]€j7 6i>

1 k j i k i '
= 4)\i)\j)\k (Akcij - )‘J'Cz?k - Aicjk) ()‘kcji - )‘icjk - Ajcz?k:)
1 k i g k
- 72)\1/\%1@ AkCij (A%ij - AJCI]W‘ )‘kcji)

=ﬁiﬁ<0@wﬂﬁﬁa(M%Y>

k ) j k

where {i,7,k} is a permutation of {1,2,3} and we have used the anti-
symmetry of cfj in i and j. Thus the sectional curvatures K (e; Aej) =
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(Rm(e;, ej)ej, ;) are given by:

_ (uB—-v0)*  2uB+2vC —3)\A
Kleane) ="—=mpa—+A 1BC

_ (vC—MA? 200 +2)A - 3uB
Klesne) =—ppa—+n 4AC

(M —uB)®  20A+2uB - 3uvC
Klerne) =—rpa 1AB

and the (Rm (ex, e;) ej, ex) = 0 for any i # j and k. From this we can easily
derive that the Ricci tensor is diagonal and given by:

(A’ = (uB — vC)?

(4.45) Re(er,e1) =

2ABC
_ (uB)? = (vC = 2A)°

(4.46) Rc (e2,€2) = SABC
_ (vC)* — (M — uB)?

(4.47) Re(e1,e1) = SABC

Hence the Ricci flow equation is equivalent to the following system:

dA  (uB —v0)* — (\A)?

(4.48) == ==
- 2 2
o) @B _ (O =27~ D)
B 2 (02
(4.50) % _ (4 “i)B ey

We note that the normalized Ricci flow (3.4) is:

(4.51)

dA _ —4(AA)’ +2(uB)?

+2(WC)? —4uB - vC + 20C - NA +2)A - uB

dt
(4.52)

dB  2(MA)? —4(uB)? +2(vC)* +2uB - vC — 4vC - NA + 2)\A - uB

3BC

==
(4.53)

dC _ 2(AA)° +2(uB)® -

3BC

dt

3BC

since by summing up (4.45)-(4.47) we see that the scalar curvature is

R=—

(M) — (uB)® —

(vC)? 4+ 2uB - vC +20C - ANA+ 2)A - uB

2ABC

4(vC)* 4+ 2uB - vC 4 20C - AXA — A\A - uB
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First we consider the case when the Lie group G is SU (2) so that there

exists a frame such that A = 4 = v = —2. In this case
poo A= B - C?+2BC+20A+24B
N ABC
_2A2+B2+C2—(B-C)z—(A—C)?—(A—B)2
N ABC '

Note the special case where B = C' in which case R = QQBBEA. In particular,

when B = C < %, we have R < 0. Unlike the case of the Ricci flow on

surfaces, the scalar curvature does not remain negative on SU (2). In fact
we have the following (see p. 728-9 of [297]).

THEOREM 4.20 (Isenberg-Jackson). For any left-invariant initial metric
go on SU (2) there ezists a solution g (t) of the normalized Ricci flow defined
for all t € [0,00) with g(0) = go such that g(t) converges to a constant
positive sectional curvature metric as t — oo.

On SU (2) the normalized Ricci flow equations (4.51)-(4.53) become
dA _  —4A?+2B?+2C? —ABC +2CA+24B

dt 3BC

dB _ 247 —4B®+2C? + 2BC — 4CA +24B
dt 3BC

dC _ 247 +2B% —4C? + 2BC +2CA — 4AB
dt 3BC '

Under the normalized flow (ABC) (t) is independent of time. Hence we may
assume without loss of generality (ABC) (t) = 8/3. We then have

(4.54) % —A(AB+C-24) 4 (B-CP)
(4.55) % = B(B(A+C-28B) +(4-C))
(4.56) %zC(C’(A+B—2C)+(A—B)2).

From this we may compute the evolution equations for the difference of the
metric components:

%(A—C):203—2A3+A32+A2B—BC2—BQC

(4.57) = (-2(A*+AC+C*)+B*+B(A+C))(A-C)

and similarly for 4 (A — B) and 4 (B — C). We assume without loss of
generality

A(0) > B(0)>C(0).
By the above equations, we have

A(t) = B(t) = C(1)
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for all ¢ > 0. Since A+ B — 2C > 0, equation (4.56) implies ‘Z—? > 0 so that
C(t)>C(0).
Now we may estimate the factor on the RHS of (4.57)

—2(A’+AC+C*) +B*+B(A+C)
=-2C% - (A* - B?) - AC - (A+C)(A- B)
< —20? < —20(0)%.

Thus

%(A—C)§—2C(0)2(A_C)'

We conclude that
A(t)—C(t) < (A(0)—C(0)) o—2C(0)%t

for all £ > 0. That is, A — C decays exponentially to zero. Since A > B > C
and we have normalized the volume so that ABC = 8/3, we conclude that
A(t),B(t),C (t) exponentially converge to Ao, = Boo = Coo = 2/+/3. That
is, g (t) exponentially converges as t — oo to the constant sectional curvature
metric

Joo = (2/\3/5> (men'+n?en*+n°@n®).

Second we consider the case where G is the Heisenberg group (Nil) of
upper-triangular 3 x 3 real matrices. In this case there is a frame where
A= —2and p = v = 0. Then for Nil the Ricci flow equations (4.48)-(4.50)
are equivalent to:

d d d A

A % oA =L1ogB=L10pC =42
(4.58) g o8 A= glog B =logC=dpm

We immediately see that A is decreasing whereas B and C are increasing.
In fact B/C, AB and AC are independent of time. We compute

d A A
a8 <%> =236
A . 1 (ByCo -t
@@—ﬁ(mo ”)

where Ag = A(0), By = B(0), Cp = C (0). Thus one can explicitly solve
(4.58) to get

so that

1/3
< S+ 1)M3.
g B C t) < const-(t+1)
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The sectional curvatures:

34 BoC !
(4.60a) K (e2hes) =~ = =3 ( 2100 + 12t)
A BoCy )—1
4.60b KesNhe) = — = + 12¢
(4.60) (eane) =56 = (7
A BoCy )—1
4.60c KegNey) = — = + 12¢
(4.600) @ne) =56 = (7

satisfy |sect (g (t))| < const-t~!. Note that the scalar curvature is negative
as it must be for the solution to exist for all time. If we consider a com-
pact quotient of the Heisenberg group, such as G/Z?, the diameters satisfy

diam (g (¢)) < const - (t + 1)/ . Hence
(4.61) Isect (g ()| diam (g (£))* < const +72/3 - 0 as t — oo.

Thus the solution collapses as time tends to infinity. In fact, (4.61) says
that the metrics become more and more almost flat. The only nonzero

bracket is [ez, e3] = —\/szel ~ t~1/2¢1, so that the brackets tend to zero
when measured in an orthonormal frame.

See [86], [297], [274], [320] and [324] for further discussion of the Ricci
flow of homogeneous 3-manifolds and related quasi-stability questions
(some in the category of warped products). Besides SU (2) and Nil, some

other 3-dimensional homogeneous geometries correspond to Solv, SL (2, R),

—_—~—

Isom (R2) and E3. In the case of Solv and SL (2, R), homogeneous solutions

exist for all time and |[Rm| < Ct~!. In the case of Isom (R2) the solution
exists for all time and |Rm| < Ce™“ while for E? the solution is flat and
hence stationary. These geometries roughly correspond to Thurston’s model
geometries, but are not in 1-1 correspondence, since the geometries he con-
siders have maximal isotropy groups. See Isenberg-Jackson-Lu [298] for
work on the Ricci flow on 4-dimensional homogeneous spaces.

EXERCISE 4.21. Another way to compute the curvatures of a left-invariant
metric on a Lie group is as follows. Suppose that G is a Lie group and
{fi}i_ is a left-invariant frame field with

[fi fi] = i fi

and g = a?n‘®@n’, where {ni}?zl is the dual coframe to { fi}_, (i.e., n' (f;) =
5; ) We compute
dn' (£, fr) = £ (0" (fx)) = fu (0" (£)) = 0" (5, f))
— _C]k
Thus
dn' = —cyn’ Nif”.
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An orthonormal frame field is {e;} where e; = a;lfi and the dual coframe
is {wl} where w' = a;n". Since

a;
T C:;k7

dw’ (e, ep) = Taan
J

we have by (1.52)

W=

(dwi (e, er) + dw? (ei, ex) — dw” (e;, el-)> W

<— T A— e +—kck»)wj.

k k
ajay ’ aap, " aa;?

N = N =

The we may use the second Cartan structure equation to compute the cur-
vature 2-form

k _ k J k
Q) = dw; —wj ANwy.

Compute (Rm (e;, e;) ex, eg) .

11. Isometry group

If (M™,g(t)) is a solution to the Ricci flow on a closed manifold and
7 is an isometry of M"™ with respect to the metric ¢ (0), then v is also an
isometry of M™ with respect to g (t) for all ¢ > 0. This follows from the
uniqueness of solutions of the Ricci flow with a given initial metric. For if
is an isometry of ¢ (0), then ¢ (¢) and v*g (¢) are both solutions of the Ricci
flow with initial metric ¢ (0). Hence by uniqueness, ¢ (t) = v*¢(t) for all
t>0.

PrROBLEM 4.22 (A. Fisher). If (M™, g (t)) is a solution to the Ricci flow
on a closed manifold, then is Isom (g (t)) = Isom (g (0)) for allt > 07

By the above remarks, we see that Isom (¢ (¢)) D Isom (g (0)). Since we
find it hard to believe that a spontaneous symmetry can be created, we
conjecture that we actually have equality. Note the problem easily reduces
to a backward uniqueness question:

PROBLEM 4.23. If g1 (t) and g2 (t) are solutions to the Ricci flow on a
closed manifold on a time interval [0, T) and if g1 (t') = g2 (') for some t' €
(0,T), then is g1 (t) = g2 (t) for all t € [0,¢'] (and hence for all t € [0,T))?

Indeed, if v is an isometry of g (¢'), then g (¢) and v*g (¢) are solutions
of the Ricci flow with g (') = v*g (¥); an affirmative answer to the latter
problem would imply ¢ (t) = v*g (¢) for all ¢. In particular, 4 would be an
isometry of g (0).

12. Notes and commentary

85. The analogue to the cigar soliton for the curve shortening flow

(or CSF for short) of a plane curve % = —kv, where k is the curvature
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and v is the unit outward normal, is the grim reaper translating (steady)
soliton:

(4.62) y =1+ logsecx

for z € (—m/2,7/2) and t € R. The CSF was first proposed by Mullins [393]
to model the motion of idealized grain boundaries and he also discovered
the grim reaper solution (a terminology later coined by Matt Grayson). For
curves which are graphs of functions y = f (z,t), the curve shortening flow

becomes:
2\ ~1 2
O _ (14 (% oy
ot Oz 0x?’

From this one easily checks that the curves given by (4.62) are solutions to
the CSF. If we let 8 denote the angle the unit tangent vector makes with
the x-axis, then we have

K = cosf.

Next we consider steady soliton solutions of the one-dimensional heat
equation of the form u (z,t) = F (%) . The heat equation leads to the ODE

F" (y) = —%yF’ (y)

where y = % Thus, for some A € R

F' (y) = Ae~1¥",
We conclude

x
u(z,t) = B+ Ay/merf | —=
(2.1) vt (55
for some A, B € R and where
.2 L
erf (y) = — [ e ¥ dw.

VT Jo

u<x,t+s>:u(ﬁ%m,t>.

86. The analogue of the Rosenau solution for the CSF is

Note that

(4.63) y = log (cos z + Vet + cos? :v) —t

or —oo < t < 0. This solution can be derived as follows. The evolution of
the curvature x (6, ) is given by r; = r2kgg + 1> Searching for a solution of
the form & (0,t)* = a (0) + b (t) leads to the equations

" (0) +4a(0) =0, (d'(0)) +4a(0)* =4C% V() —2b(1)* = —2C?

where C' is a constant. Taking C = 1, we have the particular solution
a(0) = cos260 and b (t) = coth (—2t) for t < 0. Hence the solution satisfies

k(0,t) = v/cos 20 + coth (—2t).
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From this we can derive (4.63). Note that
lim «(0,t) = v2|cos 6.
t——o00

This exhibits the fact that the limit as ¢ — —oo at either end of the oval is
the grim reaper (without rescaling).

In Olwell [409] translating solutions to the Gauss curvature flow are
constructed.

§7. Recall that graph solutions y = y (x,t) of the curve shortening flow
satisfy

Yz
4.64 = .
We look for solutions of the form
z
4.65 z,t) = ViF [ —= ).
(1.69) (o) = vir ()

Such solutions

/~ N
ol
~
~—

We compute

T T 1 T
() ()
ST <\/E> 2vi \Vi
x
o
. \/E>
and )
()
Under the assumption (4.65), setting r = %, we find that (4.64) is equivalent
to
r 1 F"(r)
TR iR = ——
R r i) Fr(r)* 41

We may rewrite this as the second order ODE
(4.66)  2F"(r)+ 7 [F (0]’ = [F' ()]* F(r) + rF' (r) = F (r) = 0.
LEMMA 4.24. There exists a solution of (4.66) with boundary values:
lim F'(r) =00 and lim F(r)=0.
r—0 r—00
This solution s called the 90° Brakke wedge.

EXERCISE 4.25. Prove the above lemma.



CHAPTER 5

Analytic results and techniques

In this chapter we discuss various analytic results and techniques that
are fundamental for the study of the qualitative behavior of solutions of the
Ricci flow. This includes derivative estimates — useful for proving long time
existence of solutions and obtaining some local control of solutions, Cheeger-
Gromov type compactness theorem for solutions of Ricci flow — necessary
for obtaining pointed limits of dilations about singularities, Hamilton-Ivey
estimate — used for showing singularity models formed in finite time in di-
mension 3 have nonnegative sectional curvature, strong maximum principle
for systems — used to obtain splitting and rigidity of these singularity models.
In the last two sections we give some applications of the strong maximum
principle for systems to the study of solutions with nonnegative curvature.

1. Derivative estimates and long time existence

The following estimate says that the maximum of the curvatures
cannot grow too fast too soon as time increases.

LEMMA 5.1 (Doubling time estimate). If |[Rm (g (0))| < K, then
[Rm (¢ (t))| < 2K
for all0 <t <1/(16K).

PRrROOF. From (3.6) we see that
0
7 [Rm[* = A|Rm[* = 2|V Rm|* + 8 (Bijre + Bikje) Rijre
(5.1) < ARm|* — 2|V Rm|* + 16 [Rm|?,

where Bjjre = —Rginf;ék. Let p (t) be the solution to the corresponding ODE

d o 3
—p° =16 0) =K.
iy p’, p(0)
By the maximum principle (Lemma 2.11), we have
K
< = —.
[Rm (9 ()] < p (1) = 777
[l

So far we have seen the nice cases of Ricci flow where we have global
existence of the normalized flow and convergence to a constant sectional

177
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curvature metric. Now we shall consider the more prevalent case, which is
when singularities occur.

DEFINITION 5.2 (Singular solution). Given a solution (M",g(t)), t €
[0,T), of the Ricci flow we say that [0,T), is the mazimal time interval of
existence if for every solution (M™,g(t)), t € [0,T), of the Ricci flow with
g(t) = g(t) for t € [0,min {T,T}) we have T < T. Moreover, if T < oo,
then we say that g (t) forms a singularity at time T.

The following result says that the solution exists as long as the curvature
remains bounded.

PROPOSITION 5.3 (Long time existence). If (M™, g (t)) is a solution of
the Ricci flow on a closed manifold on a mazimal time interval [0,T"), where
T < oo, then

(5.2) sup |Rm| = occ.
M™x[0,T)

In fact,

(5.3) }LII%%%LX |IRm (-, )| = oo.

REMARK 5.4. Lemma 5.1 may be used to show that (5.2) implies (5.3).
The contrapositive statement is obtained as follows. Suppose there exists a
sequence of times t; — T and a constant K < oo such that

max |[Rm (-, ¢;)| < K
M’ﬂ

for alli € N. Then, by the doubling time estimate, we have |Rm (g (t))| < 2K
forallt; <t <t;+1/(16K) . From this we conclude that supyn .y, 7y [Rm| <
2K for some j € N.

The idea of the proof is to obtain higher derivative of curvature
estimates. Solutions with a given bound on the curvature may have co-
variant derivatives that are initially arbitrarily large. However, for short
time, one can obtain bounds for the higher covariant derivatives of the cur-
vature which improve with time on a short enough initial time interval (see
[153], p. 223-4).

EXAMPLE 5.5 (Bumpy metrics). Consider the 1-parameter family of ini-
tial metrics on R x S*

ge = dr* + (1 + esin (r/\/g))QdGQ.

_sin(r/ve) 1
Ko = T o rve) ' T esn (/R
which is uniformly bounded for € € (0,1/2]. Note that
9|1 leos(r/VA)
87’K (95)' VE (1 + esin (r/7))”

We have

VK (g:)| =
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so that
1
sup |VK (¢:)| = —=
Rx St : \/E
which tends to infinity as € — 0. Since sine is a periodic function, we can
quotient these metrics to yields metrics on S* x 8. It is nice to think of the
following theorem applying to these initial metrics.

THEOREM 5.6 (Global derivative of curvature estimates). If (M", g (t)),
t €0,T), is a solution of the Ricci flow on a closed manifold, then for each
a > 0 and every m € N | there exists a constant C (m,n,«) depending only
on m, and n, and max{«a, 1}such that if

Rm (z, 1), < K for allx € M™ and t € [0, %] n[o,7),

then
(5.4)
m C(m,n,a) K n o)
V™ Rm (2, )] ) < %T) forallxz € M™ and t € (0, ?]Q[O,T).

We call these estimates Bernstein-Bando-Shi estimates (see [38],
[462] and [463]; for related smoothing estimates, see [42]). For m = 1, we
can prove (5.4) by considering the gradient quantity

F =t|VRm|* 4+ §|Rm|?,

and showing

(5.5) %—f < AF 4 C (n) BK?3,

for # depending only on max {«,1} and n, and where the constant C'(n)
depends only on n. Since FF < B3K? at t = 0, by applying the maximum
principle to (5.5), we obtain ¢ |[VRm|? < F < C (n,a) K2 for t € [0,a/K],
where C (n, ) depends only on max {«, 1} and n. The first derivative esti-
mate immediately follows. The higher derivative estimates can be proved
using analogous quantities involving higher derivatives of curvature. We
refer the reader to [153], Theorem 7.1 on p. 223-4.

EXERCISE 5.7. Fill in the details of the proof of (5.5) for m = 1. HINT:
show that (see (5.1))

0
o |Rm|? < A |Rm[* — 2|V Rm|? + 16 |Rm|*
and
9 2 2 2
En |VRm|” < A|VRm|”+ C|Rm|- |V Rm]|
where we have dropped the good —2 |V2 Rm‘2 term from the RHS.

We now give the statement of the following estimate of W.-X. Shi.
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THEOREM 5.8 (Local derivative of curvature estimates). For any «, K,
r, n and m € N, there exists C' depending only on o, K, r, n and m such
that if M™ is a manifold, p € M, and g(t), t € [0,To], 0 < Ty < /K,
is a solution to the Ricci flow on an open neighborhood U of p containing

Byo) (p,7) as a compact subset, and if
Rm (z,t)| < K for allx € U and t € [0, Tp],

then
C(a,K,r,n,m)

tm/2

V™ Rm (y,1)] <
for all y € By (p,7/2) and t € (0, Tp).

The proof of Proposition 5.3 is based on this and the following elemen-
tary result which gives a sufficient condition for the metrics to remain uni-
formly equivalent to the initial metric (see Lemma 14.2 of [255] and [153],
p. 203).

LEMMA 5.9 (Uniform equivalence of the metrics). Let g (t), t € [0,T),
where T < 00, be a smooth I1-parameter family of metrics on a manifold
M™. If there exists a constant C < co such that

T ag
(5.6) sup | = (z,t)| dt<C,
0 aenn |06 Ty
then for any xog € M™ and ty € [0,T), we have
(5.7) e~ g (w0,0) < g (w0,t0) < e“g (0,0).

Moreover, the metrics g (t) converge uniformly as t — T to a continuous
metric g (T) with e Cg < g(T) < €.

Applying the first part of this to a solution to the Ricci flow, we have

COROLLARY 5.10 (Bounded Ricci implies uniform equivalence). If

sup |Re| < K,
Mx[0,T)

then
6_2KTg (2,0) < g(z,t) < eQKTg (z,0),
for allz € M™ and t € [0,T).

PROOF OF THE LEMMA. Given V € T,M and times 0 < t; <ty < T,

we have

(5.8)
et VLV 2 2.0 (V,V T

log 2ot B | [Pt B D < [ | s e s,
9(zt1) (V7 V) t1 9(zt) (V7 V) t1 ot 9(t)

and lim;_,7 C (t) = 0. Taking the exponential of this estimate with ¢t; = 0
yields (5.7). By (5.8), the continuity of the metrics g (), and the formula

1
g0 (VW) = 7 (IV+ W2y =1V = Wi).,
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we see that for every V.W € TM
Tim g (1) (V, W) % g (T) (V, W)

exists; the convergence is uniform on compact sets, and ¢ (T") (V,W) is a
metric continuous in V' and W. U
<

EXERCISE 5.11. Prove the following. If Re > —K, then g(z,t)
e?ET g (2,0). If Re < K, then g (z,t) > e 25T g (2,0).

In Volume 2 we present Sesum’s theorem [453] which states that a so-
lution to the Ricci flow on a closed manifold exists as long as the Ricci
curvature is bounded. That is, if |Rc| < C on a time interval [0,7"), where
T < o0, then the solution can be continued past time 7.

To obtain convergence of the metric, we need to bound its derivatives.
This is the reason for stating the following (see also Proposition 6.48 on p.
203 of [153].)

PROPOSITION 5.12 (Curvature bound implies metric derivative bounds).
If (M™, g (t)) is a solution of the Ricci flow on a closed manifold with

Rm (z,0)[yy < K

forallz € M™ t €1]0,T), and some K < oo, then for any background metric
g and m € N, there exists a constant C,, < co depending only on m, K, T,
g (0) and g such that

(5.9) V™ (x,t)}g < Cn for allz € M™ and t € [0,T),
where V is the Riemannian covariant derivative associated to g.
This completes the sketch of the proof of Proposition 5.3.

REMARK 5.13. Note that we have not assumed that the derivatives of
the curvature are bounded. By Shi’s estimate such uniform estimates hold
on any time interval [e,T), where € > 0.

2. Cheeger-Gromov type compactness theorem for Ricci flow

In the study of singular solutions, we are interested in taking limits
of sequences of solutions of the Ricci flow. Such sequences are obtained by
dilating about a sequence of points and times. Before we consider this case of
time-dependent metrics, we first consider sequences of pointed Riemannian
manifolds. Let {(M}',gi,0:)};cy be a sequence of complete Riemannian
manifolds with a uniform bound on the curvatures over the whole manifolds
and a lower bound on the injectivity radius at the origins:

(1) [Rm (g;)] < C on My

(2) inj (gi, Ol) >c>0.
Since we are interested in smooth convergence, we also assume bounds on
the higher covariant derivatives of curvature:
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3. ’Vk Rm (gz)| < Cj on M}, where V¥ denotes the kth covariant
derivative with respect to g;.

The Cheeger-Gromov compactness theorem says the following.

THEOREM 5.14 (Cheeger-Gromov compactness for pointed Riemannian
manifolds). There exists a subsequence which converges in C* to a com-
plete Riemannian manifold (M2, goo, Oxo) with |Rm (goo)| < C on MZ,
inj (goo, Oxo) > ¢ > 0, and ‘Vk Rm (goo)‘ < Ck on MZ.

By convergence in O we mean that there exists an exhaustion {U; };
of M7, by open sets and diffeomorphisms F; : U; — M;* onto an open subset
of M such that F;(O) = O; and the sequence of metrics §; = F;* (g;)
converges to goo on each open set K with compact closure in each C*-norm*
(measured with respect to go.) Note that for each K, we have K C U; for i
large enough.

REMARK 5.15. Instead of saying for a sequence there exists a subse-
quence which converges we shall sometimes say that a sequence precon-
verges.

EXAMPLE 5.16 (2d - capping cylinders). Consider the sequence (Mf, gi)
of Riemannian surfaces diffeomorphic to S? given as follows. Take the fi-
nite cylinder S x [—i,i], where S1 is the unit circle, and attach two unit
hemispheres to each end. This metric is not C°° so smooth the metrics out
in a way independent of i and invariant under reflection about the center
circle S* x {0} .

(1) If O; = (wi,y;) is a sequence of points such that min {i — y;,y; + 1} <
C independent of i, then after passing to a subsequence the pointed
sequence (Mf,gi,OZ—) converges to M2 equal to S* x [0, 00) with
the unit hemisphere attached at S* x {0} and the metric smoothed
out. In this case M2 is diffeomorphic to R?. For convenience,
let’s now assume y; + 1 < C. The subsequence is chosen so that
lim; oo (y; + 1) exists. We may take the exhaustion U; of Mgo to
be S x [0,4) with the unit hemisphere attached at S' x {0} and the
metric smoothed out. The diffeomorphism F; : (U;, goo) — (Mf,gi)
s an isometry into half of Mf.

(2) On the other hand if O; = (z,v;) is such that

lim min {i — y;,y; + i} = o0,
1—00
then (M~2,gi,0i) converges to M2 = S' x R, which is a cylinder.

(]

We leave it to the reader to fill in the details.

The compactness theorem for the Ricci flow [268] states that given
a sequence of complete solutions to the Ricci flow with bounded curvature

Iror sequences of solutions of the Ricci flow we give a more technical description of
this below.
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and an injectivity radius estimate at the origins, there exists a subsequence
which converges to a complete solution. There is a long history in this
subject and we refer the reader to [422] for a much more detailed discussion.
We now give the statement of the result we need. The main applications are
to the study of singularities where sequences of solutions arise from dilating
about a sequence of points and times approaching the singularity. Typically
the understanding (classification) of the resulting limits are derived from
monotonicity formulas. In fact, Perelman’s no local collapsing Theorem
provides the injectivity radius estimate necessary to obtain a noncollapsed
limit.

Let p € Nand K be a compact subset in a Riemannian manifold (M", g) .
We say that a sequence of tensors T (¢) , t € [0,77, defined on K converges
to Too (t) in the CP (K x [0,T1], g)-topology as i — oo if in every normal
coordinate system (951, .. .,x”) in a ball B centered at a point =z € K, we
have

anrZTi (t) 8a+ZTOO (t)
—
Oz ott Az ott

uniformly on (BN K) x [0,7T] for |a| +2¢ < p. Here o = (ov,...,a;) is a
multi-index and 0z® = 9x*! --- 9z and |a| = a1 + - - + k.

DEFINITION 5.17 (Convergence of manifolds). Letp € N and {M]", g; (t),0;},

t €[0,T), with T >0 and O; € M be a sequence of evolving pointed Rie-
mannian manifolds. We say {M, g; (t),0;}, t € [0,T], converges to an
evolving pointed Riemannian manifold {My, g~ (t),0x}, t € [0,T],
in the CP (goo (0))-topology if there exists a sequence of open sets U; in My,
containing Os satisfying U; C U1, and U;U; = Mo, and a sequence of
diffeomorphisms F; mapping the sets U; to open sets V; in M satisfying (i)
F; (Ox) = O, and (ii) for any compact set K in My, the pulled back metrics
Gi (t) = Fjg;i (t) converge to g (t) in the CP (K x [0,T], g (0))-topology.

First we state a local version of the compactness theorem for the Ricci
flow.

THEOREM 5.18 (Compactness theorem - local). Let {(M*, gi (1), Oi) };cn »
t € [0,T], withT > 0 be a sequence of complete pointed solutions to the Ricci
flow. Let pg > 4 be an integer and so > 0. Suppose that we have:

(i) the uniform (derivative of) curvature bounds

sup |VIRm (g; ()] < Cysp < 0
By, (0)(04,50)x[0,T]

for all 0 < g < pg, and
(ii) an injectivity radius bound

inj 9:(0) (Ol) > 6>0
for all i € N.
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Then there exists ¢ (n) < co and a subsequence of

{(Bgi(O) (Oi, e~ e TCo.s 80) ,9i (t) 7Oi) }ieN’ t € 10,77,

which converges to an evolving pointed Riemannian manifold { B, goo (t) , Oso },

t € 10,7, in the CP°~2 (goo (0))-topology and goo (t) is a solution of the Ricci
flow.

Furthermore, if we assume the global bounds

sup |VIRm(g; (t))] < Cy <
M x[0,T)
for all 0 < q < po, instead of (i), then there exists a subsequence of
{(M}, 9i (1), 0i) }ien » t € 10, T, which converges to an evolving pointed com-
plete Riemannian manifold { M, goo (t) , Oso}, t € [0,T] in the CPo=2 (g4 (0))-
topology and goo (t) is a solution of the Ricci flow.

For more discussion see [267] or [143]. Note that when applying the
above theorem to the Ricci flow, the bounds in (i) can often be derived from
Shi’s local derivative of curvature estimates.

The following global compactness theorem is more often used in the
study of the Ricci flow.

THEOREM 5.19 (Compactness theorem - global). Let { (M, g; (t) , Oi) },cn s
t € (o,w) 20, be a sequence of complete pointed solutions to the Ricci flow
such that

(1) (uniformly bounded curvatures)
R (g ())]g,5) <€ on M x (@, )

for some constant C' < oo independent of i, and
(2) (injectivity radius estimate at t = 0)

inj 9:(0) (O,) >90>0.

Then there exists a subsequence of {(M]', g; (), 0;)},cn which converges
as i — oo to a pointed complete solution to the Ricci flow (M2, goo () , Oxo)
t € (a,w), with |Rm (9|, < C on ME X (a,w).

For the proof see [268] or [143]. Note that this theorem only supposes
bounds on the curvature and not on the derivatives of curvature. This is
because for the Ricci flow, if the curvature is bounded in space-time, then
all the derivatives of the curvature are bounded away from time t = a. We
do not need the derivative bounds to be independent of time since we may
apply a diagonalization argument to obtain a subsequence which converges
on the whole time interval (o, w) . For this same reason, we may weaken the
hypothesis of the theorem and assume only that the curvatures are bounded
by a continuous function of time: [Rm (g; (¢))y,) < C (t)-

REMARK 5.20. The argument could be extended with some care to solu-
tions restricted to geodesic balls or tubes. The only major difficulty is that
the geodesic balls and tubes at time t = 0 do not stay geodesic balls or tubes
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for t > 0. However one can estimate how fast the geodesics balls or tubes
are changing and thus one can find geodesic balls or tubes (of a smaller ra-
dius) at a later time which are contained in the balls or tubes at time t = 0.
For simplicity, we omit the statements and proofs of these extensions (see
[143]).

Some related works on compactness theorems for the Ricci flow are Lu
[356] on the compactness theorem for orbifolds, and Glickenstein [229] on
the compactness theorem without an injectivity radius assumption. See also
Carfora and Marzuoli [87].

EXERCISE 5.21 (Backward limit of Rosenau as cigar or cylinder). Con-
sider the Rosenau ancient solution of Chapter 4, §6. Determine for which
sequences of points and times (x;,t;) with t; — —oo the time translated
solutions (52, g; (t),xi) , where g; (t) = g (t; +t), converges to:

(1) the cigar soliton solution,
(2) the flat cylinder solution.

2.1. Shorter proof of the classification of closed 3-manifolds
with positive Ricci curvature. Using the compactness theorem we can
shorten Hamilton’s proof that closed 3-manifolds M? with positive Ricci
curvature are diffeomorphic to spherical space forms. However we do not
prove here, as Hamilton does, that the solution of the Ricci flow converges
exponentially fast in C* to a constant positive sectional curvature metric.
Instead we prove the convergence after rescaling of a sequence of metrics
g (t;) to a constant positive sectional curvature metric for some ¢; — 7. This
is enough to deduce that M? is a spherical space form. The basic estimates
that the proof relies on are as follows. For a solution to the Ricci flow on a
closed 3-manifold with positive Ricci curvature initially:

(1) Nonnegative Ricci and positive scalar curvature are preserved ((3.27)
and Corollary 2.10).

(2) The ‘pinching improves’ estimate (5.10).

(3) The no local collapsing theorem and the consequent local injectivity
radius estimate (see Volume 2).

(4) The strong maximum principle applied to solutions of the Ricci flow
with nonnegative scalar curvature everywhere and positive scalar
curvature at a point; this is applied on a limit solution (Corollary
5.37).

(5) Shi’s local derivative estimates (Theorem 5.8).

(6) The Cheeger-Gromov compactness theorem for sequences of pointed
Riemannian manifolds (C*° version: Theorem 5.14).

(7) The contracted second Bianchi identity (1.17).

THEOREM 5.22. If (M3,go) 1s a closed 3-manifold with positive Ricci
curvature, then M? is diffeomorphic to a spherical space form.
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PROOF. By the point picking methods in subsections 2.2.1 and 2.2.2 of
7.2.2.2, the local injectivity radius estimate corollary of the no local col-
lapsing theorem, the derivative of curvature estimates, and the compactness
theorem, there exists a sequence of points and times (z;,t;) with ¢; — T
such that

K, = \Rm (xi, tz)| = H]\I/%X \Rm (tz)|

and the pointed rescaled solutions (M3, g; (t),z;), where
9i (t) = Kig (ti + K1),

converge in C* on compact sets to a complete solution (M 3 000 (1) ,a:oo) ,
t € (—oo,w), w > 0, with bounded nonnegative Ricci curvature (by the
Hamilton-Ivey estimate below we actually know that the limit solution has
nonnegative sectional curvature, but we do not need this) and |Rm (2, 0)| =
1. (At the moment we do not know whether M3, is compact or not, this will
be proved later.) This implies R (goo (o0,0)) > 0. Since R (9o (t)) > 0, by
the strong maximum principle, we have R (g (t)) > 0 on all of M. Fix
any p > 0 so that we have uniform positive lower bound R (goo (0)) > ¢ >0
in By (0) (Zoo, p) - We shall show that Rc = 1Rg for the metric go (0) in
By (0) (Too, p) - Recall by the ‘Ricci pinching improves’ estimate, that there
exists > 0 and C' < oo such that for the original solution g ()

[Re —3 Rg|

(5.10) < CR™Y.

Now g; (0) = K;g (t;) converges to g (0) in C*° on compact sets. Hence for
1 large enough, we have

1 c
R(g;) (2,0) > = inf R (g (0)) > =
(9:) (,0) = 5 5 X (900 (0)) = 5

for z € By, (o) (zi, p — 1). This implies

c . —1
R(g(t:) = KiR(g; (0)) = 5K in By, o) (zi,p = 1) = By <33i7 %) :

Now by (5.10), the scale-invariant measure of the difference from Einstein

satisfies:

o1 el
IRe =3 (g o) = IR0l g 1)

<CRg ()P <0 (SK)

in By, (o) (i, p — 1) . Again using the convergence of g; (0) to g (0) , we find
that ‘ ) |
Rec— gRg Is —0
IRe~8Rsl o)) <20 (Sx0)
S (g 0)) < 20 (&
in By_(0) (Too, p — 2) for all i sufficiently large. Since lim; .o K; = oo, we
have ’Rc —%Rg‘ (9oo (0)) = 0in By_(0) (Too, p — 2) . Since p > 0 is arbitrary,
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we conclude that Re = 1 Rg on M3, for the metric g (0) . Recall by the con-
tracted second Bianchi identity, this implies R (g~ (0)) = const > 0. Hence
(for example Myers’ Theorem can used) M3 is compact and (M2, goo (0))
is a spherical space form (in dimension 3 the Weyl tensor is zero so that
Einstein metrics have constant sectional curvature). Finally, since M3, is
compact and admits a complete metric which is a limit of a sequence of
metrics on M3, we conclude M2 is diffeomorphic to M3. Therefore we have
proved the existence of a C'° metric with constant positive sectional curva-
ture on M3. (]

3. The Hamilton-Ivey curvature estimate

We now recall a curvature estimate of Hamilton and Ivey, which implies
that in a scaled sense, the sectional curvatures of any solution to the Ricci
flow on a closed 3-manifold tends to nonnegative. The motivation for the
form of this estimate comes from considering the case where (M?3,g (1)) is
rotationally symmetric and forming a neck pinch. In the region of the neck,
the two smallest eigenvalues are equal and negative and the largest eigen-
value is positive: A; (Rm) = A2 (Rm) < 0 < A3 (Rm) . These inequalities are
preserved under the following ODE system

dAs3

d}\l . 2
P AT+ A1As,

which we obtain from (3.23) and where \; = \; (M) . Solving the homoge-
neous system

d—)\l_)\%—l—)\l)\g
ds A2t

we have

A3 -1
(5.11) log (—\1) = e + 2log <>\3 — )\1> +C

for some constant C. From this we can deduce that if —\; is sufficiently
large, then

(5.12) A3 > —\ log (—)\1) .
EXERCISE 5.23. Confirm equation (5.11) and deduce (5.12).

Before we state the Hamilton-Ivey estimate, we recall an analogue
of Theorem 3.17, which holds for K depending on t. We adopt the same
notation as before.

PROPOSITION 5.24 (Maximum principle for time-dependent convex sets).
Let g(t),t €[0,T), be a solution to the Ricci flow on a closed manifold M™
and let K (t) C E be subsets which are invariant under parallel translation
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and whose intersections K (t), = K (t) N E, with each fiber are closed and
convex. Suppose also that the set

{(v,t) e Ex[0,T):ve K(t)}
is closed in E x [0, T) and suppose the ODE (3.22) has the property that for
any M (to) € K (to) , we have M (t) € K (t) for allt € [to,T). IfRm (0) € K,
then Rm (t) € K for allt € [0,T).

We refer to [155] or [143] for the proof.

THEOREM 5.25 (Hamilton-Ivey 3-d curvature estimate). Let (M3, g (t))
be a solution of the Ricci flow on a closed 3-manifold for 0 < t < T. If
A1 (Rm) (z,0) > —1 for all x € M3, then at any point (z,t) € M3 x [0,T)
where A1 (Rm) (x,t) < 0, we have

(5.13) R > |\, (Rm)] (log |A1 (Rm)| + log (1 +¢) — 3).

In particular,
(5.14) R > |\ (Rm)| (log [A\1 (Rm)| — 3).

REMARK 5.26. Assuming A1 (Rm) > —1 at t = 0, if Ay (Rm) (z,t) <
—e3 then R (z,t) > 0.

REMARK 5.27. By scaling the solution, we see that if we assume
A1 (Rm) (z,0) > —-C
for all x € M3, where C > 0, then
(5.15) R > |\ (Rm)| (log | A1 (Rm)| +log (C™* +¢) — 3)
at all (z,t) where A1 (Rm) (z,t) < 0.

PRrROOF. Define
A+ A2+ A3> -3/ (1+1)
K(t)=<{M: and if \; < —1/(1+1), then
A+ A2+ A3 > =1 (log (—\1) + log (1 +1¢) —3)
CcFE.

For each ¢, K (t) is invariant under parallel translation and for each (z,t),
K, (t) is closed and convex (see [271] or [153], p. 258-260). By our as-
sumption, it is easy to see that Rm[g (0)] € K (0). The theorem will follow
from showing Rm [g (t)] € K (t) for all ¢t € [0,T). Indeed, if —1/(1+1¢) <
A1 (Rm) < 0, then (5.13) follows directly, and when A\; (Rm) < —1/(1+1¢),
then (5.13) follows from Rm [g (t)] € K (¢).

From dropping the factor of 2 on the RHS of (3.24), we have

d 1
%(A1+A2+A3)2§(A1+A2+A3)2.

This implies
(5.16) A+ A+ A3 >-3/(1+1)
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is preserved under the ODE (3.23); that is, if (5.16) holds at time tg, then
(5.16) holds for t > tg.
Given M with A\; < 0, define

_ Mt tAy

6 (M) 215 log ().
—A1
One can compute that under the ODE (3.23)
do
1 — > =)L
(517 LY
We verify this: by (3.23), we calculate
d
A%d—(f = A = A (A3 4+ A3 4 Aods) + (A2 + Az) Ao
If Ay < 0, then
do
)\%E = =2} = A3+ (A2 — A1) (A3 + A3+ Aadg) > —A%
On the other hand, if Ay > 0, then
do
M= =M = AAg+ (o = A1) (A + Aodg) > =

By (5.17),if Ay (M) < —=1/(1+t), then
d A+l +As
dt -\

Clearly, this is the estimate we need to show that K (t) is preserved by

the ODE (3.23). By Proposition 5.24, we conclude Rm [¢ (¢)] € K (t) for all
te[0,7). O

From (5.14) we see that if A\; (Rm) < —e®*+3 for some constant C' > 0,
then

—log (—\1) —log (1 + t)> > 0.

A (Rm)| < C7'R < 3C7'A3 (Rm).
That is, if we have a large negative sectional curvature (suppose C is

large), then we have a much larger (in magnitude) positive sectional
curvature. Note also that if A\; (Rm) < —e®, then

1
R 2 5 |A1 (Rm)|log [Ar (Rm)].

Since the function
Y (z) =z (logx — 3)
which occurs in (5.14) has derivatives ¢’ (z) = logz — 2 and ¢" (x) = 1/z.
We have v : (62, oo) — (—62, oo) is strictly increasing, strictly convex and
lim, o % (z) = co. From (5.14) we also see that if A\; (Rm) < —e?, then
At (Rm) = — A1 (Rm)| > =y~ (R) = —¢(R) R,

where ¢ : (0,00) — (0,00) is defined by ¢ (u) = w Note that
lim ¢ (u) = lim T o
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. x 1 . . 3 . .
Since D@ = Toga=3 I decreasing for z > e°, we have ¢ (u) is decreasing for

u > 0. In summary we have:

COROLLARY 5.28 (3d solutions are ¢-solutions). There exists a decreas-
ing function ¢ : (0,00) — (0,00) with lim, oo ¢ (u) = 0 such that if
(M3,g(t)), t€[0,T), is a solution of the Ricci flow on a closed 3-manifold
with A1 (Rm) (x,0) > —1 for all x € M3, then

(5.18) A (Rm) > —¢ (R) R — €2
on M3 x [0,T).

Note that without any normalizing assumptions on the initial metric gg
at time 0, by (5.15) we see that if ¢ > & > 0 (i.e., the solution has existed
for at least a little while), then

(5.19) R > |\ (Rm)| (log |\1 (Rm)| + loge — 3)
wherever \; (Rm) < 0. Thus on all of M3 x [, T) we have
A (Rm) > —¢ (R)R — 12

3.1. 2d and 3d ancient solutions have nonnegative sectional cur-
vature. From (5.19) we obtain the following.

LEMMA 5.29 (3-d ancient solutions have nonnegative sectional curva-
ture). If we have a complete ancient solution on a 3-manifold with bounded
curvatures, then the sectional curvature is nonnegative.

PRrROOF. For otherwise, if there exists a point and time where A\; (Rm) <
0, then we have (5.19) for any ¢ > 0. Taking the limit as ¢ — oo, we obtain
a contradiction. g

Considering 3-manifolds which are the product of a surface and a line
or a circle, we obtain the following.

COROLLARY 5.30 (2-d ancient solutions have nonnegative curvature).
Complete ancient solutions on surfaces with bounded curvature have non-
negative curvature.

Actually, it is much simpler to see this from the evolution equation
%R = AR + R? which holds when n = 2. For a very similar reason, in
all dimensions ancient solutions with bounded curvature have nonnegative
scalar curvature (see Lemma 7.4).

REMARK 5.31. Going back to Theorem 5.25, we see that if we have
a solution defined for all t € [0,00), then if we have a negative sectional
curvature A1 (Rm) such that t |\; (Rm)| is large, then there exists a positive
sectional curvature A3 (Rm) such that A3 (Rm) /| A1 (Rm)| is large. However,
the homogeneous solutions on Nil, which are defined for t € [0,00), give
examples of Type III singular solutions on closed 3-manifolds (t | Rm| < C)
where Az (Rm) /| A1 (Rm)| is uniformly bounded.
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3.2. Type I and II 3-dimensional dilations have nonnegative
sectional curvature. Let (M",¢(t)), t € [0,T), be a singular solu-
tion on a closed manifold. That is, either 1. T' = oo or 2. T < oo and
Supn [o,r) [Rm| = oo. (Here we think of the 7' = oo case as singular for
the purpose of studying singularity models; see Chapter 7.) Suppose that
(x4, i), x; € M™, t; — T, is a sequence of points and times and «;, 3;, and
C are positive constants with limsup, ,. «; > 0, limsup, . 3 > 0 and
such that

in Bg(ti) (ZL’i,Oéi/\/Ki) X [ti — ﬁz/Kzatz] , where K; = \Rm (xi,tz')| LT <
oo, then there exists a subsequence such that lim; o @; = aeo € (0, 00],
lim; 00 35 = Boo € (0,00], and the dilated solutions

(Bgi(O) (ziy i), 9 (), @), t € (=03,0],

where g; (t) = Kig (ti + K i_lt) , converge in C*° on compact sets to a solu-
tion (B, goo (t) , Zoo) s t € (—Poo, 0], of the Ricci flow with bounded curva-
ture and such that By_ (o) (Too,7) C B, is compact for every 7 < ao. This
follows from Perelman’s no local collapsing theorem, Shi’s local derivative
estimates, and Hamilton’s Cheeger-Gromov compactness theorem (Theorem
5.18) for Ricci flow. Note that if as, = 0o, then (B, g (0)) is complete,
and hence (B, goo (t)) is complete for all ¢ € (—fx, 0].
A consequence of the Hamilton-Ivey estimate is the following.

LEMMA 5.32 (Finite time singularity models have sect > 0). If (M3, ¢ (t)),
t € [0,T), is a singular solution on a closed 3-manifold with T < oo
and if {(x;,t;)} is a sequence satisfying the conditions above and such that
|Rm (z;,¢;)| — oo, then the limit solution (B3, goo (t),Z00), t € (—Bsc, 0],
has nonnegative sectional curvature.

ProoF. We leave the proof as an exercise for the reader. O

In the case of solutions which exist for infinite time we have:

LEMMA 5.33 (Type IIb singularity models have sect > 0). If (M?, g (t)),
t € [0,00), is a solution to the Ricci flow on a closed 3-manifold and if
{(zi,ti)}, ti — 00, is a sequence as above and such that
lim ¢; |Rm (z;, ;)| = oo,
1— 00
then the limit solution (Bg’o,goo (t),xoo), t € (—f,0], has nonnegative

sectional curvature if it exists (we need an injectivity radius estimate to get
existence of the limit).

PROOF. See [146]. O
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4. Strong maximum principles and splitting theorems

4.1. The time derivative of the sup function. In proving various
versions the maximum principle for systems, it is useful to consider the time
derivative of the supremum function. In this short section we present this
tool. This section is not necessary for later parts of the book and may be
skipped.

Let Y be a sequentially compact topological space (i.e., for every
sequence of points {y;} in Y, there exists a subsequence which converges).
Suppose that a function

g:(a,b) xY =R
and its partial time-derivative % (t,y) are continuous. Define h : (a,b) — R
by

h(t) =supg(t,y),

yey
and .
d*h h(t —h(t
—— (t) = limsup (t+3) ()
dt 504 s
LEMMA 5.34 (Maximum principle tool - % of the sup function). Let

Yi={z€Y :h(t)=g(t,z)}. We have for any t € (a,b)
dth dg
—— (t) = sup = (t,9y) .
dt ®) yeYs ot ()
REMARK 5.35. In applications we will usually only need < .

PROOF. Given any sequence s; — 04, let y; € Y besuch that h (t + s;) =
g (t + si,y;) . For any subsequence, since Y is sequentially compact, there ex-
ists a further subsequence i; such that y;; — yoo € Y as j — oo. By the
continuity of g on (a,b) x Y, we have
g (t+5i,9i;) = 9t Yoo) -
We claim yo € Yi. If Yoo ¢ Y3, then choose a point ¢’ € Y; and let
9(t,y) — gt yso) =32 >0.
By the continuity of g there exists Ng such that for j > Ny we have
‘g (t+ Sijvyij) - g(tayoo)‘ <e
and there exists 6 > 0 such that for |s| < J we have
9 (ty') —g(t+s9)| <e
Choose 7 > Np large enough so that |sij} < dforj > Ni.If j > max{Ny, N1},
then
g(ty) <g(t+si,y,) +e<g(tys) +2e =g (t,y) —¢,

which is a contradiction. Hence y~, € Y; so that

h(t+si)=g(t+si,y)— gt ys)=h(t)
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and we have proved that h (¢) is a continuous function.
Now since g (t,yi].) < 9g(t,Yso),

h(t+81‘j)_h(t) g(t+3ij7yij)_g(tay00)

lim sup = limsup
j—00 Si; j—00 Si;
t+si,y.) — t, i
< lim sup g ( i yz]) g ( yzj)
j—00 Si;
9y 9y
= — (¢, < sup = ({,y) .
¢ yoo)_yelgta (t,)

The last equality follows from the continuity of % and the Mean Value

Theorem
g(t“‘sz]ayl])_g(tayzj) :@<t+$/ )
S,ij at 1,j7y’L]'

for some 0 < s;j < s;;. Hence for any s; — 0
dg

h(t ) — h(t
lim sup (t+5:) ®) < sup = (t,y).
i—00 Si yeYs ot

The lemma will follow from proving the reverse inequality. Since Y; is a
closed subset of a sequentially compact space, there exists 3/ € Y; such that

% (t,y") = sup,ey, % (t,y). Then for any s; — 04
g(t+siy)—g(ty) _ 0Oy (t.y)

i—00 Sg i—00 Si ot

O

4.2. The strong maximum principle and local splitting.

4.2.1. Strong mazximum principle for scalar heat-type equations. First
recall the strong maximum principle for scalar solutions. It says that if we
are given a nonnegative solution of a heat-type equation, and if the solution
(temperature) is positive at some point and time, then the temperature is
positive at all points and times except possibly at the initial time. See
Protter-Weinberger [431] or Landis [335].

THEOREM 5.36. Suppose that u : M™ x [0,T) — R is a classical solution
to the following heat-type equation with respect to a continuous I1-parameter
family of (not necessarily complete) C' metrics g (t)

N > Agpyu+ X () - Vu+tc(t)u
where X (x,t) is a continuous time-dependent vector field and c(x,t) is a
continuous time-dependent function. If u >0 on M x [0,T) and u (zg,tg) >
0 for some xg € M and tg > 0, then u(x,t) > 0 for all x € M and
t € (to—e,T) for some e > 0.

Since under the Ricci flow, % = AR + 2|Rc|* > AR, we have the
following.
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COROLLARY 5.37. Suppose that (M™,g(t)), t € [0,T), is a (not neces-
sarily complete) solution to the Ricci flow with R(g(t)) > 0 for all t > 0
and R (xo,tg) > 0 for some xg € M and ty > 0. Then R (z,t) > 0 for all
x €M andt e (to—e,T) for somee > 0.

REMARK 5.38. Note that the arguments in the proof of the strong mazx-
imum principle are local and only rely on the (path) connectedness of the
manifold M and not on the completeness of the metric g.

EXERCISE 5.39. Show that if M™ is closed, then we can improve Corol-
lary 5.87 to obtain the following conclusion: R (x,t) > 0 for all x € M and
te(0,7).

SOLUTION. Suppose R (z1,t1) = 0 for some x1 € M and t; € (0,tp).
Then we have R (z,t) =0 for all z € M and ¢ € (0,¢;) . In particular Rc = 0
on M x (0,t1). By the uniqueness of solutions of the Ricci flow on closed
manifolds, we have Re =0 on M x (0,7) . This contradicts R (xg,ty) > 0.

4.2.2. Strong mazimum principle for Rm under Ricci flow. Recall that
the Cheeger-Gromoll splitting Theorem 1.77 says that if (M"™,g) is a com-
plete Riemannian manifold with nonnegative Ricci curvature and admits a
geodesic line, then (M™, g) splits as the Riemannian product of a line and
an (n — 1)-manifold. The existence of a line is a global condition on the
manifold. In the case of the Ricci flow in dimension 3, under the assump-
tion of nonnegative Ricci curvature, we can replace this global condition by
a local curvature condition, namely the existence of a zero Ricci curvature.
In higher dimensions, under the assumption of nonnegative curvature oper-
ator (recall Definition 3.10), although we may not have the splitting as a
product, we obtain a certain rigidity which we describe below.

We motivate our discussion of the strong maximum principle by an ex-
ample.

EXAMPLE 5.40 (Local nonuniqueness). Consider S3 with the following
initial metric go. We take a unit cylinder [—1,1] x S% (1) and cap the ends
by unit hemispheres. We then smooth the metric near the two S*’s where
the metrics are glued to get a smooth metric gy on S® which on an open
submanifold is isometric to a cylinder (—1/2,1/2) x S%(1). If we run the
Ricci flow, then since Rm (z0,0) > 0 for some xg € S%, we have Rm (x,t) >
0 for all x € S and t > 0. Thus we have a local (incomplete) solution of the
Ricci flow ((—1/2,1/2) x §2,¢(t)), t € [0,8) for some § > 0, where g (0) is
the standard unit cylinder and Rm (g (t)) > 0 for t > 0. On the other hand,
we also have the cylinder solution ((—1/2,1/2) x S*,5(t)), where g(t) is
the product of (—1/2,1/2) with the 2-sphere of radius r(t) = (1 — 215)1/2
(see (2.1)), which has the same initial metric.

The above example shows that it is possible for the dimension of the
image of the curvature operator to jump up. Similar examples can easily be
constructed with initial metric g (0) flat in an open set and g (¢) positively
curved everywhere for ¢ > 0.
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Let Im (Rm) = Rm (A?T*M™) denote the image of the curvature op-
erator. The strong maximum principle for systems as applied to the
Riemann curvature operator under the Ricci flow says the following.

THEOREM 5.41 (Strong Maximum Principle for Rm). Let (M™,g(t)),
t €[0,T), be a solution to the Ricci flow with nonnegative curvature operator:
Rmlg(¢t)] > 0. There exists § > 0 such that for each t € (0,0), the set
Im (Rm [g (t)]) C A2°T*M™ is a smooth subbundle which is invariant under
parallel translation and constant in time. Moreover, Im (Rm [g (z,t)]) is a
Lie subalgebra of A>T} M™ = s0 (n) for all z € M and t € (0,0) .

When M is a closed manifold, only at the initial time can the image of
the curvature operator jump.

EXERCISE 5.42. Show that if M"™ is closed, then we may take § = T.
HiNT. See Theorem 5.54.

PROPOSITION 5.43. In general, if we have a solution to the Ricci flow
(M™,g(t)), t €[0,T], (not necessarily complete) on a connected open mani-
fold with Rm [g (t)] > 0, then Im (Rm [g (t)]) C A2T*M™ is a smooth subbun-
dle which is invariant under parallel translation in space for all t € (0,T].
There exist a finite sequence of times 0 =tg < t1 < to < --- <ty =T such
that Tm (Rm [g (x,t)]) is a Lie subalgebra of A>T M™ independent of time for
t € (tic1,t], i = 1,..., k. Furthermore, Im (Rm[g (¢1)]) C Im (Rm[g (¢2)])
fOT t1 < to.

Suppose that g (t), t € [0,T"), is a solution of Ricci flow (not necessarily
complete) with Rm > 0. If Rm (z1,0) > 0 for some z; € M, then for all
r€Mandt>0

Rm (z,t) > 0.
If the solution is defined for t > to where ty < 0, then Rm (x,¢) > 0 for all

r € M and t > tg.
If Rm = 0 at some point (x1,¢1), then Rm = 0 for all z € M and ¢ < t;.

EXERCISE 5.44. Construct a solution to Ricci flow (M™,g), n > 3, with
Im (Rm[g (z,t)]) Zso(i+1) forte (i —1,4,i=1,...,n— 1L

Let (M?,g(t)), t € (a,w), be a solution to the Ricci flow on a closed
surface such that R > 0 at some point (z,t). The strong maximum prin-
ciple implies R (t) > 0 for all t € (a,w). The reason is if R = 0 at some
(z1,t1), then R(t) = 0 for t < t1. By the uniqueness of solutions of the
Ricci flow on closed manifolds, we would have R (t) =0 for all t € (a,w), a
contradiction.

If M? is noncompact, then there exists £ € [, w] such that R = 0 for
t <tand R(x,t) >0 forx € M and t > .

Proof. Let

Z={te(a,w): R(g(t)) =0}.
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Z is closed so that ¢ = sup{t:t € Z} € Z. We have sup,; R(g(t)) > 0
for all £ > ¢ and by the strong maximum principle R = 0 for all ¢ < t. By
the strong maximum principle it is also easy to see that R (z,t) > 0 for all
x € M and t > t.

5. 3-manifolds with nonnegative curvature

We now specialize to the case n = 3. Here things simplify considerably
since the structure of the Lie algebra so (3) is simple. The only Lie subalge-
bras are {0}, s0 (3) and those isomorphic to so (2) (i.e., the one dimensional
subspaces of s0 (3).) Suppose t € (0,9) and consider each of these cases for
Im (Rm [g (¢)]) -

(1) (Positive curvature) If Im (Rm[g (z,t)]) = so0(3) for all x and
t > 0, then the curvature operator is positive, that is, (M3, g(t)) has
positive sectional curvature for all ¢ > 0. If M3 is closed, then M?3 is
diffeomorphic to a spherical space form by Hamilton’s Theorem 3.6.
If (M 3, g(t)) is complete and noncompact, then M? is diffeomorphic
to euclidean space by Gromoll and Meyer [240].

(2) (Flat) If Im (Rm[g (z,t)]) = {0}, then (M3, g(t)) is flat for all
t > 0. If (M3, g(t)) is complete, then such manifolds are classified
by the Bieberbach theorem (see [516] or [66]).

(3) (Splitting) If Im (Rm g (x,t)]) = so0(2), then by the theorem,
there exists a parallel unit 2-form o € Im (Rm[g (z,t)]) which is
independent of time. Taking first the Hodge star * and then the
metric dual  of «, we obtain a unit vector field on M parallel with
respect to each of the metrics g (t)

X = (>»<oz)u .
Now we can apply the deRham local splitting theorem to con-
clude that locally, (M 3, g(t)) is isometric to the metric product of
a surface with positive curvature with the real line. If (M?, g(t))
is complete, then the universal cover M 3. with the lifted family of

metrics g(t), is globally the product of the real line and a complete
solution to the Ricci flow on a surface with positive curvature.

If M3 is a closed manifold, we have the following.

THEOREM 5.45 (Hamilton - closed 3-manifolds with Rm > 0 or Rc > 0).
If (M?,g(t)) , t €[0,T), is a solution to the Ricci flow on a closed 3-manifold
with nonnegative sectional (Ricci) curvature, then fort € (0,T) the universal

covering solution <M3,§(t)) is either:

(1) R3 with the standard flat metric,

(2) the product (5%, h(t)) x R, where h(t) is a solution to the Ricci
flow with positive curvature, or

(3) has positive sectional (Ricci) curvature, and hence M? is diffeomor-
phic to S% (and M3 is diffeomorphic to a spherical space form.)
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PRrOOF. I. If the sectional curvature of g (¢) is nonnegative, then since
in dimension 3 this is equivalent to nonnegative curvature operator, we can
apply Theorem 5.41 and the above classification of Im (Rm [g (z,t)]) to con-
clude the theorem.

IT. Now we assume the Ricci curvature of ¢ (¢) is nonnegative. The
evolution of the Ricci tensor, in an evolving orthonormal frame, is given by
adding 2Rc? to the RHS of (3.1):

0

~Rapy = AR, a
57 1ab b+ Qab

where
Oup = 3RR,p — ARueRep + (2 IRe|? — RQ) Su

Observe that if at a point Ry, is diagonal with eigenvalues A, B, C, then
Qup is diagonal with eigenvalues

a=(B-C)P*+A(B+0)
B=(A-C)+B(A+C)
v=(A-B)’+C(A+B).

In particular, whenever Rc > 0, we have () > 0. Similar to Theorem 5.41,
one can prove the following. If (M3,g(t)) , t €0,T), is a solution to the
Ricci flow with nonnegative Ricci curvature, then there exists § > 0 such
that for each t € (0,4), the set Im (Rc [g (t)]) € TM? is a smooth subbun-
dle which is invariant under parallel translation and constant in time. If
Im (Re [g (t)]) = TM?3 for t > 0, then g () has positive Ricci curvature and
M?3 is diffeomorphic to a spherical space form. If Im (Re (g (t)]) # TM3,
then locally there exists a parallel vector field, we we assume to be e; such
that A = Rc(e1,e1) = 0. This implies @ (e1,e1) = a = 0 so that B = C. If
B = C =0, then the solution is flat locally and hence globally. On the other
hand if B = C' > 0, then the solution has nonnegative sectional curvature
and we can apply the previous arguments to see that the universal cover
splits as the product of a surface with a line. O

In the complete noncompact case W.-X. Shi [461] has obtained the same
classification. This relies on the same arguments as in the compact case plus
the additional results (due to W.-X. Shi [462], [463]) that given a complete
3-manifold with bounded nonnegative Ricci curvature, there exists a solution
to the Ricci flow with bounded nonnegative Ricci curvature. We remind the
reader that strong maximum principle arguments are local.

6. Manifolds with nonnegative curvature operator

Recall in dimension 3, Hamilton’s 1982 theorem states that the nor-
malized Ricci flow evolves a metric with positive Ricci curvature on a closed
3-manifold to a constant positive sectional curvature metric. In [257] Hamil-
ton established the long time existence and convergence (exponentially fast
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in every C* norm) of the Ricci flow on closed 4-manifolds with positive cur-
vature operator to a metric with constant positive sectional curvature(see
Theorem 3.16 above). In particular, such manifolds are diffeomorphic to ei-
ther S* or RP*. Hamilton’s proof uses the maximum principle and a convex
analysis of the system of ODE (3.21) corresponding to the evolution equa-
tion for Rm to prove pinching estimates for the curvature operator. One can
extend this classification to 4-manifolds with nonnegative curvature [257].

THEOREM 5.46 (4-manifolds with Rm > 0). If (M*,g(t)), t € [0,T), is
a solution to the Ricci flow on a closed 4-manifold with nonnegative curva-

ture operator, then fort € (0,T) the universal covering solution <M4,§(t)>
is either:

(1) R* with the standard flat metric,

(2) the product (S, h(t)) x R, where h(t) is a solution to the Ricci
flow with positive sectional curvature,

(3) the product (S, hy (t)) x (S?, ha (t)), where both hy (t) and hs (t)
are solutions to the Ricci flow with positive curvature,

(4) the product (S, hy (t)) x (R?, he) , where hy (t) is a solution to the
Ricci flow with positive curvature and hy is the standard flat metric,

(5) CP? with a solution to the Ricci flow whose curvature operators are
positive on subspace of real (1,1)-forms in the space of 2-forms, or

(6) has positive curvature operator, and hence M?* is diffeomorphic to
S* (M* is diffeomorphic to either S* or RP*.)

PROOF. In each case the Lie subalgebra Im (Rm) of A? & s0 (4) is given
as follows. 1. {0}, 2. s0(3), 3. s0(2) xs0(2), 4. s0(2), 5. u(2) =
50 (3) x 50(2), 6. s0(4). O

In all dimensions at least 4, Huisken [287], Margerin [364], [365], and
Nishikawa [407], [408] proved that if the initial metric has sufficiently point-
wise pinched positive sectional curvatures, then the solution to the normal-
ized flow converges to a constant positive sectional curvature metric. The
main curvature estimates in these papers are based on considering scalar
quantities measuring pointwise pinching of the curvatures (difference from
constant positive sectional curvature).

CONJECTURE 5.47 (Hamilton - Closed manifolds with positive curvature
operator). Given a closed Riemannian manifold (M™, go), n > 5, with pos-
itive curvature operator, the solution to the normalized Ricci flow exists for
all time and converges to a metric of constant positive sectional curvature.

One difficulty in studying this conjecture is to obtain some sort of ‘cur-
vature pinching is preserved’ type estimate. By the following result [486],
to prove convergence to a constant positive sectional curvature metric, it is
sufficient to prove convergence to an Einstein metric with positive curvature
operator. The presentation below follows section 7.5 of [423].

THEOREM 5.48 (Tachibana 1974 - Einstein manifolds with Rm > 0).
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(1) If (M™, g) is an FEinstein manifold with positive curvature operator,
then g has constant positive sectional curvature.

(2) If (M™,g) is an Einstein manifold with nonnegative curvature op-
erator, then g is locally symmetric.

In other words, the fixed points of the normalized Ricci flow with positive
curvature operator have constant positive sectional curvature.

PROBLEM 5.49. Is there an analogue of Tachibana’s theorem for shrink-

ing gradient Ricci solitons with positive curvature operator on closed mani-
folds?

By Hamilton’s 1986 theorem, this is true when n = 4. If n = 3, then
Hamilton’s 1982 theorem implies the stronger result that there are no shrink-
ing gradient Ricci solitons with positive Ricci curvature on closed 3-manifolds.
When n = 2, the Kazdan-Warner identity (see Theorem 6.2) yields the de-
sired result. In the K&hler analogue of the above problem one assumes the
bisectional curvature is positive. Here, by the convergence result of Chen
and Tian [121], [122], a Kahler-Ricci soliton is Kéhler-Einstein and hence
the Fubini-Study metric.

REMARK 5.50. Mok and Zhong [383] proved that a simply connected
Kahler-Einstein manifold with nonnegative bisectional curvature is symmet-
ric. FEarlier, Matsushima [366] proved that a simply connected Kdhler-
FEinstein manifold with nonnegative curvature operator (when dimc M = 2,
he only required nonnegative bisectional curvature) is symmetric.

We begin with a nice identity due to Lichnerowicz [347].

LEMMA 5.51 (Lichnerowicz 1958). On any closed Riemannian manifold,
the L?-norms of the divergence and covariant derivatives of Rm are related
to their commutator [div, V] by:

(5.20) /n]div (Rm)|2d,u—/ n<Rm",div(VRm)—Vdiv(Rm)>d/,L

1

5 | IVRmfdg,

where (Rm")iﬂd = Ry, div (Rm)ijk = ViR and div (VRm)iJM =
Vi ViRjrem.

ProOF. Note that div(V Rm) = ARm . From the second Bianchi iden-
tity
RijkeVi Vi Rijie = —RijieViViRjmke — RijreVm Vi Riike
(5.21) = 2RijkeVmVjRimke,
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using the fact that R;jz, is anti-symmetric in ¢ and j. Integrating the identity
(5.21) by parts, we have

0 — / (|v Rum|? + 2Rijkgvmijimkg> dys
M'n
/ (|v Rm|? + 2Rkt (Von Vi Rimke — ViV Rimie) — 2 |div (Rm)lz) dp
Mn

_ /Mn (IV R + 2Rijp0 (div (V Rm) ;= div (Rmn) g, ) = 2|div (Rm) ) de
O

The following result gives one hope that the middle term in (5.20) has
a sign.

LEMMA 5.52 (Berger). If (M™,g) is a Riemannian manifold with non-
negative sectional curvature and if « is a symmetric 2-tensor, then

(o, div (Vo) — Vdiv (a)) > 0.
Since

(div (Va) = Vdiv (a));; = ViViajp — ViViaje = —Rigjeour + Rieaje,

we have
(5.22) (a,div (Va) = Vdiv (o)) = —Riijeaer o + Rigajecu;.
Choose an orthonormal frame {e,},_; such that o = Y7 | A\eq @ €4 ,

Ao € R. We may rewrite (5.22) as

n

(a,div (Va) — Vdiv () = — Z ((R (easep) €, €a) AaXp + (R (€q, €p) €p, €4) )\2)
a,b=1

= Z <R (ea') eb) €b, €a> ()\a - )\b)2 Z 0.
a<b

Indeed our hope is justified and we have the following.

LeEMMA 5.53 (Tachibana 1974). If (M",g) has nonnegative curvature
operator and T : N2M™ — N2M™ is self-adjoint, then

K = <Tb,div (VT) — V div (T)> >0
where (Tb)ijke = Thijik-
ProoF. We have
K =Tujt (Voo ViTtmje — ViV Tomjk)
and

vmviTijk _vi vaijk = Riméprmjk+RimmpT€pjk +RimjpT€mpk+Rimka€mjp
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so that

(5.23)

K = RimmpTepjkLvije+ RimkpLomjpLeigk +Rimjp LompkTeiji+ RimepLpmjkLeijh-
1) (2) (3) (4)

We may also consider the (4,0)-tensor T' as a (3,1)-tensor so that given

vectors X, Y, Z, T (X,Y,Z) is also a vector. Note that e, AT (ep, €c,eq) =

Thedpea N €p. Given an orthonormal frame {e,},_, , define the (4,2)-tensor 0
by:

Oabcd = ea NT (ep, €c,eq) + ey AT (eq, €4, €c)

A B
+e. AT (eq,eq,ep) +eqa NT (ec,ep,€q)
c D
€ A2M™.
We claim
(5.24) 4K = (Rm (Ouped) 5 Gabed) s

which is nonnegative since Rm > 0. First
(Rm(A),A) = (Rm(eq AT (ep,€c,€q)),a AT (€p, €c,€q))
= RapqaTvedpTrcdqg = RimmpTepjkTeijr = (1),

where we used (Rm (e, Aep),eq Aeg) = Rapga and then relabelled indices
to get the last equality. Second

(Rm(A),B) = (Rm(eq AT (ep, ec,eq)),es AT (eq, €4, €c))
= RapgpTocapTadeq = RimkpLemipLrije = (2),
using the symmetries of Rm and 7". Third
(Rm(A),C) = (Rm(eq AT (ep, €c,eq)),ec NT (eq, €q,ep))
= RupgcTvcdpTaavg = RimjpTompkTeije = (3) .
Fourth, and finally
(Rm (A),D) = (Rm (e, AT (ep, ec,eq)),ea AT (ec, €py€q))
= RapgdTvcdpTevag = RimepTpmjxTrijr = (4) .

From the above four formulas and (5.23), we can easily verify (5.24) since
using the symmetries of the tensors in consideration, we have

(R0 (Bap) Gaen) = (R (4) , 4) + (B (4), B)

Putting the above together, we get
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PROOF OF THEOREM 5.48. First we assume Rm > 0. Since div (Rm),;;, =
ViRji — VR, if a metric is Einstein, then div (Rm) = 0. Hence (5.20) and
Lemma 5.53 (in particular, (5.24)) tell us

1
025/ |VRm|2du+/ <Rmb,div(VRm)—Vdiv(Rm)>du

(5.25) = %/Mn |V Rm|? du + i/ ) <Rm (éabcd) ,éabcd> dp,

where

(5.26) Oabed = €a N Rm (ep, €.) eq + e, A Rm (eq, €4) €.
+e. ANRm(eg,eq) ep +eqg ARm (e, ep) €q.

Since both terms on the RHS of (5.25) are nonnegative, they are zero. This
proves VRm = 0 and hence part 2. Now we assume Rm > 0, so that we
have Ogpeq = 0 for all a,b,c,d. Part 1 of the theorem follows from the fact
that 6§ = 0 implies (M™, g) has constant sectional curvature.

To see this we multiply (5.26) by V¢, Wb X¢ Y% and sum to get:
(5.27)
VARm (W, X)Y+WARm (V,Y) X4+ XARm (Y, V) W+YARm (X, W)V =0

for all vectors V,W, XY (V = Ve, etc.). Suppose V, W and X =Y are
orthonormal. By considering the VAW component of the above expression,
we see that K (X AV) = K (X AW). This implies that if X is unit, then

K(X/\W):ﬁRC(X,X):%iS constant on M". O

By applying Hamilton’s strong maximum principle for systems, we can
classify those Riemannian manifolds with nonnegative curvature operator

which do not have positive curvature operator. (See Gallot-Meyer [219],
Cao-Chow [77], and Chow-Yang [161].)

THEOREM 5.54 (Closed manifolds with nonnegative curvature operator).

If (M™, g) is a closed Riemannian manifold with nonnegative curvature op-
erator, then its universal covering manifold (M",f]) s isometric to the
product of the following:

(1) euclidean space,

(2) closed symmetric space,

(3) closed Riemannian manifold with positive curvature operator,

(4)

closed Kdhler manifold with positive curvature operator on real
(1,1)-forms.

The two main ingredients in the proof of the above theorem is Hamilton’s
strong maximum principle for tensors and Berger’s holonomy classifica-
tion theorem [44].

THEOREM 5.55 (Berger). If (M™,g) is a simply connected, irreducible
Riemannian manifold, then either (M™, g) is a symmetric space of rank > 2,
or the holonomy group is one of the following:
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Spin (7) (n =38)
Spin (9) (n =16).

PROOF OF THEOREM 5.54. By the short time existence Theorem 2.48
and since nonnegative curvature operator is preserved (Corollary 3.18), there
exists a solution ¢ (¢) of the Ricci flow with ¢(0) = ¢ and nonnegative
curvature operator on some time interval ¢ € [0,¢). By Hamilton’s strong
maximum principle for systems (Theorem 5.41), for ¢ > 0, the image of
the curvature operator Im (Rm) is invariant under parallel translation and

~

constant in time, and is a Lie subalgebra of A? 2 so(n) isomorphic to
the holonomy Lie algebra §. By Berger’s theorem, if (]\Zf " g(t)) is not a
symmetric space of rank > 2, then the holonomy Lie algebra h is one of
the 8 listed above. If the holonomy group $) is either SU (n/2), Sp (n/4),

Spin (7) or Gg, we obtain a contradiction since the metrics in these cases are
Ricci flat, and hence flat (since they have nonnegative curvature operator).

If $ = Spin (9), then Alekseevskii proved that (M ".g (t)) is symmetric and

either the Cayley (octonian) projective plane or the dual Cayley disk [4].
Hence $ is isomorphic to either SO (n), U (n/2) or Sp (n/4) Sp (1) (this was
observed by Alekseevskii). In the first case, h = so (n) and hence Im (Rm) =
A2, which implies the curvature operator is positive: case 3. In the second

case, (M”, 17 (t)> is a closed Kéhler manifold with Im (Rm) = h = u(n/2).
This implies the curvature operator is positive on real (1,1)-forms: case 4.
In the last case, where $ = Sp (n/4) Sp (1) , we have (M", g (t)) is Einstein.

By Tachibana’s Theorem 5.48, we conclude (M ng (t)) is locally symmetric

and hence symmetric since it is simply connected.

In case 3, when the dimension is at least 4, by the result of Micallef-
Moore [375] (which assumes a curvature condition weaker than either pos-
itive curvature operator or 1/4-pinching), the factor is homeomorphic to a
sphere. In dimension 3 or 4, by Hamilton’s results, the factor is diffeomor-
phic to a sphere.

In case 4, the factor has positive bisectional curvature (which is a weaker
condition than positive curvature operator on real (1,1)-forms). Andreotti-
Frankel [212] (n = 2), Kobayashi-Ochiai [328] and Mabuchi [362] (n =
3), and Mori [388] and Siu-Yau [476] (all dimensions) showed that closed
Kaéahler manifolds with positive bisectional curvature are biholomorphic to
CP™ (Mabuchi and Mori’s results are algebraic and more general). See
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Bando [37] and Mok [382] for the classification of closed Ké&hler manifolds
with nonnegative bisectional curvature.

7. Notes and commentary

81. If initial metric has bounds on some derivatives of curvature, we can
improve the local estimates for the higher derivatives as follows.

THEOREM 5.56 (Higher derivative estimates assuming bounds on some
derivatives). For any o, K, Ky, 7,0 > 0, n and m € N, there exists a constant
C < oo depending only on o, K, Ky,r,0,n and m such that if M™ is a
manifold, p € M"™, and g (t), t € [0,7], where 0 < 7 < a/K, is a solution
to the Ricci flow on an open neighborhood U of p containing Bg(o) (p,7) as
a compact subset, and if

[Rm (z,t)| < K for allxz € U and t € [0, 7],
VFRm (z,0)| < Ky for allz € U and k < ¢
then

IV Rm (y. )] < S oy

for ally € By (p,7/2) and t € (0,7].
§6. (Problem 5.49.) It is not clear in the case of shrinking gradient soli-
tons with positive curvature operator whether an argument along the lines

of Tachibana’s will work to show that such metrics have constant sectional
curvature. For example, if R;; + V;V;f +€g;; = 0, then

ViRije = =V Rjp+VRjp = Vi VV; f=V ViV f = —RiejiVif = RijreVif,
that is
Vi (e_fRijkg) = 0.

Tracing this we also see that V; (e‘f Rig) = 0. By the second Bianchi identity
we have

Vi (e_ijk€m> +V; (e_fRWm> + Vi <€_fRijEm>

= — <6_ijkszz'f + e Reiom Vi f + e_fRijvakf> .
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This implies
A (e‘ijkgm) =-V;V; (e_kaiEm) — ViV (e_fRijém)
= Vi (€7 RjpamVif + €™ Rrion V5 f + ¢~ Rijon Vi f )
= [V, V] (e_f Rkigm) + [Vk, Vi] (e‘f Rijfm)
— (¢ RjpemAf + € Risum ViV + ¢/ Rijin ViV f)
—Vif Vi <e—fRWm) .
Hence
A (e Rytem) +Vif Vi (¢ Rjpenm )
= [V;, V4] (e*fRWm> + [V, Vi (e*fRZ-jgm>

+ e Rijom (R+ne) + e Ryjom (Rij + €9i5) + € ¥ Rijom (Rix + gi) -
That is
div (er (efijkgm))
= RijrpRpiem + RijepRripm + Rijmp Rriep
+ RikjpRipem + RikepRijpm + RikmpRijep
+ RjtemR 4+ (0 — 2) e Rjipm.-
Integrating this against e~/ Rjkem yields

(5.28) —/n

where

2
\% (eiijkgmN efdu = Je*fd,u
Mn

J = Rjk@m (Rijk:pRpiEm + RijEkaipm + Rijmkaifp)
+ Rjkem (RikjpRipem + RikepRijpm + RikmpRijep)
+ (R+ (n—2) &) |Rjgeml” -

However, when f is nonzero, it is not clear that the RHS of (5.28) has a sign.






CHAPTER 6

Some miscellaneous techniques for the Ricci,
Yamabe and cross curvature flows

A number of the ideas and techniques on the Riemannian geometry of
surfaces (may) generalize to higher dimensions. In this chapter we take a
moment to consider some of these ideas which will not be discussed later in
the book. We begin by recalling a formula of Bourguignon-Ezin for confor-
mal vector fields which implies an expanding or steady Yamabe soliton has
constant scalar curvature. Then we consider Ben Andrews’ n-dimensional
Poincaré type inequality which in dimension 2 is related to Hamilton’s en-
tropy monotonicity. It would be interesting to find a higher dimensional
application of Andrews’ inequality. In §3 we observe the gradient of Hamil-
ton’s entropy is the matrix Harnack quantity. This relation between entropy
and Harnack has an analogue for Perelman’s entropy functional as we shall
see in Volume 2. In §4 we consider the Aleksandrov reflection technique
applied to the Yamabe flow. It would interesting if this technique could be
applied to ancient or immortal solutions. Another interesting technique for
the Ricci flow on surfaces is Hamilton’s isoperimetric constant monotonicity
formula we consider in §5. Finally, in the last section we summarize some
results about the cross curvature flow of three-manifolds with sectional cur-
vature having a sign. This nonlinear curvature flow of metrics is in a sense
dual to the Ricci flow.

1. Kazdan-Warner type identities and Yamabe and Ricci solitons

Recall the following.
DEFINITION 6.1. A wvector field X is a conformal Killing vector field
if
2
On the 2-sphere we have the following identity.
THEOREM 6.2 (Kazdan-Warner, [313]). If X is a conformal Killing
vector field, then
/ (VR, X)) du = Rdiv X du = 0.
52 52

EXERCISE 6.3. Show that Theorem 6.2 implies any Ricci soliton on S?
has constant curvature.

207
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The same is true when y (M 2) < 0. In Volume 2 we shall see this
following from an estimate for solutions of the Ricci flow on surfaces with
X < 0 (see also [258] or §5.5 of [153].)

In higher dimensions we have the following result.

PROPOSITION 6.4 (Rc < 0 implies no conformal Killing vector fields.).
If (M™,g) is a closed Riemannian manifold with Rc < 0, then there are no
nonzero conformal Killing vector fields.

Proor. Taking divergence of the equation (6.1) we have
2
AXJ' + Rijk + (1 — —) Vj div (X) = 0.
n
Hence

%A]X]Q = |[VX]* + (AX, X)

= |[VX|* —Re (X, X) — <1 — 2) (Vdiv (X),X).

n

Integrating this by parts, we obtain

0= / n <\VX|2 CRe(X,X) + (1 - %) div (X)y2> .

Since each of the three terms on the RHS are nonnegative and Rc < 0, we
conclude X = 0. O

On a surface, in each conformal class, there exists a constant curvature
metric. Since the property of being a conformal Killing vector field is a
conformal invariant, we have another proof of the following.

COROLLARY 6.5 (x < 0 surface has no conformal Killing vector fields.).
If (M2, g) 1s a closed surface with r < 0, then there are no nonzero conformal
Killing vector fields. In particular, all Ricci solitons have constant curvature.

Note that in all dimensions, we have the following result, which extends
the Kazdan-Warner identity.

PROPOSITION 6.6 (Bourguignon-Ezin 1987, [54]). If (M", g) is a closed
Riemannian manifold with n > 3 and if X is a conformal Killing vector
field, then

/ (VR, X) du = Rdiv X du = 0.
n Mn

Proor. (1) Taking the inner product of equation (6.1) with R;;, inte-
grating by parts, and applying the contracted second Bianchi identity, we
have

1
5/ Rdiv (X) du :/ RV X;dp = —/ (div (Re), X) dp
1 1 .
:——/ (VR, X)dp = = Rdiv (X) dpu.
2 n 2 Mn
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Hence if n # 2, we obtain [}, Rdiv (X)du = 0.
(2) A slightly different proof is as follows. Note that for any 2-tensor a;;
(not necessarily symmetric)

ViVjaij — V;iVia;j = Rjgar; — Rigaz, = 0.

Hence V;V;V;X; = V;V;V;X;, so that by taking the double divergence of
(6.1) and using the contracted second Bianchi identity, we have

1
1
= Adiv(X) + 5 (VR X) + RieViX;.
Substituting (6.1) into this yields (see also [347], p. 134)

1
RdivX + —(VR,X) =0

A(diVX)-I-n_1 3= 1)

Integrating this implies the proposition. ([
As a consequence, we have the following.

ProOPOSITION 6.7 (Expanding or steady Yamabe solitons have R con-
stant). An expanding or steady Yamabe soliton, that is, a metric g with

(r—R) 9ij = ViX; +V,; X;,

for some vector field X and where r < 0, on a closed n-dimensional manifold
has constant scalar curvature.

EXERCISE 6.8. Prove the above proposition.

SOLUTION. We compute
/ (r—R)*dp = —/ (r — R) gij - Rijdp

= -2 VZX]R”d,U,
Mn

= / XjVde/L = 0.
Mn
For the Ricci flow we have:

PRrROPOSITION 6.9 (Expanding or steady Ricci solitons are Einstein).
Any expanding or steady Ricci soliton on a closed n-dimensional manifold
s Einstein.

PRrROOF. Recall that if g is an expanding or steady Ricci soliton on a
closed manifold, then there exists a vector field X and A > 0 such that

1 r
R;; + 5 (Vz‘Xj + Vin) — Egij =0.
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Similar to (8.17), since %R = LxR+ 2rR, we have
ro|2 2
62) 0=A(R—1)— (X,V(R—T)H—Q‘Rc——g‘ +irR-7),
n n
where r < 0. At any point xg € M™ such that R (xg) = Rmin, we have
2 2
2 ‘Rc—zg‘ +—r(R—r)<0.
n n
Since both 7 and R(zg) —r are non-positive, this implies |Rc —%9‘2 (x0g) = 0.

Tracing this implies Ry, = R (xg) = r, and hence R = r. Substituting this
back into (6.2), we conclude that Rc = ~g. O

2. Andrews’ Poincaré type inequality

Recall Hamilton’s surface entropy (see [258]). N is defined for met-
rics of strictly positive curvature on closed surfaces by

N(g) = /M2 log (R Area) Rdy,

where Area = | a2 A is the area of g. We have the following entropy formula
for solutions of the Ricci flow on closed surfaces with positive curvature.

EXERCISE 6.10. Show that under the Ricci flow %g = —2Rc=—Rg on
surfaces with positive curvature, we have

(6.3)
AN IVR|? )
%—‘/MQT‘W/MJR"") an

1 2
(6.4) :—/ ]VIogR—VﬂQRdu—Q/ ‘VVf——Af-g dp <0
M2 M2 2

where f is defined by Af =r — R.

Equation (6.4) is related to a Poincaré type inequality, which holds in
all dimensions on closed manifolds with positive Ricci curvature, due to Ben
Andrews.

THEOREM 6.11 (Andrews’ Poincaré type inequality). Let (M™,g) be a
closed Riemannian manifold with positive Ricci curvature. If @ is any func-
tion with an wdp = 0 and if Fy; is any trace-free symmetric 2-tensor, then

n
/ deué/ |yl dps
n_l Mn Mn

+ / (Re ™) (Vip — ViFu) (V0 — VeFyy) d.

(6.5)
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COROLLARY 6.12. If [, wdp = 0 and (M™,g) is closed with positive
Ricci curvature, then

n

/ deué/ (Re ™) ViV pdp.
Mn n

Note that Hamilton’s inequality (6.3):

2
(6.6) / (R—r)zdug/ VA 4
M2 M2 R

n—1

is the special case of (6.5) where n =2, Fj; =0and ¢ = R — 1.

PROOF. Since [}, ¢dp = 0, there exists a function 3 on M™ such that
Af = p. Starting from (?7?) we have

7057

ViV;B — —, i
For any a € R (the optimal choice for a will be determined from the com-
putations below) we have

(6.7) / n

= / <a2 |Fij‘2 dp — 2aFijViVjﬁ +
M’VL

2 n—1

dp = / o dp — / Ri; VBV Bdj.
n n Mn

2

a8 1

—aki + ViViB — —~gij

n—1

©* — Rz‘jvzﬂvjﬁ> dp.

n

For any b € R we also compute

/ (Re ™) (Vip — VieFri + bRy Vi) (V0 — ViFy; + bRV 8) du
(6.8)

= / (Re ™) (Vi — ViFi) (Vi — VeFy;) dp

" / (b Rie V1BV — 260 + 26V, Vi3Fks) dp,

where we integrated by parts and used the definition of 3. Taking b = 1/a
and adding a? times equation (6.8) to (6.7), we obtain

o< [ 86

—ak; +ViV;3 — Y
1 a2 / (Re ™) (Vip — ViFii + bRk Vi) (V0 — ViFy; + bRV B) du

—1
= / <a2 ]Fij|2 + (n - Qa) g02> du
Mn n

+a? / (Re _1)ij (Vi — ViFyi) (Vi — ViFy;) dp.

2
dp
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Hence

2 n-—1
<__ 5 )/ Sﬁzdﬂﬁ/ |F)? dp
a na Mn Mn

+ / (Re™)" (Vi — VicFli) (V0 — VieFyj) dps.

Since %— % < %5 with equality when a = "Tfl, it is best to take a = "Tfl,

in which case we obtain (6.5). O

An interesting special case of (6.5) is obtained by taking ¢ = R —r and
Fij =« (Rij — %Rgij) , where o € R. Here we have

2
LR e au
n — 1 Mn Mn
1 1 2 NG

When n = 2, this is equivalent to (6.6). When n > 3, of particular note is

when o = (3 — %)_1.

1
Rij — —Itgi;

COROLLARY 6.13. If n > 3, then
4 -1
I

Note that a direct consequence of (6.9) is that if R;; = 1Rg;;, then
R = r. This is a fact which we originally derived from the contracted second
Bianchi identity.

2

1
R;; — ERgij dp.

PROBLEM 6.14 (Andrews’ inequality applications). For dimensions n >
3, is there an entropy estimate for solutions of the Ricci flow with some sort
of positive curvature which follows from Andrews’ Poincaré inequality?

3. The gradient of Hamilton’s entropy is the matrix Harnack

Consider the space of smooth metrics et on M™. Net is an open
cone in the infinite dimensional vector space of symmetric 2-tensors. Its
tangent space T,9et at any metric g is naturally isomorphic to the space
of symmetric 2-tensors C*° (T*M"™ ®@¢ T*M™) . We may think of et as an
infinite dimensional Riemannian manifold with the L?-metric, defined by

(6.10) (aij, bij) 12 (9) = / 9% g7 a;;bredpg,

n

for g € Met and a;5,b;; € C°(T*M" @5 T*M"™) = T, Met. If F: NMet — R
is a smooth functional, then its gradient VF (g) at g is the symmetric
2-tensor defined by

<VF (g)ij,hij>L2 (9) = DiF (9) ﬂ%F(QH? —F(g)
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for all h € T,Mtet, where Dy F'(g) is called the Frechet derivative of F' at
g in the direction h.

Recall that the (unnormalized) entropy of a surface with positive curva-
ture is

E(g) = /M2 log R - Rdp,

where R is the scalar curvature. We compute the gradient of the entropy
in the space of metrics. Let h;; = % gij be a variation of g;;. The variation
of R (in all dimensions) is
OR
Os

and the variation of the area form is %d,u = %Hd,u. Since Rc = %Rg when
n = 2, we have after an integration by parts

d 1
d_E (9) = / hpq <—A10gR “gpg + VpVglog R — —Rgpq> dp.
S M?2 2

That is

— —AH + V,Vyhp, — h-Re

LEMMA 6.15 (Gradient of entropy is Harnack).
1
—VE (gij) = AlogR-g—VVIog R+ §Rg
1
=J <VVlogR + §Rg> ,

where the operator J is defined below in (8.51).

The quantity VVlog R + %Rg is the matrix Harnack quantity which
appears in (8.24).

PROBLEM 6.16. Is H.-D. Cao’s matriz Harnack quadratic (see [72]) re-
lated to some entropy for closed Kdhler manifolds? Here we expect to need
to make some positive curvature assumption, such as positive bisectional
curvature.

4. The Yamabe flow and Aleksandrov reflection

For the Yamabe flow

(6.11) 0

at? ~
on locally conformally flat manifolds, there is a gradient estimate for the con-
formal factor by Rugang Ye [533] (see Bartz-Struwe-Ye [40] for dimension
2). Recall that a Riemannian manifold is said to be locally conformally
flat if about point there exists a local coordinate system in which g;; = vd;;
for some positive function v. For solutions to the Yamabe problem (R = r),
which is the elliptic analogue of the Yamabe flow, Schoen [442] proved a
related ‘no bubbling’ result using the Aleksandrov reflection method
along the lines of the work of Gidas-Ni-Nirenberg [224] and the positive
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mass theorem to embed the universal cover into S™ [446]. Ye’s gradient
estimate also applies to any weakly parabolic conformal flow of metrics on
S™, which we shall now describe (see [135]).

Let ggn denote the standard metric on S”, which we shall think of as
the unit sphere in R"*!. We consider a general class of conformal flows of
metrics conformal to ggn. In particular, given gy = e“9ggn, suppose that
g (t) = e*Wggn is a solution to

(6.12) % (x,t)=F <<RC—2(n—R_1)g> (x,t), g (w’t),t> g (z,t)
g (x,0) = go (z)

for x € S", t € [0,T), where F : S?’T*S" x Rt x [0,T) — R.
Recall that if g = e“ggn, then

R=(n-1)e™ <n—Au—n;2|Vu|2>,

where A and | - | are with respect to ggn. Hence the Yamabe flow % g=—Rg
is equivalent to
ou

(6.13) o

-2
=(mn—-1)e ™ (Au+ nT IVu|? —n> .
EXERCISE 6.17. If 2g,; = fgi;, then
0 1 n—2
6.14 — | Rjj — ——Rg;; | = —V,;V,f.
(6.14) as<” 2(n— 1) 9J> 5 ViVif

Let D1F, DyF, DsF denote the partial derivatives of F. Using (6.14)
show that if % 9ij = fgij, then the linearization of I’ is given by

0 R g B n—=2_ g

From this we see that if F is C! in the first component and D{F < 0, then
(6.12) is weakly parabolic.
Of particular interest is the Yamabe flow:

— =R
ot 9,

and the corresponding normalized Yamabe flow
9y
— =(r—R
5 = )9

where r is the average scalar curvature. We make the following monotonic-

ity assumption on F' which ensures the weak parabolicity of the evolution

equation (6.12). We shall always assume F' is Lipschitz continuous in the
first component.
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(1) If n > 3, we assume
(6.15) F (B1,h,t) > F (B2, h,t)

for all 31, B2 € S*T*S™ with 31 < B2, h >0 and t € [0,T).
(2) If n =2, we assume the evolution equation is of the form

0
where
(6.16) F (p,t) is a nonincreasing function of p.

We have the following gradient estimate, proved by [533] for the Yamabe
flow.

THEOREM 6.18 (Gradient estimate for weakly conformal flows). If g (t) =
e"ggn, t €[0,T), is a solution to (6.12) under the hypothesis (6.15) when
n > 3 or the hypothesis (6.16) when n = 2, then there exists a constant
C < 0o depending only on g (0) such that

[Vu (z,t)| <C | forallz e S™ andt € [0,T).

From integrating this estimate along great circles in S™, we have:
COROLLARY 6.19 (Classical type Harnack estimate).

max u (t) < Iré}Lnu (t)+C.

This is a Harnack estimate since we may write it in terms of the conformal
factor as:

(6.17) max e < ¢ I%}ln eul®),

To obtain uniform upper and lower bounds for u, we need a normaliz-
ing condition. For example, if the volume Vol (g (¢)) =[x ez Wdpgn is
bounded from above and below by positive constants, then |u| < C for some
C < 00. We now can derive the following result of Ye [533].

THEOREM 6.20 (Convergence of the Yamabe flow of LCF manifolds). If
(M™, go) is a closed, locally conformally flat manifold with positive Yamabe
moariant:

inf Vol (¢g)~(""2/n / Rydpig > 0,
g=e*go n
then there exists a solution to the Yamabe flow g (t) , defined for allt € [0, c0)
and with g (0) = go, such that g(t) converges in each C*-norm to a C*
metric goo conformal to gy with constant scalar curvature R (goo) = 7.
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PROOF. Since the Yamabe flow (6.13) is strictly parabolic, there exists
a solution for a short time interval [0,¢). Let [0,7") be the maximal time
interval of existence. We claim 7' = oco. By the Harnack estimate (6.17),
the Yamabe flow in terms of the conformal factor (6.13) is a second order
uniformly parabolic equation. Hence by the estimate of Krylov-Safonov
[333], u satisfies a uniform Holder estimate. By parabolic Schauder theory
(which is similar to elliptic Schauder theory), u satisfies a C?** estimate for
all k > 1 (see [349] for example). Hence, unless T' = 0o, we can continue the
solution past time T. Next we may apply L. Simon’s asymptotic theorem
to conclude that g () converge in each C* norm to a C* metric goo. From
(2.4) we see that the scalar curvature evolves by:

Or _ (n—1)AR+ R?> - R,
ot
so that
dr _ d (fM Rdu) _ =2 (R=1)dn
dt — dt \ Jude ) 2 Judn
Therefore R (goo) =1 O

Given a point N € S, let
on:S8"—{N} - N+t
be the stereographic projection map defined by
L y—(y, )N
ONWY) = 7T
A TR

Here N' is the hyperplane N+ = {x eR" : (z,N) = O} . The inverse of
the stereographic projection map is given by

oy i Nt — 8"~ {N}

where

for x € Nt. We think of N as the north pole. Accordingly we define the
south pole by S = —N.
We are interested in the following conformal diffeomorphisms of 5™ :

(1) (Reflection about the equator)
pn : S — S"
where

pn (y) =y =2y, N) N.
(2) (Conformal dilations)

O =onoaooy: ST — S

where o : N+ — N1 is multiplication by a € (0,00).
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The conformal dilations ¢%; fix the poles N and S, and @}V = Idgn . The
direction of the dilation (or stretch) is given as follows: for a > 1, ¢}, takes
points closer to IV, while for a@ < 1, ¢4, takes points closer to S. In terms
of pull backs this means the following: for any metric ¢ on S, for a > 1,
(©%)" g is concentrated more near S (for < 1, near N.)

The idea of the Aleksandrov reflection method begins with the following.
Let Hy, = {y € S™: (y, N) > 0} denote the northern hemisphere (and
similarly define the southern hemisphere H;.)

LEMMA 6.21. For any metric g = e“ggn, there exists a constant oy €
(0,1) such that for all o € (0, 0] and N € S™, we have

(P%)"9 = oy ()" g on Hy.

PROOF. Intuitively, this is quite obvious, so we skip the proof. For an
elementary and detailed proof, we refer the reader to Proposition 3.1 in
[135]. O

Define u$; : S™ — R by (¢%)" g = exp (u%;) ggn. Since

P (P)" g = exp (ufy © pv) gsn,
the lemma is equivalent to:

COROLLARY 6.22. For every N € S™ and every o € (0, o], we have
(6.18) ul > ufopy  on Hy.

From this we can see that the constant ap € (0, 1) determines the follow-
ing gradient estimate for the conformal factor u on S™. This proposition
will enable the Aleksandrov reflection method to provide an estimate for
|Vu| for weakly parabolic conformal flows on S™.

PROPOSITION 6.23 (Aleksandrov reflection implies gradient estimate).
For any metric g = eggn, if ag € (0,1) is as in the above lemma, then
1— o
(6.19) |Vu (z)] < —2
ap

for all x € S™.

PROOF. (Sketch, see [135] for details.) Let

En =0H}, ={y€ S": (y,N) =0}
denote the equator. First we observe that (6.18) implies for all « € (0, ]
and N € S"
(Vugy (), N) 2 0

for all y € En. The vector field N is tangent to S™ on the equator Ey.
We extend N|p  to a vector field N defined on S™ — {N, S} by parallel
translating N along all of the great circles which pass through N and S.

Since
21— a?)
a?+1

Y
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in terms of the original conformal factor, this implies

2
1—0[0

(6.20) <Vu (go?\}’ (y)) ,N> > —

Qg

for all y, N € S™ such that (y, N) = 0. Now we want to see why this implies
the gradient estimate (6.19). Given any point x € S™, define

Joo () = {y € S™: o3 (y) = z for some N € S™ with (y, N) =0} .

It is not hard to see that

" 20
Jag (x) = {yeS Hy,z) = azifl}
0

is an (n — 1)-sphere centered at z. Let
Koy = {N € 8" : o3 (y) = z for some y € S™ with (y, N) =0}.
Then

n Oé%—l
Ky (z)=q¢NesS :<N,x>:a2+1
0

which is also an (n — 1)-sphere centered at . From this and (6.20) it is not
hard to see that for any z € S

<Vu(x),]\_f> > —

7))

for all N € S™ such that <N, a:> = 0. This completes the proof of (6.19). O
Now we are ready to give the

PrROOF OF THEOREM 6.18. Remarkably, the proof is quite easy now.
By Lemma 6.21, there exists oy € (0,1) such that for all o € (0, ap] and
Nes"

(6.21) (¢%)" 9(0) > pi (¥%) 9 (0) on Hy.

By the conformal invariance of equation (6.12), both (¢%)" g (¢) and p%, (¢%)" g (¢)
are solutions to the same weakly parabolic flow (6.12). By the maximum
principle for scalars and (6.21), we have

(ER) g @) > py (X)) g () on Hy forallt € [0,T) and a € (0, o).

By the proof of Proposition 6.23, we conclude that

2

1—
[V (z,1)] <

for all z € S" and t € [0, 7).
Qo
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4.1. L. Simon’s asymptotic theorem. Let (M", g) be a closed Rie-
mannian manifold and consider an energy functional of the form:

E(u) = E (Vu,u,z)du,
MTL

defined for u € C*° (M™), where

(1) E:TM™ xR x M™ — R depends smoothly on Vu, u and =z,
(2) E(p,z,z) is uniformly convex in p for |p| + |z| sufficiently small,

so that
2

d 2
WE (Sq,O,ZE) 0 > C|Q|

where ¢ > 0 is independent of z € M™ and ¢ € T, M™,
(3) E(p, z,z) depends analytically on p and z, uniformly in z € M™,
for |p| + |z| sufficiently small, so that there exists € > 0 such that

E(p+si1g,z+sw,a) = Y Emym, (p,q, 2,0, 1) s7 552

m1,mz2>0

and

Y B (pog,zw,z) 87" sy < 1

mi+mo=~k

for |p|, |ql,|2|,|w| < e, s3+s3 <1 and k > 1.
(4) The gradient (or Euler-Lagrange operator) of £, defined by

d
(grad € (u) , v) r2(ppmy = £5 (u+ sv) Y
satisfies grad £ (0) = 0.
Consider the second-order parabolic partial differential equation:

ou
Tl —grad & (u) .

Assume that
E(u(t)>E(0)—0
for § sufficiently small implies that u (t) — uo, Where uy is a solution to
grad & (ueso) = 0.

The energy functional corresponding to the Yamabe flow is

Y(9) #/ Rdy
=(n-— 1)/ e <n —Au-" ; 2 \Vu|2> e djugn

-2 n—
=(n— 1)/ (n + nT \Vu|2) eTQUd,uSn.
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Here
—9 —
E(p,Z,LE) = (n+ nT ’p|2> 6722'

In particular
2

ds?

n—2 9

= g

E (sq,0,x)

s=0
and

-9 o
E(p+ s1q,z + sqw,x) = <n 4 ”T p+ 31q|2> L5 atsaw

5. Isoperimetric estimate

5.1. Evolution of the length of a geodesic. Let (M", g (t )) be a
solution to the Ricci flow, 7 : [a,b] — M™ be a fixed path, and S = d—”
Given a time tg, assume that ~ is parametrized by arc length with respect
to g (to) so that |S| = 1 at ¢t = ¢y. The evolution of the length of v with
respect to g (t) is given by

d b (0
L@ = [ | 5
tty g(t) a 815

dt
b
(6.22) = —/ Rec g(to) (S, S) ds.
a

Further assume that 7y is a geodesic with respect to g (¢g) . Recall the second
variation formula (1.120):

82

a2

g (t) (S, S)) ds

t=to

b
Ly () = [ (IVsRE = (VsR,S) = (R (R,5) . B)) ds

r=0 a

=I(R,R).

where the norms and inner products are with respect to g (tp). Now let
{ei};:ll be an orthonormal basis of parallel vector fields spanning S+ along
Yo. Since Vge; = 0 along g, we have

b
I(e;e;) = —/ (Rm (e;,S) S, e;) ds.
a
Hence we have

LEMMA 6.24 (Heat type equation for lengths of geodesics).

d n—1 82
E —te ZI emez - ; 87”12 ro g(to) (7’!’1)

where v, is a I-parameter famzly of paths with variation vector field e; at

TZ':O.

So in essence, the length of a geodesic satisfies a heat-like equation.
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5.2. Isoperimetric estimate for surfaces. In this section we present
Hamilton’s monotonicity formula for the isoperimetric constant for solutions
of the Ricci flow on the 2-sphere. Throughout this section we give statements
of facts and results without proof; for the detailed proofs see [266] and [153]
§5.14, p. 156ff; We first recall some basic facts about the isoperimetric
constant; see also Volume 2 and the references therein.

Let (M 2, g) be a Riemannian surface diffeomorphic to the 2-sphere.
Given an embedded closed curve v separating M? into two open surfaces
M_% and M2, we define the isoperimetric ratio of v by

. 1 1) A (M?)
(6.23) Cs(7) = L(7)” <A(M3) +A(M2)> —L(7)2A(M3) A (M2

where L and A denote the length and area. The isoperimetric constant
of (M 2 g) is

Cs (M?,9g) = inf Cs (7)

where the infimum is taken over all smooth embedded (not necessarily con-
nected) 7 that separate M?2. It can be shown that there exists a smooth
embedded closed curve iy such that Cg (Ymin) = Cs (M 2, g) . Similar to
C's we define

Cr (M?,g) = inf Cy (7).

where the infimum is taken over all smooth embedded (connected) loops +.
It is not hard to see

Cs (M?,g) < Cy (M?,g) < 4r.

Furthermore, if Cy (M 2, g) < 4, then there exists a smooth embedded loop
Ymin Such that Cx (Ymin) = Ch (Mz, g) .
The main result of this section is the following.

THEOREM 6.25 (Monotonicity of the isoperimetric constant). If (M?, g (t))
is a solution of the Ricci flow on a topological 2-sphere, then Cg (M2,g (t))
is monotonically nondecreasing for all t.

The proof relies on deriving the following heat-type equation. Given
an embedded loop vy in M?2, by the Schoenflies Theorem, vy separates M?
into two disks M_% and M?2. Let 7, denote the parallel curves (of signed
distance p) to o, where v, C Mﬁ for p > 0, and which separate M? into
two disks M2 (p) and M? (p); we assume p is sufficiently small so that 7, is
smooth and embedded.

LEMMA 6.26 (Heat equation for isoperimetric ratios of parallel loops).
Let (M27 g (t)) be a solution of the Ricci flow on a topological 2-sphere and let
Yo be an embedded loop. Given a time ty, let 7y, denote the parallel loops with
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respect to g (to). Then the isoperimetric ratios Cy (p,t) of v, with respect
to the metric g (t) satisfy

0 0? [, kds

ir—Cy (A A
A AT AL

at t = to, where Ay = A (M2 (p)), A = A(M?) and k is the geodesic

curvature of 7.

Roughly speaking, Theorem 6.25 follows from Lemma 6.26 since if 7 is
a minimizer of Cy (7, g (to)) with Cg (70,9 (t0)) < 4w, then
9 Am — Ch (10 9 (to)) (A+ A ) 50

o . (log Ch (059 (1)) > A

A- A,

A simple geometric result establishes the following.

LEMMA 6.27 (Isoperimetric estimate implies injectivity radius estimate).
If (MQ,g) is a topological 2-sphere, then
w

i (04%,9))" =

Cu (M?,9)

max

where Knax s the mazimum of the Gauss curvature.
So as a consequence, we have:
COROLLARY 6.28 (Injectivity radius estimate for the Ricci flow on S2).
If (MQ,g (t)) is a solution of the Ricci flow on a topological S?, then
inj (M?,g(t)) >

_c
Kiax (t)

)

where ¢ = \/ZCx (M?,4(0)) > 0.

As a consequence of the isoperimetric estimate, we see that any singu-
lar solution of the Ricci flow on a topological S? is Type I; for if it were
Type IIa, one would then obtain a cigar soliton as a limit, contradicting the
isoperimetric estimate.

5.3. Isoperimetric estimate for Type I singular solutions in di-
mension three. Let (M 3, g) be a closed Riemannian 3-manifold. Given
V € (0,Vol(g)), let

- 2
G(V)= 1;12fA(E )

where the infimum is taken over smooth embedded surfaces ¥ which sepa-
rate M3 into two regions of volume V and Vol (g) — V. Note that

Iim G(V)= lim G((V)=0

V—0 V—Vol(g)

and that G is an even function about V' = Vol (g) /2. The following result
was proved in [267].
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THEOREM 6.29 (Isoperimetric estimate for Type I singular solutions on
3-manifolds). If (M3,g(t)) ,t €[0,T), is a Type I singular solution of the

Ricci flow on a closed 3-manifold with Vol (g (t)) > ¢(T — t)3/2, then there
exists a constant ¢ > 0 such that if ¥2 C M? is a smooth embedded surface
separating M3 into two regions with volumes at least V, then

A (Zg;g (t)) > c¢min {V2/3, T— t} )
where A (X2;g(t)) denotes the area of X2 with respect to g (t).

The proof of the theorem is a consequence of the following estimate.

LEMMA 6.30. If (Ms,g(t)), t € 10,T), satisfies the hypotheses of the
above lemma and is normalized so that ming_og R > —p, then there exist
constants A, B < 0o such that for all V € [0, 3 Vol (g (t))] and t € [0,T)

-1
—gpt A B
G(V,t) >e 3 <—V2/3+—T—t .
where G (V,t) denotes G (V') with respect to g (t).

Indeed, the lemma implies
1
A(Z%g@) > §e*%pT min {A*1V2/3, BT - t)} .

In turn, the isoperimetric estimate implies an injectivity radius estimate.
This estimate has been superseded by Perelman’s no local collapsing theo-
rem, which not only provides an injectivity radius estimate for both Type I
and ITa singular solutions, but also rules out local collapse and in particular
the formation of the cigar soliton singularity model.

SKETCH OF PROOF OF LEMMA. We shall show that G (V,t) > F (V,t)
for all V € (0, Vol (g (¢))) and ¢ € [0,T), where

-1
> A A B
F(V,t) =e 3" + +
Vo <V2/3 (Vol (g (£)) = V)** T_t>

and A and B are to be determined; F is an even function about V =
Vol (g) /2. We leave it to the reader to check that

1. for ¢ sufficiently small and any V, G (V,t) > F (V,t),

2. given t, for any V sufficiently small, G (V,t) > F (V,t).

Thus if the lemma is false, then there exists 5 > 0 such that there is a
Vo € (0,2 Vol (g (ty))] where

G (Vo, to) = F (W, to)

for the first time. The idea is to obtain a contradiction by deriving heat-type
equations for F' and GG and applying the maximum principle. There exists
a smooth embedded surface 333 of constant mean curvature such that

G (Vo, to) = A (35 9 (o)) -
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Let 2 denote the parallel surfaces of signed distance r from Y2 with respect
to g (to), where Y2 is in the region of volume V; for 7 < 0. For r sufficiently
small, ¥2 is embedded and diffeomorphic to 3. Let

A(rt) = A (Shg(1)
and
V (r,t) = Vol (M3 (r); g (t))
where M3 (r) is the region enclosed by ¥2 on the side which has
Vol (M2 (0); g (to)) = Vo.

Recall
0A  0*A
ot or?
On the other hand, using
A (229 (o) = G(V (r,to) , to) > F(V (r,t0) ,t0)

for all 7 sufficiently small, and A (£3;¢ (t0)) = F (V (0,t0),t0), it follows
that at (0,%o)

— 4y (E?) .

oA _ oF 0V
or 0V or
and
or? ar ) oV?2 = or2 ov

Similarly, from A (£3;¢ (¢)) > F (V (0,t) ,t) for t < to, we have at (0,o)

0A _OF 0V OF

e’ e iy

ot — ot at ov
One can show y (E%) < 0 (this requires the Gauss-Bonnet formula, Gauss

equation, Type I condition to estimate the curvature, see [267], §23 for
details). Hence

02A - (av>2 0?F 02V OF

which implies
OF OV OF _ (9V\*? 3*F 9V 9F
—tam=25) 75+t
ot ot oV or ) oV or? oV

Using %—‘t/ < pV (since R > —p) and %—‘; =F, %i‘{ = Fg—e (again see [267],

§23 for details), we obtain at (0, )

OF OF _  ,0°F <8F>2

A
o TPy 2 gyt

ov

where we have assumed 0 < Vj < £ Vol (g (to)). The contradiction is ob-
tained by showing that for A and B sufficiently large, by using the definition
of I’ the opposite inequality holds. O
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Let (M 3, g) be a closed Riemannian 3-manifold. The isoperimetric
constant C; = Cj (M, g) is defined by

Cp = inf Area (%) 7
® min {Vol (M1)2/3 | Vol (M2)2/3}

where the infimum is taken over all surfaces 32 (not necessarily connected)
which divide M? into two regions M; and M. Hence for any surface ¥
dividing M?3 into two regions M; and M, we have

Avea (%) > Cp - min { Vol (M1)¥* Vol (1)}

Now we estimate the volume of small enough balls. For any point p € M3,
we compute

% Vol (B (p, r)) = Area (9B (p,r))

> Cp-anin {Vol (B (.r)* Vol (M = B )"}

Given a constant ¢ € (0, 1], as long as Vol (M — B (p,r)) > ¢*/? Vol (B (p,r)),
we have

d 1/3 1
- > ~Cre.
= {Vol (B (p,r)) } > 3010

Since Vol (B (p,0)) = 0, then

Vol (B (p,r)) > <%Cjc>3r3.

In particular, if Vol (B (p,r)) < & Vol (M), so that we may take ¢ = 1, then
Vol (B (p,r)) _ C?
il Sl Vot RV S B
r3 - 27
LEMMA 6.31. There exists a constant k > 0 depending only on Cr such
that if 1 € [O,Vol (M)l/ﬂ . then

Vol (B (p,1) _
r3 -
PrROOF. Ifr € [O, Vol (M)l/?’} , then if also Vol (B (p,r)) < 373, we have
Vol (B (p,r)) < 1 Vol (M), which implies
Vol(B (p,r)) | CF
il Sl Vot RV et B
3 -7
Hence for all r € [O,Vol (M)l/?’} , we have

11
> min d - 30,3
Vol (B (p,r)) > mln{Q, 2701} r
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6. Cross curvature flow

In this section, the ideas do not come from the study of surfaces, but
we have situated the section here for lack of a better place. It is an inter-
esting question to see if any of these ideas, which are based in dimension 3,
generalize or are related to ideas that work in higher dimensions.

The Ricci tensor has the following nice property which follow directly
from the contracted second Bianchi identity (see also [256], Corollary 3.2).

LEMMA 6.32 (Ricci tensor and harmonic identity map). If Re is positive
(negative) definite, then the identity map

id: (M",g) — (M",£Rc)
is a harmonic map.
Now consider dimension 3. At any point, there exists a orthonormal
frame {e;}7_, such that
(6.24) Rm (e;, e5) e = 045 (dx€; — dinej)

where o0;; = 0j; is the sectional curvature of the plane spanned by e; and
e;j. In an (oriented) orthonormal frame, the cross curvature tensor Cr is
defined by

1 1 1
Cz'j =Cr (eia ej) = §dﬂipqd,ujrs <Rpr - §Rgpr> <Rqs - §R9q3> )

where dy is the volume form (dj;;, is nonzero only when 4, j, k are distinct,
in which case it is the sign of the permutation (ijk).) In an orthonormal
frame satisfying (6.24), where k1 = Ra332, ko = Ri331, and k3 = Ry991, We
have Rc and Cr are diagonal and Rc (e;, ;) = K+ and Cr (e;, €;) = Kj- K,
where i, j, k are distinct.

LEMMA 6.33 (Cross curvature tensor and dual harmonic identity map).
If the sectional curvatures of (M3, g) are either positive or negative (so that
Cr > 0), then

(6.25) (Crfl)i]’ ViCjk = (Crfl)ij chij,

1
2
and hence the identity map

id : (M", Cr) — (M, g)
is a harmonic map.

Comparing Lemmas 6.32 and 6.33, we may think of Rc and Cr as being
dual to each other. The cross curvature flow is defined on a 3-manifold
of negative (positive) sectional curvature by

agij = :EQCij .
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Using DeTurck’s trick, J. Buckland has shown that if (M 3, g) is closed, then
for any smooth initial metric with definite sectional curvature, a solution to
the cross curvature flow exists for a short time [59].

CONJECTURE 6.34 (Chow-Hamilton - convergence of the cross curvature
flow). If (M3,g) is a closed 3-manifold with negative (positive) sectional
curvature, then a solution g (t) to the normalized cross curvature flow
+2C;; $

8159” 3 gz]a

where ¢ =[5 g7 Cijdp/ [y dp, with g(0) = go exists for all t > 0 and
converges to a constant negative (positive) sectional curvature metric ast —
Q.

If the initial metric has negative sectional curvature, then we have the
following monotonicity formulas. Let E;; = R;; — %Rgij be the Einstein

. . —1\Jk
tensor and define T;;, = E;V,Ej, and T; = (E 1)3 Tijr = EijVjlog Ccllzttg.
Analogous to the decomposition of V Rec (equation (3.36)), we decompose

Tk, into its irreducible components

1 2
10 (Eij Ty + EuTj) + 5 BT,

where the coefficients —% and % are chosen make U traceless with respect
to E: (B Ui = (E) " Uijr = (E~)’* Uik, we obtain

Tijk = Usjk —

I Tijr = Tjiel* = [Usgr, = Ujar* + | Tif .
Here all of the norms are with respect to E, so that for instance ]TZ|2 =
(B 11,

PROPOSITION 6.35 (Two monotonicity formulas). As long as a solution
to the cross curvature flow exists (see [151]):

d 1 5 [det B\ /2
. - " ijk — Uji >
(6.26) & Vol (B) = 4/M3|U]k Uyl (detg> dp > 0
and

d 1 det B\ /?
6.27 = = Trace JE — d
(6:27) dt Jas (3 racey <detg) )

. 1/3
= Ui — Ujs T
i [ (vl s gine) (S50 ) an
_/ TracegCr detCr 1/3 detE 1/3
s 3 detg detg dp

<0.
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Note that Vol (E) is scale-invariant in g and that the integrand in (6.27)
is nonnegative since it is the difference between the arithmetic and geo-
metric means of —k1, —ko, and —k3. This difference vanishes if and only if
the sectional curvature is constant. Note that the metric g is expanding and
the integral scales like ¢g'/2, so the monotonicity formula (6.27) is somewhat
surprising.

REMARK 6.36. Ben Andrews [21] has observed that if the universal cover
of (M3, go) can be isometrically embedded as a hypersurface in Euclidean or
Minkowski space, then the Gauss curvature flow of the hypersurface yields
the cross curvature flow of the induced metric. When, in addition, M3 is
closed, Andrews has stated that global existence and convergence holds.

7. Notes and commentary

84. There is also a Harnack estimate for the scalar curvature under the
additional condition of positive Ricci curvature [134]. The Yamabe flow for
initial metrics with large energies has been studied by Schwetlick and Struwe
[449].

86. Every closed manifold of dimension at least 3 admits a metric with
negative Ricci curvature. In dimension 3 this was proved by Gao and Yau
[220]. In all dimensions > 3 this was proved by Lohkamp [351] (see also
[352]). Lohkamp showed that any smooth metric on a closed manifold may
be approximated in C° by metrics with negative Ricci curvature.

Considering a much stronger curvature condition, Gromov and Thurston
[244] showed that for every € > 0, there exists a closed manifold (M™, g) of
dimension n > 4 with

—1—e<sect(g) <1

and which does not admit a hyperbolic metric.

PROBLEM 6.37. Given n > 4, does there exist € > 0 such that if a closed
Riemannian manifold (M™,g) has —1 — e < sect (g) < 1, then M™ admits
an Finstein metric with negative sectional curvature.

For work related to this direction using the Ricci flow see Ye [532].
However, by the work of Farrell and Ontaneda [205], it is not in general
possible to use the Ricci flow (or other flow with continuous dependence
on the initial metric) to evolve negative sectional curvature pinched metrics
to Einstein metrics with negative sectional curvature. This is because in
general, there is no continuous map from the space of negative sectional
curvature pinched metrics to the space of Einstein metrics with negative
sectional curvature.



CHAPTER 7

Introduction to singularities

One of the main topics of interest in Ricci flow and other geometric
evolution equations is that of singularity formation. Here one would like
to understand the possible singularities which arise in finite and infinite
time singularities as well as the structure of solutions in high curvature re-
gions. In this chapter we introduce the reader to this topic, focusing more
on classical techniques. In Volume 2 we shall go into a more detailed study
of singularities based on Perelman’s work building upon Hamilton’s earlier
work on singularity formation. We begin this chapter by looking at how to
dilate about a singularity. We then recall the classification of types of sin-
gularities based on the rate of blow up of the curvature. An interesting, but
presumably non-generic singularity is the so-called degenerate neck pinch.
Here one has a heuristic argument for why such a singularity should exist.
Since singularity models are ancient solutions, we consider the classifica-
tion of ancient solutions on surfaces. Furthermore, we survey some of the
classical results on 3-dimensional singularity models; in Volume 2 we shall
consider this topic in more detail. Finally, we present some questions and
conjectures about ancient solutions in low dimensions.

1. Dilating about a singularity and taking limits

Now let’s assume (M™, g (t)) is a solution on a closed manifold on a
maximal time interval [0,7'), where T' < oo, so that sup;r) |[Rm| =
0o0. We try to understand the singularity which is forming as t — T by
considering sequences of points and times {(z;,%;)};cy such that z; € M
and t; — T. We call the points x; the origins. From the single solution
(M™, g (t)) we form a sequence of solutions (M™, g; (t)) defined by

(7.1) gi (t) = Kig (t: + K; 't)

where K; = |Rm (x;,t;)| . We are interested in the sequences where

lim K; = co.
i—00

There are various conditions which we can put on the sequence {(x;,t;)} to
ensure that we obtain either a global or a local limit. We start with the
classical point of view where we first assume there exists a positive constant

229
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C < oo such that

1

(7.2) K; > — sup |Rm]|
M"X[ti—ﬂinlii]

where 3; — oo. In this case, we have

sup  [Rm (g,)] < C.

M"><[—,6’,-,O]

That is, we have a uniform curvature bound for the sequence of solutions
on time intervals ending at 0 and beginning at times which tend to —oo.
In order to apply Hamilton’s Cheeger-Gromov compactness theorem (see
Theorem 5.19) to a get a limit solution on an n-dimensional manifold, we
need an injectivity radius estimate at the origins of the form:

inj g:(0) ({L‘Z) >1>0

for some ¢ > 0. This is equivalent to inj g, (7;) > Kifl/zL.

REMARK 7.1. Given a constant 1 < C < oo, let
1
Mo = {(a:,t) :|Rm (z,t)| > 6sup|Rm(g(t))]} .
MTL

Given a sequence {(x;,t;)} with t; — T, we think of {(z;,t;)} as being at the
smallest space scale (largest curvature scale) if there exists C < oo
such that (x;,t;) € Mc.

The following local injectivity radius estimate is a corollary of Perelman’s
no local collapsing theorem which we shall discuss in Volume 2.

COROLLARY 7.2 (Injectivity radius estimate at smallest space scale). Let
¢ >0 and C < oo be constants. There exists a constant t > 0 depending only
on ¢, C and go such that if {(z;,t;)} is any sequence of points and times with

ti < T < oo such that |[Rm (g (t;))| < CK; in the ball By, (fL‘z‘,CKi_l/2> ’
then inj g,y (w;) > K;l/QL,
With this, we can apply the compactness theorem to get:

THEOREM 7.3 (Ancient limit). If {(x;,t;)} is a sequence satisfying (7.2)
for some C' < oo, then there exists a subsequence such that the sequence
of pointed solutions to Ricci flow {(M™,g; (t),x;)} converges uniformly in
every C* norm on compact sets to a complete solution (M™, g (1), Too) to
the Ricci flow on the time interval (—oo, 0].

Such a solution (M™, g (t)) , t € (—00,0], is called a singularity model.
Ancient solutions with bounded curvature have nonnegative scalar curva-
ture:

LEMMA 7.4 (Ancient solutions have nonnegative scalar curvature). If
(M™,g(t)), t € (—00,0], is a complete solution to the Ricci flow with cur-
vatures bounded on each compact time interval, then either R (g (t)) > 0 for

all t € (—o0,0] or Re(g (t)) =0 for allt € (—o0,0].
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PROOF. (Idea.) From (2.2) and |Rc|* > 1R?, we have %R > AR +
%RQ. As long as we can apply the maximum principle (see [143], Chapter
4 for why we can), since the solution exists on any interval [«, 0], we have
R(x,t) > —ﬁ for all t € (a,0]. Taking the limit as @« — —oo, we
conclude R (z,t) > 0 for all t € (—o00,0]. The strong maximum principle
implies either R > 0 always or R = 0 always. In the latter case, by the

evolution equation for R, we deduce Rc = 0. O

2. Singularity types

It is useful to divide finite time singularities into two types. Suppose
that (M", g (t)) is a solution to the Ricci flow on a closed manifold on a
maximal time interval [0,T"). We say that the solution forms a:

(1) Type Isingularity (rapidly forming) if supys. (o7 (T —t) [Rm| <
o0,

(2) Type Ilasingularity (slowly forming) if sup ;o) (7' — t) |[Rm| =
0.

Similarly, we may divide infinite time singularities:

(1) Type III singularity (rapidly forming) if sup /. [0,0) ¢ [Rm| < o0,
(2) Type IIb singularity (slowly forming) if supy;[o o0y t [Rm| = o0.

PROBLEM 7.5. Under what conditions can one determine the blow up
rate of Type Ila solutions? Perhaps one can begin by considering rotationally
symmetric solutions.

One difficulty could be that Type Ila singularities are not expected to
be generic. In contrast, most immersed convex plane curves with winding
number 2 develop Type II singularities under the curve shortening flow.
Moreover, Angenent and Velazquez [26] proved that for solutions the curve
shortening flow of convex immersed plane curves symmetric about the x-
axis and with exactly one singular arc of turning angle 7, the maximum
curvature satisfies the following asymptotics:

\/bg (log [1/(T —t)])
T—t '

maxk = (1+o0(1))
()

In comparison, a Type I singularity of the curve shortening flow is defined
by:

C
max k <
7(t) T—1

where C' is independent of ¢.

2.1. Curvature gaps. We have the following lower bound for the blow
up rate of the curvature of a finite time singularity.
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LEMMA 7.6 (Curvature gap estimate for finite time singular solutions). If
(M™, g (t)) is a solution to the Ricci flow on a closed manifold on a mazimal
time interval [0,T), where T' < oo, then

(T — t) maxgepm |Rm (x,t)| >

ol =

PRrROOF. Recall from (5.1) that
d
o IRm|? < A|Rm|*> + 16 [Rm|* .

By the maximum principle, the quantity K () = maxgepm |Rm (,¢)[* sat-
isfies dK/dt < 16K3/2. From this and lim,_7 K (t)_l/2 = 0, we conclude
that

K () Y2 <8(T -1

and the lemma follows. O

For infinite time singularities, provided we have an injectivity radius esti-
mate at each time for some point, we have a similar bound for the maximum
curvature.

LEMMA 7.7 (Curvature gap estimate for immortal solutions). If (M™, g (t))
s a solution to the Ricci flow on a closed manifold on the infinite time in-
terval [0, 00),

max |[Rm (z,t)| < Ct™°
zeM™

for some 6 > 0, and if
max inj (z,t)* - max |Rm (z,t)] > ¢
zeM™ xeM™

for some v > 0, then there exists a constant ¢ > 0 (depending on 6 and n)
such that

(7.3) lim sup <t max |[Rm (m,t)\) > c.

t—o0 zeM

PROOF. The length of a fixed path « : [a,b] — M™ (with positive speed)
evolves by (6.22)

d
Loy () =~ [ Re(r,T) ds,
v
where T' = % is the unit tangent vector and ds = |dy/du|du is the arc

length element. Suppose, for the sake of obtaining a contradiction, that

t max |Re(z,t)| <e
zeM™
for some € > 0 to be chosen later and for ¢ sufficiently large. Then

d €
%Lg(t) (7) < ZLg(t) (7)



2. SINGULARITY TYPES 233

for ¢ sufficiently large. This implies that the diameter satisfies

% diam (g (1)) < - diam (g (1)).

From this we conclude
diam (g (¢)) < Ct*
for some C' < co. Then

diam (g ())? max IRm (z,t)] < Ct¥79 =0
zeM™

as t — oo, provided ¢ < 4/2. That is, the metrics approach almost flat in
the sense of Gromov [241], [66]. Since for any metric g, max;enpn inj, (z) <
diam (g) , we conclude that

inj (z,t)%- Rm (z, ¢ 0,
nax inj (z,?)" - max [Rm (z,t)| —

which is a contradiction to our assumption. O
PROBLEM 7.8. Can we remove the injectivity radius assumption in the

above lemma? Note that the homogeneous solutions on Nil in Chapter 4,
§10 satisfy (7.3).

2.2. Elementary point picking.
2.2.1. Type I. If we have a Type I singular solution, then it is natural
to choose any sequence of points and times (z;,t;) with t; — T and

(7.4) (T —t;) |Rm (24, t;)| > ¢
for some ¢ > 0. Recall that the dilated solutions g; (t) are defined by (7.1):
9i (t) = Kig (t: + K; 't)

on the time interval [—t;K;, (T —t;) K;), where K; = |Rm (x;,t;)|. They
satisfy the curvature estimates
IRm (g; (¢))| = K; " |[Rm (g (t; + K 't))|
C C

<K =
TN T (+ Kt Ki(T—t)—t

C

c—t

<

for t € [—t;K;, ¢), which are independent of i. By the compactness theorem,
since we have an injectivity radius estimate from Perelman’s no local collaps-
ing theorem, the sequence of pointed solutions (M™, g; (t) , x;) preconverges
to a complete ancient solution (M2, goo (t),2s) defined on (—oo,c) with
|IRm (g0 (2))] < % ; that is, it is Type L

The prime examples of Type I singular solutions are:
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(1) A closed 3-manifold with positive Ricci curvature or a closed 4-
manifold with positive curvature operator. In this case, as the time
approaches T, the manifold shrinks to a point while approaching
constant sectional curvature. Since exponential convergence in C*°
is known, it follows that for any sequence of points and times (x;, t;)
with ¢t; — T we must have (T — t;) |Rm (x;,t;)| > ¢ for some ¢ > 0.
The limit ancient solution (ML, goo (t) , Too) is a shrinking spherical
space form with |Rm (g (0))] = 1 and is defined on (—oo,w),
where w > 0 is the singular time.

(2) A neck pinch forming on a 3-manifold. An idealized example of
this is the round cylinder S? x S' where the radius of S? at time
tis r(t) = \/r3 —t and the radius of S! is independent of ¢. In
this case, for any sequence of points and times (x;,t;) with t; — T,
the corresponding sequence of solutions (M™, g; (t) , x;) converges to
the ancient solution (S? x R, gs (t)) , where S? has radius 7 (t) =

V2 — t since R (g0 (0)) = |Rm (90 (0))] = 1.

REMARK 7.9 (Parabolic rescaling). Given a singular solution (M™, g (t)),
t €[0,T), where T < oo, consider the rescaled family of metrics

gr)=eg(T—e),
where 7 € (—log T, 00). We easily compute that

0

579 (1) = —2Re(§(7) +3(7).

Given a sequence of points x; € M™ and times 7, — 00, we may consider
the sequence of pointed time-dependent manifolds (M™, g (T + 7;) , ;). This
is essentially the same as considering the dilated sequence g; (t) given by
(7.1) and where t; =T — e~ 7.

2.2.2. Type Ila. For Type Ila singular solutions we shall assume that
M™ is closed.! Assume that
(7.5) sup (T'—t)R = oc.

Mx[0,T)
The reason we use R instead of Rm is related to applying the Harnack
inequality; in particular, see Theorem 8.36. In dimension 3, for solutions to
the Ricci flow on closed manifolds, |[Rm| < CR+ C for some C' < oo, so that
(7.5) is equivalent to the Type Ila condition. However, in higher dimensions
this is not true in general and one should replace R by |Rm| in the following
arguments.

Unlike the Type I case, we choose the sequence of points and times more
carefully. Roughly speaking, we want to choose the points and times so that
they maximize (7' —t) R (z,t). However, by assumption the supremum of
this is co. Hence we maximize over time intervals approaching the maximal

IFor the noncompact case we refer the reader to §16 of [267] or §8.4.2 of [153].
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time interval. So first choose any sequence of times 7; ' T and then choose
points and times (z;,t;) € M™ x [0,T;] such that

7.6 T, —t;) R (x,t;) = T, —t) R (z,1).
(7.6) ( ) R (x,t;) Mga[gfm( )R (z,t)

Let R; = R (z;,t;) and
(7.7) 9i (t) = Rig (t; + R; 't)..
Then by (7.6)

R(g;) (z,t) = R 'R (g) (z.t; + R; 't)
(T; —t;) R;

79 G

forallz € M™ and t € [—t;R;, (T; — t;) R;), where (T; — t;) R; — oco. Assum-
ing the estimate |Rm| < CR+ C, we may apply Perelman’s no local collaps-
ing theorem, the higher derivative estimates and the compactness theorem,
to see that the sequence (M", g; (t),z;) subconverges to a complete limit
(M2, goo (t) , o), which is defined for all ¢ € (—o0,00). By (7.8) and the
fact that for any ¢ € (—o00,00), limy_c0 % = 1, the limit satisfies the

curvature estimate

(7.9) max R (go) (2,t) <1 =R (9so) (€00, 0) .

M2 x (—00,00)

The main conjectured example of a Type Ila singular solution is the
degenerate neck pinch described in the next section.

EXERCISE 7.10. When M™ is noncompact and the solution has bounded
curvature at each time, we may choose (x;,t;) € M™ x [0,T;] so that

(T; —t;) R(xi,t;) > (1—¢;) sup (T; —t)R(z,t)
M"‘X[O,Ti}

where ¢; — 0. Show that if the limit g (t) of gi (t) exists (the no local
collapsing theorem does not apply since M™ is noncompact), then g (t)

satisfies (7.9).

2.2.3. Type IIb. Take any sequence T; — oo and choose (z;,t;) € M™ x
(0,T;) such that

ti (E *ti)R(.’Ei,ti) = sup (t (T‘z *t)R(l‘,t)).
M’"’X[O,Ti}

Note that the graph of the function ¢ +— t (7; — t) is an upside down parabola
vanishing at 0 and 7;. As in the Type Ila case, define g; (t) = R;g (ti +R; 1t)
where R; = R(ﬂfl,tz) Let oy = —t;R; and w; = (Tz — tl') R; so that under
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dilation, [a;,w;] corresponds to [0,7;]. We have
R(g;) (z,t) = R 'R (g) (z.t; + R; 't)
(ti+ R 't) (T, — ti — Ry 't) R (2, t; + Ry 't)
ti (T; — ti) R (i, ;)
LR (T — ti) R
X
(til +t) (T; — ;) Ri — 1)

Q; Wi

T oy —tw;—t

for all z € M™ and ¢ € [o;, w;] . Now

1 _ ;W5 _ tz‘ (ﬂ — tz') Rz’
—ai_l + wz-_l o — W T;
=T;7" sup (t(T;—t)R(x,1))
M™x[0,T3]
1
>—  sup tR(xz,t) — o0

2 Mnx(0.13/2)

as ¢ — oo. Hence a; — —o0 and w; — oo. Hence there exists a subsequence
such that (M™,g; (t),x;) converges in C*° on compact sets to a complete
solution (M2, goo () ;o) , t € (—00,00), with
sup R (goo) =1= R(goo) ($oo, 0) :
M&X(*O0,00)
PROBLEM 7.11. Given a solution to the Ricci flow on a closed mani-
fold, is it possible that a Type IIb singularity exists? We are not aware of

any existence result for Type IIb singularities of the Ricci flow on closed
manifolds.

2.2.4. Type I1I. For Type IlI singular solutions, sup ysn [o,00) t [Rm (g (£))] =
A < o0. Analogous to the Type I case, choose any sequence of points and
times (z;,t;) with ¢; — oo and

(710) tl' |RH1 (mi, tl)| Z C
for some ¢ > 0. Again ¢; (t) = Kig (ti—l—Ki_lt), t € [~t;K;,00), where
K; = |Rm (x;,t;)| . We have the Type III curvature bound:
IRm (g; ()| = K; " |[Rm (g (t; + K 't))|
A A
< <
T LK+t T e+t

for t € (—t;K;,00). Since Perelman’s no local collapsing theorem only ap-
plies to finite time singularities, we do not know if a subsequence converges.

Examples of Type III singularities are expanding hyperbolic manifolds
and most of the homogeneous solutions on 3-manifolds as partially discussed
in §10 of Chapter 4.
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2.3. Curvature bounds for ancient solutions. The following result
is the ‘ancient’ analogue of Lemma 7.6.

LEMMA 7.12 (Curvature gap estimate for ancient solutions). If (M™, g (t))
s an ancient solution with bounded nonnegative Ricci curvature which is not
Ricci flat | then

N —

liminf |¢t| sup R(z,t) >
t==00 " zeMn

PROOF. Since Rc > 0, we have

0
S R=AR+2 IRe|? < AR+ 2R2.
Hence Rpax (t) = sup,epm R (x,t) > 0 satisfies
d -1
1. Rmax t Z -2
& (R (1)
and the lemma follows easily. ([

REMARK 7.13. We have actually shown that there exists a constant C' <
oo depending on the solution such that

1
Rmax (t) >

Runax (0)71 — 2t

for all t < 0. Basically this says that the mazimum scalar curvature of a
non-Ricci flat ancient solution with bounded nonnegative Ricci curvature
cannot decay faster than comparable to that of an expanding sphere as we
go backward in time toward —oc.

Recall that if we have a complete ancient solution with bounded (with
the bound possibly depending on time) nonnegative curvature operator, then
by the trace Harnack inequality (8.49), we have % > 0. In particular, for
all (z,t) € M™ x (—o0,0], we have

R(z,t) < C = sup R(y,0).
yeM

3. Degenerate neck pinch

To the best of our knowledge, it has not been shown that a Type Ila
singularity can form under the Ricci flow on a closed manifold. We now
describe a Type IIa singularity which is conjectured to exist, the degenerate
neck pinch. To see how this singularity should arise, consider a 1-parameter
family of rotationally symmetric solutions g, (¢) to the Ricci flow with pos-
itive scalar curvature on a topological n-sphere, n > 3, parametrized by the
unit interval: s € [0,1]. When s = 0, let the initial metric go (0) be a rota-
tionally symmetric dumbbell, which is also invariant under a reflection, with
two equally sized spherical regions joined by a thin neck such that the neck
pinches off at the center after a short time. See Angenent and Knopf [24]
(and [469] for the noncompact case) for sufficient conditions for such a neck
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to pinch. On the other hand, when s = 1, let the initial metric g1 (0) be a
round sphere, so that g; (t) shrinks homothetically to a round point. Now
let the initial metrics g5 (0) be a smooth 1-parameter family of rotationally
symmetric metrics joining go (0) to g1 (0) with positive scalar curvature. We
leave it to the reader to show that one can construct such families of solu-
tions. Since all of the solutions are rotationally symmetric and topologically
S™, there are two ‘tips’ (at the ends) which are the stabilizers of the SO (n)
action.

Since the solutions have positive scalar curvature, for each s € [0, 1], the
solution exists up to a finite time Ty < oo when a singularity forms. By the
continuous dependence of the solution on the initial metric, we expect that
there is some parameter so € (0,1) such that for all s € [0, s¢), the solution
gs (t) pinches off a neck at time T, whereas the solution g, (t) does not
pinch off a neck at time T, but rather forms another type of singularity.
We ezpect that if we take a sequence of times t; — T, and dilate the solution
gs, () about (x;,t;) where x; is a tip at which the curvature of g5, (¢;) is equal
to the maximum of the two tips, then we obtain the Bryant soliton as the
corresponding limit solution.

We can also ask the following question.

PROBLEM 7.14. Given a closed manifold on a topological spherical space
form and a one-parameter family of initial metrics gs (0), s € [0, 1] such that
go (t) forms a Type I singularity model isometric to a shrinking spherical
space form S™ /T, and g1 (t) forms a Type I singularity model isometric to
a shrinking quotient of a cylinder (S”_l X R) /T, then does there exist so €
(0,1) such that gs, (t) forms a Type Ila singularity?

The expectation is that at any sp € (0,1) where there is a transition in
the kind of singularity model, the singularity type of gs, (¢) is Ia. Perhaps
one can consider S™ where the one-parameter family of initial metrics are
all rotationally symmetric. Here one expects that if a Type Ila singularity
forms for one of the initial metrics, then the Bryant soliton is a singularity
model of the solution.

3.1. Point picking for ancient solutions (backward limits). An
ancient solution is Type I if

sup |t/ |Rm (z,t)] < o0
M™x (—00,0]

and Type II if

sup  [t||Rm (z,t)| = oc.
M™% (—00,0]

As far as we know, there hasn’t been an application of taking a backward
limit in a Type I ancient solution (although there is a related idea when
considering Hamilton’s entropy to classify Type I ancient solutions on sur-
faces).
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Similar to the point picking technique for Type Ila solutions (see §2.2.2),
we can sometimes take a backward limit of a Type II ancient solution to
obtain a steady gradient Ricci soliton. Here we take any sequence of times
T; — —oo and choose (z;,t;) € M™ x (T;,0) so that

[ti| (ti — T3) | R (i, )|

lim =1
i—oo SUpP 1y 0] [ (8 = T0) | R (2, 1)

If one has an injectivity radius estimate, then one can show that the dilated
solutions (M™, g; (t),x;) converge to a complete solution (ML, goo (t) , Zoo)
to the Ricci flow defined on the eternal time interval (—oo,c0) with the
property that R (rs,0) = SUDP /3 x (—o0,00) 11+ When we have, in addition,
that Rm (g0 (£)) > 0, we can conclude (M2, g (t)) is a steady gradient
Ricci soliton (see Theorem 8.36). A nice example of this is the choice of
appropriate points and times in the Rosenau solution to obtain the cigar as
a backward limit.

3.1.1. The steady soliton solution as a limit of homothetic soliton (fun-
damental) solutions. To get a better feel for backward limits, we consider
the one-dimensional heat equation

ou 0%u
ot Ox?
on R. A steady soliton solution is
gla,t) ="

which satisfies

g(x,t+s)=g(x—s,t).
We can obtain this steady soliton solution as the limit of homothetic soliton
(fundamental) solutions of the form

Fave (,1) = —— = (@=b)/Alt+c)

Vt+ec
In particular, consider the 1-parameter family of fundamental solutions
o, 1) = ~LEE (w20 )
Vit+c

Another way to write this is:

1/2 2 4 _
fan=(0) ew{-{ =0

From this we see
lim f,(z,t) =",

CcC— 00

REMARK 7.15. Note that we let h (x,t) = %e_‘cg/‘”, then

fe(z,t) = f\/zec’_%ﬁ (x,t) = Vee®h (z + 2¢,t +¢) .
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4. Classification of ancient solutions on surfaces

A priori estimates for Ricci flow usually lead to geometric applications.
The Harnack and entropy estimates are no exception. In this section we
study ancient solutions on surfaces. Note that we study these ancient solu-
tions in general and we do not assume they necessarily arise from dilating
about a singularity of some solution to the Ricci flow. First we consider an
application of the Harnack estimate.

THEOREM 7.16 (2-d eternal solutions attaining the sup of their curva-
tures are cigars). If (MQ,g (t)) , t € (—00,00), is a complete solution to the
Ricci flow with curvature bounded on compact time intervals and such that
SUP A/ x (—o0,00) 12 48 attained at some point in space and time, then (M?%,g(t))
is either flat or isometric to a constant multiple of the cigar soliton solution.

PROOF. By Lemma 7.4, we have either g (¢) is flat or has positive curva-
ture. We claim that in the latter case (M 2g (t)) is a gradient Ricci soliton.
The proposition then follows from this claim and Corollary 4.8.

To prove the claim, let

P= %ng— |Vlog R|> = Alog R + R.

This is the quantity defined in (8.20) without the 1/t term. One can compute

that
2

9 1
(7.11) 50 =AP+2(VIegR,VP) +2|VVIog R+ S Rg|
and hence
(7.12) %P > AP +2(VlogR,VP) + P2

Here we applied the inequality |ai;|*> > L (tr a)? to a = VVIog R + IRg.
Since the solution exists on the interval («, c0) for any o € R, the maximum
principle says
P=AlogR+ R > 1
t—«
for all t > . Hence, at any (z,t) € M? x (—o0, 00), by taking o — —o0, we
see that

AlogR+ R > 0.
Now by our hypothesis, there exists (zg,ty9) € M? x (—o0,00) such that
R (20,%0) = SUP2x(—o0,00) 8- At (T0,t0) we have %—If = 0 and |[VR| = 0,
and hence P (zg,tg) = 0. Since P > 0, applying the strong maximum
principle to (7.11) we see that P = 0 and hence VVlog R + %Rg = 0 on
M? x (—o0,00) , which says that g(t) is a gradient Ricci soliton flowing along
Vlog R. O

REMARK 7.17. The above result extends to higher dimensions. See The-
orem 8.36.
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Next we consider an application of the entropy estimate, Proposition 77.

THEOREM 7.18 (2-d Type I ancient solutions are round 2-spheres). If
(.MQ,g(t))7 t € (—oo,w), w < o0, is a solution to the Ricci flow on a
complete surface with curvature bounded compact time intervals and such
that Supy(—sow—1) [t| R < 00, then w < oo and the universal cover of

(MQ,g (t)) is isometric to either a round shrinking S? or the flat R?.

REMARK 7.19. For the noncompact case, see Proposition 7.20 (Theorem
26.1 of [267].)

PROOF. As in Lemma 7.4, we have either R = 0 or R > 0 everywhere;
we assume the latter. By passing to the universal cover if necessary, we may
assume M? = S2 Since the area A (g (t)) of M? evolves by

GA@W) =~ [ Rdu=-sn,

we have A (g (t)) = 87 (T —t) for some constant 7. The entropy is:

N(g(t) = [ Rlog(RA)du

M2
= / Rlog [R(T —t)] du + 8mlog (87),
M2

which is a nonincreasing function of time. By our assumption, we have

sup (T'-t)R<

M x(—oo,w—1)
and hence the limit
(7.13) N_oo = lim N (g (t))
t——o0

exists and is finite.

Now take any sequence of points and times (z;,t;) with R (z;,t;) =
Rpax (t;) and t; — —o0, and consider the dilated solutions
(7.14) gi(t) = Kig (t + K[ 't),,
where K; = R (x;,t;). Since 0 < R (g; (0)) < 1, by Klingenberg’s injectivity
radius estimate (see Theorem 5.9 on p. 98 of [103]), inj (g; (0)) > v/27. Since
A(gi(0)) = 8nK; (T —t;) < C < oo, the diameters of g; (0) are uniformly
bounded. Hence, by the Cheeger-Gromov type compactness Theorem 5.19,
there is a subsequence (M 2 g (1) ,xi) which limits to an ancient solution

(M2 s 900 (1) 7o)
of the Ricci flow on a closed surface of positive curvature. The entropy of
the limit satisfies

N (goe (8)) = lim N (gi (1)) = i N (g (t + ;7 4)) = N,

since lim; oo (ti +K;1t) = —oo for all t € (—o0,0]. In particular, the
entropy of the limit is independent of time. By Corollaries ??7 and 77,
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we conclude that g_o (¢) is a shrinking round 2-sphere. Since the con-
stant curvature metrics minimize entropy among all metrics on S2, we
have N_o, < N (g(t)). But since N (g (t)) is nonincreasing, we also have
N_ooc > N (g(t)). Thus N (g(t)) = N_ and g (¢) is a shrinking 2-sphere of
constant curvature. U

PROPOSITION 7.20. Any ancient solution (M?,g(t)), t € (—oo,w), on
a noncompact surface with R (g (t)) > 0 is Type II.

REMARK 7.21. That is, there does not exist a Type I ancient solution
with positive curvature on a noncompact surface.

PROOF 1. Suppose (M2,g(t)), t € (—oo,w), is a Type I ancient so-
lution on a noncompact surface with R (g (¢)) > 0. If ASCR (g(t)) = oo,
then we can apply the point picking methods to obtain an infinite number
of bumps of curvature which contradicts Theorem 7.35.

Choose any origin O € M. By Proposition 4.19 we have

AVR (g) >0
and there exists ¢; > 0 such that
R (z,t) dyg) (2,0)* > ¢
for all z € M™. Let
A(r)={z e M?:r<d(z,0) < 2r}.

By the proof of Proposition 4.19 we can actually show that there exists
co > 0 such that

Area (A (1)) > cor.
Thus

/ Rdu > % ceor? = c1e9 > 0.
A(r) r

Since {A (3’“) }Zo:o are disjoint, we conclude

Rdp > / Rdp = oo.
/M2 kZO A(3F)

This contradicts the Cohn-Vossen inequality which says that

/ Rdy < 4.
M2

Another proof is as follows.

PRrROOF 2. We claim AVR (g (t)) = 0. For if AVR (g (¢)) > 0, then by
[400] the ancient solution can be extended to a Type III immortal solution,
that is, for ¢ € (0,00) we have tR (z,t) < C independent of = and t. By the
Harnack inequality, since the solution is ancient, we also have % > 0 so
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that we conclude R = 0. By Proposition 4.19, ASCR (g (¢)) = oo, and as in
the proof above, we obtain a contradiction to Theorem 7.35. O

We conclude this section with what happens in the complementary case

where Sup sy (— oo w—1) [t| R = 00

PROPOSITION 7.22 (2d - backward limit of Type II ancient solution is
cigar). If (M?,g(t)), t € (—oo,w), w < o0, is a solution to the Ricci flow
on a complete surface with curvature bounded on compact time intervals and
such that

sup |t| R = oo,
M x(—oo,w—1)

then there exists a sequence of points and times (x;,t;) with t; — —oc such
that (MQ,gi (t),:ci), where g; (t) is given by (7.14), limits to a constant
multiple of the cigar soliton solution.

PrOOF. We first choose any times T; — —oo and positive numbers ¢; —
0. Since the curvatures are uniformly bounded on compact time intervals,
there exists a sequence (x;,t;) such that

(7.15) ti| (ti = T;) R (xi,t;) > (1 —¢;) sup |t (t —T;) R(x,t).
Mx[T;,0]

Define
o = (ti — TZ) R (mi, ti)
w; = 4R (l‘i, ti) .

Then
1 o |tl‘(tz—T'7,)R(CCZ,tZ)

a 4wt |T;|

2 3

so that

lim o = 0o = lim wj.
1—00 1—00

Let K; = R (x;,t;) and consider the sequence of dilated metrics
9 (t) = Kig (t; + K 't)

which are defined on the time interval (—oo,w;]. By (7.15) we have the
curvature estimates

0<R(g:(t) <

(1 — Ei) (Oéi + t) (wi — t)

Since M? is noncompact, by the Gromoll-Meyer injectivity radius estimate,
since 0 < K (g; (0)) < 2(+_Q),

inj (¢i (0)) = V2 (1 —ei)m.

Hence we can apply Hamilton’s Cheeger-Gromov compactness theorem for
solutions of Ricci flow to conclude that there exists a subsequence (M 2 gi(t), xl)
which converges to a limit solution (M 2 g0 (1) ,3300) . Since on any compact

= fi(t).
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time interval I C (—o0,00) we have f; (t) — 1 uniformly, this limit solution
satisfies the curvature estimate

0<R(g9o(t) <1

for all t € (—00,00). Since Ry (o) (Too) = lim;—o0 Ry, (0) (z:) = 1 > 0, the
strong maximum principle implies R (goo (t)) > 0. By Theorem 7.16, we
conclude that (M2, g (t)) is a cigar soliton solution. O

In any dimension, an ancient solution (M™, g (t)) is called an ancient
k-solution if it is complete, nonflat with bounded nonnegative curvature
operator and if for any metric ball B(xz,r) C M™ with r > 0 and such that

|[Rm| < r=2 on B(xz,7), we have W > Kk (see Chapter 77, §?7 for
further discussion.) Since the cigar soliton is not an ancient x-solution for

any k > 0, from Propositions 7.18 and 7.22, we obtain the following.

COROLLARY 7.23 (Hamilton 1995 - n = 2, k-ancient solutions are round
S2). If (M?,g(t)) is an ancient k-solution, then (M?, g (t)) is a round
shrinking 2-sphere.

Another proof of this will be given in Volume 2.

5. Extending noncompact ancient surface solutions to eternal
solutions

In this section we prove a 2-dimensional analogue of Perelman’s conjec-
ture for ancient x-solutions. This result hinges on an arbitrary dimensional
long-time existence result for solutions of the Kéhler-Ricci flow with non-
negative bisectional curvature and average scalar curvature decaying (see
Volume 2 for the definition of bisectional curvature.)

THEOREM 7.24 (Shi). Let (M™,go) be a complete noncompact Kdihler
manifold with bounded nonnegative bisectional curvature. Assume that there
exists a C' >0 and 0 < 0 < 2 such that for any x € M™ and r > 0,

1
_— Rdy < —.
Vol (B (.’L‘,T‘)) /B(x,r) "= (1 + T.)G

Then a solution g (t) to the Kdhler-Ricci flow with g (0) = go exists for all
time.

(7.16)

See [464], Theorem 7.9 for the proof. There is a slightly more general
result in [404] (Corollary 2.2) using a different and simpler approach of
obtaining the key C° estimates. The result says that one has the same
result if the integral on the left hand side of (7.16) is bounded by a positive
function k(r) with [ sk(s) = o(r?).

THEOREM 7.25 (Ni - 2-d noncompact ancient solutions are eternal). If
(M?,g(t)) is a 2-dimensional complete noncompact ancient solution to Ricci
flow such that on any compact time interval the curvature is bounded, then
(M2, g(t)) can be extended to an eternal solution.
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PROOF. We assume that the solution exists on the time interval (—oo, 1]
and consider a fixed time: (M2, g(0)). Recall from Lemma 7.4 that if (M2, g(0))
is not flat then R > 0. By the classical Cohn-Vossen inequality we know
that

/ R(z,0)dp < 4w
M2

The injectivity radius estimate of Gromoll-Meyer implies that the injectivity
radius of (M?, g(0)) has the lower bound 7/v'K, where K = 1 sup,¢ 2 R(x,0).
By Corollary 1.68, there exists C' = C'(K) such that Vol (B (z,r)) > Cr for
any x € M? and r > 1. (Actually, since we have an injectivity radius esti-
mate, in our case a simpler proof of the linear growth of the volume of balls
follows from simply taking a ray and considering an infinite chain of disjoint
unit balls centered at points along the ray.) We then have

1
- du < .
Vol (B (z,7)) /BW)R =T

The result now follows from Theorem 7.24 (Riemannian surfaces are Kéhler).
O

This leads to the following question:

PROBLEM 7.26 (Are 2-d eternal solutions cigars?). For every eternal so-
lution on a surface with the curvature bounded at each time, isSUp pr2y (—oo,00) B
finite and attained? If so, the solution must either be flat or the cigar soliton.

6. Dimension reduction

Given a singular solution (M™, g (t)) we are interested in singularity
models (M%, g (t)) , which are the complete limit solutions of dilations of
the original solution g (¢) about suitable sequences of points and times. In
dimension 3, these singularity models have nonnegative sectional curvature
and the classification result in section 4 of Chapter 4 applies. If the univer-
sal cover of (Mgo, oo (t)) does not split, then g (t) has positive sectional
curvature. In this case one would like to study the geometry at spatial
infinity of the solution g, (t) at a fixed time, say ¢t = 0. To do this we shall
now describe how to find a sequence of points y; € M2, tending to spatial
infinity about which to dilate the solution to get a limit which splits.

DEFINITION 7.27. Let (M™,g) be a complete noncompact Riemannian
manifold with nonnegative Ricci curvature. An asymptotic cone of (M", g)
is a pointed Gromov-Hausdorff limit of a sequence {(M",e;g,p)}ic, , where
E; — 0.

One can obtain interesting metrics on R* invariant under SU (2) (for the
following the reader may find it useful to first do Exercise 4.21).

EXERCISE 7.28 (Perelman [415]). Let {f;};_, be left-invariant vector
fields on SU (2) = S3 with
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where (ijk) is a cyclic permutation of (123). Let {ni}?zl denote the dual
coframe field and consider a metric on R* given in spherical coordinates by

3
g=dr’+> a;(r)*n @'
i=1
Show that if (ijk) is a cyclic permutation of (123), then
o\ 0 o woooay(r)
<R <f“67’> 8T7fl> = —a (T‘)CLZ- (T)—

/‘/
1
a; (r)
(R(fi, f7) f5, fi)
ala’ a4+a4—3ai+2a2ai+2a2a%—2a2a2~
= £l 157 (— e - ! —

|fil?

a 2,2,2
a;a; a;ajay

<R(fi7fj) Jrs %>
_ il 511 %] <

a;Q;jQg

/

al ;
_a_z (af +af — a?) + a_j- (a? — a? —az) + 2aka§€)

0\ 0 0
_ <R <§f> fi,fk> 0.
r

Consider the special case (Fubini-Study metric on CP?) where
a; (r) =sinrcosr
a;j = Q) = COST.

Perelman [415] showed that for metrics of the form

0 (r) = 1—10r (1+ 6 (r)sin (log log )
aj(r) = %r (1 + ¢ (r)sin (loglog r))_l
a (1) = 357 (1 =7 (1)

where ¢ and v are smooth functions satisfying
p(r)=0for0<r<p, ¢(r)>0forr>p, 0<¢ (r)<r 2

and

y(r)=0for 0<r<p/2, v (r)>0
and

-1
7" (r) >0 for p/2 <7 < p, 7’(7’):<rlog3/2r) forr > p
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(and smoothed out at the origin where r = 0), one has

[Rm| = O (r—?)
0 0
Re (E’ E) >C/ (7“2 log*/? 7")

Re (fz, fz) > C/T'Z.
In particular, the Ricci curvature of such metrics are positive. However,
since ¢ (r) > ¢ > 0 for r > p + 1, and sine oscillates, we have the following:

THEOREM 7.29 (Perelman). The asymptotic cones of these metrics are
not unique.

EXERCISE 7.30. Prove the above results.
6.1. Point picking.

THEOREM 7.31 (Infinite ASCR point picking). Let (M™, g) be a complete
noncompact Riemannian manifold with ASCR (¢g) = oo and let O € M™.
There exists a sequence of points {x;};, with d (x;,0) — co and sequences
g; — 0 and r; > 0 with R(x;) T‘Z-Q — o0 such that the balls B (x;,1;) are
disjoint, d (z;,0) /r; — oo, and
(7.17) sup R<(1+¢) R(x;).

B(zi,r;)

PRrROOF. Choose any sequences §; — 0 and A; — oo such that Aiéz — 0.

Define s; > 0 by

(7.18) siimax{s>0: max R (z)d(z,0)? SAZ}.
B(0,s)
Since ASCR (g) = oo, we have s; < oo for each i. By the definition of s;
there exists y; € B (0, s;) such that d(y;,0) = s; and
(7.19) R(y;)d(yi,0)* = A,.
Since A; — 00, we have s; — 0o. Now choose z; € M™ with d (z;,0) > s; —
oo so that
(7.20) R(zj)>(1—-96) sup R.
Mn—B(0,s;)

These will be the centers of the balls we will consider; their radii will be
r; = 0;s; which satisfy r;/s; — 0 so that d (z;,0) /r; — co. Note that
(7.21) R(xz) > (1 - (51) R(yl) = (1 - (51) AZ'SZ-_Q.
In particular, R (x;)r? > (1—6;) A;0? — oo. Since d(z;,0) — oo and
r;/d (x;,O) — 0, it is easy to see that after passing to a suitable subsequence,
B (z;, ;) are disjoint.

Finally we prove (7.17). Suppose z € B (z;,7;). If d(z,0) > s;, then by
(7.20)
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On the other hand, if d (z,0) < s;, then by (7.18), R (z) < Ad (z,0)">.

Now we use
d(z,0) >d(z;,0) —d(z,x;) > 85 — 1 = (1 — 0;) 8,
which implies
R(z) <A (1-6)2s72<(1-6)°R ()

by (7.21). Since (1 —6;)7> > (1 — &)~ ", we choose &; = (1 —§;)° — 1 and
we have proved (7.17). O

6.2. Bumps of curvature. The geometries of ancient solutions are
often product like at spatial infinity. By this we mean that given a fixed
time, there often exists a sequence of points tending to spatial infinity whose
corresponding rescalings limit to a solution which is the product of a line
and a surface. The complementary case, which we want to rule out, is when
the manifold has so-called curvature bumps tending to spatial infinity.

DEFINITION 7.32 (Curvature bump). A ball B (p,r) in a Riemannian
manifold (M™, g) is called a curvature e-bump if

sect (g) > l

n B .
- in B (p,r)

This notion is scale-invariant in the sense that if B (p,r) is a curvature
e-bump with respect to a metric g, then B (p, \/Zr) is a curvature e-bump

with respect to the metric Ag for any A > 0. We are interested in whether
there can be lots of curvature bumps far away from each other.

DEFINITION 7.33. Let O € M™. Given A > 0 (usually large), a curvature
e-bump B (p,r) is said to be A-remote with respect to O if

d(z,0) > Ar.

Given points p and ¢ in a Riemannian manifold, we let pq denote a
minimal geodesic from p to ¢. By the second variation of arc length formula
one can see that long minimal geodesics tend to avoid positive curvature
regions. A quantitative version of this fact is the following, whose proof
relies on the repeated use of Toponogov’s triangle comparison theorem.

PROPOSITION 7.34 (Repulsion principle). For every ¢ > 0 and n > 2
there exists a A < oo depending only on £ and n such that if (M",g) is a
complete Riemannian manifold with nonnegative sectional curvature and if

(1) x € M™ is a point and r > 0 is a radius such that sect (g) > 5 in
B (x,3r),
(2) y1 and yo are points with min{d (y1,x),d (y2,x)} > Ar,

then any minimal geodesic y1y2 joining y1 and ys is disjoint from the ball of
radius s = min {d (y1,z),d (y2,x)} /A > r centered at x ; that is, for every
w € Y1ya, d(w,z) > s.
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See §21 of [267] or [143] for the proof. The repulsion principle implies
the following, which is the main result of this section.

THEOREM 7.35 (Finite number of curvature bumps). For every e > 0
and n > 2 there exists a A < oo depending only on € and n such that if
(M™, g) is a complete Riemannian manifold with nonnegative sectional cur-
vature, then there are at most a finite number of disjoint A-remote curvature
e-bumps.

Proof. Given any € > 0, let A < oo be as in the proposition above. Sup-
pose there are an infinite number of disjoint A-remote curvature e-bumps.
Since any compact region can only have a finite number of disjoint curvature
bumps, we can find an infinite sequence of disjoint A-remote curvature e-
bumps B (x;,r;) with d (zi11,0) > 2d (x;,0) . Given any ¢ and j with ¢ < j,
there exists a unique point w;; on a minimal geodesic Ox; with d (w;;, 0) =
d (x;,0). By the repulsion principle, we have d (w;;,z;) > %d (24,0) . Now
we consider the triangle x;0w;; and apply the Toponogov triangle compar-
ison theorem and the law of cosines to obtain

d (wij, a:i)g <d (1‘2', 0)2 +d (’U)Z'j, 0)2 — 2cos (K{L‘ZOwU) d (.’L‘Z', O) d (wij, O)
= 2d (z;,0)? (1 — cos (£x;0xy)) .

Hence cos (£2;07;) < 1 — 5+, which implies £z;0z; > 6, for all i and j

222
with i < 7, and where 6 = cos™! ( — ﬁ) > (. This yields a contradiction.

6.3. Dimension reduction.

EXERCISE 7.36. Show that if f is a C*° function with V;V;f > 0 ev-
erywhere and V f (O) = 0 at some point O € M on a complete Riemannian
manifold (M™, g), then M™ is diffeomorphic to R™.

HINT. This follows from Morse theory (see for example [378]).

THEOREM 7.37. Let (M",g), where the dimension n is odd, be a com-
plete steady gradient Ricci soliton on a moncompact manifold with positive
sectional curvature and such that R attains its mazimum at some point O €
M. Suppose there exists a sequence of points {x;} such that d (z;,O) — oo,
{ri} is a sequence of radii with r?R (z;) — oo and

R(z) < CR(z;) for all x € B (z;,71;)
for some constant C' < co. (We can obtain such a sequence from the point

picking Theorem 7.31.) In addition, assume that {x;} can be chosen with
the above properties and

R(z;) > cmax R
Zo(ws)
where R;j = V;V;¢ and ¢ > 0 is independent of i. Then there exists a
constant ¢ > 0 such that

inj (z;) > R (z5)"/*.
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PROOF. The steady gradient Ricci soliton equation is

(7.22) ViV, = R;; > 0.
Recall from taking the divergence of (7.22) we have
(7.23) VR +2Re (Vo) =0

so that |V¢| (O) = 0 since |[VR|(O) = 0 and Rc > 0. Hence ¢ attains its
minimum at O. Substituting VV¢ for Re in (7.23) implies
R+ |V¢|* = const = R(0O)

since |V¢|(O) = 0. Thus |V¢| < /R(O) on M. Let v be a unit speed
geodesic emanating from O. Then %qﬁ (v(s)) < |V¢| < /R(O) so that,
normalizing ¢ so that ¢ (O) = 0, we have

6 (x) < VR(0)d(z,0).
To get a lower bound for %gf) (v(s)) = Vo -4 we argue as follows:

d
= (V6,3) = VV6(3.9) = Re(3,3) > 0

so that
(Vo (7(s),7(s) = (Vo (v(e)), 7 (e))-
It is not hard to see that there exists ¢ > 0 and A > 0 such that (V¢,5 (¢)) >

A for any unit speed geodesic v emanating from O (see Remark 7.38 below).
We then have %qﬁ (7 (s)) > A for all s > ¢ and integrating this yields

6(2) = Ad(x,0).
Consider the level sets of ¢

Ye=¢ 1 (c).
By the above estimates, for every x € ¥, where c is sufficiently large
c
7.24 <d(z,0) < —.
(7.24) = <d@0) <

Let II denote the second fundamental form of ¥, recall from (?7):

(VV¢)(X,Y) Re(X,Y)
Vo VY

From (??) we have for any ¢y > ¢ (O), there exists by > 0 such that |V¢| >

bp on X, for ¢ > ¢p. Hence, by (7.25) and the bound on the Ricci tensor
(Rc > 0 and the scalar curvature achieves its maximum), for some Cy < oo

III (x)] < C1R(x) for x € 3,

for ¢ sufficiently large.
Now by hypothesis we have a sequence of points {x;} such that d (z;, O) —
o0, {r;} is a sequence of radii with r?R (x;) — oo and

R(z) < CoR (z;) for all z € B (x;,1;)

(7.25) II(X,Y)= > 0.
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for some constant Cy < 0o, and

R (z;) > c3 max R
Zo(w1)

where c3 > 0 is independent of i. Since
VR-V¢=—2Rc(Vo, Vo) <0

we have R is decreasing along the integral curves to V¢. In particular,

1
R(z) < C—R(:UZ) for all x € ¥, where ¢ > ¢ (x;) .
3

Then
III (z)]| < %R(mz) for x € X, where ¢ > ¢ (z;) .
Since sect (M) > 0 and II > 0, by the Gauss equations, for any linearly
independent XY € T,
(Rms,) (X,Y,Y,X) = (Rm ) (X, Y, Y, X)+IL(X, X) I (Y,Y)-[IL(X,Y)]* > 0.
Furthermore, from this we have
Rmy, | < CyR(x;) for z € ¥, where ¢ > ¢ (x;) .

Since M™ is odd-dimensional, Y. is even-dimensional and we can apply the
Klingenberg injectivity radius estimate to obtain

Cs

R ()
for some c5 > 0 independent of ¢. Hence there exists cg > 0 independent of
1 such that

Voly., (Bzc ('y (c), %)) > ¢ |:T‘R (xz‘)_l/ﬂ n—1

for any r < c5. Let v : [qb (), ¢ (i) +R(mi)_1/2] — M be the integral

curve to V¢ with ~ (¢ (x;)) = z;. Since |[Vé| < /R (O), by the co-area
formula (Lemma ??) we have

inj (3.) >

1

¢(:)+ A= R(z:)/?
Vol (B (a:i,R(xi)‘l/Q)) > RO 2o | de
o(z;) By, <'y(c),\/%> |V¢|
1 121t 1 —1/2
R (z; ————R(z;
= JRO)" [erR (2] N AR
n—1
_ 67 N-1/2]"
2R (O) [R (:) }

where ¢; = min {05, %} This implies the desired injectivity estimate at
{.%‘Z} . O
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REMARK 7.38. For any unit speed geodesic v : [0,L] — M emanating
from O we have
d2
(7.26) £36(() = (YY) (3,4) > 0
and di o0 @ (7 (8)) = 0, so that for any e > 0 there exists c > 0 (independent

S

of v) such that

LoG() > e

for s > . The way to see this is to first choose any € < inj (O) and to note
that
inf 4 d(y(s)=c>0
¥(0)=0 ds|,_, i N
(the LHS is the same as infy 0)—- % (z)), and then to apply (7.26) for
larger €.

7. Hamilton’s partial classification of 3-dimensional singularities

By the Hamilton-Ivey curvature estimate, singularity models have non-
negative sectional curvature. The relative topological and geometric sim-
plicity of such solutions is one of the reasons their classification is possible.

The following partial classification result for 3-dimensional Type I sin-
gularities was proved by Hamilton, §24 of [267].

THEOREM 7.39 (3-dimensional Type I singularity models). If a solution
(M3,g(t)), t €[0,T), to the Ricci flow on a closed 3-manifold develops a
Type I singularity, then either:

(1) (Spherical space form) M3 is diffeomorphic to a spherical space
form and the solution g (t) to the normalized Ricci flow with g (0) =
g (0) converges to a constant positive sectional curvature metric, or

(2) (Exist neck-like points) there exists a sequence of points and times
(x4, t;) with t; — T such that the corresponding dilated solutions
(M3, gi (t)) defined by (7.1) converge to a quotient of the shrinking
round cylinder S? x R.

PROOF. (Sketch. See see Theorem 24.7 of [267] or section 9.4 of [153]
for more details.) By (3.25), there exists a constant p such that R+p > ¢ > 0
at all points and times. Given € > 0, consider the quantity
2
. |[Rm —3RI,.|

R =

Note that Rm—%RI A2 is the trace-free part of Rm. Certainly we cannot
show that in general FF — (. The idea is to show that if case 2 does
not hold, that is, there does not exist a sequence of neck-like points, then
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limy_7 max,¢c s F (z,t) = 0. In particular, suppose that there exist ¢,d > 0
such that at every point and time, either

(T'—t)|Rm| < ¢
or
IRm — R & 0
[Rm|
for every unit 2-form 6. One can show that there exists a constant a > 0
such that

>4

0 2(1—¢) a
—F<AF+——* Fy— —F.
ot — + R+p (VE VE) T—t

Applying the maximum principle, one deduces that

lim max F'(z,t) = 0.

t—T xe M3
With a little more work, one can actually show that the solution g (¢) to the
normalized flow with g (0) = g (0) converges to a constant positive sectional
curvature metric on M3. U

The intuition underlying the statement of the above theorem is that a
Type I singularity on a 3-manifold should either represent convergence of
the normalized flow to a spherical space form (case 1) or the formation of a
neck pinch (what is expected to happen in case 2).

Recall that given a solution (M™,¢(t)) and a sequence of points and
times (z;,t;), we considered the dilated solutions (M", g; (t)), where

i (t) = K9 (ti + K;lt) , K;= ]Rm (Z‘i,ti)| .

Given a Type I singularity, for any sequence of points and times (x;,t;)
with (7' — t;) |Rm (x4, t;)| > ¢ for some ¢ > 0, the dilated solutions (M™, g; (t))
satisfy a uniform curvature bound. After passing to a subsequence, these
solutions (M™,g; (t),x;) converge to a complete ancient Type I solution
(M2, goo (t) ;o) . When n = 3, by the Hamilton-Ivey estimate, we know
that goo (t) has nonnegative sectional curvature. Moreover, by Theorem 7.39,
we have that either (M2, g (t)) is isometric to a shrinking spherical space
form or there exists another sequence of points and times (Z;,t;) whose di-
lated solutions (M™, g; (t) , &;) converge to a shrinking round cylinder S? x R
; these two possibilities are mutually exclusive.

For Type II singularities, to obtain a partial classification, we need to
invoke Perelman’s no local collapsing theorem, which provides us with the
injectivity estimate that we previously unknown. With this aid, which also
rules out the cigar soliton as a singularity model, Hamilton’s result becomes

strengthened to the following.

THEOREM 7.40 (Partial classification of Type Ila singularity models).
If a solution (M?,g(t)), t € [0,T), to the Ricci flow on a closed 3-manifold
develops a Type Ila singularity, then
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(1) there exists a sequence of points and times (z;,t;) with t; — T such
that the corresponding dilated solutions (M?, g; (t)) defined by (7.1)
converge to a steady Ricci soliton with positive sectional curvature.

(2) In addition, there exist points and times (Z;,t;) with t; — T such
that the corresponding dilated solutions (M3, Ji (t)) converge to the
shrinking round cylinder S? x R.

Proor. For a Type Ila singularity, motivated by the eternal solutions
application of the matrix Harnack estimate (Theorem 8.36), it is useful to
be more careful in how we pick the sequence (z;,t;) . We restrict ourselves to
the 3-dimensional case, where we have the estimate C'|Rm|—C < R < |Rm]|.
To start, choose any sequence of times T; — T < oo. Let

Q= sup (T, —1)|R (1)
M?’X[O,TZ‘]

which satisfies {; — 0o. One can choose points and times (x;,t;) such that

lim Q' (T; — t) | R (i, t:)| = 1.

In this case, the dilated solutions (M 3.9 (1) ,xi) converge (recall Perelman’s
no local collapsing Theorem ?7? provides the required injectivity radius esti-
mate) to a complete solution (M2, goo (t) , %) to the Ricci flow defined on
the eternal time interval (—oo,00) with the property that Rm (goo (t)) > 0
and R (Too,0) = SUPp3 «(—o0,00) 8 > 0. By Theorem 8.36, we have that
(Mg’o, oo (t)) is a steady gradient Ricci soliton. The strong maximum prin-
ciple (see section 4 of Chapter 4) implies that either g (t) has positive
sectional curvature or the universal covering solution g (t) splits as the
product of a steady gradient Ricci soliton on a surface with R. The latter
case is not possible since by Lemma 4.7 the surface Ricci soliton must be the
cigar, which is ruled out by the no local collapsing theorem. Hence g (%)
must have positive sectional curvature and dimension reduce to a round
cylinder S? x R. O

The above result is in agreement with the degenerate neck pinch picture
(see section 3).

EXERCISE 7.41 (Chu). Show that if g evolves by Ricci flow and o is a
1-form evolving by

0
—a=Asa=Aa—Rc(a),

ot
then

d
(7.27) o o2 = Alal? - 2|Val?.

Hence, by the mazimum principle, we have
2
ma o (1) 2

s a monincreasing function of t.
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Equation (7.27) has the following application to the Ricci flow due to
Ilmanen and Knopf [296].

THEOREM 7.42. If (M™, g (t)) is a solution to the Ricci flow on a closed
manifold and if w € H* (M™,7) is an element of infinite order, then there
exists ¢ = ¢ (g (0),w) > 0 such that the length with respect to g (t) of any
curve representing w is bounded below by ¢ for all t > 0.

This result has the following consequence.

COROLLARY 7.43. No compact quotient of S*> xR can occur as the limit
of dilations about a singularity for a solution of the Ricci flow on a closed
3-manifold.

REMARK 7.44. As we shall see in Volume 2, this result is also an easy
consequence of Perelman’s no local collapsing theorem.

8. Some conjectures about ancient solutions

Recall that a solution (M™, g (t)) to the Ricci flow is called ancient if it
is defined on an interval of the form (—oo,w), where w € Rt U{oo}, and we
say that an ancient solution is Type I if supp/n,(—oo o) [t/ [Rm (2,1)| < o0.

In dimension 2, it may be hoped that there is a nice classification of
ancient solutions.

PrROBLEM 7.45 (Classification of 2-d ancient solutions). Suppose that
(M?,g(t)) is a complete ancient solution with bounded curvature (the bound
may depend on time). By Lemma 7.4 we have either Rlg(t)] = 0 or
Rlg(t)] > 0 everywhere. In the latter case is (M?, g (t)) necessarily ho-
mothetic to one of the following solutions?

(1) The cigar soliton.
(2) The constant curvature shrinking S* or RP2.
(3) The Rosenau solution or its Zy quotient.

Note that we have not assumed that (M 2g (t)) is an ancient k-solution.
A rather naive reason for believing the above 3 cases may be the only possi-
bilities is the following. By Propositions 7.18 and 7.22, if (M?, g (t)) is not
isometric to a constant curvature shrinking S? or RP?, then there exists a
backward limit (dilate about an appropriate sequence of points and times
(24,t;) with t; — —o0) which is isometric to a cigar soliton. We expect that
the noncompact case should correspond to the cigar soliton and compact
case to the Rosenau solution.

In dimension 3, based on the analogous reasoning, one may hope for a
similar classification for ancient x-solutions. Recall that an ancient solution
is an ancient x-solution if it is complete, nonflat with bounded nonnegative
curvature operator and k-noncollapsed on all scales for some x > 0. The
following is mostly in [417].
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PROBLEM 7.46 (Classification of 3-d k-ancient solutions). Suppose that
(M3,g (t)) is an ancient k-solution for some k > 0 with positive sectional
curvature. Is (M3,g (t)) necessarily homothetic to one of the following so-
lutions?

(1) The Bryant soliton.

(2) A shrinking spherical space form.

(3) A rotationally symmetric solution on S3 or its Zo quotient (by the
antipodal map) on RP3. Is such a solution unique up to homothety?

Here, unless we are on a shrinking spherical space form, we can show
that a backward limit is a steady Ricci soliton with positive sectional cur-
vature. The dimension reduction must be a round 2-sphere since the cigar
is not x-noncollapsed for any x > 0. Since the Ricci soliton is essentially
asymptotically rotationally symmetric, it is reasonable to conjecture that it
must in fact be globally rotationally symmetric. Now the noncompact case
should correspond to the Bryant soliton and compact case to a rotation-
ally symmetric solution on S or its Zs quotient on RP? (analogous to the
Rosenau solution).

PROBLEM 7.47 (Removing the x condition). In the previous problem, if
we remove the assumption of being k-noncollapsed for some k > 0, then we
may ask if the only other possibilities are the quotients of the product of an
ancient 2-dimensional solution with R. At the moment it is not clear whether
or not there is a complete Ricci soliton with positive sectional curvature on
a noncompact 3-manifold (diffeomorphic to R®) which dimension reduces
to the cigar soliton. This question (and the analogous one for the mean
curvature flow) was posed by Altschuler, Grayson and Hamilton.?

In all dimensions, one can ask the following, which is mostly in [267].

PROBLEM 7.48 (Ancient solutions with positive curvature operator).
Suppose that (M™, g (t)), t € (—oo,w), where w > 0, is a complete ancient
solution to the Ricci flow with positive curvature operator with

sup [t||Rm (z,t)] < o0
M x (—00,0]
(Type I). Is M™ closed? Is (M"™, g (t)) in fact a shrinking spherical space
form?

In section 22 of [267] Hamilton wrote:

We do not know any examples of complete noncompact an-
cient solutions of positive curvature operator with Rs? < oo
and R |t| < oo, and we conjecture none exist, since the cur-
vature has had plenty of space and time to dissipate.

2Appaurently each of the three attributes this question to the other two! In the absence
of a consensus we attribute it to all three. :-)
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More explicitly, by Rs?> < oo and R|t| < oo, Hamilton meant finite
asymptotic scalar curvature ratio:

ASCR (g (t)) < 0o, and sup  |t| |Rm (z,t)| < 0.
M x (—00,0]

The follow results, which are inspired or essentially follow from the ideas
in [267] and [270], were proved in [156].

PROPOSITION 7.49 (Chow-Lu - 3-d ancient Type I solutions). Suppose
that (M3,g (t)) is a complete ancient solution of the Ricci flow with bounded
positive sectional curvature and

(7.28) sup |t]" R(z,t) < 00
M3 x(—00,0]
for some v > 0. Then either

(1) (M3,g (t)) is isometric to a shrinking spherical space form, or
(2) there exists a constant ¢ > 0 such that for all T € (—o00,0] and all
d > 0, there exist a point and time (xo,to) with to < T such that

|IRm (zo, t)| - [to] > ¢ >0
and there exists a unit 2-form 6 such that
IRm—R (6 ®0)| < ¢ |Rm|
at (xo,to) -
By applying the compactness theorem and the fact that one has an

injectivity radius estimate for complete noncompact manifolds with bounded
positive sectional curvature, we have the following.

COROLLARY 7.50. If (Ms,g(t)), t € (—oo,w), is a complete noncom-
pact Type I ancient solution of the Ricci flow with bounded positive sectional
curvature on an orientable 3-manifold, then there exists a sequence of points
and times (x;,t;) € M3 x (—oo,w) such that the dilated and translated solu-
tions (M3, g; (t), ;) , t € (—oo,w;), where

t
(1) = R (zi,t:) g (ti+ 5——
9i (t) (i, ti) g<7’+R(mi,ti)>
andw; = R (z;,t;) (T — t;) , limit to a solution (M3,, go (t) , Tos) , t € (—00,we)
to the Ricci flow isometric to the standard shrinking cylinder S? x R.
A simple consequence of this is:

COROLLARY 7.51 (3-d gradient shrinking solitons). A gradient shrinking
soliton on a closed 3-manifold with positive sectional curvature is isometric
to a shrinking constant positive sectional curvature metric.

With more work, one can prove the following. However in Volume 2 we
shall see a generalization of this result by Perelman (see the remarks before
Proposition 4.19.)
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PROPOSITION 7.52 (Chow-Lu). If (M3,g (t)) s a complete noncompact
Type I ancient solution to the Ricci flow on an orientable 3-manifold with
positive sectional curvature, then ASCR (g (t)) = oo for all t.

In addition, if we assume our 3-dimensional ancient solution is non-flat,
Type I and x-noncollapsed, then M™" is closed.

PROBLEM 7.53. Are Type I ancient solutions k-solutions?
More ambitiously, one can ask:

PROBLEM 7.54. Is it true that under hypothesis (7.28) in Proposition
7.49 that case (2) cannot occur?

9. Notes and commentary

81. The idea of dilating about a singularity has a long history in geomet-
ric analysis and partial differential equations. For semilinear heat equations,
there are the works of Escobedo-Kavian [200], Giga-Kohn [226], and many
others.

83. For the mean curvature flow of a surface in euclidean 3-space, An-
genent and Velazquez [25] have proved the existence of a degenerate neck
pinch. Numerical studies of a degenerate neck pinch have been conducted
by Garfinkle and Isenberg [221].



CHAPTER 8

Harnack type estimates

Let (M™, g (t)) be a solution to the Ricci flow on a time interval Z C R.
Recall that one of the estimates used in understanding the long time behavior
of the solution is the differential Harnack estimate. In this chapter
we shall discuss various Harnack type estimates in the form of gradient
estimates. Since the Harnack estimates for Ricci flow are similar in spirit
to the original Li-Yau estimate for positive solutions of the heat equation,
we begin by presenting the latter. Next, for simplicity we consider the
case of the Ricci flow on surfaces. Motivated by gradient Ricci solitons, we
discuss Hamilton’s matrix Harnack estimate for solutions with nonnegative
curvature operator of the Ricci flow in any dimension. The trace version
of this estimate generalizes to solutions of the linearized Ricci flow system.
Finally we consider a pinching estimate for solutions of the linearized Ricci
flow system in dimension 3.

1. Li-Yau estimate for the heat equation
Recall the heat kernel on R" is given by

2
h(z,t) = (4mt) ™ exp {—%} :

This solution tends to the delta function centered at the origin as ¢t — 0.
Note that h is self-similar (Ricci solitons are the analogues of this):

h(cz,c*t) = ¢ "h(x,t)

for any positive constant c. Taking the logarithm of h, we have
logh = —— log (47t) Ll
ogh=—=1o - —
g o 108 (AT T
with Laplacian
n
8.1 Alogh+ — =0.
(8.1) ogh+ o,
It is rather surprising that one can obtain the following sharp estimate.
THEOREM 8.1 (Li and Yau 1986 - Differential Harnack estimate, [346]).
If u : M™ x [0,00) — R is a positive solution to the heal equation on a

259
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Riemannian manifold (M™, g) with nonnegative Ricci curvature, then

0 9 N n
(8.2) 87flogu |V log u| +2t Alogu—i—Qt_O

REMARK 8.2. The estimate is sharp in the sense that (8.1) implies equal-
ity holds in the case of the fundamental solution on euclidean space.

PROOF. (Idea.) We calculate using (1.60) that

ot ot
= A(Alogu) +2Vlogu - AVlogu + 2 |VV logul?
= A (Alogu) +2Vlogu - VAlogu + 2 |VV log ul?
+2R;;V;loguV;logu

f&Aby0:A<3byO:AQm%u+beﬁ)

> A(Alogu) +2Vlogu -V (Alogu) + 2 (Alogu)?,
n

since Re > 0. On a closed manifold the result now follows from the maximum

principle since the solution to the ODE % = %q2 with lim;_,q (t) = —o0 is
q(t) = =3

In the complete case, one applies the maximum principle to the quantity
F= (A logu + ¢ |Vlog u\2> , where € > 0 and ¢ is a radial cutoff function

(with respect to some choice of origin). See [346] or [447], §4.1 for details.
([

Integrating this inequality over graphs (v (t) ,t) of paths 7y : [t1,t2] — M?
joining points x; and x2, we have a classical type Harnack inequality.

COROLLARY 8.3 (Comparing the solution at different points and times).
Suppose Rec (g) > 0. For any 1,29 € M™ and 0 < t1 < tg,

n

sy [ () (Lt

u(x,t1) ty 4 to—ty

PROOF. Indeed, for such a path ~, we have

u(xg,tg) . b2 d
1%m;m_42#mmﬂmmﬁ

279 dry
= —1 V1 -— | dt
/t1 (875 ogu+ V logu dt>

t2 n dry
> logul> — — + Viogu - — | dt
> /tl (]V og u| 57 + Viogu dt>

1 [t 2

%() dt
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and the result follows from taking -+ to be a constant speed minimal geodesic

(so that ’ ‘ = t;”l’ff) : O

1 d(w1,w2

of Perelman’s {-function defined in Volume 2 We may think of + dfl’?)
2 1
as a space-time distance between (x1,t1) and (z2,t2) .

REMARK 8.4. Note that the exponent

in (8.3) is the analogue

In [346], estimates are also obtained in the case where there is a negative
lower bound for the Ricci curvature of (M™, g) as well as the case where there
is a potential function added to the heat equation so that u is a positive
solution of % =Au—+V -u, where V: M"™ — R.

REMARK 8.5. If we define f (z,t) = —log ((47rt)"/2 u (x,t)) so that u =
(47Tt)_"/2 et then f satisfies

of _ _ 2 N
(8.4 O —ap-rvpp-2
and we may rewrite (8.2) as

of
(8.5) 8t+|vf| Af—2—t§0
and (8.3) as
d(xl,xg)Q

(8.6) fxa,t2) — f(21,t1) < (s —t1)

Now suppose u is a fundamental solution of the heat equation centered at
some point p € M"™ so that limy_gu = §,. Then lim;—o f (p,t) = 0 and we

have
T 2
(8.7) .ty < X028

We phrase the Harnack inequality this way in view of the £-function for the
Ricci flow which we consider in Volume 2. In terms of the fundamental
solution, this says

(8.8) u(x,t) > (4nt)

REMARK 8.6. The Li- Yau estimate Alog u—i—% > 0 for positive solutions

A2
—n/2 — (z‘;tp) '

of the heat equation on manifolds with Rec > 0 is a generalized Laplacian
comparison theorem. This because taking u to be the fundamental solution
and t — 0, it implies the inequality (see (1.70))

A (dg) —2n <0,

where dy, 1s the distance to a point p, especially when u is a fundamental
solution centered at p.

The precursor to the parabolic Li-Yau gradient estimate is the following
Liouville type theorem.
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THEOREM 8.7 (Yau 1975, [5626]). If (M™,g) is complete Riemannian
manifold with nonnegative Ricci curvature and w is a positive harmonic
function, then u is constant.

The proof is based on the following elliptic gradient estimate: given
p € M™, there exists C' < oo depending only on n such that

C
(8.9) sup |Viegu|(z) < —
z€B(p,r) r
for all 7 < oco. The Liouville theorem follows immediately from taking r —
0o. The idea of the proof of (8.9) is to consider the function

F(2) = (r? = d(2,p)) [V logul ()

and by taking its Laplacian and applying the maximum principle (and using
the Rc > 0 hypothesis) to derive the inequality:

(8.10) F? _C\F - Cyr? <0,

where C7 and Cy depend only on n. This implies F' < C3r for some C3 and
hence

Cs
r—d (1’, p)
for all x € B(p,r). The estimate (8.9) now follows from restricting this
estimate to = € B (p,r/2) . Here we have swept under the rug one technical
point: the distance function d (-, p) is not smooth at cut points of p. Implic-
itly, in the above proof, we have assumed that the point g where F' attains
its maximum is not a cut point of p. If g is a cut point of p, we use Calabi’s
trick and argue as follows.

Let v : [0,L] — M™, where L = d(x,p), be a minimal geodesic joining
p to zg. Let p. = v (g) for € > 0. Now define

Fo(@) = (1 = (d(@,p) +€)) [V ogu| (2).

Since, by the triangle inequality, d (z,p:) + € > d(x,p) and d (zg,pe) + € =
d (xo,p), we have

(8.11) |Vlogul (z) <

F.(x) < F(zx) for all x € M"
Fe (20) = F (x0) .-

So clearly F. attains its maximum at xg. Since the function x — d(z,p.)
is smooth in a neighborhood of xg, we may apply the maximum principle
to obtain an estimate for F; (z¢) which also depends on e. Taking the limit
as ¢ — 0 we obtain the estimate F'(x¢) = lim._o F: (z¢9) < Csr since the
estimate for F; tends to the original estimate for F' as ¢ — 0.

EXERCISE 8.8. Work out an inequality for F. similar to (8.10) and show
that the resulting estimate for F. limits to the desired estimate (8.11).
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Yau’s gradient estimate implies the following Harnack inequality (we
state it for the more general case of Ricci curvature bounded from below).
If (M™, g) is a complete Riemannian manifold with Rc > — (n — 1) H, where
H >0, and if u is a positive harmonic function on a ball B (p,r), then

sup u<C inf wu
v€B(p,r/2) 2€B(p,r/2)
where C depends only on n, H and r. In particular, if u is harmonic in
B (p,r) C M™, then

sup |Vliegu|(x) < Cnﬂ
x€B(p,r/2) r
where C), depends only on n. (See [443] for a nice exposition of this.)

Yau’s theorem was extended to harmonic functions with sublinear growth
(without assuming nonnegativity) by Cheng and Yau [127]. They proved
the Liouville theorem under the assumption to |u(x)| = o(d(z,p)). This
result is also sharp in the sense that linear functions on euclidean space are
harmonic.

More generally, Yau has conjectured sharp estimates for the dimension of
polynomial growth harmonic/holomorphic functions on complete Riemann-
ian/Ké&hler manifolds with nonnegative Ricci/bisectional curvature. Given
a Riemannian manifold (M",g), let Hq(M",g) denote the space of har-
monic functions u with |u (z)| < Cd(x,p)*, and given a Kéhler manifold
(M™, g), let Og(M™,g) denote the space of holomorphic functions u with
ju (@)] < Cd (2,p)".

THEOREM 8.9 (Colding-Minicozzi [166], Li [341]). If (M™,g) is com-
plete Riemannian manifold with nonnegative Ricci curvature, then

dimg Hy (M”, g) < o0

THEOREM 8.10 (Ni, Chen-Fu-Yin-Zhu [397], [111]). If (M",g) is com-
plete Riemannian manifold with nonnegative bisectional curvature, then

dimg Og (M", g) < dimg Og (C") .

If there exists d > 1 such that dimc Oy (M™,g) = dimc O4(C"), then
(M™, g) is biholomorphic and isometric to complex euclidean space.

1.1. Another (similar) proof of the Liouville theorem. Suppose
Rc >0 and Af = 0. Then by (1.61) we have

1
SAIVIP 2 [VVfP.

We compute

A(‘Vf";' ) %(WW\ —?Vf VIV + 2!Vf\>
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Hence if we let u = log f, then we obtain Au = — |Vu|?* and
1
§A |Vul* > —Vu -V |Vul|* + |[VVul*.

Given a point p € M™ and a radius R, let n(x) = n(d(x,p)) where 7 :
[0,00) — [0, 1] satisfies

n(r)z{ 1 ifr<R

0 ifr>2R ’

n <0, () < @) /n<CR?2and || < CR2 for some C < oco. We
compute that Q =n \Vu|2 satisfies at points where n > 0

%AQ > %An \Vul? + V-V |Vu? = pVu - V|Vul> + 5 |[VVul|?
> <%77_1A77 —n 2 |V + 07 V- VU) Q
+ (' = Vu) - VQ + %n—lcf
where the second inequality only used |[VVu|* > %(Au)2 = %|Vu|4. In

particular, if |Vu|2 # 0, then at a maximum point of @ we have AQ < 0
and V@ = 0 so that

1
0> §A77—77_1 |V77]2+V77-Vu+%
Since
n
|V - Vu| < @ + o0t [Vl
2n 2
we have

3O

< —An+(n+2)n Vg

_ 2
=—nAd—n"+(n+2)n"" (1)

By the Laplacian comparison theorem we have Ad < ”Tfl < "7~ where

n' # 0. Hence
@ omnp
n
Calabi’s trick takes care of the case when the maximum of ) occurs at a
cut point of p.

2. Surfaces with positive curvature

When y (M 2) > 0 the estimate (?7?) helps us prove the infinite time
existence of the solution, since it gives a (time dependent) curvature bound;
but unlike the r < 0 case, it does not directly imply the curvatures converge
to a constant exponentially fast. In order to obtain convergence, we need
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some new estimates. For some mysterious reason, these estimates can be
motivated by the notion of a gradient Ricci soliton (M™, g):

(8.12) Rij + Vzvjf + /\gz-j =0.

where f: M™ — R. It is interesting to see what other quantities vanish on
gradient Ricci solitons. First, taking the trace, we have

(8.13) R+Af+nA=0.

When M™ is closed, we have Af = r — R, which is same as the equation
(??) for the potential function.

Next, let’s take the divergence of equation (8.12). By the contracted
second Bianchi identity and commuting derivatives, we get in all dimensions:

1
0=V, (Rij + Viij + /\gij) = §VZ'R + V;Af — Rjijkka

(8.14) = _%ViR + Rir Vi f.

Substituting (8.12) into the above equation, we obtain
(8.15) 0=V, <R+|Vf]2+2)\f>

so that

(8.16) R—r+|Vf+2\f = H+2\f

is a constant, where H is the quantity defined in (??). This presents us
with the motivation for making the computation in (??) since the potential
function f defined by (?7?) satisfies a linear type heat equation.

Note that taking another divergence of (8.14), we have

(8.17) 0=AR+2[Re|> +2\R — (VR,Vf).

Another way to see this last equation is to observe that % g=Lvrg+2Ag
implies that for a solution to the Ricci flow

AR+ 2|Ref* = %R =LyfR—2\R = (VR,Vf) — 2\R.

(We obtain the second equality from the diffeomorphism invariance of the
scalar curvature and the fact that scales like the inverse of the metric.)

Now let’s specialize to the case n = 2. Here R;; = %Rgij and when
R >0, (8.14) implies
(8.18) VilogR—V;f =0.

Taking a second divergence and using the definition of f, we obtain A log R+
R +2X\ = 0. Note that when M? is compact, since 2\ = —r and % =72, we
have r > —% . Hence on a gradient Ricci soliton with positive curvature we
have

1
(8.19) AlogR—l—R—i—ZZO.
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In the next section we see that the above inequality is true for all complete
solutions with bounded positive curvature.

3. Harnack estimate on complete surfaces with positive
curvature

3.1. Trace estimate. The consideration of inequality (8.19) puts us in
a position to describe the first estimate, which is called the trace differen-
tial Harnack estimate. Given a solution (Mz,g (t)) to the unnormalized
Ricci flow on a closed surface with positive curvature, the trace Harnack
quantity is defined by

(8.20) Q:AlogR—l—R+%zglogR—|V10gR|2+%.
The second equality follows from

(8.21) %R: AR +2|Re|* = AR + R%.

A calculation shows that

(8.22) %Q >AQ+2(VlogR,VQ) + Q <Q - %) .

We do not give the details here of the above calculation since a more general
calculation is carried out in the proof of Proposition 8.21 (see equations
(8.34) and (8.36)). By the maximum principle, we have (see [258])

THEOREM 8.11 (Trace differential Harnack on surfaces).

(8.23) Q(z,t) >0

for all x € M? and t > 0.

REMARK 8.12. An analogue of the above result was proved in [131] for
solutions on S? with variable signed curvature (see also [275]). For a gra-
dient estimate, proved using the method of Aleksandrov reflection, see [40].

An immediate consequence of Theorem 8.11 is:

COROLLARY 8.13 (tR pointwise monotonicity). For each x € M?, the
function t — tR (x,t) is nondecreasing.

PROOF. Indeed, this follows from % log R + % > 0. O

The exact same statement as in the corollary is true in all dimensions
under the assumption of bounded, nonnegative curvature operator.
Integrating (8.23) over graphs (v (t),t) of paths v : [t1,t2] — M? joining
points 1 and xo, we have
-1 t 2
Mz (t—2> exp —linf/2 d—’y(t) dt ;.
R ({L‘l, tl) tl 4 v t1 dt g(t)
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Let d(x,y,t) denote the distance from z to y with respect to the metric
g (t). Since R > 0, we have g (t) < g (t1) for all ¢ > t;. Hence we obtain the
following.

COROLLARY 8.14 (Integral Harnack estimate).

-1 2
R(z2,ta) (t_2> exp d _dnz2t)7 |
R(a;l,tl) tl 4(t2—t1)
In section 7?7 below we shall see an application of the Harnack estimate
to proving convergence of the Ricci flow when R (go) > 0.

3.2. Curvature changing signs. When R changes sign we can also
obtain a trace Harnack estimate. We find it convenient to consider the
normalized Ricci flow for this estimate. Let s (t) be a solution to the ODE
& — §2 — rs with s (0) < min,cy2 R (2,0). This is the ODE corresponding

to the PDE (?7?) for the scalar curvature. We find that
0
ot
and the inequality R — s > 0 is preserved. Let

(R—s)=A(R—s)+(R—s)(R—r+s).

~ 0
Q= alog(R—s) —|Viog(R—s)|* —s=Alog(R—s)+R—r.
One can extend the proof of Theorem 8.11 to show the following.

PROPOSITION 8.15 (Trace differential Harnack - curvature changing signs).
There exists C < oo such that for all x € M? and t > 0

Q(x,t) > —C.
Integrating yields:
COROLLARY 8.16. There exists C < oo such that for all x1,z9 € M?
and ty >t1 >0
R (z9,12) — s (tg) > e A/A=C=0) (R (21, 4)) — s (t1)),

where
2

dt,
g(t)
and the infimum is taken over all paths v : [t1,t2] — M? whose graphs
(v (t) ;1) join (z1,t1) to (z2,t2).

From the corollary one can show that if one has a uniform diameter
bound for the metrics g (¢), then there exists ¢ > 0 such that for any points
z1,x € M?and t >0

R(zx,t+1)—s(t+1)>c(R(x1,t) —s(t)).
Taking 21 € M? such that R (z1,t) = r, we have
R(z,t+1)>c(r—s(t)+s(t+1).

D1y

t2
A:A(:Bl,afg,tl,tg)#inf/tl It

~
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Since lim;_, s (t) = 0, taking ¢ sufficiently large, we conclude R (z,¢t + 1) >
0 for all 2 € M?. Thus, if we can prove a uniform diameter bound, then it
will follow that solutions to the Ricci flow on S? eventually have positive
curvature.

3.3. Matrix estimate. Finally we note that the trace differential Har-
nack estimate generalizes to a matrix inequality. Under the same assump-
tions as above, we have:

PROPOSITION 8.17 (Matrix differential Harnack estimate).

1 1

The trace of this estimate is (8.23). In Chapter 8 we shall see the general

form of the differential Harnack estimate in all dimensions, which generalizes
(8.24).

EXERCISE 8.18. Prove (8.24). In particular, if we let Q;; = V;V;log R+
% (R + %) gij and Q) = gijQij, show that under the Ricci flow on surfaces
0 2
(8.25) ngj = AQij + 2V, Qi Vi L + 2QikQjk — <; + 3R) Qij + RQgij-
Then show that the mazimum principle for tensors implies Q;; > 0.

4. Linear trace and interpolated estimates for the Ricci flow on
surfaces

There is a version of the Li-Yau estimate for the Ricci flow.

PROPOSITION 8.19 (Chow and Hamilton 1997, [150]). If (M?,g(t)) is
a solution to the Ricci flow on a closed surface with R > 0, and if u is a
positive solution to

% = Au + Ru,
then
9 , 1 1
(8.26) Elogu—\VIogu! —&—z:Alogu—i—R—i-ZZO.

We call this the linear trace Harnack estimate (or simply linear
trace estimate). The following special case was proved earlier:

COROLLARY 8.20 (Hamilton 1988, [258]).

0 1 1
(8.27) alogR—|V10gR|2—|—z:AlogR—l—RjL?20.

We also have the following interpolating Harnack estimate which
links the Li-Yau estimate to the linear trace estimate.
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PROPOSITION 8.21 (Chow 1998, [136]). Given e > 0, if (M?, g(t)) is a
solution to the e-Ricci flow

0

(8.28) 50 = —2eli; = —eRgy;
on a closed surface with R > 0, and u is a positive solution to
0
(8.29) U= Au + eRu,
then
0 s 1 1
(8.30) Elogu—]Vlogu\ —i—?:Alogu—i—sR—l—;ZO.

COROLLARY 8.22. For any x1,x2 € M and 0 < t1 < t9,
—3
wlzz, b2) > <t—2> e,
u(z1,t1) t
where € (x2,t2;x1,t1) = infy L (7)

1 ("
Lv#—/
) 4 Ji, o(t)

and where the infimum is taken over all smooth paths y : [t1,ts] — M? with
v (ti) = x; fori=1,2.

This corollary, which is analogous to Corollary 8.3, was first obtained
by Hamilton in the case where ¢ = 1 and u = R. The proof of the above
proposition is not difficult and we now present the details.

PROOF. Since n = 2 we have some special evolution equations under
Ricci flow. Recall that under (8.28) we have (see (2.3) and Lemma 2.32)

(8.31) %—f =c(AR+R?)
0
— (A) =eRA
g (A =¢
where the Laplacian A is acting on functions. Let
P=Alogu+¢eR

where u is a positive solution to (8.29). Using the above formulas, we com-
pute
orP 0

0 OR
— =—(4)l Al =1 —
T 8t( ) logu + (815 ogu> +e

ot
9 OR
=A (Alogu + |Viogul” + €R> +ceRAlogu+e 5
On the RHS we want to convert as many terms to P as possible, so we rewrite
this as:
oP OR

32 — = AP+ A|Vliogul’ PR te—.
(8.32) 5 + A|Viogu|°+eRP —¢“R e



270 8. HARNACK TYPE ESTIMATES

We rewrite the second (quadratic) term on the RHS as:
A |Viogu)|® = 2|VViogul> + 2AV logu - Vlogu
=2|VVlog u|2 +2VAlogu - Viegu + 2R;;V;loguV; logu,

where we used (1.60). Substituting this into (8.32), converting one of the
gradient terms to P, and using the identity R;; = %Rgij, we have

P
%—t:AP+2\Vileogu|2+2VP-Vlogu—2EVR~Vlogu
2 2 p2 OR
(8.33) + R|Vlogul’ +cRP — 2R + 2 =

Now we define the tensor
1
Pij = VZV] IOgU + §6Rgij.

The motivation for this is that F;; is both similar to V;V;logu, which
appears on the RHS of (8.33), and g¥ P;; = P. (Note also that P;; vanishes
on a gradient soliton of the e-Ricci flow flowing along V logu.) Using this
and completing the square for the gradient terms in (8.33), we have when

R>0
oP

¥ = AP +2|P;j|* —eRP + 2VP - Viogu

0
+ R|Viogu —eViogR|* +eR <alogR—6|V10gR|2> .

Dropping the nonnegative gradient term, using the inequality 2 ]Pij]2 > P2,
adding 1/t to P, and using the evolution equation (8.31) for R we obtain

0 1 1 1

1 1 1
P—-)|P+-)—eR(P+-
“(r=3) (r3) = (r )
1
+eR <5(AlogR+R)+¥>.
When e = 0, the last term is 0 ; we claim
1
(8.35) AlogR—i—R—i-gZO

when ¢ > 0 and R > 0. To see this, first consider the case ¢ = 1 and
u = R. Since % = AR+ R?, here we have (M?,g(t),u = R) is a solution
to (8.28)-(8.29) and P = P = ¢ (Alog R + R) with ¢ = 1. Hence

(8.36)

o (~ 1 -] -1 -1 -]
—|P+-)=A(P+- 2 P+-)-VI P—- P+—.
G (Pri)=a(Peq)e2v(pel) Viogus (P-7) (Pi1)
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By the maximum principle, under the Ricci flow
O§P+%:AIOgR+R+%.
Hence, for € > 0, we have that under (8.28), inequality (8.35) holds:
AlogR+R+$ > 0.

(This supplies the details for the proof of Theorem 8.11 by taking ¢ = 1.)
From this and (8.34) we conclude for all € > 0, (Mz, g(t), u) satisfies

0 1 1 1
—|P+=)>A(P+ = 2 P+ -] -VI
8t< +t>_ ( —|—t)+ V( —i—t)Vogu

(r-2)(ro2)-a(o2)

By the maximum principle, since P + % > ( for t sufficiently small, we have
P+ % >0 for all t > 0 as long as the solution exists. O

5. Hamilton’s matrix estimate

In n-dimensions, we have the following generalization of Hamilton’s dif-
ferential Harnack estimate for surfaces.

THEOREM 8.23 (Hamilton 1993 - Matrix Harnack for the Ricci flow,
[259]). If (M™,g(t)) is a solution to the Ricci flow with nonnegative cur-
vature operator, so RyjreUsjUg, > 0 for all 2-forms, and either (M", g(t))
is compact or complete noncompact with bounded curvature, then for any

1-form W € C'*° (AlM) and 2-form U € C'*° (/\QM) we have

(837) A (U, W) = Mi]’Win + 2PpijUinVj + Rpijququj > 0.

Here the 3-tensor P is defined by

(8.38) Prij = Vi Rij — ViRy;

and the symmetric 2-tensor M is defined by

1 1
(8.39) Mij = ARij — EVZ'VJ'R + 2Rkij€Rk£ — RipRpj + Q—tRij.

We call this Hamilton’s matrix Harnack estimate for the Ricci
flow. Observe the appearance of these tensors in Lemma 9.8 below. In
particular,

(8.40) Prij = gjelRiyo

(8.41) M;j = gjeRly + Q%Rij-
Note also the identities

(8.42) Prij = VRyje
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(which is the once contracted second Bianchi identity (1.18)) and
1
(8.43) Mij = Vi Pyij + RgijeRye + gRij'

Indeed, (8.43) follows from (8.39), commuting a pair of covariant deriva-
tives in the expression for Vi Py;;, and using the contracted second Bianchi
identity:
ViPrij = Vi (ViRij — ViRy;)
= ARU -V, div (RC)j + Rk;iijkg — RipRpj.

The reader may also check that (8.42) and (8.43) are equivalent to the space-
time identity (9.31): gV RS, = Ry,

The motivation for considering the expression Z (U, W) is as follows.

Suppose we have an expanding gradient Ricci soliton (M™, g) flowing along
the vector field V f. That is,

1
(8.44) R;; + VNjf + 2—tg¢j = 0.

Recall that on a compact manifold, we had the coefficient — in front of g;;
(see (8.12) and the discussion preceding it). The reason for now considering
the coefficient % is that for an Einstein metric with lim;_ .o R = —o0, we have

R;; + 2% gij = 0. To obtain the Harnack quadratic we differentiate equation
(8.44):

ViRji, — ViR, = —V; ViV f +V;ViVif = RijreVo f
so that
(8.45) Pijr — RijeVef = 0.
Next we take a divergence:
0= ViPjr — RijeViVef — ViRV f

1
= M — RijreRi — %Rj — RijieViViof + ViRV f
= M. + PrejVef.

Hence
Mg + 2PgiNVof — RiejiVifVef =0
and for any 1-form W we have
MWWy, — 2P Wi N o fW; + RpesiWiN o f Vi fW; = 0.
Now if we take Us; = 3 (V; fW; — V; fW;), then
MWWy + 2PyejUgeW; + Ry jUreUji = 0.

The LHS is the expression Z (U, W) defined in (8.37). That is, for a expand-
ing gradient Ricci soliton flowing along V f, we have

(8.46) Z(VFAW,W)=0
for all 1-forms W.
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Tracing the estimate in Theorem 8.23, we obtain:

COROLLARY 8.24 (Trace Harnack for RF). Under the same hypotheses
as the theorem,

(8.47) C{;—}: + ? + 2V RV + 2RijViVi >0

for any vector field V. In particular, taking V =0 one obtains

)
= (tR) = 0

Hence, for any x € M and 0 < t1 < to, we have
131
R(.’L’,tz) Z t—R(.T,tl) .
2

PROOF. Let {w”}_; be an orthonormal coframe. Applying (8.37) to
U=w*AV and W = w?, we have
n n
0< Z Z(W* ANV,w?) = Z (Mijw?w? — 2Py Vpwiw§ + Rpiquiw;ijZ)
a=1 a=1

= 9" Mij — 2Pyi;Vpg"” + RpijqViV;g"
1 1
= 5 AR+ R’ + 5 R+ VRV, + Ry ViV,
and multiplying by 2 yields (8.47). O

EXERCISE 8.25. Under the hypotheses of Theorem 8.23, show that for
any 1-form V

(8.48) M;j + 2Py V), + RpijVpVy > 0.
REMARK 8.26. From (8.46) we see that
H(V)= %—f + ? + 2V, RV 4+ 2R, V'V!

vanishes on an expanding gradient Ricci soliton flowing along V = V.

In singularity analysis, we shall find particularly useful this last fact that
the scalar curvature does not decrease too fast.

COROLLARY 8.27 (Ancient solutions with bounded Rm > 0 have R
nondecreasing). If in addition to the above hypotheses, the solution to the
Ricci flow exists for all ancient time, i.e., g (t) is defined for t € (—o0,0],
then

OR

. — > 0.
(8.49) 5 20
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PrOOF. For any a < 0, using the fact that the solution exist on the
time interval [«, 0], we have

orR R,
ot t—a

The corollary now follows from taking the limit as a« — —oc. U

For all n > 2, if Rc > 0, then the minimizing vector field V' for the LHS
of (8.47) is Vi = —3 (Re™H)" VR, so we get
OR R 1 _1Nid
I ) ‘R > 0.
57 T 3 (Re™")” V;RV;R >0
Since Re ™! > £¢7! (or Re < Rg), we conclude
2
OR R 1|VR| <

9t "t 2 r =V

When n = 2, we can get a slightly better estimate by using the identity
R;; = %Rgij. Here we find that

oR R _|VR?
ot t R —7
which is equivalent to (8.27).

In fact, we can see that when n = 2 (8.37) is equivalent to (8.24). In
particular,

1
Prij = 5 (ViRgij — ViRg;)
and
1 1 1 1

Mij = 5 A Rgij — iviVjR+ ZR <R+ E> Gij-

So (8.48) implies
1 1

(8.50) ®ij = ARgij — ViV;R + §R <R + Z> 9ij

+2VR - Vgy; — (ViRV; + V;RV) + R (VI gi5 = ViV;)

> 0.
Given a symmetric 2-tensor w, we define the symmetric 2-tensor J (w) by
(8.51) J (w);; = (trace yw) gij — wij.

Diagonalizing w, we see that if

(wij) = ( Aol )(\)2 > , then (J (UJ)Z-J) = ( >[\)2 )(\)1 ) ,
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so that J as rotates the eigenspaces of w by 90°. Note
J(VVR),; = ARgij — V;V;R
J(VR®V +V ®VR),; =2VR-Vg;; — (V;RV; + V;RV))
J(VeV), =V - ViV
J(09);; = 99i;
for any function ¢. Hence (8.50) says

1 1
J(VVR+§R<R+Z>Q+VR®V+V®VR+RV®V> > 0.
ij

Clearly a;; > 0 implies J (a);; > 0. Hence
1 1
ViV,;R + iR <R + ;) 9ij + ViRV, + V;RV; + RV;V; > 0.
The minimizing choice is V = —%VR, so that after dividing by R, we obtain
1 1
ViVjlog R+ 5 <R + Z) 9ij = 0,

which is the matrix Harnack inequality (8.24).

There is a similar matrix Harnack inequality for solutions to the Kéhler-
Ricci flow with nonnegative bisectional curvature by Cao [72] (see
Chapter 77?).

6. Sketch of the proof of the matrix Harnack estimate

In this section we briefly sketch the proof of Hamilton’s matrix Harnack
estimate. For simplicity we shall only consider the case where both M™ is
closed and Rm (g (¢)) > 0. For the general case where (M™, g (t)) is complete
with nonnegative curvature operator we ask the reader to consult [259] or
[143]. Related to Uhlenbeck’s trick discussed following Lemma 3.11, below
we consider tensors as functions on the orthonormal frame bundle; this
simplifies the evolution equations for the Harnack quadratic.

Let (M™,g) be a Riemannian manifold and OM be its orthonormal
frame bundle, which is an O (n,R)-principal bundle. Given a covariant p-
tensor w, we define the corresponding function

wh oM — R
by
W (V) = (Way-a, (Y))Zl,...,ap:1 = (w (Yay,... ,11%,));7_”7%:1

where Y = {Y,}/'_, is an orthonormal frame. This definition provides a
1-1 correspondence between covariant p-tensors w and O (n, R)-equivariant
functions wf : OM — R™ .

EXERCISE 8.28. Define w! : OM — R for a (p, q)-tensor w.
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Since under the Ricci flow the metric depends on t, it is convenient to
perform calculations in local coordinates on the time-dependent orthonormal
frame bundle. We shall suppress these calculations and just provide the
answers; for details see [259] or [143]. Given a solution (M",g(t)), t €
[0,T), of the Ricci flow, we may consider the orthonormal frame bundles
OM (t) as contained in F'M x [0,T"), where F'M is the GL (n, R)-principal
frame bundle. The vector field 0/0t is not tangent to the submanifold
OM = Utejo,r)OM (t) x {t} . To rectify this, we define

0 C A Q
Vojou = 5, + Rapg™ Al

where the vector fields A% on FM are defined via their action on tensors by

p
b . b
(Acw) = E 5aiwa1---a¢716ai+1---ap-
“urar

The vector field Vg4, is tangent to OM and V /ot — % is space-like and
perpendicular to OM (t).

EXERCISE 8.29. Show that

Vasot9ab = 0
v@/atRab = ARup + 2RcapaRea-
The evolution equations for the components of the Harnack quadratic
are given by the following (see Lemmas 4.2, 4.3, and 4.4 of [259].). Since

these formulas may be derived using the space-time formalism in Chapter
9, we omit the proof.

LeEMMA 8.30 (Evolution of components of matrix Harnack quadratic).
(8.52) (Vajar — &) Raved = 2(Babed — Bavde + Bacbd — Badbe)s

(853) (Va/at - A)Pabc = —2RgeDaRapec
+2 (Radedeec + Radecdee + Rbdecpade) )
and

(854) (Va/at - A)]\4(117 = 2Rcd (DcPdab + Dcdea) + 2Racdchd

1
+ 2Pachbcd - 4Pachbdc + 2-Rcd-Rce-Radeb - %Raba

wheTe BCLde : _Raebecedf-

REMARK 8.31. For (8.52) see (3.18)-(3.19). Caveat: the sign convention
we are using for Rm s opposite of that in Hamilton’s papers.

When calculating the evolution of the Harnack quadratic

(8.55) Z (U, W) = MWWy + 2Py Uy We + RapeaUapUde
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it is most convenient to impose the following equations for U and W at a
point:

(8.56) (Vajor — A)Uqgp =0

1 1

(8'57) VaUpe = §(Rach - Rach) + 4—t(9ach - gach)
1

(8:58)  (Vosor — A)Wa= W,

(8.59) VaWp = 0.

In the application of the maximum principle to show that Z (U, W) > 0
we assume there is (xg,t9) and U and W (not both 0) at (z,t) such that
Z (U,W) = 0. To derive a contradiction we have flexibility of extending U
and W to a space-time neighborhood of (xg,%y) so that (8.56)-(8.59) hold
at (ZL‘Q, to) .

EXERCISE 8.32. Show that if (M™, g (t)) is an expanding gradient Ricci
soliton flowing along V f and W is a 1-form satisfying (8.59), then U = V fA
W satisfies (8.57). Show also that if W satisfies (8.58), then U =V f AW
satisfies (8.56).

A straightforward calculation using (8.52)-(8.54) yields the following.

LEMMA 8.33 (Evolution of the Harnack quadratic). If U (x,t) is a 2-
form and W (z,t) is a 1-form and (8.56)-(8.59) hold at a point and time,
then at that point and time we have

(8.60) (% - A) [Z (U, W)] = 2RacasMcaWaWs — 2Paci PoacWaWh
+ 8RadecpdbeUach + 4RaefcRbedeabUcd

+ (Pachc + Rabchcd)(PabeWe + Raberef)-
We are now in a position to give the

PROOF OF THEOREM 8.23 WHEN M"™ CLOSED AND Rm > 0. It is not
difficult to see that for ¢ sufficiently small, we have Z (U, W) > 0 for all U
and W not both 0. Suppose that ty5 > 0 is the first time at which there
exists g € M™ and U and W at zg not both 0 such that Z (U, W) = 0.
Extend U and W in space and time so that (8.56)-(8.59) hold at (xo,tp) .
By the lemma, we have (8.60) at (xo,ty). The square term

(Pachc + Rabchcd)(PabeWe + Raberef)

on the last line of (8.60) is nonnegative. We claim the other terms on the
RHS of (8.60)

(8.61) J = 2RaciyMcaWaWs — 2FacaPoacWa W
+ 8 Radec PaveUabWe + 4RaefcRbedeabU
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are also nonnegative. Since Z (U, W) is nonnegative at (xo,to), there exist
an orthogonal basis of vectors {YN @ XN}n(nle)/2 in /\2 M"® /\1 M™" such
that
ZOW) =Y YNex¥Uuew) =3 (XNW, + YN Un).
N N
By (8.55),
(8.62) Rupge = Z Yy Pape= Z YA XN My => XX
N
Substituting these equations into (8.61) yields
J= ZYNY ZXMXé”W Wy — 2ZY;§X§VZY,,%X W, W,
M

+8 Z yNy2A Z MXMU LW, + 4 Z vy H Z Vil Y UapUca
N M

= Z (Yor X&' Wa = Yoo XMW — 2Ya]‘fYX§Uab) > 0.
We Conclude that if U and W satisfy (8.56)-(8.59) and Z (U,W) > 0 at
point and time, then (% A)[Z (U,W)] > 0 at that point and time. With
a little more work, one can show Z (U, W) > 0 for all U and W at all points
and times. O

7. Linear trace Harnack estimate in all dimensions

Recall that the Lichnerowicz Laplacian acting on symmetric 2-tensors is
given by
Apvij = Avij 4+ 2Rpij0vk0 — Rivjr — Rjkvi.
We have the following linear trace Harnack estimate.

THEOREM 8.34 (Chow and Hamilton 1997). If (M",g(t),v(t)), t €
[0,T) is a solution to the linearized Ricci flow system:
8 J—
&gij =
0
ot
where (M™, g (t)) is complete with bounded, nonnegative curvature operator
and v (t) is also nonnegative and bounded, then v (t) > 0 for t € [0,t) and
for any vector X we have

(8.63) —2R;;

(8.64) —vij = Apvij

|4
(8.65) Z (X) = V;Vvij + Rijuij + 2 (Vjvi) Xs + v Xs X + o >0

where V = gijvij.

REMARK 8.35. The linear trace Harnack estimate has a Kdahler analogue
which we discuss in Chapter ?7.
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When n = 2, we may set v;; = ug;; and we then find that u satisfies the
equation

15
a—?:Au—l—Ru.

In this case, inequality (8.65) reduces to
Au+Ru+2Vu~X—i—u]X\2+% >0
for all vector fields X. If u > 0, we then have
u (Alogu—i—R—i— %) +u|Viogu+ X|* > 0.
Hence, by taking X = —V logu, we get the equivalent inequality:
Alogu+R+% > 0.
This is (8.26).

PROOF OF THEOREM 8.34. (Sketch.) We just give the proof for the
case where v;; > 0 and V = gYv;; > ¢ for some € > 0. In this case the
vector field Y minimizing Z in (8.65) satisfies div (v), + v;;Y; = 0, or equiv-
alently Y7/ = — (v71)”"div (v),. One can calculate that (see [150] or [147]
for details)

(8.66)
0
52 (Y) = AZ(Y) + 2vij (Myj + 2PpijYp + RpijqYpYy)

1 1 2

+ 2v;5 (VkYi — Ry — Q_tgkz’> (Vij — Ry — 2_t9ki) - ;Z Y),
where M;; and Pp;; are defined in (8.39) and (8.38), respectively. Recall also
that

Z (U, W) = MijWin + 2PpijUinVj + Rpijququj
is the the matrix Harnack quadratic. Since v > 0, at each point there exists
an orthonormal coframe {w®}”_; and A\, > O such that v =)', A\qw* Quw®.
Then the second term on the RHS of (8.66) is
n
Vij (Mij + 2Ppij1/p + Rpijq%}/q) = Z A (Y A w?, w“) .
a=1

By the matrix Harnack estimate, this term is nonnegative. (Equivalently,
we could have used (8.48).) Thus

0 2
(8.67) EZ Y)>AZ(Y) - ZZ (Y).
Since V' > ¢ > 0, we have Z(Y) > 0 for ¢ small enough. Applying the

maximum principle to (8.67), we conclude that Z (Y') > 0. O
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A fundamental application of the linear trace Harnack estimate is the
following classification of eternal solutions. Originally, this result was proved
by Hamilton in [260] using the matrix Harnack estimate. The proof below
we give is due to Ni [398] (an analogous result also holds for immortal
solutions).

THEOREM 8.36 (Ancient solution with Rm > 0 and attaining sup R
are steady gradient solitons). If (M™,g(t)), t € (—oo,w), is a complete
solution to the Ricci flow with nonnegative curvature operator, positive Ricci
curvature, and such that sup sy (_oo o) R s attained at some point in space
and time, then (M™, g (t)) is a steady gradient Ricci soliton.

REMARK 8.37. This is the generalization to all dimensions of Theorem
7.16.
PROOF. Let

(8.68) 7 [U] =7 [U] (Y) = Vivjvij + Rijvij + 2 (Vjvij) Y, + Uin{ij,

where Y7 = — (v_l)ji div (v); . Then similar to (8.66) we have

(8.69) %Z [v] = AZ [v] 4 2vi5 (Mij + 2Ppi;Yp + RypijqYpYq)
+ 2035 (V1Y; — Ryi) (ViYj — Rij),
where
_ 1 1
(8.70) My = ARy = 5ViV R + 2RysjeRye — RipRpj = Mg — - Rij.

Since (M™, g (t)) is an ancient solution, the matrix Harnack estimate says
Mij + 2Py Yy + RpijqYpYy 2 0.

Ifv>0,thenv =737 | A\,JWW*@W* where {W*} is orthonormal and A, > 0.
Suppose there exists a point and time (xo,to) such that Z [v] (zo,t0) = 0.
Then by the strong maximum principle, Z [v] = 0 and

0= vij (ViYi — Ri;) (VY — Ryj) = Zn: Aa {(VY —Re) (Wb’ Wa)r
ab=1

Since A, > 0, this implies
ViY; —R;; =0

and we conclude that (M™, g (t)) is a steady Ricci soliton. Now we need to
find v such that the condition Z [v] (xo,t0) = 0 holds for some (xg,to). To
do this, simply take v = Rc > 0. Since we have assumed Sup sy (—so,00) B
is attained at some point in space and time, there exists (xo, o) such that
% = 0 and VR = 0 at (zo,t9). This implies Z (xg,t9) = 0, and we can
apply the above argument. O
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EXERCISE 8.38. Establish the following formula which generalizes (8.69).
If (M™, g (t)) is a solution to Ricci flow and vyj (t) is any symmetric 2-tensor
and X (t) any vector field, then

9 - o y
<a — A) (VZV]’UZ'J' -+ Rijvij — 2XZV]vij + UinZXJ)

= (V'V/ + R — 2X'V7 + X' X7) ((% - AL> uij)
(8.71)
49 ( AR;j — $VV;R+ 2Ry;jo Ry — Rip Ry > .
+2(ViRjs — ViRji) Xt + RpijeX* X" Y
+ 2(Rig + Vi Xi) (Rjk + Vi X;) vij

0 : . A
+ 2 <— <E — A) X"+ XZRM + 2 (le + kaz) . Vk) (V]Uij — Uin]) .

Note that when v;j; (t) is a solution to the Lichnerowicz Laplacian heat equa-
tion, the first term on the RHS is zero. Also, the vector field X minimizing
the linear trace Harnack quadratic satisfies V7 Vij — Vi X J =0 in which case
the last line is zero.

REMARK 8.39. It is interesting to note that if Vi = V' — X' and Rij =
Rz‘j + VZ'X]‘, then

(8.72) VI 4 Rij — 2X7V + X1 X9 = V'V + Ry,

so that the linear trace Harnack calculation can be interpreted as

EANTCa

- (@ﬁj n Rij) <<% - AL> vz-j> 42 (Mij + 2P X! + kax’“ﬂ) vij

. o . - -
+ 2RkiRijij + 2 <— <§ — A — RC> XZ + QRM . Vk;) (Vjvij) .

HiNT. Formula (8.71) follows from combining the following three for-
mulas:

9 . o 0
(a — A) (V’VJUZ-]- + Rij’l)ij) = (WV] + Rij) ((a — AL) ’Uz‘j)
1
+2 (ARM — §V1VJR + 2Rk;ij£Rk£> Vij
+ 4R, ViV vij



282 8. HARNACK TYPE ESTIMATES

and
0 i
<§ — A) (X V]Uij)

/o
=X <VJ <a — AL> Vi + 2 (ViRjg — VgRji) V5 + 2RV ivip — Rz-gvjng>

+ ((% - A) XZ) Vjvij — QVkXinVjvij
and

% (’Uz'inXj) =A (’Uinin) + <<% — A) Uz’j) XZXJ

+ 204 <<% — A) XZ’) X7 — 20V X'V X7 — AV Vi X' X7

8. A pinching estimate for solutions of the linearized Ricci flow
equation

In dimension 3, solutions to the linearized Ricci flow equation satisfy the
following a priori estimate. Recall that if (M™, ¢ (¢)) is a solution to the Ricci
flow on a closed manifold with Rpyin (g (0)) > —p, then R, (g (t)) > —p for
all t > 0.

THEOREM 8.40 (Anderson and Chow - 3-d estimate for linearized RF,
8]). If (M?,g(t),v (1)), t€0,T), T < oo, is a solution to the linearized
Ricci flow (8.63)-(8.64) on a closed 3-manifold such that Rmin (9 (0)) > —p,
then there exists a constant C' < oo depending only on g (0), v(0), p and T
such that

(8.73) v < C(R+p)
on M x [0,T). If p =0, then we may choose C independent of T.

Since we may take v = Rc, one of the estimates in [255] is a special case;
the ‘Ricci pinching preserved’ type estimate (3.29).

COROLLARY 8.41 (Hamilton 1982). If (M3, g (t)), ¢ € [0,T) is a solution
to the Ricci flow on a closed 3-manifold with positive scalar curvature, then
there exists a constant C < oo such that ‘R—Rd < C on M3 x[0,T).

PROOF OF THEOREM. (Sketch.) Let V = g¥v;;. One computes that

KA i N O i IR O (L
0t \ (R+p)° (R+p)°) R+p (R+p)°

2
TR (R + p) Vivje — ViRvji|* + 4P,
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where
(8.74)
1 1
P=—" [2RRC 0V —2RRc 0% + = R? (|v|2 - V2> — Ju|? \Rﬂ
(R+p) 2
1
+ Lg [2 Rc-vV —2Rcv? + =R <\v[2 — V2>] .
(R +p) 2

(Here (1)2)” = v;;vjk-) One can also show that

1
v [Ref” = 2RV Re-v+ 2R Re 02 + 5 2 (v2 - |v\2) > 0.

Thus we have

2 2 2
2
LY 0 WU (R DV Sy ST
ot \ (R + p) (R+p) R+p (R +p)
1
(8.75) +a—L [2 RewV — 2Re-” + JR <|v[2 - VQ)} .

(R+p)
By the Hamilton-Ivey estimate, we have |Rc| < C (R + p). This implies

[of?

p 2, 1 2 2 ]
= |2Rc-vV —2Recv*+ =R (|v|" =V <C ,
3[ 2 <| | ) "(R+p)

(R +p)
so that (8.75) becomes
(8.76)
2 2 2 2
LN W W /Ay DO
Ot \ (R+p) (R+p)°) Rtp  \(R+p) (R+p)

Applying the maximum principle to this equation implies

’ 2

|v
T (1) < Cyexp (4CpT),
(R+p)2 ( ) 0 ( )
for t € [0,T), where Cy = max;—g |v|* / (R + p)?. O

9. Notes and commentary

81. For an exposition of differential Harnack estimates for geometric
evolution equations, see Hamilton [273] and Chow-Guenther [147]. For
some differential Harnack estimates for the heat equation not discussed in
this chapter, see Hamilton [261], Yau [530], [531], and Bakry-Qian [36].
Hamilton’s matrix Harnack estimate for the heat equation is:

THEOREM 8.42 (Matrix Harnack for heat equation - Hamilton 1993,
[261]). Ifu is a positive solution to the heat equation on a closed Riemannian
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manifold with parallel Ricci tensor and nonnegative sectional curvature, then

1
(8.77) ViVjlogu+ gij 0.

Now if 7 (s) is a geodesic parametrized by arc length, then this implies
d2

= <logu( (s)) + i) > 0.

An interesting property that smooth solutions of the heat equation on
euclidean space satisfy is the Mean Value Property (see p. 51-54 of [201]).
Given zg € R", tg € R and r > 0, define the heat ball:

E (zo, to;r) = {(.’E,t) e R" ¢ <+, (4 (tg — t))n/2 ¢~ 1z0=a*/4(to—1) > r_"} )

THEOREM 8.43 (Mean value property for euclidean heat equation). Let
U C R" be an open set. If u is a smooth solution to the heat equation in
U x (0,T] and if E (xg,to;r) C U x (0,T7], then

u (2o, o) = // xt|0_)’ddt

E(:Eo,to,’r‘)

§2. The Ricci soliton equation appears in Friedan [213], equation (2.2.1)
on p. 395, where the non-Einstein solutions are called quasi-Einstein met-
rics.

83. The analogue of the trace differential Harnack estimate for the
mean curvature flow (3.51) %—)f = —Hv is as follows. If we have a weakly
convex solution (i.e., the second fundamental form h;; is nonnegative) then
(see [269])

oH H -
(8.78) o T T 2(VH V) hi ViV 20

for any vector field V. If h;; > 0, then we conclude

OH H
ot

Integrating this differential Harnack we obtain the following classical type
Harnack inequality. Given 0 < ¢; < t3 and z; € Xy, (M), i=1,2, let

— (WY V;HV;H > 0.

to
A = A(21, by w0, ta) = in / e ()2 dt,
Y

t1

where the infimum is taken over all «y : [t1,t2] — R"™ with v (t) € Xy (M),

v (t;) = w4, and
.o dy dv 5
=y T Nt
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We have

N
H(mg,tg) > <t_2> e‘A/4H (a:l,tl) .
2

A solution to the mean curvature flow on a finite time interval [0,7)
forms a Type II singularity if supym-1,jo.7) (T — 1) |hij|* = oco. In this
case, assuming an injectivity radius estimate, there exists a complete limit
solution X, (t) : M1 — R™, t € (—00,00), which is weakly convex and
where the mean curvature attains its maximum at some point and time.
Now (8.78) implies

%—if +2(VH,V)+hi;V'V?I >0
for all V| since the solution is defined on an ancient time interval. We then
can conclude that X () is a translating soliton.
There are similar Harnack estimates for the Gauss curvature flow
(GCF). If X : M"~! — R" satisfies %—)t( = —Kv, where K is the Gauss
curvature, then [133]:

0K (n—-1)K

gn _ (-1 o, A
o + — (R ViKV;K > 0.

Similar to the mean curvature flow, one shows that

—n—1/n
K(:Eg,tg) > (?) 8_6/4K (:[,‘1,751)
2

where

to
© = O (x1,t1,x2,t2) = inf Kh! (Aar, ar) dt.
Y ty

It is particularly useful to choose v to be a straight line segment in R™ in
which case we obtain the following result of Hamilton [263]. If v : [0, 7] —
R™ is a straight line segment transversal to X; (M) for ¢ € [0, 7], then

t i tOTVME (4 (8) ) sec 6 (£)

is nondecreasing, where 6 (¢) € [0,7/2) is the angle between v (¢) and the
normal v.

For much more general curvature flows of hypersurfaces see Andrews
[13].

86. One way of computing the evolution of the Laplacian of the Ricci
tensor AR;; is to use the following.
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EXERCISE 8.44. Show that if a;j is a 2-tensor, then

0 0
E (Aa,-j) =A <&aij> + QRMVleaij
+ 2(ViRim + ViR — Vi Ryi) Viam;
+ 2 (VkR]m + VJka - vak]) Vi@im
+ amjAR?‘ + almAR;”
SOLUTION. We compute
0

0
5 (Aa;j) = A (Eai]’) + 2R Vi Viag;

- (% kkz) Vinaij — (& lcz> Viam; — <& kj) Vi@im

9 m 9 m
Ve (it oo+ (5518 )
0
=A (Ea”) + 2R, Vi Viai;

0 0
-2 <aFZ;) vkam]’ — 2 <af’,§;> V;caim

9 cm 9 m
since Y, 2T = 0. Now
, 0
(8.79) —g'"v; <EP€’“> = Vi (ViRu + ViRy — ViRi,) = ARy

because Vi (V; Ry — ViRi;) = 0.
Note that formula (8.79) provides a quick way to derive the evolution of
the Ricci tensor (2.37) since from tracing (3.8) we have

L0 . 0
g]k&Rfjk = —¢'"V; <&ka:) = ARy

R G, 9 i\ pe
=9 <§R¢jk> + (agj Rijy,

= ARy + 2Rk Ry

so that

§8. The pinching estimate (8.73) was partially motivated by the work
of Gursky [251].



CHAPTER 9
Space-time geometry

In this chapter we shall discuss the space-time geometry and its use to
both give a geometric interpretation of the Harnack type estimates and to
motivate some of Perelman’s constructions. In §1 we begin with a space-
time connection of Sun-Chin Chu and one of the authors, which when paired
with the compatible degenerate space-time metric, satisfies a generalized
Ricci flow (see Proposition 9.4). We then calculate the Riemann and Ricci
curvature tensors of the space-time connection and observe identities which
are essentially the Ricci soliton equation (Lemma 9.11 and equation (9.29).)
In §2 we observe that Riemann and Ricci curvature tensors of the space-time
connection are Hamilton’s matrix and trace Harnack quadratics, respectively
(with or without the time terms %Rij and %, depending on the connection
we consider.) We also show that the space-time second Bianchi identity
yields a quick way to directly derive the evolution equations for the matrix
Harnack quadratic. In §3 we introduce potentially infinite metrics on the
product of space-time with an N-dimensional Einstein solution of Ricci flow.
The time components of these metrics are (R + %) dt?. We calculate the
Levi-Civita connection and curvatures of these metrics (Lemmas 9.19, 9.23
and Proposition 9.27) and find that in a certain sense it is best to take b = —1
which are Perelman’s metrics. In this case the metrics are potentially Ricci
flat (Theorem 9.31). Next we observe that if we let N — oo, then the
Levi-Civita connections approach the space-time connection defined in §1.
More generally, when b # 0, we show that the space-time metrics potentially
satisfy the gradient Ricci soliton equation; only when b = —1 is this equation
the potentially Ricci flat equation. In §4 we derive the definition of the £L-
function by renormalizing the length functional of the potentially infinite
metrics. Finally in §5 we consider potentially infinite metrics adapted to
1-parameter families of solutions of the Ricci-DeTurck flow. This leads to
a geometric space-time interpretation of the linear trace Harnack estimate
and is related to Perelman’s idea of fixing a measure.

1. A space-time solution to the Ricci flow for degenerate metrics

We begin by considering a generalization of the Ricci flow equation for
a metric-connection pair. Recall:

287
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LEMMA 9.1. Under the Ricci flow the metric inverse and Levi-Civita
connection evolve by

9 o
(9.1) 59 = 29" ¢’* Ry

9 ke
(9.2) arij = —g"" (ViRjs + VjRiyy — ViR;;) .

ProoF. Equation (9.1) follows directly from the Ricci flow equation and
the formula for differentiating the inverse of a matrix:

d , _ _ d _
at (A 1)1‘]‘ == (A 1)ik (%Ako (A 1)€j'
Equation (9.2) is just (2.18). O

1 o)

The metric ¢! = ¢% 57 @ % on the cotangent bundle T'M* is
positive definite and as such has a unique torsion free compatible connec-
tion, the Levi-Civita connection V, whose components are the Christoffel
symbols.

Given a manifold M™*! and a 1-parameter family of degenerate (i.e.,
positive semi-definite) metrics § () on TM*, we generalize the Ricci flow
equation as follows.!

DEFINITION 9.2 (Hamilton). A triple (M”+1,§ (t),V (t)) , where V (t)
are torsion free connections on TM, is said to be a solution to the Ricci

flow for degenerate metrics if Vi =0 and

9 ~a ~ac~bd
(9:3) 579" = 255" Rea

o -~ _ - o
(9-4) En o =—g" (VaRbd + VyRaq — VdRab>
where Rab is the Ricci tensor of the connection V.

Note that equations (9.3)-(9.4) are the exact analogues of (9.1)-(9.2).
Let (M", g (t)) be a solution to the Ricci flow defined on a time interval
7 C R. We now consider the space-time manifold M"™*! = M" x 7. Define

the degenerate metric § on the space-time cotangent bundle TM*
by

(9.5) gla,t) =g~ (t) (z).

IWe choose the manifold to have dimension n + 1 simply becuase we have space-time
in mind.
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This metric is zero in the time direction. Let 2° = ¢t be the time coordinate

and again let {a:i}?zl be local coordinates on M™. Then

gij — gij
G0 =g% =0
g% =o.

Presumably the degeneracy of the metric in the time direction is related to
the infinite speed of propagation of the heat equation. For example, the
forward light cones of the Lorentz metric dz? — Ndt?> on R? flatten out to
the upper half plane as N — oo.

Define the space-time connections V (t) on T'M by

(9.6) b =1k

(9.7) [y =T =R}
- 1

(9.8) Ik = —EV’“R,

and all of the other components are zero.

NOTATION 9.3. Here and throughout this chapter, i, j, k, ... will run from
1 to n whereas a, b, c, ... will run from 0 to n.

The naturality of the above defined connections are exhibited by the
following.

PROPOSITION 9.4 (Chow and S.-C. Chu 1995, [140]). If (M™,g(t)) is a
solution of the Ricci flow, then the triple (M”“,g (t),V (t)) is a solution

to the Ricci flow for degenerate metrics.
First note that (9.6)-(9.7) imply
Vi =0.
For example,
Vog = o + Thug + ™ =0
EXERCISE 9.5 (Connections V satisfying the V§ = 0 condition). Show

that a torsion-free connection V on TM is compatible with g (@g =0)if
and only if

Iy =T
£ - —Rb 4 At

for some 2-form A, and where i,j,k > 1.
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The proof of the proposition requires the calculation of the space-time
Ricci curvature tensor (see [140] for details). The space-time Riemann
curvature tensor is defined by

Rm (X,Y)Z = VxVyZ — VyVxZ — VixyZ,
and the space-time Ricci curvature tensor is defined by
Re (Y, Z) = trace (X — Rm (X,Y) Z> :
The second Bianchi identity says
(9.9) (?XR}H) Y, Z)W + (?yﬁﬁ) (Z, X)W + (@ZﬁTn) (X, Y)W =0.

LEMMA 9.6 (Space-time Ricci curvatures).

(9.10) Rj, = R;
- 1
(9.11) Ry = §VkR
~ 10R 1 9
12 =—— =_A )
(9.12) Roo =55, =3 R+ |Rc|
REMARK 9.7. Note the identities
(9.13) Rl = -T%,

where a,b > 0 and Rg = gbCRaC.

The above lemma follows easily from tracing the formulas for the space-
time Riemann curvature tensor. We omit the calculations since they are
very similar to the ones carried out in the proof of Lemma 9.23 in section 3.

LEMMA 9.8 (Space-time Riemann curvatures).

(9.15) Riy=—ViRS+ V;R;
(9.16) Ry = —V Ry + ViR

D 1 m m
(9.17) Rl = AR — 5viva +2¢" RS, RF — R R

A - -
— SR~ SViV'R- RI'R,,

where all of the indices are > 1, and the rest of the components are zero.

PROOF OF PROPOSITION 9.4. Equation (9.3) is trivial to verify (it ba-
sically follows from (9.1)), so we consider (9.4). We just make a sample
calculation, where a = i, b = 0, and ¢ = k. The LHS of (9.4) is

It = 2 (4Ru).
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Noting the identity
ViRo, = %vin + RYRy = Vi Ry,
the rRHS of (9.4) may be written as
— g (ﬁzf?oz + VoRi, — @zRio)
= —QM@ORM

o o o

= _gké <2Riz + 2RipRp[>

ot
and (9.4) follows in this case. We leave it to the reader to check the other
cases such as the formula for %Fgo- g

A slight modification of T is to define T’ by

(9.18) re, =T¢,
except

_ 1
9.19 Yy =——
(9.19) b0 =~

(see (B6) below for a motivation for this). The corresponding Riemann
curvature tensor Rm is then given by

(9200 Ry = Ry = R

(9.21) Ry = —ViR: + V;R! = R},

(9.22) Ry = AR — %VZ-V[R +2¢""RY, RP— R R" + %Rf
= Rlpg + 5 .

The corresponding Ricci tensor is given by

(9.23) Rji = R,

(9.24) Ro, = %ka

(9.25) Roo = 3 (%—f + %) .

We see that

(9.26) Rl =M} and RY, = M!

as defined in (8.39) and (8.70);
(9.27) greRjo = greRijo = — Pk
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as defined in (8.38). These are the components of Hamilton’s trace and
matrix Harnack quadratics. See section 2 for a further discussion of this.

REMARK 9.9. Similar to Proposition 9.4, the triple (M”“, gt),Vv (t))
is almost a solution to the Ricci flow for degenerate metrics; the only case
of (9.4) which does not hold is %1_“80 = % £ 0.

EXERCISE 9.10 (see [140]). Given a solution to Ricci flow on (0,T),
define the space-time Riemannian metric Vg (z,t) = g (z,t) + (R + %) dt?,
where N € (0,00) is large enough so that R+ & > 0. Show that (9.6)-(9.8)
hold:

NTE =TF

NF?O = —Rf

Nrk = —%v’fR
and

N\ !
N0 _ .

N\ t1
N0 v
0 = + 5 5 Vi

N\'1/0R R\ 1
N0 _ - - 2= b
FOO_(R+2t> 2(8t+t> 2t

Thus, taking N — oo, we obtain the limit (9.18)-(9.19). For a generalization
of this, see (B1)-(B9) below.

An alternative way to get Rm from the space-time approach is to add a
cosmological constant to the Ricci flow equation and consider:

0 1
¢ % = —2 <sz + 59@‘) -
The reason for doing this is that steady Ricci solitons of the Ricci flow

with cosmological term correspond to ezpanding Ricci solitons of the
Ricci flow. In particular, if (M™, ¢ (t)) is a solution to the Ricci flow, then

the metrics g;; (t) = %g (t), where t = logt, satisfy %QU = -2 (f%m + %gm) .
If Rij + viv]'f + %gij = 0, then (élj + %gm> + @Z@]f = 0. Defining the
space-time connection for solutions of the Ricci flow with cosmological term
appropriately (see Knopf and one of the authors [152]), we find that their
curvatures are given by Rm defined in (9.20)-(9.22), which again corresponds
exactly to the matrix Harnack quadratic.

One has the following interesting identities for the exterior covariant

derivative of the Ricci tensor as a (1,1)-tensor, i.e., as a 1-form with values
in the tangent bundle (see Lemma 3.3 of [140]).
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LEMMA 9.11 (Ricci soliton identities).
Ry = ViR! — VRy
Rl = VoR! — V'Ry
Rl = VRt — V' Row = 0
Ry = VoRE — V' hgp = 0
where all of the indices are > 1.

We may rewrite the above equations as

(9.28) VR — Ve = R, X
where
~ 0
X =—
© ot

(X =1 and X? = 0 for i > 1), and all of the indices are > 0. Note that
(9.28) is formally equivalent to (8.45), which follows from the Ricci soliton
equation. Indeed, going back to the identity (9.13), we find that the space-
time Ricci soliton equation is satisfied:

(9.29) Rt 4+ V., X0 =Rl + T8 X0 =0.

a

See section 3 below and [417], §6 for related remarks. On the other hand,

if we let f = t, then @a@bf = —f‘gb%f = 0, so that we cannot quite write

the space-time metric and connection pair as a gradient Ricci soliton.
Finally we leave it to the reader to verify that

LEMMA 9.12 (Divergence structure of R\E)

(9.30) 3%V oRie = g7 ViR;. = Roe.

(9.31) —VaRf + VyRE = 5V RY, = Rl
We may rewrite (9.30) as
—§*VRpe + Rge X = 0.

This is formally the same as the equation —1 div (Re) + Re (X) = 0, which
holds on a Ricci soliton flowing along a vector field X (compare with (8.14)).
Similarly, (9.31) may be rewritten as

VRl — VR = —RY, X°

which we compare to (8.45).

EXERCISE 9.13. Using the space-time second Bianchi identity, show that
the equations in Lemma 9.11 exhibit a divergence structure for Rm.
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2. Space-time curvature is the matrix Harnack quadratic

Now we identify Hamilton’s matrix Harnack quadratic with the Riemann
curvature tensor of the space-time connection defined above. From (9.14),
(8.40) and (8.41) ((9.27) and (9.26)) we have the following.

PROPOSITION 9.14 (Chow and S.-C. Chu 1995). Let V be the connection
on TM defined by (9.6)-(9.8). Given a 2-form U and a I1-form W, if we
define the space-time 2-form T by T;; = U;; and Tijo = W;, then

~ - 1
R (V) Tl = 2 (U,W) = o RyWilV.
abed 2t
We obtain a more precise identification by considering V :
Rm (V) TaTe = Z (UW).
Similarly, Hamilton’s trace Harnack quadratic may essentially be iden-

tified with the Ricci tensor of the space-time connection. If V' is a 1-form,
define the space-time 1-form V =V + dt. Then

~ -~ OR
P V= = 1 OVR-V 42 V).
Re (v)abvvb o +2VE-V +2Re(V.V)
Combining the second Bianchi identity (9.9):
@Oégbc = _@&Rlec - @bégaw

and the divergence identities R,‘fo .= e @eRgf . and Rgac = ¢V .R% e Vields
a quick derivation of the evolution of the space-time Riemann curvature

tensor (i.e., the matrix Harnack quadratic). We compute
VoRgye = —§VaVeRi. + 5V Ve Ry,
~ = v pd ph pd ph  pd ph  pd pd  ph
= _gef (v6vﬂRbfc - Raethfc - Raebehc - RaecRbfh + Raethfc)
~ S & Hd Sho Bd Bh Hd Bh Bd 5d Hh
+g¢f (Vevaa fe — Brealhfe — RpepRone — RpecRagn + Rien By fc>
where the third line is minus the second line with a and b switched. Since
—ValRy;. + ViRY, = ViRY,., we have
LeEMMA 9.15 (Evolution of space-time Riemann curvature tensor).
Voltthe = 579V i+ 577 (Rt g+ Rl — R )
~ ph  pd ph  pd pd  ph nh pd ph pd
(932) + gef (_RbeaRhfc - RbecRafh + RbehRafc> - Rathc - Rb Rahc?
where a,b,c,d,e, f,h > 0.

EXERCISE 9.16. Show that if we use the connection V defined by (9.18)-
(9.19) (which by Ezercise 9.10 is the adiabatic limit of Levi-Civita connec-
tions), then

Rm (V) (T,T) = Z(U,W)

and Rc (f/, f/> is the trace Harnack (with the % term.)
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EXERCISE 9.17. Identify Hamilton’s calculations of the evolution of the
matriz Harnack quadratic in §6 of Chapter 8 with (9.32).

3. Potentially infinite metrics and potentially infinite dimensions

3.1. The metric. The space-time connection is actually the limit of
a l-parameter family of Levi-Civita connections of metrics which are be-
coming infinite in the time direction. This idea of taking potentially in-
finite metrics on space-time first appeared in [140], [141]. In [417], §6
Perelman introduced two new ideas. First he dualized the above metric by
introducing a minus sign in one of the terms. Second he took the product
of the space-time manifold with a solution to the Ricci flow of potentially
infinite dimensions (such as large radius and dimension spheres). More
generally, one can consider the following. Let (M™, g (t)) and (PV,a-t-h),
t € Z C R— {0}, be solutions to Ricci flow, where (PN,h) is a fixed N-
dimensional Riemannian Einstein manifold and a € R — {0} with a-¢t > 0
for all t € Z. By the Ricci flow equation we have

0 a
(933) agi]’ = _2Rija Re (h) = —§h.

Given local coordinates {xi}?zl on M™ and {y*}_, on PN we write g;; (t) =

g(t) (%, %) and has = h (ayim %) . Let Alﬁ denote the Christoffel sym-

bols of h. Define the Riemannian metric Vg (¢) on M"™ x Z x PV by

(9.34) Ng(t)=g @)+ (R(g(t) + &) dt? + ath,

where a,b,t # 0. Here we have assumed
(9.35) R(g(t) = =C/t]

for some C < oo, and that bV is large enough, and bt > 0, so the metrics
Ng (t) are positive definite.
Note that R (ath) = % if and only if b = —1. That is,

Ng(t) =g (t) + R(g(t) + ath) dt* + ath
if and only if b = —1.

REMARK 9.18. As long as for each time t, R(g(t)) is bounded from
below and provided we can apply the mazimum principle, condition (9.35)
holds. For then, if T = [a,0) and the scalar curvature is bounded below at

time a, then R is uniformly bounded from below on Z. On the other hand,
if T = (0,w), then from %R > AR+ 2R?%, we conclude R (g (t)) > — 2.
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In local coordinates, the space-time metric Vg is:

(A1) Ngij = gij
bN
A2 — el
(A2) Ngoo = R+ o
(A3) Ngag = athag
(Ad) Ngio = Ygao = VNgia = 0.

3.2. The connection. Recall the standard formula for the Christoffel
symbols:

1 0 0 0

N N cd N N N

. re, = - — — - —

(9 36) ab — 9 g <8za 9bd + azb Yad azd gab> )

(where a,b,c = 0,4,4,k...,a, 3,7, ... and z = z or y). A straightforward

calculation yields the followmg result.

LEMMA 9.19 (Space-time Christoffel symbols of potentially infinite met-
ric). Suppose g (t) and h satisfy (9.33), N is large enough, and a,b,t # 0
have the same sign (in the following, it will be obvious when a and b are
constants and when they are indices). Using formula (9.36) we compute
that the Christoffel symbols of Ng are given by:

(B1) Nr’.f. =T}
(B2) rk = —RF
1
(B3) Nk = —§V’“R
BN\ !
N0 __
Y v = (R ) Ry
bN\ ' 1
B Npo - — b -V,
(B5) % <R+ 2t> SViRR
BN\ '1 (0R R 1
B N0 = — ] = —
(B6) 00 <R+%> 2<m+ ) 2t
NTY
(BT7) I, =A%,
BS NpY o= —57
bN
(B9) T4 = <R+—> ahap

and the rest of the components are 0.

CAVEAT. 0 denotes the t component, not the 7 component. This causes
a sign difference in the terms of the Christoffel symbol with an odd number
of 0 indices as compared to some other expositions of Perelman’s space-time
metric.
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REMARK 9.20.

(1) Equations (B1)-(B3) for NT'*, are the same as (9.6)-(9.8) for T,
where a,b=0,1,...,n
(2) Note

0__R/€ _Rk

a

bN 1
N0

0 = (R+ =) Ruy— —0a
ab < 2t> ab 2t505b0

fora,b=0,1,...,nand k =1,,...,n, and where Ry, is the space-
time symmetric 2-tensor which represents Hamilton’s trace Harnack
quadratic defined by (9.23)-(9.25).

(3) We have the following symmetries:

NT0 N 00 N N k
Fia_ g 1—\aOﬂ

where a = 0,1, ...,n, which relates (B2) to (B4) and (B3) to (B5);

Nrgﬁ — _ NgOO Nga"y N]:\'ﬁ)/o
which relates (B8) to (B9).

PrROOF. We make a few sample calculations (B3):

1 5 0 0
Nroo—— 9 < NQOé —Ngoo>

920 0zt
e a

[\

and (B5):
Yy = % g™ <8(Zl N goo + 660 Ngio — % NgiO>
_ % <R+ %>_1 aii <R+ %)
and (BS):
NFZO _ % N g0 <aaa gos + 8i Gas — 8% 9a0> = % O

and leave the rest of the calculations to the reader. O

REMARK 9.21. Note that if a = 0, then NFZéO = 0. To obtain the desired
cancellations in Theorem 9.31 it is essential that a # 0. In particular when
a = 0, formula (C9) becomes VR ,o = 0 (and hence Y.,V R%,, does not
yield a contribution to ¥ Ryg.)
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3.3. The Laplacian. Consider the potentially infinite metrics ¥ g given
by (A1)-(A4) on the product of space-time with the potentially infinite di-
mensional Einstein solutions: M™ x Z x PN. The Laplacians of Vg acting
on functions constant on the PV factor are given by:

0? 0
N _ N _ab _ Nyc
A=y <B$“8$b Fab8x0>
0

—A_ ( N gab Nrgﬁ 4 Ngis NF% 4 Ngoo NF80> =

N 008_2_ N OONrki
+ g 12 g 00 ok’
where A denotes the Laplacian with respect to g. In particular, using the
formulas for the Christoffel symbols given by Lemma 9.19, we find that if
b # 0, then

0
(9.37) NA=A+54§+%MN4y
For example, if b = —1, which is the case we are most interested in, then
the space-time Laplacian is potentially the heat operator:?
0
O=A-——.
' ot

If b =1, then we get the backward heat operator in the limit: A + % Here,
to get the heat operator as a limit, one sees from the calculation that the
idea of taking the product with a potentially infinite dimensional Einstein
solution P¥ is crucial; for tracing an O (N _1) 2-tensor over a manifold with
N dimensions yields an O (1) term. As we shall see later, this idea is also
crucial to obtain a potentially Ricci flat solution.

EXERCISE 9.22. Show that

1—2tR 2R\ o | O
<1+ 7 )(bJFT) +O (N )]E

bN\ ! 92 BN\ 1
+(R+§?) 5ﬁ+<R+§?) SVR- V.

Derive (9.37) from this.

NA=A+

The volume form of the metric Vg (¢) is given by (now take a = 1)

/ N
Ny = N/ R+%ﬂ@AﬁA@%

= V72 (N2 40 (N7Y2) )t D24y, A dt A da.

2Perelman [417), §6.1.
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Given a function u on M"™ x Z x PN which is independent of the PV vari-
ables,?

N1 NNy . N-1 2R\ ' (N+1 2R
T 2 A(T 2 u)—<A+b 8t>u —2t (b—l— N —~ N~ U
N -1 2R\~ 0 N+1 1

= <Ab‘1§ +b- 1R>u+0( .

Note that A — b*1% + b~ 'R is the adjoint of the heat operator A + b*1%
(see (?7?) for the case where b = —1.)

3.4. The Riemann curvature. Recall the components of the Rie-
mann curvature tensor are given by:

(938) abc - 8 NF - 8bNFZc +N FchFge =N FZCNFZZe‘
Again a straightforward calculation yields (this time with a little more pa-
tience):

LEMMA 9.23 (Space-time Riemann curvature of potentially infinite met-

ric). Using formula (9.38) we compute that the nonzero components of the
Riemann curvature tensor ¥ Rm of Vg are given by

bN\ !
(C1) VR, = R”k} <R+2—t> (RikRﬁfRijk)

BN\ 1
(c2) NRY, = kaffvaik} +(R+—) (R ~V‘R - RZ ka>

(C3) NRY, = %Rf - —v V‘R— RIR) + R‘Z}

bN . A (0R R
<R+§> <VR V'R — R <8t+ ))

3Again, Perelman [417], §6.1.
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bN
(04) NR”k <R + E) [ViRjk — VjR,‘k]

bN\ 2 1 1
(R + §> <Rik§ij - RjkgviR>

bN\ 1T 0 1
(cs5)  NRY, =— (R + —> { Rip — vika + RPRyp + %Rik}

2t ot
(e ) (rad (20 ) euntein)
(C6) NRSs =Rl + % <R + bQ—]D B 2 (an® — hisy3)
= Rlg + o <R Z—f) h (Re (k) 5, 02 — Re (h),, 85)
(C7) MR = 2%62 (R - %> : Rjy
(C8) NRS o = 2%53 (R+ %) —ka
(C9) NRS o = tag (R+ %)_ % (% + ?) .

REMARK 9.24. In the first five equations we have emphasized the terms
on the RHS which appear in the matriz Harnack quadratic by putting them
inside square brackets: [ |. Note also the appearance on the RHS of terms
in the trace Harnack quadratic.

PROOF. Again, we only make some sample calculations:
NT¢ N kN ¢ 0 NT¢ ENpl N0 Nl
N Rigo = 0o — 00" Ty +7 T N Tiy +V F00 i =N ThNTg, = TH™NT5,

1 (aR bN> Y
2

ot 22

0 bN
__t ¢ ¢
= VVRJratR (R+ 2t>

bN
— RFRY + <R+ §> —v R Lotr
and

Ry = 0N, — 0N T, +N TEANTY, +V T NTY =N TN T, -V 15T,

o) w) v (@g) )

bN bN
(R—i— 2) Ry, (R—I— 2t> 5V¢R

bN bN
<R+2—t> R <R+2—t> 5ij
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and

Nps _ o Npé N6 N1y Npo N0 N6 N1y Npo N0 Npd
Reoo=0a"T00 =00 Too+ "o Toy + "Too Tao— "Tao Loy — "Tao Lo

9 (1 BN\ "1 (R BN\ 1 1\?
—‘a<2—t>5a+<R+z—t> 5(5‘@)%5“(27) %95

1 bN\ "1 (0R R
—§5a<R+§> 5(5*?)

1 bN\ !
NRO = "TONTY ) = 553 <R+ —> Rk

and

REMARK 9.25. Note that

bN\ ' S
VR, = - (R + 2_t> Riyogen + <R + 2_t> (RirReo — Ry Rio)

N pt 234 bN e 214 1A
Ry = Ry + (R4 ) (RicRf— RiFuc)

2t
1 BN\ ' -
Nps _ — ¢6
Raab - 2t5a <R+ 2 ) Rab-

If we are only interested in the values of the curvature up to O (N _1) ,
then we obtain the following.

COROLLARY 9.26 (Space-time Riemann up to O (N71)).
N pt 0 -1
NRior = ViR, = V'Ryy + O (N 1)

0 1 1

N pt ¢ ¢ ¢ ¢ -1

Rigo = 5,1t = 5 ViV R—R/R, + 5B+ 0 (N
5 5 -

NRaﬂv = Rop, +O (N Y

and the rest of the terms are O (N_l) .

It is interesting to note that up to O (N _1) , the Riemann curvature
(3,1)-tensor does not depend on a or b. This is somewhat misleading since
the order of N Rm is measured with respect to % ¢, which is becoming infinite
as IV tends to infinity.

3.5. The Ricci curvature. The components of the Ricci tensor are
given by the following.
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PROPOSITION 9.27. The components of N Re are:

LN\ N
Rj, = (R + Z_t) (RERM +(1+0) 2—tRjk>
BN\ 1[0 1 1
(9.39) + (R + 2—t> [&Rjk — —Vjka + Riij + Q_tRjk]
LN\ 2 OR R\ 1 1
(%) (g (54 F) - 5memywon)
BN\t /1 N1/O0R R
A N Roo = i - 4y - (2
(9 0) Roo (RJF Qt) <4 VR| + )2t2<8t+t>>
bN\ N
(9.41) NROk = (R + _t) ( Zk VZR +(b+1) 2_755ka>
a b 1
- - b+ 1 —h
Ry, 2(R+2t) (641N =1) by,
bN\ 2a. 1/0R R
42 — ) Zhg-|—4+=
(942) +(R+ Qt) 2ﬂ72(8t+t>

Rjx = (R - %>_1 R Ry
+ (R - %) - [%Rjk — %vjka + RYRjp, + %Rjk}
- (R— %) - <Rjk; @f + E) - %vm%vm)
NROO = (R— %>_1 % |VR]2
NRor = (R - %>_1 ;RikviR
=8 (1) o (53 (34 2)

Now let N™ = M"™ x PN.

COROLLARY 9.29 (Space-time Ricci up to O (N~1)). If g (t) and h sat-
isfy (9.33), then the nonzero components of the space time Ricci tensor ™ Re
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are:
(9.43) MRy, = (1 + %) Rj, +O (N7

(9.44) N Rox = <1 + %) %VkR +0 (N7

(9.45) NRoo = <1 + %) % (%f + f) +O (N
(9.46) Ry = —g <1 + %) hgy + O (N71).

PROOF. We derive the formulas for the components of the Ricci tensor

using:
N N
Rbc - Z szc Obc Z Rabc

and the formulas for the traces of the (nonzero) components of the Riemann
curvature tensor, which are as follows. To find ¥ R;; we compute:

BN\ " :
N %
(9.47) Z Rl = Rj, + (R + 2—t> (RirR; — RRj)
bN 0 1 1
bN 1 /0R R 1 1
bN
(9.49) Z NRo) = <R+ > Rjy,

which imply (9.39). Next we consider V Ry, :

bN\ ! 1_. 1
Z NRzOk = —VkR + <R + 2_t> <Rik§V1R — REVkR>

bN
ZNRQOk (R 27) —ka

which imply (9.41). Third, we consider ¥ Ry :

5 S () (o ) (a3 (24 5)

20R\"'1 (R R
N —_— —_ —_—
Za R“00_<b+ N> 2<6t+ )
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which imply (9.40). Finally we consider ¥ Rg, :

-1
Npi _ G bN
Z Rig, = o R <R+ §> hy
-1
N o a bN

a 1 N BN\ !
= —— <R——+(1+b)2—t> <R+2—t> gy,

which imply (9.42):

N N pi N N po
Rgy = Z Rigy + Z Ropy + 7 Rogy
) «

a/ 1 N bN\ !
= (-—=40 —_ =
2( TR +b)2t> <R+ 2t> oy

bN\ ?a, 1/OR R
+<R+2_t> 5%5(@*?)

Observe that the metrics Perelman considered are as follows:

NGii = gij
Ngocﬁ = TGap
N N
Ngoo = R+ —
2T

Ngio = Ngio= Ngao = 0.

where PN = SV is the sphere.

EXERCISE 9.30. Here’s another way to calculate the space-time curva-
tures. From [140], Lemma 4.4 we have that if we endow N™ x T with the

metric
G =g+ Rdt*,
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then

RS, =Rs, — R (RiRgy — RiR,,)

pqr pqr
DS s s 1 —1 s S
DS 0 s 1 s m ps -1 1OR s 1 s
p00 = ERP — §va R — Rp Rm + R (551‘21) — vaRv R>
qur = QOOROqTO = QOOQTSRZOO
10R

0 1
_ -1 Y pr_ - _ pm —1
=R ( Ry~ 5VyV, R~ Ry Rur + R <2 5

1
5 R Ry — querR»

Then

Ry = Ry — R (RRy — RIRs,)
)

1
-1 r m
+R (aRq ~5VaViR—R; RmT>

1R 1
-2
+R <§§Rqr - querR>

3.6. Potentially Ricci flat. Thus we should choose b = —1 to get
NRuyp = O (N*I) . Note also that R (ath) = —% and when b = —1, we have

R(g(t)+ % = R(g(t) +ath).

THEOREM 9.31 ( Perelman, [417], §6). If g (t) and h satisfy (9.33), then
the metric (whenever it is Riemannian)

Ngt)y=g(t)+ <R(9 (t) — %) dt® + ath

is potentially Ricci flat in the sense that
NRab =0 (N_l) .
3.7. Letting the dimension tend to infinity. We can now relate the
Levi-Civita connections and Riemann curvatures of the potentially infinite

metrics with the space-time connection defined in section 1.

COROLLARY 9.32 (Limit of Levi-Civita connections of potentially infinite
metrics). Let

(9.50) ¢, = lim ~T¢,.

N—oo
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Then
Iy =T}
Fi'co = _Rf
- 1
Tk, = —ika
_ 1
Fgo = 9
_ 1
Lo = ﬂ(sg
Tas = Bas

and the rest of the components are 0. In particular,
(9.51) Lo = Tap,

where a,b,c = 0,1,...,n and the T on the LHS is defined by (9.50) and the
I' on the RHS is defined by (9.18) and (9.19) (equality (9.51) is the reason
we use the same notation.)

pd N pd
Let R, = limy_oo " Ry

COROLLARY 9.33 (Limit of Riemann curvature tensors). The nonzero
components of RY, . are;

Rl = R¢

ijk ijk
Riy, = ViRl — V'R,
_, o , 1 ' R Ty
Rigp = 5,8 — ViV R - Ry + o ]
s
Ropy = Ragy
R0 = 0.
In particular,
D 5 1
Ry = Riye + 5b05c02—tRf

fori, £ >1 and b,c > 0.

3.8. Potentially gradient Ricci soliton. Even when b # —1, we
obtain an interesting structure for the potentially infinite space-time metrics.
In particular, they are almost potentially gradient Ricci solitons. For
the Chow-Chu potentially infinite space-time metrics, this fact was observed
by Perelman in section 6 of [417].

LEMMA 9.34 (Potentially gradient soliton). Define ™ f (t) so that

oN N
TS
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Then for any ¢ € R we have

(145
NRig+c¢ Vv YV Nf:<1+%> %VZRJFO(N*)—C ?Ogt Ny
1
:<1+ bc> ViR+0 (N7
OR R
NRoo+choNvoNf:(1+g> <8t+ >+0( B
82 N N 0
+C@ f—c 008t Ny

_<1+ - >§<E+?>+O(N )—c4—t2

N N N N a 1 N 9 N
a
2

__ (1+1;C>haﬁ+o(zv1).

Recall that when b = —1, we chose ¢ = 0. More generally, we have

COROLLARY 9.35. Givenc € R— {1}, letb=c—1+#0. Then

NRij+e v, Nv; Nf=0 (N7
NR@'O +c NVi NVO Nf =0 (N_l)

N
NRoo + ¢ Vo NV Nf_—c@+o( .

If it were not for the —c% appearing in the last formula, the space-time
metric would be potentially gradient Ricci soliton. Hence it seems that the
best thing to do is to take ¢ = 0 and b = —1.
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We may also let VX = %. (Then NV, ¥ X% = NTb, ) We have
, , 1 4

NR§+cNV@-NXJ:(1—c+E)R§+O(N—1)

NR]+CNV0NX :<1—c+ ) V]R—i-O( )

1N\1/OR R
N p0 Ng. N0 _ oV il R e i
RO+ N9y VX (m ) (1+3)3(5+7)

Mgy +0 (N7?)
. C 11 OR R —92
__§+NE<HC+_><<%+ )+0(N )

NRE +c NV, Nys_ L1 <1—c+%> §5+0(N7Y).

4. Renormalizing the space-time metric yields the /-length

Now assume ?TI = —1 so that the function 7 : 7 — J = 7(Z) is a

diffeomorphism. We now consider the space time manifold M" x J (without
the extra factor PV or S™V) with the potentially infinite metric

(9.52a) Ngij (x,7) = gij (z,t (7))
(9.52b) Ngio (x,7) =0
N
(9.52¢) Ngoo (z,7) = R (2t (7)) + 9
For simplicity, we shall abuse notation and write ¢g(7) = ¢ (¢(7)) and
R(xz,7) = R(x,t(7)). Since Cfl—; = —1 we may write
0

5% (x,7) =2R;j (x,7)

and forget about t. Given a path v : [11,72] — M™, the length of the graph
3 i [, 2] = M™ x J defined by 5 (1) = (v (1), 7) is given by

- 2 N 1/2
T1

g(7)
We expand this expression in powers of N to get

+R+N Ty 14—
27 -\ 27 N

dy
ar ()

il

T2 d
dr = / —
Ng -

dr

d72

arl + R) +0 (N2)>

dr
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so that
T2 d:)/
Log @)= [ 20| dr
Ng) L |dr Ny
1 [ dvy |2
= N1/2 (\/%—\/z_fl)juj\f—lﬂ7 ﬁ(d—’y +R> dr
2Jn Tlg(r)

+0(N732).

We consider highest order (in N) non-trivial term and define Perelman’s
L-length of v by

(953)  L(y)= / "t R (

See Chapter 77 for a discussion of the L-length and some of its applications.

dry 2
E(T)

+ R (y(7) ,T)) dr.

g(7)

5. Space-time DeTurck’s trick and fixing the measure

It is interesting to study one parameter families g (¢,s),t € Z C R and
s € J C R, of solutions to the Ricci flow, where t is time and s is a real
parameter (the main reference for this section is Chow-Chu [141]). Similar
to section 8 of Chapter 2 (e.g., (2.38) and (2.39)), consider the Ricci-DeTurck
flow:

d
(9.54) agij = —2R;; + V;W; + V;W;,
for g (t,s) where
(9.55) We (t,5) = greg” (t,5) (T (8,5) = T (£,0) )
By (2.40), if %‘s:og (t,s) =wv(t), then
0

(9.56) 98 [(=2Rc(g) + Lwyg) (t,5)] = Apv (t).

s=0

For each s, the space-time Riemannian metrics g (¢,s) on M"™ x T (g is
positive-definite provided the constant N below is large enough) are defined
by:

Gij = 9ij

gio =Wi+ V.f

. 0

doo = R+ yW\2+28—‘:+N,

where for each s € J the function f : M™ x Z — R is defined by

d
f(z,t,5) = log
o
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Equivalently, the measure
9.57 du (z,t,0) = e T@E) g (2, s
1t n

is independent of s. (In [417] a related idea is considered where e~/dpu is
independent of ¢. In particular, compare with (??) below.) The reason for
the introduction of the function f is to obtain the following (see [141],
Lemma 6.3).

LEMMA 9.36 (Variation of g is linear trace Harnack 0). If % ’820 g(t,s) =
v(t), then at s =0

0

% s:Og(tjs) :v(t),

where 0 = Tgpdx® @ da® is the linear trace Harnack quadratic:
Vij = Vij, Uko = ViUik, Voo = Vivj’l)ij + v Rij.
~ That is, if we define the space-time vector field Y by Yi = Y and
Y0 =1, then
DY Y = Z [0] (Y)
which appears in (8.68).
Now let’s compute the evolution equation for v ()

o, _9(9] _N_29 9
ot = ot \os|,_, %) T s|,_, \0t%
0
= — (—QRij +V;W; + VjWZ')
9s|,_
= Apvij,

so that v (t) satisfies the Lichnerowicz Laplacian heat equation with respect
to the solution ¢ (¢,0) . This is the reason for considering the set of equations
(9.54)-(9.55).

We also can use the above lemma to compute the evolution equation
for the linear trace Harnack quadratic ©. Let R and fgb denote the space-
time Ricci tensor and connection as defined in section 1. One can derive
a space-time version of the variation formula (9.56) provided we define the
space-time 1-form W by

n
Wz’ =W, and W() = ZVPWP.
p=1
(Note the similarity of the above formula with (9.30) and (9.31).) With this
definition, one can show that (see Theorem 5.1 of [141]):

LEMMA 9.37 (Variation of space-time DeTurck-Ricci tensor is Azd).

9
0s

B <_2Rab + @aWb + @bWa) = Aijab,
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where
Arbap = Avap + 255 Regpater — G Ractba — §°? RocVad-

One can also show that the space-time Riemannian metrics § solve some
sort of space-time Ricci-DeTurck flow to first order in the sense of the fol-
lowing (see Lemma 6.4 of [141]).

LEMMA 9.38 (%g is space-time DeTurck-Ricci tensor mod o (s)).

0 - "~ "~
<§gab> (37 t) = <_2Rab + VOLVVI) + vbVVa) (37 t) +o (S) )

o(s)=0.

g
where 55 |S:0

Combining the above results we obtain:

THEOREM 9.39 (Chow and S.-C. Chu 1996). The linear trace Harnack
quadratic satisfies the space-time Lichnerowicz Laplacian heat equation:

%f}ab = ALl
Proor. We compute
0 _ o (0 . 0 0.
avab = ot <£ - 9ab> = s o <§9ab>
- % B ((72Rab + VoW + %Wa> +o0 (s)>
= ALTap-

O

This gives another (space-time) derivation of the linear trace Harnack
calculation.

6. Notes and commentary

§3. In §6.1 of [417] gap is the metric on SY with constant sectional
curvature ﬁ In our presentation, as a special case we have g, is the
metric on SV with constant sectional curvature m so that its Ricci
curvatures are equal to % and scalar curvature equal to % The difference in
the curvatures is O (N_l) .

Let § = Ng(t) on M™ x T x PN be the metric defined in (9.34) with
b= —1 and let f be a function on M"™ x Z x PV independent of the PN
variables. Define the map ¢ : ¢! (M” X I x PN) — M™ x I x PN by

6 (. t,y) = <:v (1— %) t,y).
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Let ™g = ¢*g. Using
¢’ D™
o' _5i o _ 59,
oxi 77 Oyf

000 2 af\  9¢° 2t of
W*‘N(f”at) o7~ Now

we compute

ms = 5‘¢°8¢°
Gij = G9ij + a 8]900
=gy +O (N7
. 0¢° 0¢° _ of 2 of 1 2tR
920—$E00 8x1< <f+t8t>><1_%_w>
0
- oy
B 2 of B N
( )900—<1 (f+t8t>> R 7%(1_%)
g +2 (L 1) ro
_ N of | [
=g PRE2G T +O (N
mgaﬁ:gaﬁ

and the rest of the components are zero. In the above formulas, the LHS is
evaluated at (z,t,y) whereas the RHS is evaluated at (a:, < — %) t, y) . So
N N f

jo=R————=R———24+0(N"!
2 (1-%) s PO

and also, for example, the last formula reads more explicitly as

mgaﬁ (x,t,y) = gaﬂ <ZE, <1 - %) t>y> = <1 - %) gaﬂ (I’,t, y) .

Note also that assuming a bound on % we have

R(x, <1— %) t) =R(z,t)+ O (N7).

Taking into account all of our (including sign) conventions, the above cal-
culations agree with §6.2 of [417].

EXERCISE 9.40. Assuming % is bounded, verify that

- _ 0
mgoo(xvt7y)2900(x7t7y)+28_{+f+O(N )
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Now consider time-dependent diffeomorphisms vy : M™ — M™ with

%l/)t = = (¥1), (gradng (f 0 ) = — gradn f

(the second inequality is (1.24)) so that

0
(). 57 = —gradng (f o)

and the metrics ™g;; (t) = ¥y ("gs; (t)) satisfy the modified Ricci flow (see
Remark 1.22):
9 m
a( gij) % gw( ) +[’( 1) Ly gij
— (me Y (f o)
Define ¥ : (o ¥) ™" (M™ x T x PN) — ¢! (M™ x I x PN) by
v (x,t,y) = (wt (:U) 7t7y) :

We consider the metric ™g = U* ("™g) on (¢ o ¥)~ (M" x I x PY) . Above
we have seen the pure space components "g;;. Note

o oyl OV

007 = oai’ or = (madng ),
owo oV

=, 2 —se

ot Togyp TP

We now calculate the rest of the components of ™g. First we have

- ov (o0 ovk
gio = 7 "gi0 + —— ""Gjk

ort \ ot ot
0 ~
= (24 0 (N) — (amadey )" 75

=0 (N7).
Hence, with respect to ™g, % is orthogonal (mod N~!) to the space slices
M™ x {t} x PN. Next we have
owiowl o 9uiows
T R T T
- 2

o N of f\ 2 1
- R 72t(1_%>+2<8t+ > |gradmgf\mg+O(N )

:—E—(R+2Af IVf|? +f >+O(N N,

"go0 = "Goo + 2

2t
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where the last equality assumes % =—-Af—R+|Vf |2 — 57 In the last line,
the term in brackets is —t times Perelman’s Harnack quantity

—t(R+2Af—|Vf]2)+f—n:V,1

(see (??) and (?7).)

84. The following observations on the relation between Huisken’s mono-
tonicity formula for the mean curvature flow and Perelman’s renormalization
procedure applied to Chow and Chu’s space-time metric for evolving hyper-
surfaces are due to S.-C. Chu. Given a 1-parameter family of metrics g (t),
t € Z, on a manifold M™ and functions 3 (t) : M™ — R, we define the metric
gs on M = M™ x T by ([142])

95 (x,t) = g (x,) + B (x,1) dt*.

We consider the family of hypersurfaces given by the time slices My = M™ x
{t} € M™*1. A choice of unit normal vector field to M; is

L 10

T pot

The hypersurfaces M; parametrized by the maps X; : M™ — M™*! defined
by X; (x) = (z,t) are evolving by the flow

0
— X = —pv.
-t pv
This implies the metrics are evolving by (compare (1.84))
0

i = —2Phij,

where h;; is the second fundamental form of M; C M1, One way of seeing
this formula is from

1 o 0 _ 1 00 8 o 1 8
Bhij = (Fﬁ)l’j 75 (98) 920 (gﬁ)ij = —ﬁagi]’

where 20 = ¢. Hence
(9.58) Bhij = Rij.

Consider the special case where 3 (£)? = R (t) is the scalar curvature of g (t).
Tracing (9.58) we get BH = R so that § = H and the hypersurfaces M;
satisfy the mean curvature flow: %Xt = —Hv.

Now we consider the more general setting of hypersurfaces evolving in
a Riemannian manifold. Given (P"*1,g), let X; : M" — P""' t € T,
parametrize a 1-parameter family of hypersurfaces My = X; (M™) evolving
in their normal directions

0
—X =
ot t ﬂyv
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where 3 (t) : M™ — R are arbitrary functions. We consider the product
metric g + Ndt?> on P"t! x Z. The space-time track is defined by

M= {(z,t):x e My, te T} Cc P"" x T.
We parametrize this by the map
X:M"xT— P xT
defined by

X (p,t) = (Xe(p),1).
Let Vg denote the induced metric on M™*!. Tts components

0X 00X 0X; 0X

N_ . ¢ ¢

= (e R A

Jab = <8a:a’ 8azb> < dz’ Qb > 0000
g+Ndt? 9

where a,b > 0 are given by

Ngij = Gij
Ngio =0
Ngoo = 8%+ N,

where 4,j > 1. The second fundamental form v hi; of the space-time track
M™ ! with respect to the ambient metric g+ Ndt? on P"! x T is given by

hab ifa,b>1

52 -1/2
Nhab_<1+ﬁ> % ifa=0b>1
8—% ifa=b=0

Civen a vector V € T, M™, we define the vector V € Tipy (M™ x I) by

Vi=V'

Vo =1.

Then 93 93
N ~a~b:_ el s} R VEAVS]
hay VOV at+283ﬂ.v + hy ViV,

This is Andrews’ Harnack quadratic for curvature flows of hypersurfaces
(see [13]); when 8 = H is the mean curvature we have Hamilton’s quadratic
[269].

Now, following Perelman, we renormalize length function associated to
the metric (similar to what we did in section 4) on M™ x J (we switch from
7 to J when we consider the time parameter to be 7 instead of ¢)

Ng(z,7) = g(=,7) + (52 (z,7) + g) dr?,

where 4 = —1 and g(7) = g (¢(r)) is the pulled back metric on M™ by

X, of the induced metric on M, = X, (M™) C P""!. We may also think of
this metric as defined on an open subset of P"*! by pushing forward by the
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diffeomorphism (z,7) — X, (z). Let 7 : [0,79] — M™ be a path and define
the path 7 : [0, 7] — P"*! by
5(r) = X, (v(7)) € M,
so that (y(7),7) € M™ x J corresponds to the point 7 (1) € M, C P"*!,

We have
T0 2 ) N 1/2
L(Ng)(a):/0 )
ag\T

Again, motivated by carrying out the expansion of L ) (¥) in powers of
N, and considering highest order non-trivial term, we define the L-length

of v by
cor= [0 ﬁ(
dr.

:/OTO\/; g

(The equality holds since t*g = g3, where ¢ : M™ x J — Pt ig defined by
t(x,7) = X, (x).) Making the change of variables o = 2,/7, we have

.cw):/om 2

do.
g
This is the energy of the path 4 (o) and assuming that 79, v (0) = p and
v (10) = q are fixed, £ () is minimized by a constant speed geodesic and

2

dy
dr

dry 2
ar ()

+ 5% (v (7) ﬂ')) dr
g(7)
v . |?
ar (7)

D ()
dTU

Let £ (q,m9) = ﬁL (¢,70) - Then

dy (p, q)?

E(Qa TO) = 47_0

Hence Huisken’s monotonicity (??) is the analogue of the monotonicity of
the reduced volume (see Volume 2.) That is, if P"*! = R"*L then the
monotone quantity in (?7?) is

- 2
/ (4m7) /2 e_%d,u = / (4nr) 2 e dp,
X n

where ¢ = #infv fOT \/7_—( dy

dar

2
+ B2> dr.
§5. In Friedan [213], p. 402, when M™ is a homogeneous space the zero
loop term —eg;; in the expansion of §(g) is the gradient of the functional

d
o (g) = 2210z (14,
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where dm is any G-invariant volume form on M". The one loop term R;;
is the gradient of the functional

®y (9) = —R.

The two loop term is the gradient of

1
s (9) = —7 Rm*.
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Hamilton’s entropy
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Hamilton-Ivey estimate, 187
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Lie algebra, 132
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Lie derivative, 10
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Liouville type theorem, 261
local derivative of curvature estimates,

179
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logarithmic Sobolev inequality, 95
long time existence, 178
LP-norm, 94

manifold
Riemannian, 2
matrix Harnack estimate, 268, 271
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The, 1
maximum principle
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weak, 105
mean curvature, 24, 40
Mean Value Inequality, 35
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Mellin transform, 81
metric

degenerate, 288
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metric on the cotangent bundle, 6
modified Ricci flow, 161
moving frame, 21
moving frames, 156
Myers’ theorem, 1

nonnegative bisectional curvature, 275
nonnegative curvature operator, 194
normal coordinates, 113

normalized Ricci flow, 129

normalized Yamabe flow, 214
notation, xxv

null eigenvector assumption, 127

one loop term, 317

open problem, 103, 174, 199, 212, 213,
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orthonormal frame bundle, 275
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Poincaré duality, 125
Poincare inequality
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space-time metric, 295
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of nonnegative curvature operator, 136
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of Ricci pinching, 137
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of lower bound of scalar curvature, 136
of nonnegative Ricci curvature, 129
product log function, 162

rapidly forming singularity, 231
Rauch Comparison Theorem, 50
ray

geodesic, 34
Rayleigh principle, 71
reaction-diffusion equation, 129
reduced volume, 316
renormalizing the space-time metric, 308
Riccatti equation, 41
Ricci calculus, 8
Ricci curvature, 6
Ricci flow

equation, 103

for degenerate metrics, 288

game of , 111

modified, 161

normalized, 129
Ricci flow with cosmological term, 292
Ricci flow with surgeries, 101
Ricci identities, 14
Ricci pinching

is preserved, 137
Ricci pinching

improves, 138
Ricci soliton

expanding, 160

gradient, 151, 265

triviality of, 209
Ricci tensor, 6

evolution equation, 128

variation formula, 114
Ricci tensor

nonnegativity is preserved, 128
Ricci—De Turck flow, 119
Riemann curvature operator, 132
Riemann curvature tensor, 5

components, 114

evolution equation, 130
Riemann zeta function, 80
Riemannian manifold, 2
Riemannian measure, 30
Riemannian metric, 2
Rosenau solution, 158
rotationally symmetric metric, 42
rough laplacian, 26

scalar curvature, 6

evolution equation, 104
variation formula, 104
second Bianchi identity, 9
contracted, 9
second fundamental form, 23, 40
second variation of arc length formula,
52
sectional curvature, 6
constant, 9
self-similar, 259
sense of distributions, 31
Sharafutdinov retraction, 37
short time existence, 103
singularity
rapidly forming, 231
slowly forming, 231
Type I, 231
Type Ila, 231
Type IIb, 231
Type III, 231
singularity formation, 229
singularity model, 230
slowly forming singularity, 231
smallest space scale, 230
soliton
cigar, 155
space form, 42
space of metrics, 212
space-time, 288
is potentially gradient soliton, 306
potential infinite dimensions, 295
potential infinite metric, 295
Ricci soliton equation, 293
Ricci soliton identities, 293
space-time connection, 289
space-time curvature, 290
is the matrix Harnack, 294
space-time geometry, 287
space-time laplacian
tends to heat operator, 298
space-time metric
is potentially Ricci flat, 305
renormalization of, 308
space-time track, 315
spatial infinity
geometry at, 245
sphere
distance, 43
spherical space form, 2
stereographic projection, 216
strong maximum principle, 72
for systems, 195
structure equations
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surface entropy, 210
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bundle, 275

three-manifolds with positive Ricci cur-
vature, 2, 130

Thurston, W., 2

total scalar curvature functional, 112

totally umbillic, 43

trace Harnack estimate, 266

trace of the heat operator, 79

Type I singularity, 231, 233

Type Ila singularity, 231, 234, 238

Type IIb singularity, 231, 235

Type III singularity, 231, 236

Uhlenbeck’s trick, 132, 275

Uniform equivalence of the metrics
sufficient condition, 180

unimodular Lie group, 169

variation formula
Christoffel symbols, 112
Einstein-Hilbert functional, 112
Ricci tensor, 114
scalar curvature, 104
vector field
Killing, 12
volume form, 38
evolution equation, 129
local coordinate formula, 111

warped product metric, 163
weak maximum principle, 105
for tensors, 127
weak subsolution
of the heat equation, 107
Weingarten map, 24
Weyl asymptotic formula, 70
Weyl’s Estimate, 99
Witten’s black hole, 156

Yamabe flow, 213, 214
Yamabe invariant, 215
Yamabe soliton, 209

zero loop term, 316
zeta function, 80, 82
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